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ABSTRACT

Rubidium-Strontium whole rock isotopic relationships are
reported below for pyroxene granulites and charnockitic rocks from
ten granulite facies terrains of world-wide distribution. The range
in the Sr8 7/Sr8 6 initial ratios is similar that that of anorthosites
and continental basalts (0.703 to 0.706) and is lower than values
common to granitic rocks. Published values for this ratio from Madras,
and the Nilgiri charnockites, India; the Lewisian gneiss of Scotland;
and the Ivory Coast, are 0.7059, 0.7023, 0.7042, and 0.7070 respectively.

LOCALITY AGE (m.y.)* (Sr87 /Sr 8 6 )

Kushalnagar, Mysore State, India 2618 ± 46 0.7039 + 0.0005
Pallavaram, Madras State, India 1980 ± 124 0.7037 ± 0.0007
Salem, Madras State, India 2476 ± 115 0.7042 ± 0.0002

Okollo and Rakosi, Uganda 2629 ± 117 0.7054 t 0.001
Pare Mountains, Tanzania 927 ± 63 0.7056 + 0.0011
Labor Serrit, Tanzania, 724 t 8 0.7064 ± 0.0001

Kanuku Complex, Guyana 2182 t 95 0.7018 ± 0.0011

Crane Mountain, New York 1336 ± 71 0.7025 + 0.0025
Indian Lake, Blue Mountain,
and West Canada Lakes, New York 1465 ± 85 0.7014 ± 0.0013

Westport, Ontario 1338 ± 47 0.7057 ± 0.0009

* =1.39 x 10 y

The K/Rb ratio is determined for thirty-two specimens from the
localities listed above. The average K/Rb ratio is 354 for potassium
contents between 0.15% and 5.0%. Compared with the Main Trend for
igneous and quasi-igneous rocks previously defined, the pyroxene granu-
lites appear to be depleted in rubidium for a given potassium content.

The rare-earth element abundance pattern is determined by instru-
mental neutron activation analysis for a composite of sixteen specimens
of pyroxene granulite (charnockite) from the type localities in Madras
and Mysore States. When normalized to the chondrite abundances, the
composite shows a light rare-earth element enrichment and total rare-
earth content, yttrium included, (91 ppm) which is similar to that found
in gabbros and diabases. The composite has a bulk mineralogy approxi-
mating a diorite.

The results suggest that these rocks were initially of igneous
origin, and subsequently underwent high grade regional metamorphism
which depleted rubidium with respect to potassium.

Thesis Supervisor: Harold W. Fairbairn
Title: Professor of Geology
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Sr 87/Sr86 Initial Ratios and Whole Rock Ages of
Pyroxene Granulite

Charles M. Spooner

Massachusetts Institute of Technology
Department of Earth and Planetary Sciences

Cambridge, Massachusetts 02139

ABSTRACT

Rubidium-strontium whole-rock isotopic relationships are

reported below for pyroxene granulites and charnockitic rocks from

ten granulite facies terrains of world-wide distribution. The

range in the Sr87/Sr86 initial ratios is 0.701 to 0.706, similar
to that of anorthosites and continental basalts, and is lower than

values commonly encountered in granitic rocks. Published values
for this ratio from Madras, the Nilgiri charnockites,
Lewisian gneiss of Scotland; and the Ivory Coast, are

0.7042, and 0.7070, respectively.

LOCALITY

Kushalnagar, Mysore State, India
Pallavaram, Madras State, India
Salem, Madras State, India

Okollo and Rakosi, Uganda
Pare Mountains, Tanzania
Labor Serrit, Tanzania

Kanuku Complex, Guyana, S.A.

Crane Mountain, New York
Indian Lake, Blue Mountain and
West Canada Lakes, N.Y.

Westport, Ontario

AGE (m.y.)*

2618 t 46
1980 ± 124
2476 -115

2629 t 117
927 ± 63
724 t 8

2182 ± 95

1336 ± 71
1465 + 85

1338 ± 47

India; the
0.7059, 0.7023,

(Sr 87/Sr 86

0.7039 + 0.0005
0.7037 t 0.0007
0.7042 + 0.0002

0.7054 - 0.001
0.7056 ± 0.0011
0.7064 t 0.0001

0.7018 t 0.0011

0.7025 + 0.0025
0.7014 T 0.0013

0.7057 + 0.0009

= 1.39 x 10 1 y 1

The results suggest that these rocks were initially of igneous

origin and subsequently underwent high grade regional metamorphism

at the granulite facies level. The consistently low initial ratios

and the relatively narrow range from 0.701 to 0.708 suggest a common

source region with anorthosites in a deep-seated environment having

a low Rb:Sr ratio.



INTRODUCTION

Recent studies of the rubidium-strontium isotopic variations

and trace element content of material presumably of deep crustal

origin have suggested that these regions may have low Sr 87/Sr86

initial ratios and are depleted in certain trace level lithophile

elements [1], [2]. The widespread occurrence of rocks of the

granulite facies, specifically pyroxene granulite, is being recog-

nized with increasing frequency in the deeply eroded Precambrian

shield areas throughout the world. The "dry" mineralogical assemblage,

density (ca. 3.0 gm/cm ), and association in terrains having under-

gone high grade regional metamorphism have suggested that pyroxene

granulites and related members of the so-called charnockite series

originate at deep crustal levels or perhaps in the upper mantle.

Correlations of the compressional-wave velocities of igneous

rocks with their compositions indicate that about 55% of the average

3continental crust has a density of about 3.0 gm/cm and the remaining

45% has a density of about 2.8 gm/cm , [3]. Inasmuch as pyroxene

granulites and anorthosites have seismic velocities similar to those

of mafic rocks, [41, and the velocity cannot b4 used to distinguish

between igneous and metamorphic rocks unless high-pressure phase

transformations are involved, significant quantities of these rela-

tively dense rocks could exist at depth in the crust. If these

rocks form significant portions of the lower continental crust, an

investigation into the varlations in their Rb:Sr ratios and Sr /Sr86

initial ratios is needed for an understanding of the rubidium and

strontium inventory in the total crust, [5]. Collections of material
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from the pyroxene granulite facies and terrains mapped as members

of the charnockite series have been assembled and analyzed by

isotope dilution methods for their rubidium and strontium contents

and their Sr 87/Sr86 ratio. Ten localities of world-wide distribution

have been studied. These include: Kushalnagar, Mysore State; Palla-

varam and Salem in Madras State, India; Okollo and Rakosi, West

Nile District, Uganda; Pare Mountains, Labor Serrit and Msagali,

Tanzania; Kanuku complex, Guyana, South America; Crane Mountain,

Indian Lake, Blue Mountain and West Canada Lake Quadrangles, New

York; and the Westport map-area of Ontario.

ANALYTICAL TECHNIQUE

All the analyses were performed using a 6-inch, 60* sector,

single filament, Nier-type mass spectrometer. All the strontium

isotopic measurements are normalized to Sr 86/Sr88 = 0.1194 and all

the Sr 87Sr measurements are expressed relative to a value of

0.7082 t 0.0008(2crat the 95% confidence level) for the Eimer and

Amend SrCO3 standard (see Table I). Isotopically enriched Sr84 and

Rb87 spike solutions were used in the isotope dilution analyses.

or Q'7

Seven analyses were made of the Rb'/Rb"' ratio for unspiked rubidium

extracted from the whole rock to evaluate the extent of mass spectro-

meter fractionation during analysis. A mean of 2.5770 t 0.0706

(20~at the 95% confidence level) was obtained. This value differs

by about 0.8% from the value found by Shields, et al.[6]. The

87 -11 -1Rb8 decay constant (X) used in calculating ages is 1.39 x 10 y .

All the isochrons in this study have been defined in terms of a



TABLE I

Replicate Analyses of E and A Isotopic Standard

(Sr86/Sr 88measured

0.1187

0.1204

0.1198

0.1207

0.1202

0.1199

0.1188

(Sr 86/Sr 88mean

0.1199

* these are the Tand 2C(i.e., 68.27%

levels)

(Sr 87/Sr86 normalized

0.7083

0.7085

0.7086

0. 7088

0.7082

0.7076

0.7082

(Sr87 /Sr 86mean

0.7083 ± 0.00042 + 0.0008 *

and 9i.45% confidence

Date

29 Nov/67

30 Jan/68

10 Aug/68

7 Nov/68

22 Nov/68

20 Jan/69

8 May/69
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least-squares regression method following York [7].

ANALYTICAL RESULTS

Madras and Mysore States, India

The geology and petrography of these type localities is

presented in the classic memoir of Sir Thomas Holland [8]. Since

his original description of the charnockite series, numerous reinter-

pretations for the origin of these rocks have appeared, and those

prior to 1950 are summarized by Quensel [9].

At Salem in Madras State, the specimens analyzed correspond

closely in mineralogy and location originally described by Holland,

op.cit., p. 181. The results are shown in Figure 1. An age of

2476 t 115 m.y. is obtained with an initial ratio of 0.7042 ± 0.0002.

At Kushalnagar, nine specimens were analyzed (Figure 2) and a

87 86
Sr /Sr initial ratio of 0.7039 + 0.0005 was obtained. Although

the specimens from this locality did not have sufficient variation

in the Rb/Sr ratio to construct a satisfactory isochron, the present

results, which define the initial ratio, have been included with those

previously determined by Crawford [10], and an age of 2618 t 46 is

obtained for a total of fifteen analycical points. Two specimens

from Pallavaram (R7205 and R7240) give a younger age of 1980 t 124 m.y.

assuming the same initial ratio of 0.7039 ± 0.0005 found for the

Kushalnagar specimens.

These analyses cornfirm the general groupi'ng of ages in thIs region

around 2500 m.y. as reported in recent studies by Crawford [10] and

Aswathanarayana [11] and others.



FIGURE 1

SALEM, MADRAS

ISOCHRON
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FIGURE 2

KTJSHALNA GAR, MYS ORE
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An analysis of a composite of sixteen specimens described in

the field as intermediate-to-acid "charnockites" from Madras and

Mysore States for the rare-earth elements shows an enrichment of

the light rare-earth elements when each is normalized to its chondrite

abundance. The total rare-earth content, including yttrium, is 91

ppm. The details of this rare-earth pattern will be published

elsewhere.

Okollo and Rakosi, West Nile District, Uganda, and the Pare Mountains

and Labor Serrit Areas of Tanzania

The granulite facies rocks of Okollo and Rakosi were assigned

originally to the "Basement Complex" by Groves [12]. Recent field

studies by Eepworth [13] have suggested a tripartiticn of these

ancient rocks into the amphibolite grade Western Grey Gneiss, the

Eastern Grey Gneiss and the higher grade Granulite Group. These

names are synonomous with Macdonald's [21] subdivisions: "Aruan",

"Kirian", and "Watian". On the basis of photo-geological inter-

pretation, these groups appear to extent throughout northeast and

north-central Uganda. The Granulite Group is recognized in this

region on the basis of the typomorphic mineral assemblage peculiar

to the granulite facies. To the north, at Rakosi, an aplitic granu-

lite, characterized by a leucocratic medium-to fine-grained texture,

is included as an integral part of the Granulite Group. Similar

associations of this rock type with more intermediate charnockitic

granulites have been found in other localities throughout the world

(i.e., the Madras, India charnockite series).

A suite of firty-five specimens was collected by Dr. H. W.



FIGURE 4

OKOLLO & RAKOSI
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FIGURE 5

MSAGALI, TANZANIA

ISOCHRON



1.2
R b8 7/ S r86

0.8 20

2.2



-5-

Fairbairn during the summer of 1967, from which ten were chosen

for isotopic analysis on the basis of their Rb/Sr ratios.

An isochron plot of the analyses gives an age of 2629 t 117 m.y.

with an initial ratio of 0.7054 t 0.001 (Figure 4). Hepworth [13]

has reported some retrograde metamorphism which is especially evident

in the aplitic granulites and may explain the scatter in the Rakosi

analytical points. A biotite age (K:Ar) of 660 t 25 m.y has been

reported by Cahen and Snelling [14] from Okollo.

Mpwapwa is situated in central Tanzania between Dar es Salaam

and Dodoma in the south-central portion of Quarter Degree Sheet 163

(see Figure 3). The area has been restudied by J. V. Hepworth,

Institute of Geological Sciences, London, during the course of an

investigation into the nature of the boundary between the Mozambique

Orogenic Belt and the Tanganyika Shield. The specimens analyzed

were taken from a disused railway ballast quarry located in a trans-

itional region between the Shield and the generally north-south

trending Unsagaren System of the Mozambique Belt, that is, between

the sheared edge of the batholithic granite and the fairly high-grade

metasedimentary rocks (epi[?]-amphibolite facies) of Unsagaran System.

All six samples submitted were analyzed isotopically (Figure 5)

and it is apparent that thesE' -pecimens do not define an isotopically

closed system. If an initial ratio of 0.705 is assumed, then a rather

crude "age" of about 2500 m.y. is indicated. Two previous age deter-

minations reported previously from this same quarry give disparate

results also. Kulp and Engels [15], using biotite separates, obtained
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ages of 475 + 80 m.y. (Rb:Sr) and 3600 + 100 m.y. (K:Ar).

The Pare Mountains and the Labor Serrit area (see map, Figure

3) form part of a vast complex of granulite that has only been

partially mapped. The granulites, which are surrounded by lower

grade biotite and hornblende gneisses and volcanic rocks, are a

major structural unit consisting of gently plunging and dipping

stratiform-like sheets that appear to have undergone only minimal

deformation and metamorphism [16].

The granulites have been regarded as members of the "Mozambique

Orogenic Belt" and age determinations were expected to be in the

neighborhood of 450 to 600 m.y. Recently, however, there has been

speculation that these rocks may be related to the older Tanganyikan

Shield to the west. Five specimens were provided by J. V. Hepworth

from the Pare Mountains and three from Labor Serrit:

Age (m.y.) (Sr 87/Sr 86

Pare Mountains 927 t 63 0.7056 t 0.0011

Labor Serrit 724 t 8 0.7064 i 0.0001

Admittedly, there are too few analyses over this vast area to

arrive at any firm conclusion. The minimum age, however, is greater

than the Mozambiquian Orogeny (450 to 600 m.y.). The possibility

exists that the granulite analyzed here may be an eastern extension

of the granulite and amphibelite facies of the Tanganyikan Shield

that was affected by a later episode of metamorphism.
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Kanuku Complex, Guyana, South America

The Kanuku Complex and adjacent South Savanna Group occupy a

major portion of the southern half of Guyana.and are part of the

Guiana Shield which covers a large part of northern Brazil and

Venezuela (see Figure 6). The major rock types of the Kanuku Complex

are a variety of high-grade acid biotite gneisses in which are found

enclaves of acid and basic granulite. The regional geology of this

--and -adjacent groups is discussed by Williams et al. [16]. Singh [17]

has demonstrated an intrusive relation of the presumably younger

South Savanna granites with both the Kanuku Complex and the lower

grade Marudi Group of metasedimentary rock of the greenschist and

amphibolite facies. The emplacement also involved extensive assimi-

lation and contact metamorphism followed by a phase of post-crystalline

shearing along northeast-southwest zones. Though of low abundance,

orthopyroxene-bearing acid granulites (distinct from the gneisses above)

occur in association with quartzo-feldspathic granulites, acid garnet-

granulites, acid cordierite-granulites, and alaskites. Singh ascribes

the origin of the highest grade assemblage to the strong recrystalli-

zation of the acid biotite gneisses at high temar and pressures.

Hybridization by norite granulites is thought to have been responsible

for the random occurrence of Lae pyroxene-rich acid granulites in the

acid granulite terrain.

Despite the difficility of access and the reconnaissa-.-e nature

of mapping in this geologically complex region, numerous age deter-

minations have been made by K:Ar, Rb:Sr, and U:Th:Pb methods. A
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TABLE II

Age Determinations on the Kanuku Complex and South Savanna Group,

Guyana, South America*

Sample Rock Type and Locality

Biotite South Savanna Granite, 1 mile SE of
Shiwirtau, South Savanna

Biotite South Savanna Granite, Tabtau facies,
-Tabtau Mountain, South Savanna

Biotite South Savanna Granite, strongly
cataclased biotite porphyry

Muscovite South Savanna Granite, Rewa River

Biotite South Savanna Granite, same locality

Biotite Biotite schist in S. Savanna Granite

Biotite South Savanna Granite, near Awariwau

Biotite South Savanna Granite, Bat Mountain

Plagioclase Diabase dike cutting South

Pyroxene Savanna Granite

Whole Rock South Savanna Granite, seven analyses
Initial ratio 0.7073 [Snelling and
McConnell, in press]

Monazite South Savanna Granite, eluvial origin
[A. G. Darnley, Geological Survey of
Great Britain]

Age (m.y.)

1190 + 45, K:Ar

+
1300 _ 50, K:Ar

1256 + 50, K:Ar

1720 + 70, K:Ar

1685 _ 70, K:Ar

1545 + 60, K:Ar

1355 + 55, K:Ar

1320 + 50, K:Ar

450 1 25, K:Ar

450 - 40, K:Ar

1880 t 100, Rb:Sr

2270 _ 185, U:Th:Pb

*by Age Determination Unit, Institute of Geological Science, at
Department of Geology and Mineralogy, Oxford University.
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summary of available data is given below. Williams et al. [16]

have placed the Kanuku and South Savanna Groups as well as the

lower metamorphic grade Marudi Group into the Rapununi Assemblage

to form a Southern structural province. An east-west rift valley

about 100 miles long and 30 miles wide provides a profound structural

break separating the northern structural province from the south.

As this rift, which continues as a fault zone to the east-northeast

into Surinam, precludes field correlations of the north and south

portions of Guyana, age determinations are essential to relate the

two regions.

In the present study, six samples were analyzed, and an age

of 2182 + 95 m.y. was obtained with an initial ratio of 0.7018

1 0.0011. This age for the Kanuku complex, and the age of 1880 +

100 m.y. for the South Savanna granite, is consistent with the

intrusive relation proposed for the latter by Singh [17], (Figure 7).

Adirondack Highlands, New York and the Westport Map-area, Ontario

In this study suites of pyroxene granulites were collected by

the author from two localities in the Grenville province (Figure 8).

Although the rocks in each of these areas have developed the requisite

mineralogy for classification in the pyroxene granulite subfacies,

cotally different origins have been proposed for them. Simply stated,

the anorthosites and pyroxene granulites of the central Adirondacks

have been interpreted by Buddington [181 and others to be of igneous

origin, whereas the granulite terrain of the Westport area has been

interpreted by Wynne-Edwards [19] to be of sedimentary origin, resulting

W.
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from the metamorphism of a sequence of greywackes. Buddington [18]

p. 197 ;et seq. and earlier workers favor an intrusive origin for

the plutonic complex into the older Grenville metasediments, followed

by later regional high-grade metamorphism during the Grenville orogeny.

Walton and deWaard [20] on the other hand, have observed remark-

able continuity of a single marble unit in contact with the anortho-

site, and "charnockitic"-quartz-syenite-gneisses which persists for

over 80% of the exposed contact. They propose that this continuity

-is- the result of the deposition of the marble as a basal supracrustal

unit followed by the succeeding units which show a similar strati-

graphic coherence upon a complex older basement of meta-igneous rock.

Subsequently, both basement and cover rocks were involved in an intensive

deformation involving plastic remobilization, giving rise to the complex

structural picture now observed. Walton and deWaard propose that this

later metamorphic event, the Grenville orogeny, gave rise to the

pyroxene granulite (subfacies) assemblage,

Relatively few age determinatiuns are available for this large,

complex area. Hills and Gast [21] have reported a Rb-Sr tuhole rock

age of 1092 + 20 m.y. for pyroxene-hornblende granite gneisses from

the Lake George Village pluton. An analySiS - f two feldspars from a

pegmatite i aluminous paragneiss gave an age of 1060 + 75 m.y. with

an initial ratio of 0.7159. These ages are in agreement with both

K:Ar and Rb:Sr ages reported by Doe [22] and Lowden et al. [231 for

other areas of the Grenville province. Heath [1] reports an age of

1055 + 31 m.y. for a large pyroxene-hornblende quartz syenite body

north of the main Adirondack anorthosite massif.
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FIGURE 9

CRANE MOUNTAIN, NEW YORK
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FIGURE 10

INDIAN LAKE, BLUE MOUNTAIN

AND

WEST CANADA LAKES
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At Crane Mountain, six specimens from a differentiated and

overturned sill have been analyzed. An age of 1336 + 71 m.y. was

87 86
obtained with an initial Sr /Sr ratio of 0.7025 _ 0.0024. Unfor-

tunately, the specimens fell into two groups on the plot, which

resulted in a relatively large uncertainty in the initial ratio

determination (Figure 9).

Five whole rock analyses and one mineral (potash feldspar)

analysis have been made on pyroxene granulites from Indian Lake,

Blue Mountain, and West Canada Lakes Quadrangles. Specimens R7321 and

R7322 have been mapped as part of the supracrustal sequence by Walton

and deWaard (personal communication) and specimens R7326, R7327, and

R7329 are mapped as part of the basement complex. Four of the analyses

define a reasonably good isochron with an age of 1465 t 85 m.y., with

an initial ratio of 0.7014 t 0.0013. Whole rock R7321 was excluded

from the regressional analysis. Assuming the same initial ratio

found above, this one specimen gives a slope of 0.01527 corresponding

to an age of 1087 m.y.

These ages appear to be the oldest reported for the central

Adirondacks and suggest a period of intrusion pre-dating the 1100 m.y.

reported by Hills and Gast [21] and Heath [1]. The low initial ratios

measured for both these localities indicates that there was no exten-

sive pre-Grenville history and that the age determination closely

represents the age of intrusion.

Westport, Ontario Map-Area

The Westport map-area is about 30 miles northeast of Kingston,

Ontario and 70 miles southwest of Ottawa, and comprises parts of



Leeds, Lanark and Frontenac counties.

The metamorphic rocks are dominantly marbles, quartzites and

quartzo-feldspathic gneisses typical of the Grenville province of

southeastern Ontario. Pyroxene granulites are the highest metamorphic

grade rocks exposed and occur in the Clear Lake anticline surrounded

by hornblende granulites and lower grade amphibolites.

Fifty specimens were collected by the writer from the pyroxene

granulite horizon and of these, eight were analyzed isotopically.

An age of 1320 + 59 m.y. was found with an initial ratio of 0.7059

t 0.0009. Using five points only, omitting R7070, R7071, and R7091,

an age of 1334 - 34 m.y. is obtained, with an iniLial ratio of 0.7065

t 0.0004 (Figure 11).

Krogh and Hurley [22] report an age of 1016 t 39 m.y. for the

Westport quartz monzonite based on seven analyses with an initial

ratio of 0.704 (no error limits quoted). Their results were analyzed

using York's [7] method and an initial ratio of 0.7035 + 0.0004 and

87 86an age of 1044 t 17 m.y. wac found, based on an error of 3% in Rb /Sr

KXrogh et al. propose an upper mantle origin for this intrusive body

on account of the low initial ratio. On the basis of analytical

error only, the initial ratios for the quartz monzonite and pyroxene

granulites do not overlap, lending credence to Wynne-Edward's hypothesis

that the pyroxene granulites formed through high-grade regional meta-

87 86
morphism of a sequence of greywackes. In support of this, the Sr /Sr

ratio of a specimen of chondrodite marble in the vicinity of the pyroxene

granulite yielded a value of 0.7066 - 0,001 (2 at the 95% confidence

level). This value, if taken to represent the Sr 87/Sr86 ratio in
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ancient sea water, lies on the Marine Geochron [23] about 1000 m.y.

ago. Although the difference in initial ratio between the Westport

quartz monzonite and the pyroxene granulites is not great, it is

larger than that between the pyroxene granulite and the chondrodite

marble, which is presumably of marine origin. On the basis of the

isotopic evidence, it is proposed that these high-grade rocks had an

association with a marine environment prior to metamorphism and only

small additions of common strontium from lower crustal or upper mantle

regions were made.

SUMMARY AND CONCLUSIONS

This rubidium-strontium isotopic study of the granulite facies

is based on material from ten localities from four continents. The

total range in Sr 87/Sr86 initial ratio is from 0.701 to 0.708 with

an arithmetic mean of 0.7042.

A range from 0.702 to 0.705 has been established by Faure and

Hurley [24] for oceanic basalts and a range from 0.703 to 0.711 for

continental basalts by Hedge and Walthall [25] and Hamilton [26].

Heath [1] has found a relatively narrow range from 0.703 to 0.706

for anorthosites.

The similarity in initial Sr 87/Sr86 ratio of both the anortho-

sites and the pyroxene granulites (Table III) of this study suggests

a common origin in a deep-seated environment having a low Rb:Sr

ratio. This general survey suggests that the lowermost regions of the

continental crust have had a low Rb:Sr ratio throughout much of geolo-

gical time and that separation of rubidium from strontium must have

occurred early during the evolution of the crust.



TABLE III

SUMMARY OF Sr87 S86 INITIAL RATIOS IN PYROXENE

Age (m.y.)

Range of 54 Anorthosites
(Heath, 1967)

Man Charnockite Series, Ivory
Coast, Papon et al., 1968.

Granodioritic migmatite series

Lewisian Basement Gneisses,
Lochinver, Sutherland, Scotland
(Evans, 1965)

Inverian and Laxfordian
Amphibolite Gneiss (Evans,1965)

Nilgiri Charnockite Series
and Gneiss,(Crawford, 1968)

Madras City Charnockite
(Crawford, 1968)

2750 t 107

2701 + 135

2600

2100 to 1560

2616 7 80

2580 t 95

GRANULITES

(Sr 87/Sr86 )

0.703 to 0.706

0.707 + 0.001

0.699 t 0.001

0.7065

0.7053

0.7023 + 0.0012

0.7059 +-0.0042

PRESENT STUDY

Kushalnagar, Mysore State (13) 2618 t 46

Pallavaram, Madras State (8) 1980 t 124

Okollo and Rakosi, West Nile 2629 t 117
District Uganda (9) -

Crane Mountain, New York (6) 1336 + 71

Indian Lake, Blue Mtn. and West 1465 t 85
Canada Lake Quadrangles (6)

Westport, Ontario (8) 1338 + 47

Kanuku Complex, Guyatta 2182 t 95
South America (6)

Pare Mountains (3) 927 + 63

Labor Serrit (3) 724 + 8

Salem, Madras State (6) 2476 t 115

0.7039 t

0.7037

0.7054 +

0.7025 1

0.7014 +

0.7057 1

0.7018 1

0.7056

0.7064 +

0.7042 -

0.0005

0.0007

0.001

0.0025

0.0013

0.0009

0.0011

0.0011

0.0001

0.0002
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INTRODUCTION

For many years it has been the goal of geochemists to sample

adequately the exposed surface of the earth's crust to determine

an average composition for material presumably common in the deeper

levels of the crust (for example: Goldschmidt, 1933; Reilly and

Shaw, 1967). A basic assumption underlying these studies is that

the high grade regional metamorphic rocks exposed at the surface,

especially of the granulite facies, are also abundant at depth. The

principal constraint to this assumption is the extent to which the

limited exposures of granulites and charnockites in the older deeply

eroded high grade metamorphic terraines represent deep crustal material.

That is, in these regions of the crust, estimates of chemical zoning

with depth must be made and this extrapolation is hazardous.

Modern techniques of geophysics and geochemistry have become

available that will do much to map out the areal extent and depth of

deep crustal rocks and elucidate their history and origin. By means

of remote sensing methods,such as seismic refraction, the structure

of the continental crust at depth has been delineated (Pakiser and

Robinson, 1966). Compressional wave velocities of rocks can be

measured directly in the laboratory or they can be computed from a

knowledge of the volume percent of the mineral phase present and its

velocity. Christensen (1965) has found that silicic igneous rocks

average about 6.2 km/sec. and velocities for mafic igneous rocks

average about 7.0 km/sec. It would be expected, therefore, that

rock velocities could serve as a general guide to rock composition.
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The velocity, however, cannot be used to distinguish igneous from

metamorphic rocks unless high pressure phase transformations are

involved. Birch (1960, in Pakiser and Robinson, 1966) has noted

that anorthosites and some altered dunites have seismic velocities

similar to those of many mafic rocks despite their widely differing

chemistry. This method alone has inherent difficulties since it would

not be correct to state simply on the basis of seismic data alone

that the upper crust is composed of 'granite' and the lower crust

of 'gabbro' or 'basalt'. Interpretations based on this technique

must be supplemented with geochemical studies.

In the recent geochemical literature, increasing attention has

been paid to the significance of certain elemental ratios such as

K/Rb, K/Ba, K/U, K/Th, and K/Sr in crustal and oceanic rocks (Shaw,

1968, Lambert and Heier, 1967). In the case of the K/Rb ratio, Shaw

(1968) has delineated three distinct trends for igneous and quasi-

igneous rocks. Oceanic tholeiitic basalts have higher K/Rb ratios

than crustal rocks and pegmatitic and hydrothermal types are found

to have even lower K/Rb ratios despite higher absolute abundances

of potassium and rubidium.

The recent introduction of neutron activation analysis for the

rare-earth elements (REE) in geological materials has revealed

startling differences in abundance patterns of crustal, oceanic rocks

and rocks presumably of mantle origin when expressed relative to a

chondritic meteorite REE abundance. One very important aspect in

the understanding of crustal evolution is the REE abundance pattern

of lower crustal materials. In studies of continental basalts, there
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always exists some doubt to the extent of contamination of these

mafic rocks as they pass through the sialic crust. Studies of REE

distribution coefficients of coexisting phases (Frey, 1968, and

Haskin et al., 1966) and also phenocryst-matrix pairs (Schnetzler

and Philpotts, 1968) show a pronounced mineralogical control over

the fractionation of the REE. For example, it is found that some

pyroxenes concentrate the light lanthanides and that garnets concen-

trate the heavy REE. Thus, it would be expected that the REE distri-

bution in a magma produced in an environment containing this mineral

pair would strongly depend upon the sequence of crystalization of

pyroxene and garnet as well as their relative proportions, total

rare-earth content, and degree of equilibration among the mineral

phases.

Following important papers by Hedge and Walthall (1963) and

Faure and Hurley (1963) on the significance of Sr 87/Sr86 initial

ratios as indicators of the separation of rubidium and strontium

between the crust and mantle, numerous rubidium-strontium isotopic

measurements have been made on a variety of rock types both from the

oceanic and continental environments. These studies have been of

profound importance in the development of theories regarding the

origin of the crust and the nature of crustal processes.

This investigation is concerned for the most part with the

variations in the Sr 87/Sr86 initial ratios encountered in high grade

regionally metamorphosed pyroxene granulites and charnockitic rocks.

In some respects this work follows that of Heath (1967) who analyzed

for these isotopic variations in anorthosites. This association of
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anorthosites and charnockites is well known and in some localities

the two are considered to be cogenetic (Buddington, 1939).

The type locality for the charnockite series in Madras State,

India was described in detail in a classic memoir of the Geological

Survey of India by Sir Thomas Holland (1900). Sir Lewis Fermor,

onetime director of the Geological Survey of India, remarked that no

final judgement on the origin of these rocks could be made unless

based on a study of Holland's original occurrence. A composite of

the charnockitic rocks from the Pallavaram type locality in Madras

State was therefore made and analyzed for the rare-earth element

abundance pattern by neutron activation. In addition, K/Rb ratios

from this and several other localities were determined by atomic

absorption spectrophotometry (K) and isotope dilution (Rb) and their

variations compared with previous studies of this parameter.



CHAPTER I

OCCURRENCE AND THEORIES OF ORIGIN OF
CHARNOCKITES AND PYROXENE GRANULITES

Since Sir Thomas Holland published his classic memoir in 1900,

descriptions of rocks of similar appearance to the Madras Charnockite

Series have appeared with increasing frequency in the literature and

occurrences of similar rocks have been recorded from every Precambrian

shield area. Although there has been continual controversy concerning

the origin(s) of these rocks, Io which this investigation adds its

share, there are features peculiar to all the localities suggesting

that these rocks are found invariably in high grade metamorphic terraines

of the granulite facies wherever the older Precambrian basement complexes

are exposed. Specimens from various localities are remarkably similar

in chemistry, color and texture, mineralogy, and field relations to

such an extent that there are many instances in the literature where

workers have drawn comparisons between the Madras area in India and

their own area of study (Quensel, 1950, p. 237; Heier, 1960; Singh,

1966).

The voluminous literature prior to about 1950 has been discussed

in an excellent review paper by P. Quensel (1950, pp. 291-311) which

he combines with the petrology of a similar suite of rocks from the

southwestern coast of Sweden in the Varberg district. Only a brief

discussion of these early papers will be given to show the evolution

of the various arguments concerning the charnockite suite.

In Holland's day, it was common to regard the highly banded and

foliated gneisses, because of their resemblance to stratified sediments,

-5-
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as younger than the more granitoid crystalline varieties. This

sequence was later reversed by others who found the granitoid rocks

to be intrusive into the gneisses. This latter view was prompted

particularly by Holland in his interpretation of the origin of the

Charnockite Series.

The Charnockite suite in Peninsular India is confined almost

entirely to a band having a northeasterly strike along the east and

south coasts of the Peninsula and central Ceylon. The charnockitic

rocks are differentiated from the non-charnockitic schists and gneisses

by the higher temperature and pressure mineral assemblage of the

former. Fermor (1936) concluded that this was the result of deeper

burial, with later emplacement into its lower grade neighbors either

through intrusion, large scale faulting and uplift of the whole series,

or through tilting of the Peninsula. Since only two localized areas

in Madras State have shown any evidence in favor of large scale

faulting, a plutonic, igneous origin was advocated. The intrusion

of the Charnockite Series into the surrounding non-charnockite schists

and gneisses has been held to acciant for the aureole of slightly

higher metamorphic grade adjacent to the Series.

When Holland examined the old crystalline rocks of Peninsular

India, he noted a distinct set of characteristics and a relation of

the group to the underlying older gneisses that was so invariable

that he conferred upon the Charnockite Series the status of a petro-

graphic province:

The name Charnockite Series, which we now commonly employ
for these rocks in India, expresses the fact that we group
together in one petrogenetic province a number of lithical
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types genetically related to charnockite (defined below)
and to one another. Within this petrographical province
there are petrical and lithical forms which vary from the
acid charnockite to the ultra-basic pyroxenite; but any
one who has studied the group in the field would readily1recognize the consanguinity of the different members....

Quite apart from the use of the term "charnockite" to designate

a series of diversified rock types, Holland also applied it as a

convenient name for a "quartz-feldspar-hypersthene-iron-ore rock"2

and not the name for any hypersthene-bearing rock. At the time, he

expressed the hope that the term not be used outside India unless

all features between the localities compared were identical.

Despite the partial obliteration of field evidence ,that would

be expected with rocks of such great antiquity, Holland considered

the Charnockite Series to be igneous in origin. In addition to the

relation of the Charnockite Series to the country rock, he noted the

following internal features which he considered to be indicative of

an igneous origin:

(a) Mountain masses such as the Nilgiris, the Palnis, and the

Shevaroys are quite uniform inter-ally, retaining internal charact-

eristics faithfully but sharply marked off from the surrounding schists

and gneisses.

(b) Internal structural features common to igneous massifs are

also present in the Madras charnockites, such as basic fine-grained

segregative schlieren, coarse-grained, acid, contemporaneous veins,

apophyses of the basic charnockite protruding into crushed and altered

biotite-gneiss, and the occurrence of well-defined dikes with chilled

I'Holland, T. H. (1900), p. 128.
2 Ibid., p. 131.
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contacts with the older gneiss.

(c) The chemical composition and mineralogy of the common

members of the series have their nearest equivalents in igneous

petrology.

Variations on the magmatic theme have been proposed by Washington

(1916), on the basis of extensive chemical analyses of the Series,

and by Goldschmidt (1922) who suggested direct crystallization from

a primary magma. Rosenbusch (1932) grouped the charnockites with the

anorthosites, as in eastern Canada and in the Adirondacks of New

York, proposing a "Charnockit-Anorthositereihe". Suter (1922) also

supported this view and believed the charnockites and anorthosites

to be genetically related and suggested that in localities where the

association is lacking, it would eventually be found. Groves (1935)

has noted, however, that no anorthosite has been found in any of the

charnockite terraines anywhere in Africa.

In the Adirondacks, the characteristic feature of the charnockite

series is the presence of hypersthene throughout the acid, intermediate,

and basic members. Although augite is present in the Adirondack

syenite series, so also is hypersthene, though in minor amounts

(Buddington, 1939, p. 229).

For the Adirondack association, Buddington (1939, p. 237) proposed

a parent magma approximating a gabbro-anorthosite. He suggested that

the small volume of olivine gabbro that is observed could be produced

provided that a small amount of early olivine settled into the gabbroic

liquid following crystallization of the plagioclase (forming the

anorthosite). Following consolidation of the anorthosite, the olivine-



-9-

bearing gabbroic magma could be emplaced around it. Assimilation at

depth of some pre-existing basement gabbroic rock and some anorthosite

followed by differentiation to a more granitic composition could give

rise to the quartz syenite magma. This type of mechanism would

explain the association of charnockites with anorthosites.

A sudden swing to a metamorphic approach was heralded by Stillwell

(1918) and Vrendenburg (1918) and elaborated by Groves (1935).

The Uganda charnockite series described by Groves (1935) includes

nearly all the rock types found in the type locality in India, and

as in India, the sub-acid to basic variants predominate in about equal

proportions of quartz-diorite and norite. The surrounding country

rock consists of gneiss which, in the Mt. Wati area, appear to grade

into normal types in the charnockite series nearby. In the Karamojo

district, the charnockites are associated with numerous plugs and

flows of sodic lavas and masses of nepheline-syenite which are believed

to be Tertiary in age. Groves appealed to plutonic metamorphism in

Tyrrell's sense for the origin of these rocks. The changes produced

in these rocks are the result of great heat and uniform pressure

involving changes in rock chemistry through diffusion in the solid

state. Tyrrell did not intend this term to include anatexis or

palingenesis as all the changes take place in a dry environment. 3

Criteria used by Groves in favor of a plutonic metamorphic rather

than an igneous origin are:

3 'Tyrrell, G. W. (1948) The Principles of Petrology, London, p. 313.
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(a) Geological setting of the charnockite series among ortho-

and para-gneisses.

(b) Lack of zircon and apatite which are common in igneous

rocks. Others, notably Subramaniam (1959, p. 338), have observed

apatite, zircon, and ores as occasional accessories, however.

(c) Absence of observed contacts and evidence of assimilation

of the charnockites and the neighboring gneisses.

(d) The abundant myrmekite and lack of twinning and clarity of

the feldspars are characteristic of rocks having undergone metamorphism.

(e) The petrography and mineralogy of the series is abnormal in

view of the normal calc-alkali chemical composition.

A similar opinion has been advanced by Ramberg (1948) in the case

of a charnockite-mangerite-anorthosite association in a granulite

facies complex in West Greenland on the coast south of Disko Island.

To the north and south of the high grade rocks, gneisses occur belonging

to the amphibolite and epidote amphibolite facies. Anorthosite is

rare in this setting, as in India, Ceylon and Uganda, but, when present,

occurs exclusively with the charnockite suite. The main rock in this

area is an enderbite (hypersthene-bearing quartz diorite) which has

approximately equal proportions of massive and gneissic variants. In

this vast complex of enderbitic gneisses, there are also basic norites

and a few hypersthene granites. Ramberg refutes the idea that this

suite of rocks is primary magmatic in origin because the formation of

a differentiated series requires a gradual decrease in temperature

and consequent increase in acidity of the younger rocks. Instead,

the characteristic mineralogical assemblage is the result of granulite
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facies metamorphism under the same pressure and temperature conditions

throughout the world without regard to the variations in whole rock

chemistry within an individual locality. In the Greenland locality,

the chemical and structural inhomogeneity is presumably pre-metamorphic.

Syn-metamorphic rearrangement of many of the mafic minerals due to

the differential crystalline plasticity as well as solid state diffusion

between different rock types is presumed to have taken place. He points

out that the temperature of metamorphism was not high enough to produce

partial melting except in the case of pegmatitic veins which fill cross-

cutting fractures in the country rock.

J. A. Evans is the only worker to suggest a direct sedimentary

origin for the charnockite series. In a discussion of C. E. Tilley's

paper dealing with the enderbite members of the charnockite series

of Enderby Land in Antarctica (Evans, 1921) it was suggested that

argillite when metamorphosed would undergo mineralogical changes such

that feldspar would combine with the excess Al203 and Si02, thus

removing CaO from further reaction by forming anorthite. As the CaO

would be insufficient for formatioln of diopside, hypersthene would be

the only major pyroxene.

Quensel (1950) reviewed the literature pertinent to the genesis

of the charnockite series and discussed the varied suggestions in

the light of the charnockite series of the Varberg district, Sweden.

He found that chemical analyses of the charnockite suite of the

district are similar to rocks of the surrounding lower metamorphic

grade gneiss complex. Since the basic charnockites were similar in

composition to the amphibolites and the felsic members to the
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orthogneiss, he concluded that -the high grade assemblage was the

result of deep-seated plutonic metamorphism of the surrounding

heterogeneous gneiss formations. He encountered a problem with the

intermediate members, however, and like Ghosh (1941), found no

neighboring rock of appropriate composition, and concluded that these

are hybrid rocks formed as a result of a composite series of reactions

between rocks of divergent chemical composition. He postulated that

these hybrid rocks resulted from an intermingling followed by approp-

riate reactions of the orthogneiss and the basic charnockite. The

transformation to the intermediate rock supposedly took place in situ.

Howie (1955), in an important paper on the geochemistry of the

charnockite series in Madras, presents evidence in favor of an igneous

genesis which involves igneous rocks subsequently subjected to high

grade regional metamorphism. The distinction is difficult to make,

especially on the basis of chemistry alone, because the stability

fields of the constituent phases, especially in the acid and inter-

mediate members, approach or coincide under magmatic or plutonic

matamorphic conditions. The best Yvidence in favor of the latter

is textural: although the order of crystallization is difficult to

determine, the persistent granular texture of the rock and the embayed

or corroded borders of hypersthene in the acid members point to a

metamorphic alteration. The chemical analyses presented in this

paper are considered in detail in Chapter II.

In 1959 A. P. Subramaniam examined the Madras type area and many

of the same specimens described in Holland's original work on this

area. He gives a clear account of the petrology and mode of occurrence
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of the charnockites and their relation to the bas:rment rocks. One

of the major points that he makes in this paper is the misuse and

resulting confusion in the literature of the term "charnockite" and

"charnockite series". Holland anticipated this when he wrote (Holland,

1900, p. 131):

The much complained of burdens of petrographical nomenclature
are not due to the creation of specific names for local types,
but to irresponsible and unwarranted extension of such names
to include unrelated members of different and widely separated
petrographic provinces, in which the accidents of differentiation
and segregative consolidation may have produced by chance similar
mineral aggregates.

In the worst of cases, the term has been taken to include amphibolites,

pyroxene granulites, pyroxene gneisses, pyroxene syenites, norites,

gabbros, diorites, granodiorites, and dark colored granites--all of

which are referred to as charnockite (A. P. Subramaniam, 1959, p.

328). In addition to the characteristic minerals identified by

Holland, A. P. Subramaniam found almandine garnet and redefined

charnockite as: a hypersthene quartz feldspar rock with or without

garnet, characterized by greenish blue feldspars, and greyish blue

quartz, the dominant feldspar being a microperthite. (A. P. Subra-

maniam, 1959, p. 328).

As a result of this re-interpretation of the type area, Subramaniam

concluded that (A. P. Subramaniam, 1959, pp. 345-346):

(a) Charnockite is redefined as a hypersthene quartz feldspar

rock with or without garnet, characterized by greenish blue feldspars

and greyish blue quartz, the dominant feldspar being a microperthite.

This redefinition is justified as the paratype (Charnock's tombstone)
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is found to be garnetiferous, and this facies is prevalent in the

type area.

(b) The term "charnockite suite" is suggested for a group of

genetically related alaskites, charnockites (birkremites), enderbites

and hypersthene-quartz syenites, all of which are partly garnetiferous.

This will correspond to the 'Acid' division of Holland's Charnockite

Series. If it be considered desirable to retain the term Charnockite

Series, it should be restricted to mean only the above suite of rocks.

(c) The 'Intermediate' division of Holland consists of an assemblage

of hybrid rocks, derived by interaction of charnockite magma on pyroxene

granulites of the basement.

(d) The occurrences of norite with related pyroxenitic layers

and schlieren at Pamnal Hill and at a few other points in the type

area are considered syntectonic lenses, unrelated to the charnockite

suite.

(e) The 'Basic' division of Holland is largely made up of pyroxene

granulites and variants, which are interstratified with quartzo-felds-

pathic garnetiferous sillimanite gneisses (khondalite).

(f) The 'Ultrabasic' division of Holland is represented by the

pyroxenitic schlieren referred to in paragraph (d) above.

(g) Holland's leptynite is considered a highly metamorphosed and

reconstituted facies of khondalite, referred to in paragraph (e) above.

(h) The charnockite suite of rocks is thought to have been emplaced

as thick sheets and lenses in gently folded basement rocks; all the

rock units have subsequently suffered intense regional deformation.

(i) The charnockite suite or rocks and hybrid types are, as



-15-

exposed at present, interstratified with the basement rocks with which

they are structurally conformable. The rock units in the type area

represent a series of tight isoclinal folds plunging gently to the

north, and overturned to the west.

(j) The charnockite suite of rocks is considered of primary

igneous origin based on the following lines of evidence:

(i) The rocks carry mesoperthitic feldspars which indicate

their having consolidated at magmatic temperatures.

(ii) The high barium content of the potash feldspars in

these rocks point to a high temperature of formation.

(iii) The occurrence of pyrrhotite as an accessory mineral

also points to high temperatures of consolidation.

(iv) The orthopyroxenes in these rocks show a systematic

variation in composition. Some of them show lamellar

structure while others show schiller inclusions, both

of which are regarded as characteristic of igneous

orthopyroxenes.

(v) The plagioclases in these rocks exhibit a rare complex

twin law, which may be regarded as suggestive of a

magmatic origin for these rocks.

(vi) The rocks of the charnockite suite carry inclusions of

older pyroxene granulites.

(vii) The absence of amphiboles in these rocks point to their

consolidation at elevated temperatures [or low activity

of water].
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Naidu (1963) in a presidential address to the Indian Science

Congress has completed the circle regarding the origin of these

rocks. While admitting that metamorphism has taken place on a

regional scale, like Holland (1900), he places a special emphasis

on the igneous nature of the series and has proposed that the

"charnockite problem" is not simply one relegated to high grade meta-

morphic terraines of India, but should include the "granite problem"

also, so that acid members of the series are simply hypersthene-

granites rather than charnockite.

On the basis of volume representation of the various rock types

in the Madras area, Naidu concludes that the intermediate and acid

group on one hand and the basic and ultrabasic group on the other

have not differentiated from the same magma. He is in agreement with

Howie (1955) in choosing a norite parental magma for the hypersthene-

eclogites, pyroxenites, basic granulites, and noritic dikes. However,

for the acid and intermediate charnockites, he appeals to contamination

and mixing through migmatisation between the very widespread potassic

granites of Southern India and the older noritic rocks and Peninsular

gneisses.

Since descriptions of rocks of charnockitic kindred are so

widespread for localities throughout the world, Naidu's suggestion

for dropping Fermor's designation of a "charnockitic province" in

Southern India alone seems sound, especially in the context of the

present study. Of basic importance is the fact that these rocks

have remarkable constancy in mineralogy and setting that links them

to rocks forming the lowermost regions of the earth's crust. Certain
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mineralogical criteria such as the presence of hypersthene fall down

in many instances even in the type locality in Milras State, for

Holland has noted that certain horizons lack the definitive assemblage.

This has been noted in other localities also, as for example in the

Westport map area, Ontario (Wynne-Edwards, 1967) where this writer

visited in 1967. Units mapped as pyroxene granulite and charnockite

often lack hypersthene locally in the hand specimen, but upon exami-

nation on the larger outcrop scale, a rhombic pyroxene with biotite,

or an amphibole can be distinguished. Clearly many geologists use

the petrological name as a field convenience using hypersthene as an

index mineral characteristic of that grade of metamorphism. Much

confusion resulted, especially in the early literature, because of

the mistaken identity of hypersthene for an amphibole (Holland,

op.cit., p. 123), especially when both are present in the same specimen

and there is no recourse to a petrographic microscope. In this

study, a specimen sent to the writer identified as an "hypersthenite"

was found to be an "amphibolite" on thin section examination.

Problems also arise in the interpretation of chemical analyses.

Groves (1935), for example, analyzed a specimen considered by him

representative of the acid charnockite in the West Nile District of

Uganda and compared it with an analysis of an orthogneiss some four

miles away. He concluded, on the basis of similarity of their compo-

sitions, that the two had the same origin and differed mineralogically

only because of the higher metamorphic grade imposed upon the former.

Quensel (1950) presents a similar line of reasoning for the origin

of the charnockite series in the Varberg district of Sweden. Recently,
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methods of surface trend analysis (EF. H. Timothy Whitten, in Shaw,

1963) have shown the extent of compositional variability within

granite and other igneous massifs, Studies of this nature show the

extremely tenuous nature of the conclusions that may be drawn from

one analysis which may not represent the outcrop from which it was

taken.

To avoid placing a false perspective upon the specific distinc-

tions between rock types of a particular grade of metamorphism,

recent studies in geochemistry have begun to emphasize the broad

areal and compositional relationships of rock types to interpret

their origin and the part they have played in the evolution of the

crust.

In the present work it would seem desirable to adopt a policy

regarding the meaning intended for the term "charnockite". It must

be remembered that this term was in use before the introduction of

Eskola's facies concept of regional metamorphism and in Holland's day

there was a tendency to propose new petrographic names for unusual

rock types. In the case of the "charnockite problem", individual

specimens commonly do not possess all the required features, but may

qualify for inclusion in the suite if they have some of the features

or, more commonly, they are clearly related to outcrops showing all

the defined characteristics. Thus, these rocks do not have one clearly

defined characteristic, but a number of more or less incidental features,

i.e.: a rhombic pyroxene, clouded salic minerals, and a xenomorphic

granular texture. These features are easily recognized in the acid
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and intermediate types. They are so ill-defined, however, in the

basic and ultrabasic variants that Subramaniam (1959) has proposed

the removal of the basic and ultrabasic from the more acid types.

Buddington (in Poldervaart, Geol. Soc. South Africa, 1966) states:

"Who the devil knows what and when mafic rocks are associated with

intermediate and felsic charnockitic rocks?".

In terms of this investigation, the author has restricted the

study to the acid and intermediate varieties. From the field descrip-

tions for many of these localities, it is apparent that these rocks

have undergone high grade regional metamorphism up to granulite grade.

The development of an orthopyroxene either in hand specimen or thin

section or as an index mineral within a particular outcrop has been

chosen as the prerequisite for analysis. In some cases, alaskitic

gneisses were included since they were in gradational association

with pyroxene-bearing types (at Okollo, West Nile District, for example).

In view of the dual use made of the term "charnockite", it is felt that

the general term "pyroxene granulite" is to be preferred.

For the descriptions of the localities studied, however, the

nomenclature used in the field study has been kept, particularly in

the case of the Indian type localities. Finally, it would appear

worthwhile to adopt Subramaniam's (1959) suggestion that the term

"charnockite" be restricted to the particular mineralogy given above,

and not to the series which involves a variety of rock types.
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A

TABLE I

SUMMARY OF THEORIES OF ORIGIN OF CHARNOCKITIC ROCKS

LUTHOR PRINCIPAL VIEWS PROPOSED

Magmatic or Magmatic + later Metamorphism Interpretations:

Holland (1900)

Washington (1916)

Goldschmidt (1922)

Rosenbusch (1923)

Suter (1922)

Buddington (1939)

Quensel (1951)

Howie (1955)

Naidu (1963)

Original description of charnockite series
in Madras State. Conclusions based largely
on field relationships and similarity in
chemical composition to igneous rocks.

Whole rock chemistry similar to that found
in igneous rocks.

Chemical similarity to igneous rocks.

Grouped charnockite series with anorthosites.

Incorporation of the charnockite-anorthosite
province into the calcalkali suite or
circumpacific province.

Proposed a parent magma approximating a
gabbro-anorthosite in composition. Possible
igneous differentiation following.

Basic charnockites are primary igneous rocks
later affected by profound metamorphism.
Intermediate charnockites are hybrid since
there is no similar country rock. Felsic
charnockites represent direct plutonic
metamorphism of surrounding orthogneiss.

Based on variation diagrams and on trace
element geochemistry of the whole rock and
minerals, he considers the series to be of
igneous derivation with possible later high
grade metamorphism.

Equates "charnockite problem" with "granite

problem". Basic and ultrabasic members formed
from a norite parent magma. The "charnockite
province" is more properly called a "granite-
gneiss-schist" province since khondalites
and calcsilicate rocks occur also.
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TABLE I (cont.)

PRINCIPAL VIEWS PROPOSED

Stillwell (1918) In Antarctica, charnockite series is
believed to be the metamorphosed equi-
valent of diabase (basic members) and
granites (acid members).

Metamorphic Interpretation:

Vredenburg (1918)

Groves (1935)

J. Bugge (1940)

Ghosh (1941)

Rama Rao (1945)

Ramberg (1949)

Dhawars and charnockite series mutually
exclusive. Charnockite series a more
intensely metamorphosed facies of the
Dhawars. The adjacent khondalites are
regarded as equally highly metamorphosed
sediments originally belonging to the
Dhawars.

Based on chemical comparison of charnockite
series and lower grade rocks of similar
composition surrounding the high grade
complex at Mount Wati, Uganda.

Arendal Norway charnockites formed from
reaction and diffusion in the solid state.

Similar argument to Groves (1935).

Basic and ultrabasic members are due to
high heat and pressure subsequent to
intrusion but the acid and intermediate
members are formed by assimilation.

Suggests rather than an igneous province
(Holland) a metamorphic province produced
under varying metamorphism of diverse ages.

Similar mechanism as proposed by J. Bugge
(1940). Since charnockites are so similar
over the world, he proposes that they all
formed under the same P - T environment.

Sedimentary + later Metamorphism Interpretation:

J. W. Evans (1921)

J. A. Dunn (1942) and
others

Subsequent metamorphism of argillites
caused Al03 to combine with all CaO available

so that there remained insufficient lime

to form diopside so that hypersthene was

the resulting pyroxene.

Various other authors suggest that a melange

of igneous and sedimentary rocks was hybridized
through deep-seated metamorphism,- giving rise

to the wide variety of rocks observed.

AUTHOR
AUTHOR



CHAPTER II

SOME ASPECTS OF THE CHEMISTRY OF THE PYROXENE GRANULITE SERIES

2.1 Introduction

Experimental studies regarding the constitution of the lower

crust have been based upon phase equilibria studies on various

appropriate bulk compositions thought to represent lower crustal

material. At this stage it is pertinent to discuss various aspects

of the dispersed element geochemistry to attempt to establish restric-

tions or relationships between lower crustal and upper mantle material.

Variations in certain trace element pairs, especially those having

slightly different geochemical behavior, are also useful when used

in conjunction with the inferences that may be made from Rb-Sr iso-

topic studies. In addition to a general survey of the whole rock

chemistry of the pyroxene granulite facies in this chapter, the K/Rb,

La/Yb, and rare-earth abundance data have been used to characterize

some features of these rocks. These data complement a more general

survey of Sr 87/Sr86 initial ratios from diverse localities over the

earth discussed in Chapter III.

2.2 Conditions of Granulite Facies Metamorphism

Before consideration is given to the total rock chemistry of this

environment, a brief discussion will be given regarding the pressure

and temperature conditions that prevailed to give the characteristic

assemblages of this facies.

-22-
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There is no doubt on the basis of structural and mineralogical

evidence that the granulite facies, or, more specifically in this

study, the pyroxene granulite subfacies mineral paragenesis is

indicative of high temperatures and pressures. The general lack of

hydrous phases suggests crystallization in an environment with a low

activity of water, or one in which temperatures were high enough to

prohibit crystallization of hydrous phases. It does not appear that

any one granulite facies terrain was completely anhydrous through

time or space, as many of the localities studied by the writer

contained variants of pyroxene granulites and charnockites sensu

stricto containing significant quantities of either hornblende or

biotite or both. Alaskitic granites, and normal biotite and horn-

blende granites have been recognized with these high grade metamorphic

rocks, and their association could be the result of cooling of a

pyroxene granulite migmatite with the concentration of water during

crystallization. The presence of a condensed phase that does not

leave the system could account for the retrograde reaction of pyroxene

to biotite and hornblende. The granulite grade overlaps with the

domain of partial melting and palingenesis and since the temperature

of fusion of material of granitic composition is strongly dependent

upon the partial pressure of water, it is not surprising to find

granites associated in this terrain.

On the low temperature side of the granulite facies field there

is considerable overlap with the almandine amphibolite facies via the
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hornblende granulite subfacies, also termed the biotite granulite

subfacies by Hsu (1955). In many of the terrains of this study,

there seems to be some overlap of the pyroxene granulite and horn-

blende granulite subfacies. It is not known, however, to what extent

polymetamorphism is responsible for the association of the two sub-

facies assemblages. In some localities, the Westport area of

Ontario, for example, there is a banding of the hornblende granulite

and pyroxene granulite subfacies on the scale of an outcrop which

is reasonably attributed to variations in water activity during

metamorphism. It has been suggested by Fyfe et al. (1958) that partial

pressures of fluorine may be related to the incidence of hornblende

and biotite. The breakdown of biotite and hornblende is gradual and

would occur over a significant temperature interval at any given

pressure. The prevailing fugacity of oxygen would also affect the

temperature of breakdown.

The completely anhydrous assemblages which conform strictly to

the granulite facies are:

1. Khondalite assemblage: quartz + perthite + garnet (+ plag-

ioclase + kyanite or sillimanite). This assemblage is recognized to

be the result of metamorphism of aluminous sediment and is commonly

associated with charnockite terrains.

2. Charnockite assemblagp: quartz + perthite + hypersthene (+

garnet + plagioclase). This assemblage is characteristic of the

acid charnockite series.
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3. Basic and intermediate assemblages: plagioclase + hypersthene

+ garnet + (quartz + perthite). Also plagioclase + hypersthene +

diopside + (quartz + orthoclase).

4. Silica deficient basic assemblage: plagioclase + hypersthene

+ diopside + garnet.

5. Diverse calc-silicate assemblages: (a) diopside + plagioclase

+ calcite + quartz, (b) diopside + scapolite + calcite + quartz,

(c) calcite + diopside + forsterite, (d) dolomite + calcite + forsterite.

6. The names birkremite and enderbite (C. E. Tilley, 1936) have

been proposed for the potash-feldspar and plagioclase end-members of

the series, respectively.

In addition, cordierite has also been recorded in some low temperature

assemblages. Among the minor accessories apatite and zircon have

variable abundance and are entirely absent in some localities (Groves,

1935). Rutile and ilmenite or ilmenomagnetite are the titanium-

bearing phases of note, apart from minor amounts of Ti in the mafic

phases. These rocks are generally silica saturated to the extent that

spinel (ulv8spinel) does not occur except possibly in the most basic

members of the series. Further details of the mineralogy of the Madras

charnockites and their analyses are given by Howie (1955).

Experimental studies on the system KAlSiO4-Sio 2-H20 by Luth (1967)

are of specific importance to the study of the charnockite problem since

the appropriate phase relationships approximating the acid charnockite

assemblage differ widely in P-T space depending on whether a vapor

phase was present or whether the system consisted of condensed phases

during crystallization. If the assemblage quartz + potash feldspar +
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enstatite is an adequate representation for the natural assemblage

quartz + alkali feldspar + hypersthene, then two possibilities exist

for the P-T conditions during crystallization of these rocks depending

upon whether an aqueous vapor phase is present or not (see Figure 1).

Ph L P Or
+ P + +
Or En

1000 Q Q n L

V L

P (bars', FIGURE 1

(schematic, after Luth, 1967)
500

0x L

0

700 800 900 1000 1100

T (C*)

If the natural assemblage can be treated as a simple quaternary system,

then the coexistence of potash feldspar and enstatite with an aqueous

vapor phase is restricted by the two pertinent invariant reactions

below the quaternary invariant point. If the existence of a vapor

phase could be demonstrated petrographically, then near surface

crystallization (about 1.5 to 2 kilometers depth) would be indicated.

In the case of a condensed system, however, no restriction can be

placed upon the depth of crystallization since a near-infinite slope

is indicated for the appropriate invariant reaction which continued
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beyond the range of 3 kb. in Luth's study. The high slope for this

reaction (Ph + Q = Or + En + L) is the result of the very small

change in AV for this reaction.

Miarolitic cavities and other evidences for a vapor phase are

notably absent in rocks of the charnockite suite and, to this writer's

knowledge, there are no recorded instances in the charnockite litera-

ture of their being such cavities. In addition, there are other

mineralogical criteria that support a deep-seated environment of

crystallization. Boyd and England (1964) have noted considerable

coupled substitution of Al-Al for Mg-Si in enstatite and monoclinic

diopside with increasing temperature and pressure. The most aluminous

enstatite found under equilibrium conditions with pyrope had 16 weight

percent Al 20 maximum at about 1650*C. and 30 kb pressure. Although

temperatures and pressures would not be this high during granulite

facies metamorphism, high alumina contents in hypersthenes have been

noted by Groves (1935, p. 156-157) and Howie (1955, p. 751-756). In

the Madras Charnockites, Howie (ibid.) found bronzites from ultrabasic

members to have Al203 contents ranging from 4.40 to 4.55% and in an

analysis of hypersthenes from two neighboring rocks from the South

Savanna complex (see Chapter III) he found a range from 2.52% to

9.48% by weight Al203 (Howie, in Pitcher and Flinn, 1965, p. 319).

White (1964) presents criteria for distinguishing eclogitic and

basic granulitic clinopyroxenes on the basis of the molecular percent-

ages of the various clinopyroxene end members: Ac, Jd, Ts, Hd, and

Di. Thompson (1947) suggested that the amount of aluminum in four-

fold coordination increases with temperature while that in six-fold
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coordination increases with pressure. This suggestion is evaluated

by plotting the percentage of Tschermak's molecule, the measure of

aluminum in four-fold coordination versus the percentage of jadeite,

a measure of aluminum in six-fold coordination coupled with soda.

White found a distinct separation of the two clinopyroxenes when

plotted on this basis,thus allowing a distinction,which is otherwise

difficult, between the higher pressure eclogite suite and the lower

pressure basic granulite suite.

Hubbard (1966) has described the petrography and mineralogy of

perthite and myrmekite from charnockitic rocks of the Ikerre Group

of southwest Nigeria. The development of myrmekite is considered

to be the result of local exsolution processes associated and con-

temporaneous with the development of perthite in the alkali feldspar.

A high temperature would allow significant solution of Ca, as the

fictive Schwankte's molecule: Ca(AlSi 308)2, to take place which would

exsolve to "normal" anorthite on slow cooling with the release of

excess SiO2. Hubbard suggests that such local readjustments would

be in keeping with a system subjected to high confining pressures

with slow cooling in a relatively volatile-free environment.

2.3 Chemical Analyses of Pyroxene Granulites

A number of papers discussed in the preceding chapter have

included both whole rock and mineral analyses of various members of

the charnockite series from a variety of localities. Quensel (1950)

and Howie (1955) provide extensive compilations, the former including

the analytical data given by Groves (1935). Naidu (1963 has also

presented sixty-eight analyses of hypersthene-bearing rocks from
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Madras State,

Howie (1955) gives a detailed examination of the trends in the

analytical results through the series. Plotting the weight percent

of the cation versus its "position" given by (1/3 Si + K) + (Ca + Mg)

following the method of Larsen (1938)1 and modified by Nockolds and

Allen (1953) 2, a continuous variation is observed that corresponds

very closely with the elemental variations in igneous rock series.

When the alkalies: Ca, K, and Na are plotted on a triangular diagram,

two trends are apparent. One trend curves upward to higher potassium

values, Howie (1955, p. 736), and the other has a lesser curvature

toward potassium, more closely approaching sodium, and representing

the enderbitic types. Howie (1955) has pointed out the similarity

of this and the Fe + Mg + alkali trend with those of the Crater Lake

series and the Lassen Peak volcanics. This last trend in particular

is only slightly more curved than the trend of typical calc-alkali

igneous series.

A computer program, originally written by Diness and Luth and

later re-written by the author for the IBM OS/360 computer at the

M.I.T. Computation Center, has been used to calculate the C.I.P.W.

norm for the fifty-four analyses presented in Howie (1955, 1965) and

Quensel (1950). The program is listed in Appendix C and is designed

to calculate the weight norm as originally proposed by Cross, Iddings,

'Larsen, E. S. (1938) Jour. of Geology, Some new variation diagrams
for groups of igneous rocks, 46, pp. 505-520.

2 'Nockolds, S. R. and Allen, R. (1953), The geochemistry of some
igneous rock series, Geochim,et Cosmochim Acta, 4, pp. 105-142.
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Pirsson, and Washington. It is modified only to the extent that

Li 20, if reported in the analysis, is added with MgO and when SO3
is reported it is calculated as thenardite (Na2So4 ). In addition,

the MgO/FeO ratio in olivine, hypersthene, or diopside is given when

the norm contains that mineral. Also reported are the fractions of

Or, An, and Ab and Or, Ab, and Q. The extent of deficiency of Al2 03

which would be required to form corundum is indicated by (-C). Ab,

Or, Lc, Ne, and kaliophyllite (KAlSiO 4 ) are recalculated to 1.00 in

terms of the "granite system": Ne, Ks, and Q. The oxidation ratio

is calculated according to Chinner (1960) and finally the Differentia-

tion Index (D.I.) as proposed by Thornton and Tuttle (1960) is calculated.

Despite the shortcomings of a weight norm compared with a molecular

norm, the variation within the charnockite series as well as other

characteristics of the series is still apparent.

In Figure 2, the Differentiation Index is plotted against the

weight percentage SiO2 in the rock analysis. The Differentiation

Index as defined by Thornton and Tuttle is the sum of the weight

percentages of normative quartz + orthoclase + albite + nepheline +

leucite + kalsilite. Obviously only three of these minerals will

occur depending upon the degree of silica saturation; vis: Q + Or +

Ab or Ne + Lc + Ks. The two groups are considered the salic consti-

tuents of the C.I.PW. norm with the exception of anorthite which in

Thornton and Tuttle's study is considered a femic constituent. They

also consider zircon and corundum as femic although with less justi-,

fication than in the case of anorthite. The Differentiation Index
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is a measure of the degree to which a rock has approached "petrogeny's

residua system": SiO2 - NaAlSiO - KAlSiO as proposed by N. L.

Bowen (1937). If a tetrahedron is constructed with Q - Ne - Ks

forming the base and the femic constituents summed to form the apex,

the distance from the apex to where the rock plots within the tetra-

hedron is a measure of the basicity of the rock. The Differentiation

Index may be the same whether the rock is acid or alkaline and is not

a measure of silica saturation. Figure 2 does show the degree of

silica saturation throughout the series, however. Points that fall

above the Or-An line are generally over-saturated and those analyses

falling within the Ab-An-Or triangle would be expected to be rich in

these phases and would be anorthosites, or syenites. Undersaturated

rocks would fall below the Ab-An line in this figure. Superimposed

on this diagram are the three highest frequency contours for points

as shown in Thornton and Tuttle's (22. cit.) work. The contours show

the number of points in a 1.6% area rather than the usual 1.0% area

commonly used in petrofabric work. Shown in Figure 2 are the contours

for the 1.6% areas containing 151-175, 126-150, and 101-125 points.

The majority of the charnockite analyses fall in the oversaturated

region occupied by dacite and rhyodacite and trends upward and some-

what to the right of the calc-alkali rhyolite area, indicating that

the charnockites are a little less mafic and probably are very close

or coincident to where many granites would plot. In the low Si02 '

D.I. end of the diagram, the analyses plot near the tholeiitic and

tholeiitic olivine basalt region as delineated by Thornton and Tuttle.
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Since the standard norm calculation gives preference in all

cases to the more silica saturated minerals (i.e. feldspars instead

of feldspathoids, and hypersthene instead of olivine), there will

usually be more free quartz in the mode than in the norm. Also

titanium in various valence states can proxy for silicon in many

minerals further increasing modal quartz. All the points that fall

above the Ab-Or line represent analyses that contain quartz in the

norm. Alumina, expressed as excess (+C) or deficient (-C) corundum

in the norm, shows an excess only in rocks having SiO 2 greater than

about 70% in which case the excess corundum does not exceed about 6%.

There is one exception in a garnet granulite from Proclamation Island,

Antarctica where (+C) is 8.44%. The average (-C) of these analyses

is about 3.4%. It is generally regarded that argillaceous rocks show

an excess of Al203 over that required to form feldspar and the excess

should be greater than that found in igneous rocks. Bastin (1909)

has studied the extent of these differences and has found that over

60% of schists and gneisses of argillaceous origin contain an excess

of normative corundum greater than 5% and in half of these the excess

is greater than 10%. The corresponding proportions for igneous rocks

are less than 3% and 0.6% respectively. In the present study the

pattern of excess alumina supports an igneous affinity in the light

of Bastin's work since the average excess corundum is only about 1.7%,

and probably can be accounted for by the formation of biotite in the

rock. This has been accepted as an explanation for a similar situation

in Ceylon as noted by F. D. Adams (1929).
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2.4 Regional Trace Element Trends with Regional Metamorphism

Recent advances in methods of rapid chemical analysis combined

with appropriate statistical techniques are finding increasing

application to problems involving regional compositional differences

in crustal materials. In the case of the radiogenic elements, such

data are prerequisite to studies of the heat budget of the crust and.

mantle. Also, detailed analyses of deep-seated Precambrian terrains

will show the extent of compositional zoning with depth in the crust.

Reilly and Shaw (1967) have discussed the assumptions that must

be recognized in estimating crustal abundances of elements by any

direct method. The concentration and variation of an element may

not be the same over the surface as in the vertical sense. Also, the

sampled area must be weighted proportionately to each rock type that

outcrops within the area, assuming further that the surface area of

a particular rock type is directly proportional to its volume. In

addition, the sample population may be biased because of surficial

control over outcrop. For example, effects of glaciation or differ-

ential erosion may interfere with sampling.

An increasing number of papers have appeared proposing a

depletion with depth of potassium, rubidium, and other strongly

lithophile elements in the crust due to a fractionating effect during

regional metamorphism: (Heier, 1964; Heier and Adams, 1965; Eade,

et al., 1966; Heier and Lambert, 1967, 1968; and Shaw, 1968).

Heier (1964)has proposed a mechanism whereby the transport of

major and trace lithophile elements could take place during progressive
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regional metamorphism. As lower grade rocks are subjected to increas-

ingly higher temperatures and pressures, mineral transitions such as

the breakdown of micas would occur which would give rise to product

phases less favorable to the inclusion of rubidium. For example,

in rocks such as granulites containing excess quartz, Heier proposes

the reaction:

K(Mg,Fe)3AlSi 3010 (OH)2 + 3Si 2 -- KAlSi308 + 3(Mg,Fe)Si03 + H20

From crystallochemical considerations, then, it would be expected

that rubidium would become concentrated in a volatile phasedepleting

the higher grade rocks in rubidium. Strontium,on the other hand,

would not be expected to behave in this manner because of its ability

to proxy for calcium. During progressive high grade metamorphism,

then, one would expect a progressive decrease in the Rb: Sr ratio.

A plot of %K vs. Rb/Sr of granulites would be expected, in light of

the discussion above, to show a lower Rb/Sr ratio for a given potassium

concentration than in amphibolites and lower grade rocks. There is a

suggestion for such a trend for amphibolites and granulites from

Langoy, Norway (Heier, op.cit., Figure 1) though many more analyses

would be needed for statistical proof. In Figure 3, a similar plot

for the charnockitic types from a variety of localities is given, and

these show a much greater range in both ordinate and abscissa than

in Heier's work. The results of Figure 3 are not strictly comparable

to Heier's results, since his work was restricted to a single locality

and coexisting amphibolites and pyroxene granulites were being compared.

On the other hand, the results show the variation in an approximate

sense that one would expect for the charnockite series considered as
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a group. Also, many of the rocks analyzed in this study contain

small amounts of an amphibole so that if two populations really

exist, small degrees of mixing of either end-member would only

obscure the bimodal nature of the distribution in spite of the inherent

accuracy of each analytical point.

Heier made a further proposal regarding the possibility of

natural fractionation of radiogenic strontium as a result of regional

metamorphism. Heier believes that during anatectic melting of silicate

rocks containing potassic phases, these potassic phases corresponding

to a granitic melt would be the first to break down. Since these

are the host phases for rubidium, they will also be the sites of

Sr87 built up after the last isotopic homogenization. Since biotite

is fairly common in this facies, and is also low in common strontium,

anatectic melting could presumably lead to a residual rock with a low

Sr 87/Sr86 ratio.

It is difficult to envisage a mechanism whereby this reaction

could take place without having the radiogenic strontiumreleased

from the biotite,incorporated into the strontium acceptor phases on

the right'hand side of the equation. In addition, it must be assumed

that there be no common strontium available to mix with this radio-

genic strontium, which would render the effect immeasurable. The

implications of this model are considered further in Chapter IV in

the light of the Rb-Sr isotopic data.

In a study of Precambrian medium to high-grade rocks of the

Australian sheild, Lambert and Heier (1967) have demonstrated distinct

differences in the total rock content of potassium, uranium and thorium
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between the gneisses of the felsic amphibolite facies and hornblende

granulite subfacies and the more deeply seated pyroxene granulite

subfacies. As a result of approximately 400 analyses for U, Th, and

K the concentrations in pyroxene granulite subfacies rocks show a

marked depletion when compared to lower grade metamorphic gneisses,

granites and greenstones of the sheild areas, and the granites and

shales of younger mountain regions. The pyroxene granulites generally

have consistently low values of K and U and Th, which are much less when

compared with the lower grade rocks. In magmatic series and in sedi-

mentary rocks, it is common to observe an increase in the U/K and Th/K

ratios with increasing K content of the rock (Heier and Rogers,.1963);

in this respect the pyroxene granulites show a reverse trend.

Compared with the common surface rocks of appropriate bulk compo-

sition, the acid and intermediate pyroxene granulite subfacies rocks

are depleted in Th and U by factors of 9 and 5 respectively.

In a sequel to the paper above, Lambert and Heier (1968) consider

these elemental variations further and also present additional data on

Rb, Sr, Pb, and Ba determined by X-ray fluorescence. In this more

recent paper, they divide the pyroxene granulite subfacies into low,

medium, and high pressure variants on the basis of mineralogical

assemblage:

(i) Low pressure: Cordierite, andalusite and the mineral pair:

olivine + plagioclase and characteristic. Also present are brownish

hornblende + biotite, k almandine garnet. Hypersthene is widespread

in the mafic types.

(ii) Medium pressure: Plagioclase + hypersthene t clinopyroxene,
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± quartz. Stable aluminosilicates are sillimanite or kyanite.

Olivine and plagioclase are incompatible and cordierite is unstable.

(iii) High pressure granulite subfacies: The mineral association

developed with increasing pressure is garnet + clinopyroxene + hyper-

sthene + plagioclase first in silica undersaturated rocks then in

silica saturated rocks. At higher pressures plagioclase disappears,

marking the beginning of the eclogite facies. When the activity of

water is high enough, hydrous phases such as biotite or hornblende form.

Anorthosites are exclusively developed in the medium to high pressure

granulite terrains.

Their results showa decrease in K, Rb, Th, U, Pb and Si and

related elements in the highest granulite grade rocks analyzed (Table II-A).

There appears to be a corresponding increase in Ca, Mg, Fe, Mn, and Ti.

The high grade rocks show lower Rb/Sr, (Th/K) x 104 and (U/K) x 104

ratios and higher K/Rb ratios than in the low pressure granulites and

amphibolites. That is, for a given potassium content, there is a

relative depletion of Rb, Th, and U compared with the lower grade rocks.

K
Rb
Pb
Ba
Sr
U
Th
Zr

*Av

TABLE II-A

Average K and Trace Element Compositions, Australian Shield
(from Lambert and Heier, 1968)

Musgrave Range Fraser Range Cape Naturaliste Eyre Peninsula
G A G G A G A

2.2 2.8 1.4 3.7 3.8 3.6 3.7
70 140 45 190 180 175 200
20 25 15 30 35 30 30
1090 990 420 625 780 630 610
340 400 170 160 190 140 120
0.4 1 0.3 2.5 1.5 2.0 4.5
2.1 11 1.8 35 23 23 30
310 250 115 525 400 185 195

erage for all rocks G = granulite facies A = amphibolite facies

SW
Shield*

2.6
115
35
610
135
3.0
20
220
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Heier and Rodgers (1963) have found an average (U/K) x 104

ratio of about 1.2 in granitic rocks. All the ratios recorded in

Lambert and Heier's work are significantly lower than this value,

the lowest values being found in the high and medium pressure granu-

lites. The values for the (Th/U) x 104 ratios show a much greater

degree of variability. Although values of about 4 have been recorded

for this ratio in a variety of rock types, this ratio is generally

higher than 4 in lower pressure granulites, and lower than 4 in the

high and medium pressure granulites. Lambert and Heier (1968) inter-

pret the depletion of lithophile elements and the higher K/Rb ratios

and lower Rb/Sr, (Th/K) x 10 , and (U/K) x 10 in high to medium

pressure granulites as the result of a series of dehydration reactions

involving partial melting under the P-T conditions of the upper amphi-

bolite facies discussed previously in this chapter. Studies of similar

nature carried out on lower grade rocks (up to the high amphibolite

facies) have revealed that there is no change in bulk chemistry apart

from loss of volatiles (Shaw, 1954, 1956; Phinney, 1963; Chinner, 1960).

Eade et al. (1966) found minor changes in bulk chemistry in medium

pressure granulite facies rocks of the Canadian shield but major

changes in chemistry seemingly do not occur until the highest metamorphic

grades are attained (Heier and Adams, 1965; Heier, 1965; Lambert and

Heier, 1967, 1968).

In the present investigation, thirty-two specimens from various

localities (Table II-B) were analyzed for potassium by atomic absorption

spectrophotometer by the addition method and were combined with rubidium

values determined by isotope dilution. The accuracy of the potassium
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TABLE II-B

M.I.T. # %K Rb (ppm)

Pallavaram Area, Madras, India:

0.262

0.287

0.507

0.466

0.518

1.574

0.404

0.369

0.200

3.25

0.200

1.20

Westport, Ontario:

4.23

3.75

3.12

4.00

6.18

1.20

0.99

Indian Lake, West Canada Lake.

R7321

R7322

R7326

R7327

2.70

4.78

4.49

1.50

Crane Mountain, New

R7125**

R7123

R7126

R7127

R7128

5.30

5.58

5.09

5.21

5.21

2.24

3.97

3.73

1.25

York:

4.42

4.65

4.24

4.33

4.33

%K20 Sr (ppm) K/Rb Rb/Sr

R7220

R7215

R7219

R7216

R7221

R7242

R7241

R7218

R7214

R7205

R7217

R7240

0.315

0.346

0.611

0.561

0.624

1.897

0.487

0.445

0.241

3.92

0.241

1.45

4.3

6.5

11.5

12.6

20.2

210

7.6

11

6.3

134

3.9

146

94

123

143

116

203

427

192

110

116

76

473

609

442

441

370

256

75

527

335

383

243

513

82

0,045

0.053

0.081

0.109

0.100

0.492

---

0.056

0.057

1.152

0.051

0.309

R7070

R7083

R7090

R7112

R7113

R7061

R7062

5.09

4.52

3.76

4.82

7.45

1.45

1.19

140

85

57

88

125

28

24

466

359

417

142

121

99

454

364

532

660

454

494

428

413

0.301

0.236

0.136

0.616

1.030

0.284

0.053

New York:

93

135

121

53

220

197

223

255

241

354

371

283

0.425

0.682

0.543

0.208

151

165

138

126

122

126

140

187

180

187

293

282

307

344

355

1,195

1.181

1.740

0.702

0.654
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%K2 0

TABLE II-B (cont.)

%K Rb(ppm) Sr (ppm) K/Rb Rb/Sr

Rakosi and Okollo, West Nile District, Uganda:

5.82

5.88

5.24

4.81

4.83

4.88

4.35

4.00

163

135

303

207

296

362

147

196

2.191

4.366

4.879

2.668

* to accompany Figures 3 and 4 .

** Samples R7125 to R7128 inclusive: potassium analyzed by X-ray

Fluorescence, (Whitney, 1967). Rubidium analyzed by isotope
dilution, this study.

M.I.T. #

R7011

R7012

R7018

R7020
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analyses was confirmed by frequent analysis of G-1 and W-1 throughout

the period of analysis. The values obtained agreed to within 1.5%

of the recommended values of Fleischer (1965). The rubidium determi-

nations by isotope dilution are of similar precision. The errors in

the mass spectrometry are considered in Chapter III. These values,

plotted in Figure 4, are compared with the trends found by Shaw (1968)

for twenty-one suites of igneous and quasi-igneous rocks whose potas-

sium and rubidium values have been reported with sufficient accuracy

in the literature. In view of the geographic diversity, there exists

a marked trend in the K/Rb ratio. For the data presented here, the

mean K/Rb ratio appears to be about 300 to 400. Considering the Madras

charnockite suite alone, there appears to be a slightly higher K/Rb

ratio of about 400 (see Table II-C) for specimens having lower potas-

sium contents. The trend for all the samples is somewhat sigmoidal with

the axis of symmetry parallel to Shaw's Main Trend at about K/Rb = 300.

This Main Trend is defined by 12 of the 21 suites of rocks mentioned

TABLE l'-C

Summary of K/Rb Ratios of Charnockitic Rocks (Figure 4)

Locality n Average K/Rb Ratio

Madras 10 412
Madras 12 356
Westport 7 478
Indian Lake 4 312
Crane Mtn. 5 316
Rakosi & Okollo 4 250

Total 32 354

above having nearly identical regression coefficients described by



FIGURE 4

K-Rb Trends in Charnockites



R b, p.p.m.
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the equation:

%K = 0.0369 (ppm Rb)0.
897

**
The line of constant R (= 263) is taken as the overall average Main

Trend in igneous differentiation for the 12 sub-parallel suites used

in Shaw's study which include the following rock types:

New England Granites (29)
Skaergaard Complex (8)
Slieve Gullion Granites (19)
Continental Tholeiites (41)
Hawaiian Basalts (35)
Ultramafic rocks (23)
Diabases (42)
Banks Peninsula Volcanics (30)
Various Composite Igneous Rocks (9)
Continental Alkalic Basalts (11)
Composite Basalts and Granites (5)
Eclogites (19)

Number of analyses given in parentheses.

The trend in K/Rb is not constant throughout the range in potassium

values. Shaw found the following values:

%K K/Rb

0.01 433
0.1 332
1.0 254

10.0 195

It Is apparent from Table II-C and Figure 4 that the majority of the new

analyses fall above the Main Trend for igneous rocks. The results

also confirm Shaw's observation that the relation is not linear for

all values of potassium but shows a decrease in value of R with

increasing potassium: "It should be noticed that the decrease in R

R = K4
R =(%K/ppm Rb) x 10
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observed in these studies was accompanied either by a trend towards

younger petrological age or by increased content of K."
3

Although this investigation was carried out in a different manner

from that of Lambert and Heier (1968), both in analytical technique

and regional extent of sampling, the results presented here tend to

substantiate their results based on a regional scale. That is, there

appears to be a tendency for slightly higher K/Rb ratios in these

rocks relative to many igneous rock types that Shaw (1968) included

in his Main Trend. Additional restraints can be placed on the inter-

pretations of these results in the light of the Rb-Sr isotopic deter-

minations in each suite of rocks. These results are considered in

the last chapter.

2.5 Rare-Earth Element Studies

Rare-earth abundances, normalized to the chondrite abundance for

each element, have been published now for a variety of rock types from

both oceanic and continental areas. Reviews of the older literature

are given by Haskin et al.,(1966) and more recent aspects of research

in this field are considered by Haskin and Schmitt (1967). Only a

brief discussion of the geochemistry of the rare-earth elements will

be given here.

The lanthanide elements include the fourteen elements from

La (Z = 57) to Lu (Z = 71) and include Y (Z = 39) because both the

+3
atomic and M ionic radii for this element lie between those values

for Tb and Dy despite the fact that yttrium lies above lanthanum in

transition element Group III. Although a rare-earth, 61Pm is not

3'Shaw (1968), p. 577.
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considered in this work because of its vanishingly low abundance,

it is found only in nature as a spontaneous fission fragment of

uranium having a maximum half-life of about 30 years for its longest-

lived isotope (Pm 45). Lanthanum has a ground state configuration

of 6s2 5d and the thirteen elements following it are formed by the

addition of up to fourteen electrons to the 4f shell which is slightly

more stable than the 5d shell. As the nuclear charge and number of

4f electrons are increased by unit increments through the series,

there is a reduction in size of the entire 4f n shell,giving rise to

the so-called lanthanide contraction. Owing to the shape of the 4f

orbitals which are unable to shield to the same degree as the 5d

orbitals, the addition of one 4f electron increases the effective

nuclear charge of each electron, reducing the size of the orbital.

All of the lanthanides form 3 ions. In addition, Nd, Sm, Eu, Tm,

+2 +4
and Tb form M species and Pr, Nd, Tb, and Dy form M ions though

these two states are less stable than the characteristic group valency

+3 +3
of M+. The stability of the M state may be related to a special

stability associated with empty (4f*), half-filled (4f ), or filled

(4f 4) f shells as is observed to a lesser degree in the regular trans-

+3
ition series. Thus La and Y form M ions only since the removal of

three electrons leaves the inert-gas configuration. Eu and Yb can

7 14 +2
attain the f and f configurations respectively in the M state.

Although there appear to be valid theoretical reasons for the various

+3
valence states to occur, the M state is thought to be prevalent in

nature because fairly rigorous conditions are required (extremes of

pH, for example) to attain other valence states in the laboratory.
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TABLE II-D

SAMPLE COMPOSITE FOR RARE-EARTH ANALYSIS

MYSORE AND MADRAS STATES, INDIA

M.I.T. #

Pallavaram

R7239/AS-4

R7240/AS-5

R7241/AS-7

R7242/AS-10

R7205/AS-12

Kushalnagar

R7214/A-85

R7215/A-95

R7216-A-110

R7217/A-115

R7218/A-117

R7219/A-121

R7220/A-124

R7221/A-126

R7248/A-142

R7244/A-148

R7246/A-150

Sample Wt. (gms.)

10.9

10.4

11.6

10.5

11.6

10.8

10.6

10.8

10.7

10.7

11.1

10.6

10.7

10.6

10.7

10.1

Sample Description and Locality

Basic Charnockite (Hb-Bio-rich),
Pammal

Basic Charnockite, Thattangannu

Basic Charnockite (Hb-rich), Pammal

Basic Charnockite (Bio-rich) Cherimalai

Basic Charnockite, St. Thomas Mount

Charnockite, Dindgad

Charnockite, Chikkamarahalli

Charnockite, Kudige-Kanive

Charnockite, Kanive Hill (left)

Charnockite, Kanive-Jainkal Betta

Charnockite, Marur

Charnockite, Kanive Temple Hill (right)

Charnockite, Near Adinadur Tribal
Colony

Charnockite, garnetiferous,
Doddakamarahalli

Charnockite, Cauvery River Bed, Hulse

Charnockite, Cauvery River Bed,
Shanbhoganahalli
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TABLE II-E

RARE-EARTH ABUNDANCES IN CHARNOCKITE COMPOSITE,

MYSORE AND MADRAS STATES, INDIA

CHARNOCKITE
COMPOSITE

(22.70)

12.90

16.47

4.59

17.26

4.20

1.37

4.63

0.75

0.97

2.70

0.37

1.86

0.36

* Chondrite R.E.E. values from
given in Table II-F

CHARNOCKITE COMPOSITE
CHONDRITE*

(11.35)

39.1

18.7

40.8

28.8

23.2

19.9

18.6

16.0

13.9

13.5

12.3

9.3+

10.6++

Haskin, et al., (1967)

+ value obtained by 7rcounting taken because of slight
contamination in Yb fraction fort counting by Lu.

++ identical value obtained by both t and f counting.

ELEMENT

(Y)
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TABLE II-F

RARE-EARTH ELEMENT ABUNDANCES IN CHONDRITES

(after Haskin et al., 1967)

ELEMENT ABUNDANCE

Y 1.96 + 0.09

La 0.330 + 0.013

Ce 0.88 ± 0.01

Pr 0.112 + 0.005

Nd 0.60 + 0.01

Sm 0.181 + 0.006

Eu 0.069 t 0.001

Gd 0.249 + 0.011

Tb 0.047 t 0.001

Ho 0.070 t 0.001

Er 0.200 + 0.005

Tm 0.030 + 0.002

Yb 0.200 - 0.007

Lu 0.034 + 0.002
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TABLE II-G

ELEMENT ABUNDANCES BY SPARK SOURCE MASS SPECTROMETRY,

CHARNOCKITE COMPOSITE

Element ppm Atomic ppm Weight

B 2 1

F 200 170

Na 2500 2500

Mg major major

Al major major

Si major major

P 3000 4000

C1 100 150

K major major

Ca major major

Sc 50 100

Ti 3000 6300

V 800 1800

Cr 1000 2300

Mn 3000 7200

Fe major major

Co 75 190

Ni 50 130

Cu 100 280

Zn 120 330

Rb 10 37

Sr 75 290

Ba 50 300

La <2 12

remaining REE <2 each 10 each

* This analysis was kindly provided by Mr. T. Mariano, Ledgemont

Laboratories, Kennecott Copper Company.

** the 'ppm weight' was calculated from the 'ppm atomic' by taking
an 'average' composition for charnockite from the literature

(Mariano, personal communication).
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TABLE II-H

La, Yb, and Total REE Contents of Igneous Rocks

Rock Type La* Yb* La/Yb EREE*

Gabbros and Diabases (Haskin et al., 1966, p. 224)**

Ironton, Mo. 12.8 2.7 4.7 123

Bushveldt, Norite 4.8 0.54 8.9 28

San Marcos 4.0 1.70 2.4 59

W-1 9.3 2.2 4.2 96

W-1 11.7 2.1 5.6 100

Finnish, Gabbro + Diabase 1.7 0.8 2.1 22

Eclogites (Ibid., p. 229)

Delegate 3.6 2.0 1.8 82

Roberts Victor 4.2 1.6 2.6 40

Dutoitspan 7.4 2.3 3.2 116

Japan 1.8 1.13 1.6 34

Granites (Ibid., p. 232)

Composite, 70% Si02 55 4.0 13.8 220

Composite, 60-70% SiO 2  84 4.0 21.0 320

Composite, 60% SiO 2  68 3.0 22.7 250

Composite, Finnish 47 3.0 15.7 260

Finnish, Archean 43 1.8 23.9 200

Finnish, Granite-gneiss 19 2.6 7.3 120

E. Tuva, Radyros 130 1.7 76.5 480

E. Tuva, Nizh-Kad 53 10 5.3 370

E. Tuva, Agash 22 5.5 4.0 230
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TABLE II-H (cont.)

Rock Type La* Yb* La/Yb EREE*

Granites (cont.)

Ukraine, Rapakivi 90 3.2 28.1 230

G-1 92 0.94 97.9 340

G-1 102 0.63 161.9 350

Wisconsin, Red 31 2.3 13.5 180

Wisconsin, Ruby 36 4.3 8.4 220

Basalts (Ibid., p. 223)

Columbia Plateau 25 3.9 6.4 230

Linz, Prussia 41. 3.5 11.7 310

Jefferson Co., Colorado 79 2.6 30.4 530

Composite of 213 basalts 17 2.7 6.3 170

Composite Sediments (Ibid., p. 270)

European and Japanese Shales - 18 2.7 6.7 148

Finnish Sediments 13.6 1.31 10.4 77

40 North American Shales 39 3.4 11.5 240

Russian Platform Average 50 4.2 11.9 280

* in ppm

** All data from compilation from Haskin, et al. (1966), Meteoric,
Solar, and Terrestrial Rare-Earth Distributions, in Physics
and Chemistry of the Earth, Pergamon Press, Volume 7.



FIGURE 5

Composite of Sixteen Charnockites
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FIGURE 6

La/Yb versus Total REE
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The chemical coherence of this group has always made individual

analysis of the rare-earth elements by classical wet chemistry

involving fractional crystallization inaccurate,often masking real

differences in geochemical abundances. Neutron activation and X-ray

spectrographic techniques are routinely used at present to obtain

most of the data. Isotope dilution and atomic adborption spectro-

photometric methods, however, are now being developed to the required

sensitivity for this work.

In the present study, the REE abundances have been determined

by a neutron activation technique developed by Haskin et al. (1968).

Briefly, the method entails the irradiation of the powdered rock

sample along with a standard solution containing a mixture of rare-

earth nitrates. The rock powder is dissolved by means of a Na2 02

fusion in the presence of a rare-earth carrier. The rare-earth group

is separated from the silicate residue by hydroxide and oxalate

precipitations and the individual rare-earths in both sample and

standard are separated by means of an ion-exchange column. A radio-

assay is made by both Y and P counting and thEncorrected by a chemical

yield determination by EDTA titrations. The method is found to have

an average precision for duplicate analyses by different analysts of

better than ±,4% mean deviation (for a shale having a total REE content

of 200 ppm). The mean deviation varies from element to element and

since there was only a single determination made in this study, such

a high degree of accuracy cannot be claimed, though comparable precision

is likely. The analytical procedure has been presented in detail by

Haskin et al.4

4 'Jour. Radioanalytical Chemistry (1968), 1, pp. 337-348.
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A composite of sixteen samples of charnockite from Madras and

Mysore States, India, weighing about 10-11 grams each was prepared

(Table II-D) in the same fashion as used in the Rb-Sr analyses. This

composite was analyzed as in the method above and the concentrations

are shown in Table II-E. These values, when normalized to the currently

accepted REE chondrite abundances (Table II-F) give a REE abundance

pattern as shown in Table II-E, column 3, and Figure 5.

Twenty-five element abundances were determined by Spark Source

Mass Spectrometry (Table II-G) for the Indian Charnockite composite.

This analysis was kindly provided by Mr. T. Mariano of the Ledgemont

Laboratories, Kennecott- Copper Company, Lexington, Massachusetts.

The 'ppm Atomic' concentration was converted to 'ppm Weight' by

dividing each element concentration by the 'molecular weight' of an

'average' charnockite taken from the literature (T. Mariano, personal

communication). The precision in each determination is about 300

atomic percent.

2.6 Discussion of Results of Rare-Earth Element Studies

In Figure 5 the chondrite normalized rare-earth abundances for

the charnockite composite are plotte4 including yttrium. The out-

standing feature in this pattern is the enrichment of the light REE

relative to the heavy REE when normalized to the chondrite values.

The trend, with minor exceptions, is remarkably smooth with no apparent

anomalies. Europium shows no depletion with respect to gadolinium

and samarium as is commonly the case if granitic rocks. Cerium

appears to be somewhat depleted. Owing to analytical difficulties

with this element, replicate determinations are needed to verffy its
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apparent lower abundance. Yttrium also appears to be slightly

depleted in these rocks. This element is not a rare-earth and is

included because it commonly behaves in a similar fashion to dysprosium.

Depending upon the ion exchange resin and the eluent used, yttrium

may separate between terbium and holmium or ytterbium and lutecium.

The total rare-earth element content is 91 ppm (including Y).

This value is compared with a measure of enrichment of the light

REE/heavy REE approximated by the La/Yb ratio (Figure 6). Since

lanthanum shows greater variability than ytterbium, especially in

granitic rocks, there are certain drawbacks to using this ratio alone.

While there is no consensus on which elements to use, some Russian

workers use a parameter such as La+...+Gd/Er+...+Lu as a measure of

enrichment. Despite the scatter, there is a pronounced tendency for

the enrichment of the light REE with increase in total REE as has been

pointed out previously by Haskin et al. (1966, p. 221).

The detailed rare-earth distribution pattern (Figure 5) and the

comparison of La/Yb vs. total REE enrichment (Figure 6) suggests that

the charnockite composite from Madras and Mysore States is most nearly

like patterns found for gabbroic rocks. This pattern is in keeping

with the intermediate nature of the rock composite. Examination of

thin sections of all the specimens of this composite show a quartz

content of about 10% and a composition approximating a quartz diorite.

In addition to the individual rare-earth determinations involving

prior chemical preparation, four single specimens of pyroxene granulite--

three from Madras State, and one from Westport, Ontario--were analyzed
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after irradiation as powders (_200 mesh) without prior chemical

treatment or separation following a method outlined by Gordon et al.

(1968).

From 0.1 to 0.8 grams of the aliquots of the powdered samples

were weighed into clean 2-dram vials and were irradiated three-at-

a-time along with a flux monitor of similar rare-earth content (Table

13 -2 -1
II-I) in the M.I.T. Research Reactor with a flux of 2 x 10 n cm sec

To measure the short-lived species, an irradiation time of ten minutes

was used and in the case of longer lived species, five hours' irradiation

time elapsed followed by five days' "cooling" to allow the activity to

decrease to about 0.5 microcuries.

Radioassay was made by means of a 30 cm2 Ge(Li) detector. A

sample holder consisting of fifteen milled depressions was provided in

front of the crystal for counting and a position was chosen such that

the dead time of the detector was below 30%. Lead shielding was used

sparingly to reduce background, yet was not placed so close to the

sample to interfere with the spectrum through backscattered electrons.

The detector signal was amplified by a Tennelec TC 130 field effect

transistor preamplifier and a TC 200 main amplifier. The amplified

signal was stored in a Packard 4096 channel analyzer and the spectrum

was placed on computer compatible magnetic tape via an ADC (analog

to digital converter) unit.

The computer program, written by Dr. P. A. Baedecker, searches

out the photopeaks, calculates their area, centroid and energy. A

correction to the area is also made for detector efficiency. A Cs
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spectrum must be provided if the energies are to be determined and

if they-ray energy of the standard photopeak is greater than 1836 keV,

a Y88 spectrum must also be provided. The following spectra were

203 ,88used in each counting experiment: Hg , 279.1 keV; Y8, 1836.1 keV;

Na 22, 1274.5 keV; Cs 137, 661.6 keV; CO 60, 1332.4 keV.

TABLE II-I

Flux Monitors

Long-Lived
u gm/ml
171.17 Cs

183.4 Cr

51.94 Co

1.019 Th

1.145 Sb

2.83 Rb

5.69 Ba

10.4 Hf

Fe

u gm/ml
9.70

101.0

48.88

102.2

24.48
mg/ml
1.046

1.34

10.29

20

Short-Lived
u gm/ml
35.26

15.68

576.0

. 256.82

4.77

7 .56

75.55

9.32

2.21

5.17

5.05

In the table below (Table II-J) the abundances of the individual

rock analyses are shown in ppm unless otherwise indicated. The peaks

chosen for analysis are those indicated by Gordon et al. (1968) which

are relatively free from interference from other elements of high



TABLE II-J

Some Elemental Abundances by Neutron Activation for Pyroxene Granulites

Tm Gd(+Sm+Ta) Hf - Ce Lu Nd Sc

R7120/ACS-40
Crane Mountain,
New York

R7121/ACS-41
Crane Mountain,
New York

R7129/ACS-48a
Crane Mountain,
New York

R7091/32
Westport, Ontario

19* 19 343** 7 50 11 9 53 3.3%

15 216** 4 28 7 9 13 2.8%

15 200** 5 48 .11

0.1 9 179** . 3 38 25 14

-- 4.3%

-- 3.8%

* abundances in ppm unless indicated otherwise.

** probable interference of Fe59 (E = 145 keV) with Ce 11 (E

Precision based on replicate analysis is about t 25%.

= 145.43 keV).

M.I.T. # Co Th Fe
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abundance. The worst interference was found to be from 4 5d Fe
5 9

with a photopeak at EY= 142.5 keV with 33d Ce14 EY = 145.43 keV,

This interference invariably resulted in an unreasonably high value

of about 200 ppm for this element.

The abundances of Co and Sc reported here are of a similar

magnitude reported by Howie (1955) for the Madras Charnockite Series.

In the case of Co, the values range from 100 ppm to less than 5 ppm

and Sc has a reported variation from 30 ppm to 10 ppm. The values

determined by Spark Source Mass Spectrometry on the charnockite

composite at Co = 190 ppm and Sc = 50 ppm seem to be in rough agreement

with the values found by Howie for individual specimens.

Conclusions based on so few analyses can only be tentative and

though this aspect of the study is far from complete, the technique

of instrumental activation analysis (INAA) holds great promise for

trace element analysis, especially with the increase in resolution

with Ge(Li) detectors.
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2.7 Summary of Chapter

In this chapter, three geochemically useful parameters have

-been used to investigate the variations found in the "charnockite

series".

The differentiation index defined by Thornton and Tuttle (1960)

has been calculated for fifty-four analyses taken from the literature,

and when plotted against the weight percent SiO2 in the rock, the

trends outlined by these analyses coincide with those found by Thornton

and Tuttle for igneous rocks.

The K/Rb trends determined for thirty-two specimens from the

collections available for this study show a trend that is parallel

to the Main Trend found by Shaw (1968) for igneous and quasi-igneous

rocks. There is a suggestion that the pyroxene granulites analyzed

in this study may be depleted in Rb with respect to potassium when

compared to this Main Trend. The extent of depletion is discussed

in Chapter IV. The details of the pyroxene granulite trend seem to

parallel Shaw's Main Trend closely, showing a degrease in the K/Rb

ratio as potassium and rubidium LJth increase.

A study of the rare-earth element abundance pattern for a

composite of sixteen samples of pyroxene granulite (charnockite) from

the type localities in Madras and Mysore States of India, shows an

enrichment of the light rare-earth elements when each element is

normalized to its chondrite abundance. The rare-earth pattern

coincides almost exactly, element for element, with the pattern found

for the Duluth gabbro. The total mineralogy of the composite analyzed

is in agreement with the observed rare-earth pattern.
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On the basis of these three aspects of total rock chemistry

of this series, an igneous origin for these rocks is possible. The

mineralogical assemblages observed in these rocks point to a later

metamorphic episode that was of such intensity to give rise to

high grade assemblages consisting of garnet, hypersthene and myrmekite.



CHAPTER III

RUBIDIUM-STRONTIUM ISOTOPIC VARIATIONS IN THE
PYROXENE GRANULITE FACIES

3.1 General

An hypothesis of wide acceptance in geochemical investigations

of crust-mantle systems is that the total earth is similar in compo-

sition to that of Type I carbonaceous chondrites (Urey, 1953; Mason,

1960; Ringwood, 1961) which are more primitive in their chemical

composition than any other class of meteorites. These volatile-rich

and highly oxidized bodies are suggestive of a primordial material

which accreted into a small body and was subjected to only mild thermal

metamorphism, less than 200*C, so that the more volatile elements were

largely retained. The present day differences in element abundances

and isotopic ratios in the crust are the result of an early differen-

tiation of the core, mantle and crust.

Gast (1962), Faure et al. (1962), and Hedge and Walthall (1963)

have suggested that the initial ratio of 0.698 + 0.001 determined

for stony meteorites by Gast (1962) and Pinson et al.(1965), and

Shields (1965) be adopted as the initial ratio for the primordial

earth 4.5 b.y. (billion years) ago. Early development of the continental

plates involving upward movement of strongly lithophile elements such.

as K, Rb, U, Th, Pb, and Ba from the upper mantle has strongly depleted

this region with respect to these elements. Further redistribution of

these elements through the geological cycle involving erosional processes

and possibly regional metamorphism has given rise to large variations

in certain elemental ratios. Pertinent to this discussion are the

-70-
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variations in the Rb/Sr ratio in the crust and mantle.

In magmatic processes, Rb+ (1.48 A, Pauling) and Sr (1.13 A,

Pauling) are concentrated in the silicate melt phase during partial

melting or differentiation. Similarity of ionic charge and size

allows Sr to follow Ca by diadochic substitution into calcium-bearing

phases and likewise Rb follows K into potassic phases such as potash

feldspar or biotite so that during magmatic crystallization there is

an increase in the Rb/Sr ratio as crystallization proceeds.

Various compilations of data for the (Sr87 /Sr 86) ratio have

been given by Faure and Hurley (1963), Hedge and Walthall (1963),

Tatsumoto et al. (1965), and Bence (1966) for oceanic and continental

87 ,86
basalts. The measured Sr /Sr ratios are remarkably uniform varying

by less than 2%. The range in Sr 87/Sr86 for oceanic basalts is rather

narrow from 0.700 to 0.706 whereas continental basalts have higher

values generally from 0.703 to 0.705 with occasional values as high

as 0.710 (Steuber and Murthy, 1966). Ultramafic inclusions have a

similar range as found in continental rocks of similar bulk chemistry

Steuber et al. (op.cit.). Hedge a.d Walthall (o_.cit.) have interpreted

older continental basalts as having come from the upper mantle and

postulate a straight line growth of Sr 87/Sr86 in this region from

the primordial 0.698 value to a present day ratio of about 0.703,

This would require a Rb/Sr = 0.03 approximately for the upper mantle

basalt source region. Many oceanic tholeiitic basalts have Rb/Sr

ratios of about 0.01 and Tatsumoto et al. (1965) and Bence (1966)

suggest that the source region had a higher Rb/Sr ratio (to

give rise to the observed Sr 87/Sr86 ratios) but underwent differentiation
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ca. 1 b.y. or more ago.

Granitic rocks show much greater variability in Sr 87/Sr86

initial ratios with values overlapping with basalts and as high as

0.734 and 0.741 recorded in the Heemskirk granite (Heier and Brooks,

1966). The majority of the initial ratios, however, are about 0.710

or less (Hedge and Walthall, op.cit.; Hurley et al. 1965; Fairbairn

et al. 1964a, 1964b). In view of the higher ratios encountered in

sediments (see below)', Hurley et al. (1965) conclude that granitic

rocks are not formed entirely by selective fusion of reworked sedi-

mentary material in a geosyncline.

Sedimentary rocks commonly have high Rb/Sr ratios so that high

Sr 87/Sr86 ratios are developed with time. Whitney (1964) and Compston

and Pidgeon (1962) report values between 0.710 and 0.720 for shales

and Faure and Hurley (1963) have found a value of about 0.720 for a

composite of Paleozoic shales from both the east and west coast with

a Rb/Sr ratio of 0.4. In recent oceanic sediments the detrital component

ranges from 0.709, the value of present day sea water, to about 0.730,

(Dasch et al., 1966). Faure et al. (1963) estimate a Sr 87/Sr86 ratio

of about 0.720 for the Canadian shield from determinations on fresh

water calcareous shales.

Hurley and Fairbairn (1965) have presented additional data for

the marine geochron which shows a non-linear smooth growth in the

Sr 87/Sr86 ratio with time to the present day value of 0.7093 for

modern sea water. This growth from the primordial value is only 1.55%

over 4.5 billion years. Recently Peterman et al. (1967) have shown

that the primary strontium composition of sea water as preserved in
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marine limestones may be altered by diagenesis of the carbonate or

inclusion of varying amounts of clay minerals. Dasch et al. (1966)

have found values as high as 0.7394. Variations in this value in

limestones are also strongly affected by the average Sr 87/Sr86 value

in the surrounding source regions of sediment. Hoefs et al. (1968)

have recorded the following variations in marine limestones of Europe:

TABLE III-A

Sr 87/Sr86 Ratios from European Limestones*

Composite of 32 Devonian Limestones 0.7174

Composite of 45 Jurassic Limestones 0.7129

Composite of 16 Cretaceous Limestones 0.7141

Recent fresh water Limestones (Westerhof, 0.7113
Northeim)

*Hoefs, J. and Wedepohl, K. H. (1968) Sr Isotope Studies on Young
Volcanic Rocks from Germany and Italy, Contr. Mineral. and Petrol.,
19, pp. 328-338.

The results of the Sr 87/Sr86 variations in limestones have important

implications in the interpretation of the initial Sr 87/Sr86 ratio of

the Westport, Ontario pyroxene granulites discussed below.

3.2 Initial Ratios in Anorthosites and Pyroxene Granulites

Heath (1967) determined the strontium isotopic relationships

for specimens from fifteen anorthosite bodies in North America and

Norway, giving special attention to the Adirondack Massif in New

York State. The total range in Sr 87/Sr86 initial ratios found by

Heath was from 0.703 to 0.706. A summary of individual anorthosite

bodies is given in Table III-B.
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TABLE III-B

87 86Summary of (Sr /Sr ) for Anorthosites (after Heath, 1967)
0

Area No. of (Sr 87/Sr 86)o Range
Samples

Adirondacks

Larami, Wy.

Boehls Butte, Ida.

Honeybrook, Penna.

Nain, Labrador

Michikamau, Labrador

Morin, Quebec

Sept.-Isles,Quebec

Penticote, Quebec

Lake St. John, Quebec

San Gabriel, Cal.

Ekersund-Sojndal,
Southern Norway

Naero Fjord,
Central Norway

Pluma Hidalgo, Mex.

Roseland, Va.

.7049 +

.7052 +

.7046 +

.7040

.7055

.7036

.7052

.7041

.7031

.7033

.7032

.7059

~.7031

.0003

.0002

.0005

.7040

.7052

.7043-.7056

.7048-.7054

.7039-.7049

.7038-.7041

.7052-.7059

.7024-.7048

.7050-.7054

.7039-.7043

.7029-.7036

.7056-.7061

.7031-.7032

.7038-.7042

.7047-.7056

The narrow range in initial ratios, the absence of high Sr 87/Sr86

ratios, and the fact that most of the measured ratios have a lower

value than that for sea water at their time of origin suggests a deri-

vation from the upper mantle or an even lower crustal level rather than

a generative process involving anatexis, metamorphism or metasomatism.

Man Charnockite Series, Ivory Coast:

The geochronology of this region has been described recently by

Papon et al. (1968). The area consists largely of norites and andesine
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quartzites cut by leuco- and biotite granites partially transformed

to charnockite. To the south there are hypersthene gneisses, char-

nockitic gneisses, and leucocratic and biotite migmatites in association

with granodioritic orthogneisses. Papon et al. analyzed 14 whole rock

specimens and their mineral separates of both the charnockitic and

granodioritic series and found that both gave an isochron age of

2700 m.y. The two series, however,form two distinct groups:

Granodioritic Migmatite Series: 2701 i 135 m.y. 0.699 t 0.001*
Charnockite Series: 2750 ± 107 m.y. 0.707 t 0.001

*based on a least squares regression method of McIntyre et al. (1966)

=1.47 x 10~11 y~-.

They propose that the higher initial ratio in the charnockite

series indicates an origin in the sialic crust whereas the granodioritic

series, while giving the same age, is of mantle origin. Since the initial

ratios are not reported relative to the E & A Standard or an equivalent,

the 0.699 value for the migmatite may be somewhat low.

Lewisian Basement Gneisses Near Lochinver, Sutherland:

The Lewisian on the northwest coast of Scotland was divided by

Sutton and Watson (1951) into two chronological divisions: the 'Scourian'

granulite facies metamorphic event and a later 'Laxfordian' amphibolite

facies metamorphism. Evans (1965) has examined the strontium whole

rock isotopic composition from each metamorphic facies from Lochinver,

Sutherland (Table III-C).

Potassium-Argon dating of biotite and hornblende set the Scourian

episode at a minimum age of at least 2600 m.y. The Inverian episode

followed the intrusion of pegmatites at 2250 t 50 m.y. (Evans, 1963)

and is recognized as a period of almandine amphibolite facies meta-

morphism and structural deformation. Hornblende and biotite K-Ar
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TABLE III-C

87 86
(Sr /Sr ) ratios in Lewisian Gneiss, Lochinver

Scourian Pyroxene Gneiss
Ultrabasic body 0.7105
Basic garnet gneiss 0.701
Basic gneiss 0.7070
Acid gneiss 0.7003
Acid gneisg7  86 0.7083
Average Sr /Sr ratio weighted______

for strontium content: 0.7065

Inverian and Laxfordian Amphibolite Gneiss
Ultrabasic body 0.7008
Basic garnet gneiss 0.7029
Acid gneiss 0.7073
Acid gneis,97  86 0.7038
Average Sr /Sr ratio weighted

for strontium content: 0.7053

determinations give an age between 2100 and 1560 m.y. with 2100 m.y.

the preferred age for this event. The final Laxfordian episode

consisted of relatively confined epidote amphibolite facies metamor-

phism dated at about 1580 m.y. by K-Ar, Giletti et al. (1961).

Acid neis7 867.703

Evans concludes that the low (Sr /Sr ) ratios for these rocks

indicates a source region lower in Sr /Sr 6than most igneous rocks,

and, further, if this complex evdr contained normal crustal abundances

of Rb, it was removed within a short time (about 300 m.y.) after differ-

entiation from the mantle.

Mysore and Madras Charnockite Series:

Recently Crawford (1968) has presented chronological data by

rubidium-strontium methods for the vast area of Peninsular India

and Ceylon including several members of the charnockite suite from

various localities in Mysore and Madras States:
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Tamizhagam, Nilgiri Charnockites and Gneiss: 2615 t 80(4), 0.7023 t 0.0012

Madras City Charnockites: 2580 ± 95 m.y., 0.7059 ± 0.0042.

The charnockitic gneisses of the Nilgiri Hills region give an age

slightly older than that of the Peninsular Gneisses of Bangalore

(2585 ± 35 m.y.). The results obtained by Crawford (1968) will be

discussed further in the light of the present study of Mysore and

Madras States considered below.

3.3 Analytical Procedures

All rubidium and strontium determinations were made by mass

spectrometry in the M.I.T. Geochronology Laboratory. In the case of

strontium, isotopic ratios were obtained on both spiked and unspiked

samples, the latter in cases where no rubidium was detected by X-ray

fluorescence (detection limit 5 ppm).

In general, the standard analytical procedures of this laboratory

were used throughout the investigation. The procedures used for sample

preparation, calibration and use of spike solutions, and method of

calculation of the isotope dilution ratios have been presented in

detail recently by Reesman (1968).

Mass Spectrometry:

During the course of this investigation only one mass spectrometer,

designated "Sally", was used for all the isotopic measurements. The

instrument used was a 6-inch, 60* sector, solid-source, single fila-

ment, Nier-type mass spectrometer utilizing a Cary model 31 vibrating

reed electrometer (VRE) to amplify the ion beam current. The VRE

output was recorded on a Brown strip chart recorder. The vacuum for
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the system was attained by means of a mercury diffusion pump backed

by an oil-seal mechanical fore pump. A liquid nitrogen cold trap

was providedfor cryogenic pumping of condensibles between the diffusion

pump and the mass spectrometer analyzer tube. Pressures of less than

5 x 10-6 mm Hg were found necessary for successful rubidium analyses

and lower pressures of less than 1 x 10-6 mm Hg were needed for strontium

runs. Throughout the study peak-hopping was used to obtain the isotopic

ratios after continuous magnetic scanning over the appropriate mass

range was made to check the base line to determine whether there was

a pressure broadening effect which would seriously limit resolution.

This scanning also provided a check for contamination by rubidium

during strontium analyses since there should be no peak at m/e = 85.

Tantalum ribbon filaments 0.020" wide and 0.001 " thick were used

in all the analyses. It was found that a thin layer of an aqueous

slurry consisting of Ta + TaO + sucrose provided smoother emission during

rubidium analyses and was used consistently throughout the investigation.

Previous monitoring of the filament for cleanliness was made prior to

addition of sample to the filament. Each sample, stored in a Vycor

beaker, was nitrated with 1:1 HNO3 (triply distilled) and a small

portion (on the order of 0.5 ugm) was evaporated onto the heated

filament using a fine Vycor capillary.

The calculation of the rubidium and strontium concentrations

and the strontium isotopic ratios from spiked samples has been revised

and brought up to date by Reesman (1968) following an earlier outline

of the method by Van Schmus (1966) and reference should be made to

these papers for the actual details of the calculations.
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Isotope Dilution Analysis for Strontium and Rubidium:

During this investigation only one Sr84 spike was used for all

determinations. The isotopic composition of this spike solution was

measured several times by different analysts and using different

mass spectrometers. Two different shelf solutions were used in the

calibration of the rubidium and strontium spike solutions:

RVS CMS
Sr 60.74 ugm Sr/ml 68.16 ugm Sr/ml
Rb 101.8 ugm Rb/mi 80.35 ugm Rb/ml

Both shelf solutions were prepared from carefully dried and accurately

weighed Johnson-Matthey 'Specpure' RbCl2 and Sr(NO3)2'

The isotopically-enriched Sr84 spike obtained from Oak Ridge

National Laboratory was found to have the following average isotopic

composition:

Sr 86/Sr84 = 0.04685

Sr87 84 = 0.01574

Sr 88/Sr84 = 0.13875

The concentration of the spike was determined three times by different

analysts prior to and during the course of this study:

ugm Sr /ml Analyst and Date

1.948 P.M. Hurley, 6/29/67 (Connie)

1.94 C.M. Spooner, 7/12/68 (Sally)

1.941 R.S. Naylor, 1/68



-80-

Rubidium was determined by isotope dilution using three spike

solutions isotopically enriched in Rb87 provided by Oak Ridge National

Laboratory.

Spike Solution ugm Rb/ml ugm Rb 87/ml Analyst & Date

65-A Rb87 Spike+ 11.304 11.210 PMH 4/11/67*

65-A Rb 87Spike 11.458 11.363 CMS 6/20/68

87 + **
65-A Dilute Rb Spike 3.467 3.438 CMS 6/19/68

Rb 87Spike + 9.819 9.742 CMS

+Rb85 /Rb87 = 0.00841 (PMH, Connie)

Rb85/Rb87 = 0.00789 (PMH, Connie, 9/19/68)
*
analyzed on 12" mass spectrometer "Connie"

**
analyzed on 6" mass spectrometer "Sally"

3.4 Analytical Precision

Replicate Analysis of the E & A Strontium Isotopic Standard:

In keeping with common practice in the M.I.T. Geochronology

Laboratory, the operating characteristics of each mass spectrometer

are monitored through frequent analysis of a strontium standard. Such

analyses are of considerable importance when changes or adjustments

have been made to the mass spectrometer source, for example, changing

or re-positioning the filament posts. The standard used is the Eimer

and Amend spec-pure SrCO3 (Lot No. 492327) originally provided to this

laboratory by Dr. S. R. Hart, of the Department of Terrestrial Magnetism,

Carnegie Institute, Washington, D.C. Immediately prior to this investi-

gation, the 6-inch mass spectrometer "Sally" was used extensively in
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R. H. Reesman's study (1968) and his measurements for the E & A

standard are presented in Table III-E along with subsequent measure-

ments made during this study. It can be seen that good agreement

was obtained over the period of analysis (Table III-D). The standard

deviation for these analyses is compared with that found by Reesman

(1968) on the same instrument. The standard deviation is calculated

from the expression:

S= ± ~ i )

where x is a value of the i th analysis, X is the arithmetic mean

of all n analyses.

TABLE III-D

Standard Deviations of E & A Standard Replicate Analyses

86 88 87 86Analyst (Sr /Sr )mean (Sr /Sr )mean

R. H. Reesman 0.1191 0.7086 + 0.0004 t 0.0008

C. M. Spooner 0.1199 0.7083 + 0.00042 + 0.0008 4

Assuming the variation among analyses is normally distributed, Ogives

the 68.27% confidence level and 2-gives the 95.45% confidence level

for these analyses over the period of investigation.

3.5 Blank Corrections:

Throughout the history of this laboratory the levels of contami-

nation for rubidium and strontium have been demonstrably low, usually

<<1 ugm for each. In this study the concentrations of rubidium and

strontium in the rock samples were such that the blank contamination
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TABLE III-E

Replicate Analyses of E & A Isotopic Standard

Record Date (Sr86 /Sr8 8 measured (Sr87 /Sr86 normalized

R. H. Reesman, Unpublished Ph.D. Thesis, M.I.T., p. 27:

3372(L)* 2 Nov/63 0.1202 0.7083
3404(N) 29 Nov/63 0.1186 0.7080

3715(N) 11 May/64 0.1193 0.7087
3745(N) 22 May/64 0.1186 0.7085
3770(N) 4 Jun/64 0.1188 0.7086
3799(N) 24 Jun/64 0.1187 0.7089
3811(S) 29 Jun/64 0.1189 0.7085
4974(S) 3 Nov/66 0.1194 0.7091

4991(S) 19 Nov/66 0.1194 0.7090
5066(S) 12 Jan/67' 0.1191 0.7091
5197(S) 30 Mar/67 0.1187 0.7081

5245(S) 3 May/67 0.1188 0.7084
5260(S) 10 May/67 0.1193 0.7085
5364(5) 22 Jun/67 0.1196 0.7081

5538(S) 8 Sep/67 0.1183 0.7083

5639(S) 20 Nov/67 0.1190 0.7085
5671(N) 11 Dec/67 0.1183 0.7083

5678(N) 14 Dec/67 0.1181 0.7083

5685(N) 22 Dec/67 0.1193 0.7091

5713(N) 15 Jan/68 0.1198 0.7084

5747(N) 31 Jan/68 0.1182 0.7084

This study:

5654(S) 29 Nov/67 0.1187 0.7083

5746(S) 30 Jan/68 0.1204 0.7085
5942(S) 10 Aug/68 0.1198 0.7086
6038(S) 7 Nov/68 0.1207 0.7088

6055(S) 22 Nov/68 0.1202 0.7082
6137(S) 20 Jan/69 0.1199 0.7076

6237(S) .8 May/69 0.1188 0.7082

M.I.T. Geochronology Laboratory mass spectrometer designation:

Lulu = (L); Nancy = (N); Sally = (S).
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was inconsequential. Blank runs made during this study verify the

levels found by Reesman (1968) at about 0.03 ugm for rubidium and

0.032 ugm for strontium.

3.6 Mass Spectrometer Fractionation (Mass Discrimination):

In the mass spectrometric determination of strontium isotopic

ratios it is assumed that the ratio of Sr 86/Sr88 is invariant in

Nature. The value assumed for this ratio is 0.1194 as measured by

Bainbridge and Nier (1950) and the measured Sr 87/Sr86 ratios are

normalized to this value.

In the case of the isotopic measurement of rubidium, the analyst

is plagued by variations in the measured Rb 85/Rb87 ratio resulting

from fractionation. Unfortunately, the effect cannot be corrected

for by normalization as in the case of strontium, since natural rubidium

contains two isotopes only. Apart from uncertainties in the decay

constant and inhomogeneities in the geological system, the error due

to uncorrected fractionation of rubidium in the mass spectrometer

accounts for the largest error in the determination of "absolute age"

of a rock system. In any case, division of present day determinations

can be made simply when eventual consensus is achieved, if ever, on

the present 6% disparity in the two values for the decay constant

in common use. On the other hand, precise corrections for Rb 85/Rb87

mass spectrometer fractionation cannot be made at present and only an

approximate indication of the extent of fractionation can be had by

repeated runs on unspiked normal rubidium.

Shields et al. (1963) have repeatedly measured the Rb 85/Rb87 ratio

in a rubidium sulfate standard obtained from geological material ranging
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in age from 20 to 2600 m.y. The analyses were performed on a 12-inch

mass spectrometer using triple-filament ionization yielding a value

of 2.5995 t 0.0015 at the 95% confidence level. The natural variation

in the atomic abundance ratio of this element is less than the experi-

mental error.

During the present study, the Rb 85/Rb87 ratios of the specpure

Johnson and Matthey RbC1 C.M.S. Shelf and six samples prepared following

the normal chemical procedure were measured (Table III-F):

TABLE III-F

85 8Measured Rb /Rb8 Ratios

Date Sample Rb 85/Rb87

29 Mar/68 C.M.S..RbC1 Shelf Solution 2.5006
10 Apr/68 C.M.S. RbCl Shelf Solution 2.5827

13 Feb/68 R7025, Okollo, Uganda 2.5760
13 Feb/68 R7042, Okollo, Uganda 2.6093
13 Feb/68 R7042, Okollo, Uganda 2.5938
22 Feb/68 R7120, Crane Mtn., N.Y. 2.5397
20 May/68 R7012, Rakosi, Uganda 2.6179
12 Jun/68 Uganda 2.5214
12 Jun/68 Uganda 2.5806

Arithmetic mean = 2.5770

With the exception of the C.M.S. RbC1 Shelf Solution analyses, the

mean for these analyses is 2.5770 and using the statistic for the

standard deviation discussed previously: 0'= ± 0.0353 and 2T= ± 0.0706

at the 68.27% and 95.45% confidence levels respectively.

Of all the analyses, one of the C.M.S. RbC1 Shelf Solution

analyses appeared to show the greatest degree of fractionation at



-85-

about 4% maximum, whereas the mean of the Rb 85/Rb87 ratios determined

on rubidium separated from rock samples,following the regular labo-

ratory procedure used for all the samples,varied about 0.8% from the

value found by Shields et al. (1963).

The extent of mass discrimination appears to be governed prin-

cipally by two factors: (i) the filament temperature at which the

isotopic ratios are measured, and (ii) the "matrix" through which the

rubidium isotopes are to be emitted. The two effects are not mutually

exclusive, for in one experiment (sample R7216) the spiked rubidium

isotopic ratio was measured at a relatively low current (about 0.8

amperes) and again at about 1.3 amperes, a rather high current. The

decay characteristics of both runs were about the same, but there was

a difference of about 2% in the measured ratio. Assuming negligible

depletion of Rb85 during the lower temperature run, the observed effect

is likely due to a combination of the two effects above, for at higher

filament temperatures the effect of mass discrimination tends to decrease.

In the case of the RbC1 spec-pure reagent, the temperature of thermionic

emission is much lower than in samples that contain,in addition to

rubidium, potassium and other alkali perchlorates and aluminum com-

plexes. The isotopic ratio was measured at a very low filament current

of about 0.2 or 0.3 amperes. In addition the behavior of the run is

different between puxre shelf and sample. In the former situation, the

run tends to grow slowly or behave in a linear fashion over the half

hour duration of the run, whereas samples containing impurities usually

decay rather rapidly though there is no difficulty in extrapolating

through the peaks during "peak-hopping".
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At present, the extent of fractionation cannot be predicted

with sufficient accuracy to apply suitable corrections to the

measured Rb 85/Rb87 ratio. It seems that the largest mass discri-

mination would arise when calibrating spike solutions that are free

of the cations present in the samples. Generally speaking, one

would expect less fractionation at higher filament temperatures and

less error would result if both sample and spike could be run under

identical conditions of filament current and common matrix.

3.7 Sources of Error in Rb and Sr Analyses:

Both the random and systematic errors involved in the mass

spectrometric determination of rubidium and strontium have been

discussed by Reesman (1968, pp. 30-31).

3.8 Least Squares Regression Analysis:

All the isochrons in this study have been defined in terms of

a least-squares fit method outlined by York (1966). A computer

program provided by York based on this method was re-written by*

this investigator for use on the sBM/OS 360 computer at the M.I.T.

Computation Center. The input data consist of the values of x and

y, i.e., Sr 87/Sr86 and Rb 87/Sr86 with the appropriate uncertainties

taken into consideration. An error of 0.1% was taken for Sr 87/Sr86

87 86
and 3% was taken for Rb /Sr8. The weighting factor for each ratio

is the inverse of the variance (1/' 2). A listing of this program is

given in Appendix C and is -modified slightly from York's original

program in tha't the age and error in age are also calculated.

While there are obvious advantages in this treatment over those
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involving regressions of x on y and y on x, taking the mean value

87 86
of the two, problems arise with higher values of Rb /Sr8. With

values for this variable higher than, say 2 or so, the residual for

each analytical point decreases in the x direction, despite the same

relative error for that point. The net effect is to give an age with

a seemingly lower error than is actually the case. For example, in

the determination of the Westport and Adirondack Composite isochron,

an age of 1261 ± 32 mr.y. was obtained using this program. Intui-

tively, one would not expect the age to be this precise in view of

the scatter about this isochron (Figure 15). Also, the initial ratio

quoted at 0.7063 ± 0.0007 does not seem realistic, for despite the

scatter in the analyses, the error is less than the 2 o' error for an

individual analysis (based on replicate analysis of the E & A standard).

In the literature there are examples of isochrons based on as few as

four analyses quoting similarly small errors in age. It is usually

the case that the precision of the age determination as determined by

the slope of the isochron decreases with increasing number of analyses

showing perhaps the fortuitous nature of the "lineup" of a small number

of points. A more realistic approach, perhaps, would be to estimate

the statistical variation (') one would expect in the target population

based on the small number of samples analyzed using a statistical test

such as the Student t distribution. The results of such calculations

are rather sobering (S. R. Hart, personal communication), and reflect

an increase in uncertainty in T'owing to the small sample population.
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3.9 Msagali Charnockite Quarry, Tanzania (60 22' S, 36* 17' E)

This locality, situated in central Tanzania between Dar es

Salaam and Dodoma in the south central portion of Quarter Degree

Sheet 163, has been restudied by J. V. Hepworth of the Institute of

Geological Sciences, London, during the course of an investigation

into the nature of the boundary between the Mozambique Orogenic Belt

and the Granitoid Shield in Tanzania.

The term "Mozambique Belt" was introduced by Holmes (1948) to

describe a younger series of biotite gneisses and migmatites containing

later pegmatite phases which cut across older east-west striking rocks

of the Nyanzian, Dodoman and Kauirondian Series. Holmes (1951) was

of the opinion that the exposed rocks of this belt are the uplifted

and deeply eroded core of an orogenic belt.

The disused railway ballast quarry is located in a transitional

region between the Granitoid Shield and the generally north-south

trending Unsagaran System of the Mozambique Belt, that is, between

the sheared edge of the batholithic granite and the fairly high grade

metasedimentary rocks (epi(?)-amphibolite facies) of the Unsagaran

System which at this locality have an unusual east-west trend.

Within the quarry, the charnockite has been described by Hepworth

(personal communication) as a "very dark-coloured, resinous-looking

rock, either dark brownish grey or dark blue depending to some extent

upon the light and the freshness of the surface.... In hand specimen

it strongly resembles charnockite from the type locality in Madras."

Specimens R7050 and R7051 are of this rock type. Above the charnockite
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is a coarse-grained gneissose aplo-granite having a slight foliation

similar to that of the charnockite.

Between the above lithologies is a "contact facies" (Temperley,

1938) where the foliation is much stronger as the concentration of

closely-spaced biotite bands increases (R7053).

Hepworth points out that the magmatic intrusion of the gneissose

aplo-granite is clearly separate from the metamorphic event which

raised the charnockite to the present granulite metamorphic facies.

The later intrusion and folding of the aplo-granite produced rods and

mullions about a southeast plunging axis (see Figure 8) and imparted

a foliation to the charnockite as well.

3.10 Discussion of Results

All six samples submitted from this quarry were analyzed for Rb

and Sr by isotope dilution methods and the results are shown in Table

III-G. The Sr 87/Sr - Rb 87/Sr86 plot is given in Figure 9.

It is evident from the scatter of points in Figure 9 that the

specimens analyzed did not remain closed systems with respect to Rb

and Sr throughout their history. This is not surprising in view of

the extreme cataclasis and deformation to which these rocks have been

subjected.

Two previous age determinations reported in Cahen and Snelling

(1966) from this same quarry also give disparate results. Kulp and

Engels (1963) using biotite separates for both determinations obtained

an age of 475 + 80 m.y. by the Rb-Sr method and an age of 3600 + 100

m.y. by K-Ar analysis.
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FIGURE 8

Gneissose Aplo-granite

TZ 163.30N
TZ 163.11F

,TZ 163.11E contact facies

W

163.30J
(approx.

TZ 163.

0 -

~%,100'

MSAGALI CHARNOCkITE QUARRY, TANZANIA

after Temperley (1938) with notes by J. V. Hepworth. Folding
and rodding as a result of Mozambiquian deformation at top of
section. Looking south.



TABLE III-G

MSAGALI CHARNOCKITE QUARRY

87 86
(Sr ISr )normalized

Isotope Dilution
Rb(ppm) Sr(ppm)

R7050/
TZ 163.11B

R7051/
TZ 163.30J

R7052/
TZ 163.30R

R7053/
TZ 163.11E

R7054/
TZ 163.30N

R7055/
TZ 163.11F

R7057/
TZ 163.73*

0.4405

0.5039

0.9789

0.6056

0.5217

0.968

0.1181

0.1190

0.1195

0.1229

0.1190

0.1195

*
charnockite 5 miles west of Msagali.

Sample 87 86
Rb /Sr

86 88
Sr /Sr Rb/Sr

0.7204

0.7237

0.7430

0.7367

0.7308

0.7361

434

410

261

376

253

242

0.152

0.174

0.337

0.209

0.180

0.334



FIGURE 9

Isochrons for Charnockitic RQcks

Msagaji, Tanzania
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From the array of time lines drawn (Figure 9), assuming an

87i 86
initial Sr8/Sr ratio of .705, a crude "age" of about 2500 m.y.

is obtained. It is interesting to note that there is a reversal in

the usual trend of ages obtained by the two dating methods. The Rb-

Sr Whole Rock analyses confirm the extremely old age found by K-Ar

analysis and point to a disturbance of the system probably during

the Mozambiquian Orogeny. The fact that a Precambrian age is hinted

at may indicate that these rocks are in part material of the older

Precambrian Massif to the west that have been caught up in the orogeny.

As pointed out by Holmes, these rocks may well represent formerly

deep-seated blocks brought to light as the result of orogenic activity

and subsequent deep erosion.
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3.11 Okollo and Rakosi, West Nile District, Uganda

These localities, 2* 30' N - 3* 00' N Latitude and 31* 00' -

31* 15' E Longitude, northwest of the headwaters of the Albert Nile,

are part of a highland region resulting from Pliocene and Pleistocene

rifting.

Originally assigned to the "Basement Complex" in A. W. Groves'

(1935) original study of the crystalline gneisses of the region, a

further division of these basement rocks into three main groups

below the Kibalian Group has been proposed by Hepworth (1964). The

highest metamorphic grade present is the Granulite Group which is

considered to be the oldest exposed, and was affected by the earliest

tectonic phase preserved now in blocks and cores unaffected by

later tectonisms. Also present are the Western Grey Gneiss

(amphibolite facies) and the Eastern Grey Gneiss, the latter being

slightly lower in grade. On the basis of Macdonald's (1963) termi-

nology in northern Uganda, Hepworth has accepted the terms "Watian",

"Aruan", and "Mirian" as approximately synonomous with his "granulite

Group", "Western Grey Gneiss Groui", and "Eastern Grey Gneiss Group"

in the West Nile District. By means of photogeological interpretation

these groups appear to extent throughout northeast and north-central

Uganda. The Eastern Grey Gneiss or Mirian has been folded and refolded

during the same major structural event termed the Namarodo in this

region. It has been suggested that this event may be correlated with

the Mozambiquian event to the south. The Kibalian Group lies uncon-

formably above the previous two groups and consists in the main of

hornblende schists and amphibolite. The Kibalian Group represents
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the lowest metamorphic grade mapped in this region (greenschist to

epiamphibolite facies) and is the least affected by tectonic events.

All the groups in the region have been subjected to pervasive retro-

gressive metamorphism involving the unmixing of the feldspars, con-

version of the pyroxenes to biotite + garnet, amphibolitization, and

recrystallization of the fabric of the original rock. The retro-

gressive event may be related to a later complex tectonism involving

northwest-southeast structural belts such as the Aswa Zone in the

southeast and the Madi Belt of the northern West Nile. The two are

collectively placed in Holmes' (1951) "Chua Orogenic Belt". The

complex structural relationships are discussed by Cahen and Snelling

(1966, pp. 44-45).

The Granulite Group has been recognized in this region on the

basis of the typomorphic mineral assemblage peculiar to the granulite

facies defined by Eskola (1952), despite the retrogressive metamorphism

that has obscured the primary texture. As in the type locality in

Madras State, India, a wide compositional variety of charnockites,

enderbites, and granodioritic charnockites are represented here.

However, the compositional variation is expressed in the Group as a

whole in the form of a large-scale layered series and not in a single

outcrop, which tends to be rather massive, lacking compositional

banding. Individual layers are generally several hundred yards across

strike. In addition to the more massive charnockites mentioned above,

more magmatic and mobilized types are present, especially in the south-

east portion of the Luku Hills (Figure 10) where there has been apparent

increased mobility of the felsic fraction, forming an incipient agmatite



FIGURE 10

Sample Locations, Okollo and Rakosi,

West Nile District, Uganda

(Geology from Geological Survey of Uganda, Report

10, Sheets 19 and 20 by J. V. Hepworth)
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mingling with angular blocks of dioritic charnockit'e.

In the north part of the region mapped, at Rakosi, an aplitic

granulite characterized by a leucocratic medium to fine-grained texture

and a flesh to pink color has been included as an integral part of

the Granulite Group. Similar associations of this rock type with

more intermediate charnockites havebeen found throughout the world

(i.e., the Madras State Charnockite Series). The aplitic granulite

is commonly interlayered with intermediate charnockite forming a

distinct junction with a zone of transition less than an inch wide,

suggesting that if their juxtaposition involved intrusion, the temper-

atures in the adjacent bodies was not widely different. In the Luku

Hills, large and small scaleapparently conformable,layering of pink

aplitic granulite and intermediate charnockite has been noted by

Hepworth. Local variants of the aplitic granulite have been found

to contain the assemblage hypersthene + diopside + garnet and is felt

to unite the two major units within the group since it indicates that

the aplitic granulite also underwent metamorphism up to granulite

grade. I

Hepworth noted that the aplitic granulites become relatively

scarce where the associated charnockite becomes fine-grained and

bandedapproaching a pyroxene granulite or "para-charnockite" following

Parras' (1958, p. 55) nomenclature. It has been suggested that the

aplitic granulites occur in loci of higher temperature,involving

partial melting. The absence of biotite in the aplitic granulites

tends to support this since the partial pressure of water vapor in

the high temperature regions would be lower.
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The Acid Granulites comprise the remaining suite sampled in

this study from the Granulite Group. These include rocks having a

modal composition varying from quartz-rich microcline-oligoclase-

biotite granulites and biotite-rich quartz-microcline-oligoclase

granulites. These rocks present some difficulty in unambiguous

assignment to the Granulite Group primarily because their chemistry

precludes development of the granulite facies mineral assemblage so

that at times it is difficult to distinguish them from the lower grade

Grey Gneisses. At Goli Hill, about two miles northwest of Okollo,

intermediate and basic charnockites are gradationally associated

with the acid granulites and thus provide justification for their

inclusion into the Granulite Group. At this locality there exists

a gradation from basic charnockite through the brown to grey inter-

mediate types to acid granulites and as the proportion of mafic

minerals decreases, the rock assumes the typical aplitic granulite

discussed above. Hepworth has suggested that -this represents a

differentiated series although this is impossible to show when mapping

at a scale of 1:50,000.
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3.12 Geochronology

The structural complexity of the region brought to light by

field mapping shows that the relatively few ages available are at

present insufficient to completely reveal the metamorphic and tectonic

events that have taken place. A characteristic of many of the radio-

metric ages determined in this region is the surprisingly young age

(see Table III-H) of about 575 m.y. for many of the intrusive rocks.

Both K:Ar and Rb:Sr ages along the Uganda-Kenya border from micas

and amphiboles of country rock gneisses are considered anomalously

young (430-660 m.y.) since reliable ages of 655 m.y. and 620 m.y.

have been obtained by the U:Pb method for the Morukong and Kokusan
/

pegmatites in Kenya. These ages set an upper limit of ca. 650 m.y.

for the enclosing gneisses. Although the interpretation of these

anomalously young ages is still somewhat speculative, it appears

likely that the ca. 650 m.y. age is the younger limit of deformation

and metamorphism in the area and is roughly synchronous with the

Katangan Orogeny of Central Africa. Ages younger than about 650 m.y.

by both the K:Ar and Rb:Sr methods may represent blocks that remained

isotopically open until emplaced by epirogenic uplift into cooler

regions in the early Paleozoic.

To the west in the Congo, Kibalian Group granulites within

greenschist to epi-amphibolite grade hornblende schists give ages

within a range of 1725 to 2075 m.y. averaging 1840 my. by both the

K:Ar and Rb:Sr methods. Complementary model lead ages have also been

obtained from two galenas from the Kibalian. The age of about

1850 m.y. is considered to correspond roughly to the post-tectonic
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stages of the major orogeny.

In the southern Congo, at Kasai, the Dibaya basement is

considered to have undergone granitization about 2700 m.y. ago

(Ledent and others, 1962; in Clifford, T. N., 1968, p. 383) and a

Rb:Sr microcline age of ca. 3310 m.y. has been obtained from a

pegmatite in the Luiza-type basement further south.



TABLE III-Ii

Age Determinations from the Basement of Uganda and Adjacent Parts of Kenya

(from Cahen and Snelling, 1966)

SAMPLE

Biotite

Whole Rock

Whole Rock

Whole Rock

Biotite

Biotite

Biotite

Fuschite

LOCALITY

Granite dike cutting basement acid granulites;
0.3 mi. E. of Kaabong rest camp, Uganda

Granite dike cutting basement acid granulite;
Kaabong area

Granite dike cutting basement acid granulite;
Kaabong area

Granite dike cutting basement acid granulite;
Kaabong area

Pyroxene gneiss, Basement Complex; Nakothogwan
Hill, Karamoja District, Uganda

Hornblende-biotite-pyroxene granulite, Basement
Complex, Obongya River, E. Acholi, Uganda

Mesocratic sheared gneiss, Ogom (Basement) Complex,
1 mi. N. Gulu-Kitgum road, Acholi, Uganda

Western Grey Gneiss quartzite, Basement Complex,
Kango Hill, 2* 36' N; 30* 51' E.

AGE (m.y.)

515 1 18 K:Ar

565 + 20 Rb:Sr

565 $ 20 P.b;Sr

565 ± 20 Rb:Sr

575 ± 20 K:Ar

540 + 20 K:Ar

650 + 25 K:Ar

540 + 20 K:Ar



TABLE III-H (cont.)

SAMPLE

Biotite

Biotite

Whole Rock

LOCALITY

Charnockite, Granulite Group, Basement Complex,
1 mi. north of Okollo 2* 41' N; 31* 09' E.

Basement Gneiss; 20 mi. E. Fort Portal, I mi.
W. Butiti quartzite, Uganda

Rakosi and Okollo Charnockites (This Study),
See Figure 10 for localities of specimens and
Figure 11 for isochron,

AGE (m.y.)

660 + 25 K:Ar

1040 + 40 K:Ar

2629 t 117 Rb:Sr



TABLE III-I

OKOLLO AND RAKOSI, WEST NILE DISTRICT, UGANDA

Sample

R7042/54

R7011/23

R7012/24

R7018/30

R7020/32

R7038/50

R7049/61

R7027/39

R7039/51

R7040/52

R7019/31*

Rb 87/Sr86

0.239

6.503

13.241

14.960

8.003

0.096

0.125

0.181

0.074

0.084

16.024

Sr 86/Sr88

0.1207

0.1202

0.1199

0.1192

0.1220

0.1199

0.1189

0.1212

0.1220

0.1191

0.1196

(Sr 87/Sr 86)normalized

0.7159

0.9068

1.1969

1.3158

1.0081

0.7082

0.7117

0.7119

0.7134

0.7066

0.8008

Isotope Dilution
Rb (ppm) Sr(ppm)

43 521

163 74

135 31

303 62

207 78

68

434

611

730

642

371

*
this alaskitic gneiss
The age obtained from
of about 425 m.y.

from the Rakosi area gave an anomalous result compared with the ten analyses above.
this one specimen assuming the nitial ratio of 0.7049 determined above gave an age

Rb/Sr

0.082

2.191

4.366

4.879

2.668

0.033

0.043

0.062

0.026

0.029

5.486



FIGURE 11

Isochron for Rakosi and Okollo (inset)

Charnockitic and Granitic Rocks, West Nile District, Uganda
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3.13 Labor Serrit and Pare Mountains, Tanzania

Labor Serrit and the Pare Mountains are located in the north-

east corner of Tanzania near 4* S Latitude at 36* E and 38' E Longi-

tude respectively. These areas form part of a vast and poorly under-

stood complex of granulites, which are surrounded by volcanics and

amphibolite facies biotite and hornblende gneisses. The granulites

form gently plunging and dipp ing stratiform-like sheets that form

a major structural unit that appears to have undergone only a minimal

amount of deformation or metamorphism. These granulites have been

regarded as belonging to the "Mozambiquian" and ages in the range

450 to 600 m.y. were suspected (J. V. Hepworth, personal communication).

Recently, however, there has been speculation that these rocks may be

related to the older Tanganyikan Shield to the west.

In the present study, five specimens of pyroxene granulite from

the Pare Mountains and three from the Labor Serrit area were provided

for analysis by Dr. J. V. Hepworth, Institute of Geological Sciences,

London. The results of these analyses are shown in Table III-J and

Figure 12.

87 86
Age (Sr /Sr )

Pare Mountains 927 _ 63 m.y. 0.7056 - 0.0011

Labor Serrit 724 t 8 m.y. 0.7064 + 0.0001

The data are too few to come to any firm conclusion regarding the

meaning of these two ages. It would appear, however, that these

results indicate an age older than the "Mozambiquian" orogeny that

took place between 450 and 600 m.y. The possibility exists that the
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granulite belt studied here may be an eastern extension of the

granulite and amphibolite facies rocks of the Tanganyikan Shield

that underwent a later episode of metamorphism.
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FIGURE 12

Pare Mountains and Labor Serrit

Tanzania
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3.14 Adirondack Highlands, New York

In the present study, suites of pyroxene granulites were collected

from two localities in the Grenville province (Figure 13). Although

the rocks in each of these areas have developed the requisite miner-

alogy for classification in the pyroxene granulite sub-facies, totally

different origins have been suggested for them. Simply stated, the

anorthosites and pyroxene granulites of the central Adirondacks have

been interpreted by Buddington (see below) and others to be of igneous

origin, whereas the granulite terrain of the Westport area has been

interpreted by Wynne-Edwards (1967) to be of sedimentary origin, that

is, the granulites are a sequence of metamorphosed greywackes. A

comparison of the Sr 87/Sr86 initial ratios have been made to see whether

a distinction between the two suites can be made.

The Adirondack Highlands which form the southern extension of

the Grenville province of the Canadian shield occupy a central massif

covering about 1200 square miles. The highland region itself consists

of an anorthosite core associated with pyroxene granulite, granitic,

syenitic, and gabbroic variants. The gabbro and anorthosite account

for about a third of the rocks which were classified as igneous by

Buddington (1939). A review of the literature pertaining to the

origin of the anorthosites in the Adirondacks and other localities

has been given by Heath (1967) who, in addition, has also commented

on the various hypotheses in the light of Sr 87/Sr86 initial ratios.

In close association with the anorthosite is an extensive series

of syenite and granite belonging to the hornblende or pyroxene granu-

lite sub-facies. It is generally agreed (Buddington, 1939; Walton
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and deWaard, 1963) that the rocks of this area are of plutonic

igneous origin but have undergone subsequent metamorphism which

culminated in the Grenville orogeny. The relationship of the

"supracrustal" Grenville metasediments to the underlying igneous

rocks has received various interpretations.

Buddington (1939, p. 197 et seq.) and earlier workers (Cushing,

1917, p. 507) favor an intrusive origin of the plutonic complex into

the older Grenville metasediments, followed by later regional high-

grade metamorphism during the Grenville orogeny. An opposing view

regarding the intrusive character of the plutonic rocks is considered

below.

On the basis of extensive mapping of the relationships between

the meta-igneous series and the supracrustal units, Walton and deWaard

(1963) have observed remarkable continuity of a single marble unit

in contact with the anorthosite, "charnockitic"-quartz-syenite-

gneisses and granite gneisses. This continuity persists for over 80%

of the exposed length where the contact between the two units is

exposed. They account for this remarkable continuity as the result

of the deposition of the marble as a basal supracrustal unit followed

by the succeeding units which also show a similar stratigraphic

coherence upon a complex older basement of the meta-igneous rocks.

Subsequently, both basement and cover rocks were involved in an intensive

deformation involving plastic remobilization giving rise to the complex

structural picture now observed. It appears that this later regional

metamorphic event, the Grenville orogeny, gave rise to the pyroxene

granulite sub-facies assemblage.



FIGURE 13

Westport, Ontario and Adirondack Highlands

Sample Localities
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3.15 Geochronology

Considering the vastness and geological complexity of this area,

there are relatively few age determinations available. Such infor-

mation, however, may prove extremely useful in the interpretation

of the pre-Grenville history as well as later metamorphic overprints

that may have occurred.

U-Pb determinations on zircons from two Grenville basement

syenites in the Adirondack Highlands (Silver, 1966) give an age of

1125 m.y.

Hills and Gast (1964) have reported a Rb-Sr whole rock age of

+ 20 x -11 -1
1092 + 20 m.y. (X = 1.39 x 10 y ) for pyroxene-hornblende granite

gneisses from the Lake George Village pluton. Also included in the

isochron were two samples from the Ticonderoga area which have a

similar mineralogy and are presumably related to one another. An

analysis of two feldspars from a pegmatite in aluminous paragneiss

gave an age of 1060 t 75 m.y. with an initial ratio of 0.7159. They

noted the similarity of these ages with both K/Ar and Rb/Sr ages

reported by Doe (1962) from other areas of the Adirondacks, and

from the Grenville province of Canada (Lowden et al., 1963). Since

the initial ratio of the granite gneisses is well within the range

expected for granitic rocks (0.7058 t 0.0010), Hills and Gast

conclude that the age represents the age of emplacement or if this

is indeed a metamorphic age, the body did not have an extensive

pre-Grenville history because on isotopic re-homogenization a higher

initial ratio would be expected.
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Heath (1967) has determined a Rb-Sr whole rock isochron on

seven specimens from a large pyroxene-hornblende quartz syenite

body north of the main Adirondack anorthosite massif (Figure 16).

An age of 1055 + 31 m.y. (X= 1.39 x 10 y~ ) was obtained with

an initial ratio of 0.7060 + 0.0004. The age and initial ratio are

in good agreement with the determination by Hills and Gast discussed

above, and Heath has suggested that these may be comagmatic.

In the present study, specimens from the central Adirondacks,

Crane Mountain, Indian Lake, West Canada Lake and Blue Mountain, have

been analyzed.

The Crane Mountain suite, kindly supplied by Dr. P. R. Whitney,

Rensselaer Polytechnic Institute, was collected from a postulated

overturned and differentiated 900' thick sill. Reynolds et al.

(1967) suggest a common origin for these pyroxene granulites and the

adjacent Snowy Mountain anorthosite body on the basis of K/Rb ratios,

Niggli values and the Differentiation Index (discussed in Chapter II).

Later it became apparent that within the pyroxene granulite itself

there was a "dark" and a "light" group which differed from each

other in chemistry as well as mineralogy (P. R. Whitney, personal

communication). The present study of the Rb and Sr isotopic ratios

confirmed the presence of two distinct populations. The analytical

results for six specimens are given in Table III-K. Based on the

six analyses, an age of 1336 t 71 m.y. was obtained with an initial

ratio of 0.7025 + 0.0024. The close grouping of the analyses about

two points (at Rb 87/Sr86 = 2 and 3.5 approximately) accounts for the

relatively large uncertainty in the initial ratio. These values are



TABLE III-K

CRANE MOUNTAIN, NEW YORK

87 86
(Sr /Sr )normalized

0.7653

0.7695

0.7411

0.7408

0.7404

0.7390

Isotope Dilution
Rb(ppm) Sr(ppm)

165

151

138

126

130

122

140

126

187

180

189

Rb/Sr

1.181

1.195

0.739

0.702

0.688

Sample

R7123/
ACS 43

R7125/
ACS 44

R7126/
ACS 45

R7127/
ACS 46

R7128/
ACS 47

R7129/
ACS 48

87 86
Rb /Sr

187 0.654

3.438

3.479

2.148

2.038

1.997

1.899

86 88
Sr /Sr

0.1198

0.1205

0.1197

0.1198

0.1203

0.1201



TABLE III-L

MODES OF CRANE MOUNTAIN SAMPLES ANALYZED (P. R. Whitney, personal communication)

Number of
Sections

1

3

2

2

2

Points
Counted

842

720

2857

1831

1588

1818

Qtz

31.4

Plag

22.3

29.6 17.5

22.7 22.2

19.6 23.6

16.3 30.7

24.0 23.2

Volume Percents
Orth Hornblende

39.2 4.8

46.7 4.2

41.3 10.6

45.9 7.8

42.1 3.1

40.9 1.7

Pyroxene Gt Bio

2.4

Other**

-- 1.9 0.1

2.6

1.7

6.2

8.3

xx*

0.5

0.8

1.3

0.6

Sample

R7123/
ACS 43

R7125/
ACS 44

R7126/
ACS 45

R7127/
ACS 46

R7128/
ACS 47

R7129/
ACS 48

* xx= garnet visible in hand specimen but not present in thin section.

** Other= apatite, zircon and ore minerals.

The "dark" group was found to contain pyroxene (hypersthene) and no biotite, whereas the "light"
group contained biotite and no pyroxene.

--- 0.9

--- 0.8

--- 0.7



FIGURE 14

Adirondack Highlands, New York

Crane Mountain
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presented in the isochron in Figure 14.

Ten specimens from the Indian Lake, Blue Mountain, and West

Canada Lakes Quadrangles were collected and submitted for analysis

by Professor Dirk deWaard, Department of Geology, Syracuse University,

Syracuse, New York. This area has been under extensive field investi-

gation recently since it is a critical area for the recognition of

the basement and supracrustal sequence outlined briefly above from

the paper by Walton and deWaard (1963).

Five whole rock analyses have been made and an analysis of a

potash feldspar separate from specimen R7322 has also been made

(Table III-M and Figure 15). Specimen R7321 from Blue Mountain and

R7322 from West Canada Lakes quadrangles have been mapped as part of

the supracrustal sequence by deWaard (personal communication) and

specimens R7326, R7327, and R7329 from Indian Lake have been interpreted

as members of the basement complex.

Four of the analyses define a reasonably good isochron with an

age of 1465 + 85 m.y. with an initial ratio of 0.7014 t 0.0013.

Whole rock R7321 has been rather arbitrarily excluded from the regression

analysis. Assuming the same initial ratio found above, this one speci-

men gives a slope of 0.01527 corresponding to an age of 1087 m.y.

These ages appear to be the oldest reported for the central

Adirondacks and suggest a period of intrusion pre-dating the events

reported by Hills and Gast and Heath at about 1100 m.y. The low

initial ratio for both the Crane Mountain and the Indian Lake - Blue

Mountain - West Canada Lakes isochrons indicates that there was not

an extensive pre-Grenville history and that the age determination
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closely represents the age of intrusion. A later metamorphism of

lower intensity could possibly be recorded in specimen R7321 and

it would be interesting to investigate further to see if two ages

can be distinguished. An attempt should be made to see if a distinction

between the supracrustal sequence and the basement can be made.



TABLE III-M

INDIAN LAKE, BLUE MOUNTAIN, AND WEST CANADA LAKES QUADRANGLES

87 86
(Sr /Sri )normalized

0.7202

0.7417

0.7344

0.7147

0.7153

Isotope Dilution
Rb(ppm) Sr(ppm)

135

121

101

220

197

223

255

403

Specimens submitted by Dr. D. deWaard, Department of Geology, Syracuse University, Syracuse, New York

Sample 87 86
Rb /Sr

R7321/
W-15 (b)

R7322/
2(a)

R7326/
W-126 (a)

R7327/
W-126 (b)

R7329/
W-124

86 88
Sr /Sr

0.1207

0.1200

0.1195

0.1178

0.1198

1.231

1.984

1.576

0.6032

0.7225

Rb/Sr

0.425

0.682

0.543

0,208

0,249



FIGURE 15

Adirondack Highlands, New York

Indian Lake, Blue Mountain, and West Canada Lakes Quadrangles
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FIGURE 16

Adirondack Highlands, New York

Sample Localities (Geology Simplified)
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3.16 Westport, Ontario Map-Area

The Westport map-area is located about 30 miles northeast of

Kingston, Ontario and 70 miles southwest of Ottawa, and comprises

parts of Leeds, Lanark and Frontenac counties.

The most recent geological study of this area was undertaken

by Wynne-Edwards (1967) who mapped the area at one inch to one mile,

special emphasis being paid to the Precambrian rocks which outcrop

in two-thirds of the mapped area.

On a regional scale the metamorphic rocks exposed are dominantly

marbles, quartzites and quartzo-feldspathic gneisses typical of the

Grenville province of southeastern Ontario. The highest metamorphic

grade exposed in the region is attained in the Westport map-area in

the Clear Lake anticline where characteristic assemblages of the

pyroxene granulite facies occur. This high grade core (Figure 17)

is surrounded by rocks of the hornblende granulite subfacies and

these, in turn, by the amphibolite facies. The lowest grade present,

the greenschist facies, lies adjacent to the amphibolite facies and

forms the Hastings Basin to the northwest.

The granulite horizon (Wynne-Edwards, oj.cit., map unit 8)

forms an almost structureless unit throughout the area and is distin-

guished from the adjacent gneisses by a lower abundance of mafic

minerals and an almost complete absence of foliation.

The mineralogical assemblages observed are characteristic of

the granulite facies described by Eskola (1952):

1. sillimanite-garnet-biotite-plag.-quartz
sillimanite-garnet-potash feldspar-plag.-quartz



FIGURE 17

Westport, Ontario Map Area (Geology Simplified)

Showing Sample Localities

(after H. R. Wynne-Edwards, 1967)
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2. garnet-biotite-plag.-quartz
garnet-potash feldspar-plag.-quartz

3. garnet-hypersthene-biotite-plag.-quartz
garnet-hypersthene-potash feldspar-plag.-quartz

4. hypersthene-biotite-plag.-quartz
hypersthene-potash feldspar-plag.-quartz

The textures shown in the specimens analyzed in this study show

many features in common with those from Madras State. For example,

in many of the specimens the characteristic blue-grey color and

greasy texture of the quartz is apparent. The potash feldspar is

dominantly mesoperthitic although antiperthite is also common. Biotite

and hornblende are also-present and in some cases are the predominant

mafic mineral present, the latter present especially in quartz-poor

rocks. In the area adjacent to Devil Lake and Clear Lake the highest

metamorphic grade was attained and hydrous phases are virtually absent.

It is suggested that the following reaction took place:

biotite = hypersthene + potash feldspar + water

The presence of these hydrous phases does not disqualify

membership in the granulite facies, however. Although the use of

this term is somewhat of a field convenience (Wynne-Edwards, personal

communication).it appears that its use is justified in that the addition

of water vapor as another component must be considered. Also the

partial pressure of CO2 may be an important control since this component

would exert a control over the activity of water in the system. Further,

despite the usual "definition" of charnockite from the type locality

in India, biotite and hornblende do occur there, although in rela-

tively minor abundance (Subramanian, 1959). In like fashion, the
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same may be said about the occurrence of hypersthene. Although

this was an important part of the definition, hypersthene does not

occur in every hand specimen or in every outcrop. When considered

on the scale of the geological unit, however, it is a characteristic

index mineral.

Toward the northern edge of the map-area, there are three major

plutons of quartz monzonite roughly four miles in diameter and

concordant with the metamorphic rocks enclosing them. The cores of

the plutons are relatively homogeneous, whereas the borders contain

numerous inclusions and in places the gneissic country rock is altered

to monzonite, the original gneissic texture being only faintly preserved.

Wynne-Edwards has suggested that these three plutons were emplaced

late in the tectonic sequence of events that took place in the region

and that these represent remobilized pre-Grenville basement.

Petrographic and analytical results from the various rock units

are discussed at length by Wynne-Edwards.
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3.17 Geochronology

In the Fall of 1967, the writer visited the Westport map-area

and with the aid of Professor H. R. Wynne-Edwards some fifty specimens

were collected with emphasis on the charnockitic quartzo-feldspathic

gneisses. Eight specimens were selected on the basis of charact-

eristic granulite facies mineralogy and range in the rubidium-strontium

ratioand were analyzed isotopically. The petrographic descriptions

are given in Appendix A and the analytical results are presented in

Table III-N and Figure 18.

A least squares regression analysis (after York, 1966) on the

eight Westport, Ontario analyses gives an age of 1320 1 59 m.y. with

an initial Sr 87/Sr86 ratio of 0.7059 + 0.0009. Using five points

only (omitting R7070, R7071, and R7091) an age of 1334 t 24 m.y. is

obtained with an initial Sr 87/Sr86 ratio of 0.7065 + 0.0004. Each

analytical point used in the least squares regression was weighted

using an error in Sr 87/Sr86 of 0.1% and in Rb 87/Sr86 of 3%.

Krogh and Hurley (1968) have recently published whole-rock

isochron data from various localities in the Grenville Province

including results on the Westport granite (quartz monzonite) and

the Ridge granite which has a similar geological setting and occurs

in the greenschist region to the northeast of Westport in the Hastings

area. The whole-rock age reported in their study is 1016 + 39 m.y.

based on seven analyses with an initial Sr 87/Sr86 initial ratio of

0.704 (no error limits quoted).

It is interesting to note that the ages obtained for the pyroxene

granulites of the present study and the adjacent quartz monzonites



TABLE III-N

WESTPORT MAP AREA, ONTARIO

Sample Rb 87/Sr86 Sr8

R7085/27 0.079 0.

R7083/25 0.684 0.

R7070/13 0.873 0.

R7090/31 0.394 0.

R7113/49(2) 2.998 0.

R7062/5 0.154 0.

R7061/4 0,822 0.

R7112/49(1) 1.789 0.

R7071/14 1.023 0.

Chondrodite Marble: Isotopic ratio

R7106/44 -- 0.

/Sr 88

L207

1202

1208

L205

L189

L200

L195

1210

1210

(Sr 87/Sr 86)normalized

0.7078

0.7203

0.7193

0.7245

0.7628

' 0.7091

0.7219

0.7393

0.7234

Isotope Dilution
Rb(ppm) Sr(ppm)

15 530

85 359

140 466

57 417

125 121

24 454

28 99

88 142

63 180

L204 0,7066 t 0.001 at 95% C.L. (2c)

Rb/Sr

0.027

0.236

0.301

0.136

1.030

0.053

0.284

0.616

0.353



FIGURE 18

Isochron

Westport, Ontario
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support the sequence of events inferred from the field relationships.

Wynne-Edwards has pointed out the distinct stratigraphic position

that the granulites occupy in the sequence of rock types represented

in the area. The quartzo-feldspathic and dioritic pyroxene granulite

constituting the highest grade represented in the region and the one

most closely approaching the type charnockite mineralogical assemblage,

is localized in the Clear Lake anticline and is placed at the bottom

of the sequence. Stratigraphically above this unit are interbedded

major units of marble, quartzite, and gneiss.

The initial Sr 87/Sr86 ratio obtained for the pyroxene granulite

(0.7059 + 0.0009 or 0.7065 t 0.0004) is measurably higher than the

value obtained by Krogh et al. (1968) for the combined Westport and

Ridge quartz monzonite bodies. The values for the initial ratios

and ages with 3 and 5% errors for the standard deviation of the mean

for the Rb 87/Sr86 ratios of the Westport quartz monzonites are:

87 86 87 86
Error in (Rb /Sr ) (Sr /Sr ) AGE (m.y.)*

5% 0.7034 ± 0.0005 1047 + 17

3% 0./035 + 0.0004 1044 i 17

*
Calculated from York's (1966) method of regression analysis.

This slightly higher value in initial ratio for the pyroxene granu-

lites suggests that they were derived from a source region having a

slightly higher Rb/Sr ratio than in the source region for the quartz

monzonite which is intrusive into them. Krogh et al. (1968) suggest

an upper mantle origin for these intrusive rocks on account of the low
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initial ratio. On the basis of analytical error only, the initial

ratios for the quartz monzonites and pyroxene granulites do not

overlap, and this lends credence to Wynne-Edward's hypothesis that

the pyroxene granulites formed through high-grade regional meta-

morphism of a sequence of greywackes. Further, the Sr 87/Sr86 isotopic

ratio of a specimen of chondrodite marble (R7106/44) interpreted as

being stratigraphically above the granulites yielded a value of

0.7066 t 0.001 (at the 95%, 2a'Confidence Limits). This value, if

taken to represent the Sr 87/Sr86 ratio in sea water, lies on the

Marine Geochron (M.I.T. Annual Report, 1965, p. 147) at about 1000

m.y. ago. Peterman et al. (1967) have found significant variations

in the isotopic composition of sea water strontium during Phanerozoic

time which may reflect the changes in isotopic composition of strontium

as the chemistry of sea water changed perhaps due to increased volcanism

or changes in provenance of sediment introduced into the oceanic system.

Admittedly, the difference in initial ratios for the Westport and

Ridge quartz monzonite and the pyroxene granulites is not great. There

is, however, less difference between the pyroxene granulite initial

ratio and that of the chondrodite marble which is presumably of marine

origin. On the basis of the isotopic evidence, it is suggested that

these high-grade rocks had an association with a marine environment

prior to metamorphism and only small additions of common strontium

from lower crustal or upper mantle regions were made.
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3.18 Kanuku and South Savanna Groups, Guyana, South America

The Kanuku Complex and adjacent South Savanna Group occupy a

major portion of the southern half of Guyana and are part of the

Guiana Shield which covers a large part of northern Brazil and

Venezuela. The map area and pertinent geology are presented in

Figures 19 and 20. The major rock' types of the Kanuku Complex are

a variety of high-grade acid biotite gneisses in which are found

enclaves of acid and basic granulite. The regional geology of this

and adjacent groups has been presented in a report by the Geological

Survey of Guyana by Williams, Cannon and McConnell (1967). In a

paper dealing primarily-with the charnockitic affinities of the

South Savanna-Kanuku Groups, Singh (1966) has demonstrated an intrusive

relation of the presumably younger South Savanna granites with both

the Kanuku Complex and the lower grade Marudi Group of metasediments

of the greenschist and amphibolite facies. The emplacement also

involved extensive assimilation and contact metamorphism followed

by a phase of post-crystalline shearing along northeast-southwest

zones. This granite complex also contains many enclaves bearing a

resemblance to rocks of both groups, roughly maintaining their regional

structural trends.

Though preferring to avoid the terms 'charnockite' and 'charnockitic'

in his description of the Kanuku Complex, Singh draws out many points

of similarity between this and the Madras type lithology. His explan-

ation for the origin of some of the rocks of the Group closely paral-

lels the proposals set forth by Howie (1955) for the Indian locality.

In the case of the basic granulites, the dike and sill-like



FIGURE 19

Outline Map of the Guiana Shield Showing Map Area

of Kanuku Complex and South Savanna Granite

(from Records of the Geological Survey of Guyana,

Volume 5, 1967, by

E. Williams, R. T. Cannon and R. B. McConnell)
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FIGURE 20

Kanuku-South Savanna Complex, Guyana

(from Records of the Geological Survey of Guyana,

Volume 5, 1967, by

E. Williams, R. T. Cannon and R. B. McConnell)
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attitude suggests that these were originally of igneous origin,

probably gabbroic or diabasic in composition. The gabbro-granulites

preserve the original ophitic texture, composition and zoning of the

plagioclase appropriate for an igneous origin. Apatite was also

noted as an accessory. It would appear that these rocks, originally

igneous, subsequently underwent high-grade regional metamorphism

and metasomatism with the host gneisses (discussed below).

The orthopyroxene-bearing acid biotite gneisses account for a

significant portion of the map area and are characterized by assemblages

of the sillimanite-almandite subfacies of the almandne-amphibolite

facies of regional metamorphism. Where orthopyroxene occurs, it is

found as small anhedra in biotite flakes. On the basis of field and

petrographic criteria, Singh proposes that these rocks formed by

contamination by basic norite granulites which presently occur as

boudins, lenses and bands within the acid gneisses.

Though of low abundance, orthopyroxene-bearing acid granulites

(distinct from the gneisses above) occur in association with quartzo-

feldspathic granulites, acid garnet-granulites, acid cordierite-granu-

lites, and alaskites. This association is suggestive of the low to

medium pressure assemblage suggested by Lambert and Heier (1968) for

rocks of a similar setting in Australia. Singh has also noted the

strained aspect of quartz with sutured margins and extensive development

of myrmekite. "Similar findings for the suite of specimens analyzed

here are reported in Appendix A on petrographic descriptions.

Singh ascribes their origin to the strong recrystallization of
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the acid biotite gneisses at high temperatures and pressures.

Hybridization by norite granulites is thought to have been responsi-

ble for the random occurrence of the pyroxene-rich acid granulites

in the acid granulite terrain.



TABLE III-0

Compilation of Age Determinations by Potassium-Argon on South Savanna Group and Kanuku Group
by Age Determination Unit, Institute of Geological Science, at Department of

Geology and Mineralogy, Oxford University (mQdified from Table 3, p.40, W;lliams et al.(1967)

Sample

Biotite

Biotite

Biotite

Muscovite

Biotite

Biotite

Biotite

Biotite

Plagioclase
pyroxene

Rock Type and Locality K:Ar Age (m.y.)

South Savanna Granite, strongly porphyritic type, 1 mi. SE of
Shiwirtau, South Savanna, 2* 52' N, 59' 16' W.

South Savanna Granite, Tabtau facies, Tabtau Mountain, South
Savanna, 2* 52' N, 590 16' W.

South Savanna Granite, strongly cataclased porphyritic biotite
type. Biotite thought to have undergone complete recrystallization
during shearing. -Sand Creed bed, 1/2 mi. S. of Cheppirariwau mouth,
2* 55' N, 59* 18' W

South Savanna Granite, strongly porphyritic biotite type, Rewa
River, 3* 02' N, 58* 40' W

South Savanna Granite, same locality

Low-grade unmigmatized biotite schists forming an enclave in South
Savanna granite: tentatively equated with Marudi Group.
30 03' N, 580 55' W.

South Savanna Granite; near Awariwau, 2* 38' N; 59* 13' W.

South Savanna Granite ?; Bat Mountain 2* 10' N, 59* 10' W.

Fresh diabase dike cutting South Savanna Granite, near Arakwai
mouth, 3 mi. S. of Dadanawa, 2* 47' N, 59* 32' W.

1190 ± 45

1300 t 50

1256 t 50

1720 + 70

1685 + 70

1545 t 60

1355 t 55
1320 + 50

450 t 25
450 t 40



TABLE 111-0 (cont.)

Rb-Sr isochron of South Savanna Granite based on 7 whole-rock analyses and 2 potash 1880 - 100 m.y.
feldspar mineral separates. Initial ratio: 0.7073. (Snelling and McConnell, in press).

Monazite (eluvial origin but from the South Savanna Granite), Discordant U/Th/Rb Age
determined by A. G. Darnley of the Atomic Energy Division, Geological Survey of Great
Britain. 208 232+

Pb /Th age=2270 + 185 m.y.

This study:

Whole Rock Rb:Sr on six samples from the Kanuku Complex, see Table III-P, Isochron age 2182 + 95 m.y.

Initial ratio: 0.7018 t 0.0011. See Figure 22 for isochron.
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3.19 Geochronology

Despite the difficulties of access and the reconnaissance nature

of mapping in this geologically complex region, numerous age deter-

minations have been made by K:Ar, Rb:Sr and U:Th:Pb methods. A

summary of data pertaining to the South Savanna and Kanuku Groups

is given in Table 111-0. Williams et al., (1967) have placed the

Kanuku and South Savanna Groups as well as the lower metamorphic grade

Marudi Group into the Rapununi Assemblage to form a Southern structural

province. An east-west rift valley about 100 miles long and 30 wide

provides a profound structural break separating the northern structural

province from the south. This rift, which continues as a fault zone

to the east-northeast into Surinam, precludes field correlations of

the north and south portions of Guyana so that age determinations

are essential to relate the two regions.

Snelling and McConnell (in press) have analyzed six specimens of

the South Savanna Granite by Rb:Sr techniques (see Table III-0) and

arrive at 1880 + 100 m.y. as the significant age of emplacement of

the granite. A discordant age on eluvial monazite from the South

Savanna Granite gave a Pb 208/Th232 age of 2270 t 185 m.y. (A. G. Darnley,

in Barron, 1962a) which was later revised to 2075 m.y. by Snelling on

the basis of uranium leaching. This revised age does not differ

significantly from the Rb;Sr isochron age, Although the two have

different structural styles, the age for the South Savanna Complex

approaches that of the Younger Granites of the Northern province

which have ages in the 1900-2000 m.y. range.



TABLE III-P

KANUKU COMPLEX, GUYANA,SOUTH AMERICA*

87 86
Rb /Sr

0.7203

0.8849

2.030

1.6976

0.2272
0.2237

0.9187

86 88
Sr /Sr

0.1195

0.1193

0.1193

0.1200

0.1208

0.1194

87 86(Sr /Sr )normalized

0.7217

0.7308

0.7633

0.7526

0.7086

0.7327

Isotope Dilution
Rb(ppm) Sr(ppm)

57

68

120

138

230

222

172

236

205

223

*
Samples submitted by Dr. J. P. Berrangd,,
Surveys; 5, Princes Gate, London S.W. 7.

Institute of Geological Sciences, Overseas Geological

Sample

R7340/
JPB 156

R7341/
JPB 157

R7345/
JPB 177

R7346/
JPB 216

R7347/
JPB 300

R7344/
JPB 177

Rb/Sr

0.248

0.306

0.698

0.585

0.078
0.078

0.318



FIGURE 21

Isochron for Kanuku Complex, Guyana

South America
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3.20 The Granulite Facies of Pallavaram and Salem, Madras State
and Kushalnagar, Mysore State, India

"But nothing in India is identifiable, the mere
asking of a question causes it to disappear or
to merge into something else."

E. M. Forster, A Passage to India

The granulite facies rocks forming the Archean of Peninsular

India have received attention continuously since the late nineteenth

century,particularly following Holland's (1900) descriptions of the

so-called charnockite series in southern Madras State. The contro-

versy concerning the origin of the "charnockite series" is discussed

in Chapter I where reference is made to papers dealing with the field

relations of these high grade rocks with their neighbors.

The three areas studied in the present investigation form part

of the Eastern Ghats and Nilgiri Mountains of Peninsular India.

Specimens from the type localities near Madras City which figure

prominently in Holland's studies were kindly provided by Dr. P. R. J.

Naidu, Honorary Director of the Mineralogical Institute, University of

Mysore. He also provided the writer with an extensive.suite from

the Kushalnagar area, Mysore State. In addition, fifteen specimens

from the Salem area of Madras State were kindly provided by Professor

S. Subramanian, Government College, Salem, Madras State. The collections

are listed in Appendix B.

At St. Thomas' Mount, about eight miles south of Madras City,

a central portion of "charnockite" occurs with an augite-norite on

the northeast and southwest sides (Holland, 1900, p. 172).
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Both rock types are transected by contemporaneous charnockite

pegmatites. About three miles further south, at Pallavaram, low

rounded hills of charnockite are associated with a garnetiferous

leptynite and norite. At Pammal, two miles west of Pallavaram, a

hornblende-augite norite, locally biotite-rich, forms a hill rising

about 200 feet above an alluvial plain. The regional foliation of

these rocks strikes roughly northeast-southwest parallel to the Coro-

mandel coast.

At Salem, the specimens provided by Dr. Subramanian correspond

almost exactly with Holland's (1900, p. 181) detailed descriptions of

the charnockite occurrences in this area. At Nagara Malai (malai =

hill) which forms the southwest end of the Shevaroy Hills, the coarse-

grained garnetiferous basic members are widely represented, R7336/14

and R7337/15. Locally, the garnet is fist-sized and is associated

with marginal lenses of pyroxenite.

On the road to Trichinopoly (see Figure 22) about 3 1/2 miles

south of Salem, transgressive tongues of the charnockite series in

the older biotite-gneisses have been described by Holland (Ibid., p.

181, and p. 225). These descriptions appear to apply to specimens

R7182/7 and R7330/8 to R7335/13 inclusive. The great mass of the

charnockite series forming Jarugumalai protrudes into the biotite-

gneisses which form a topographic low in the region about Salem.

Holland (Ibid.) discusses several points of evidence in favor of an

intrusive relation of the younger charnockites into the biotite gneiss.

The specimens from the Kushalnagar area of Mysore State are

listed in Appendix B and are taken from various localities from the



FIGURE 22

Map of Specimen Localities, Salem Area,

Madras State, India
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Nilgiris Mountains and the districts of Coimbatore. These two areas

form the western extremities of the Eastern Ghats Belt which maintains

the granulite facies grade throughout its length.

The problems associated with unravelling the complex sequence

*of intrusion and multiple episodes of regional metamorphism in

Peninsular India have been partly resolved by the use of the various

techniques of radiometric dating, but there still remains the necessity

of detailed investigations within each area to completely understand

the metamorphic and tectonic sequence in these ancient rocks.

3.21 Geochronology

Pichamuthu (1967) gives a brief account of the general geology

and geochronology of Precambrian India in the broadest regional terms.

Though this is by no means the most comprehensive account of Indian

geology, it clearly demonstrates the relations among the various

metamorphic belts exposed. Aswathanarayana (1968a, 1968b) and

Crawford (1968) give possibly the most up to date account of both the

overall age pattern in PeninsularIndia and of the granulite facies

of Madras and Mysore States, which are of immediate concern in terms

of this investigation. The following is in no way an exhaustive attempt

at an extensive compilation of age data for the whole of Peninsular

India, except insofar as it bears on the specimens analyzed in this

work.

Crawford (1968) presents an isochron based on six analyses from

St. Thomas' Mount and the Pallavaram area. An age of 2580 t 90 m.y.

87 86
was obtained with an initial Sr /Sr ratio of 0.7056 , 0.0040,
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though he points out that this determination was of insufficient

accuracy to distinguish these rocks from the Peninsular Gneisses

which outcrop further west at Bangalore. Since the two suites appear

to fit the same isochron equally well, it was not possible to distin-

guish any difference in age between the charnockitic and non-charnockitic

gneisses. Aswathanarayana (1968a) reports an age of 2650 t 275 m.y.

for the Madras locality and suggests that these may be consanguinous

with the gneissic charnockites of Mysore. For these rocks, located

in the Nilgiri Hills area, Crawford obtained a maximum indicated age

of 2670 m.y. and an isochron age of 2615 80 m.y. with an initial

ratio of 0.7023 t 0.0012 based on four analyses. Although Aswathanarayana

suggests a derivation of the Madras and Mysore charnockites from the

Peninsular Gneisses, Crawford (oR.cit., p. 145) suggests with reser-

vations that the Mysore (Nilgiri Hills) rocks may be slightly older

than the Peninsular Gneisses from the neighboring Bangalore area.

The main contribution of this study to an understanding of these

areas lies in the accurate determination of the initial Sr 87/Sr86 ratio.

Nine of the specimens analyzed (Tables III-Q and III-R) did not have

a sufficiently wide range in Rb/Sr ratio to construct an isochron.

Using the analytical data presented by Crawford (1968) (Table III-S)

for the Pallavaram and St. Thomas' Mount areas, however, along with

the analytical data for specimen R7205, an age of 2618 - 46 m.y. was

obtained. The initial ratio for these analyses, including the seven

specimens from Mysore State (a total of thirteen analyses), is

0.7039 - 0.0005. In view of the low Rb/Sr ratio (about 0.2) for the

seven analyses, the error in regression back to about 2600 m.y. ago



PYROXENE GRANULITES

Rb 87/Sr86

0.0898

0.2877

Sr-" /Sr'''

0.1199

0.1198

0.1209

0.1172

0.1174

0.1188

TABLE III-Q

(CHARNOCKITES) FROM SALEM, MADRAS STATE*

Isotope Dilution

(Sr87 /Sr86normalized Rb(ppm) Sr(ppm)

0.7045 nd** ----

0.7071 14.~68 473.0

0.7143 40.5 407.7

0.7044 nd ----

0.7037+ nd ----

0 .704 8t nd ----

*
Samples provided by Dr. S. Subramaniam, Government College, Salem, Madras State, India

**
not detected at the 5 ppm level by X-ray fluorescence.

+Analyzed on mass spectrometer "Iris": value 0.003 low (from currently "accepted" value of 0.7082)
for E & A Standard. A correction of 0.003+ applied (Dr. H. W. Fairbairn, personal communication).

Sample

R7176/1

R7178/3

R7180/5

R7182/7

R7336/14

R7337/15

Rb/Sr

0.031

0.099



FIGURE 23

Pyroxene Granulites (Charnockites)

alem, Madras State
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TABLE III- R

CHARNOCKITES FROM PALLAVARAM (TYPE AREA), MADRAS STATE
Latitude 12' 55' N, Longitude 800 10' E

Sample and
Locality

Basic
Charnockite
St. Thomas
Mount
R7205/AS-12

Basic
Charnockite
That tang annu
R7240/AS-5

87 86
Rb /Sr

3.373

0.896

86 88
Sr /Sr

0.1206

0.1203

87 86
(Sr /Sr )normalized

0.8282

0.7301

Isotope Dilution
Rb(ppm) Sr(ppm)

134

146

116

473

Basic
Charnockite
Biotite-rich,
Cherimalai
R7242/AS-10 1.429 0.1203 0.7430 210

Rb/Sr

1.152

0.309

427 0.492



TABLE III-P '

CHARNOCKITES FROM KUSHALNAGAR AREA, MYSORE STATE

Latitude 12* 26' 45", Longitude 75* 56' 36"

Sample and
Locality

Charnockite,
Dindgad
R7214/A-85

Charnockite,

87 86
Rb /Sr

0.165

Chikkamarahalli
R7215/A-95 0.154

86 88
Sr /Sr

0.1185

0.1200

87 86
(Sr /Sr )normalized

0.7083

0.7094

Isotope Dilution
Rb(ppm) Sr(ppm)

*6. 3

6.5

110

123

Charnockite,
Kudige-
Kanive
R7216/A-ll0

Charnockite,
Kanive Hill
(left)
R7217/A-115

Charnockite,
Kanive-Jainkal
Betta
R7218/A-117

Charnockite,
Marur

0.1195 0.7203 12

Rb/Sr

0.057

0.312 6 0.1202 0.7167

0.147

0.053

0.1200

116

0.7077

0.161

0.108

0.1205

3.9

0.7107

0.051

192 0.056

R7219/A-121 0,234 143 0.081



Sample and
Locality

Charnockite,
Kanive Temple
Hill (right)
R7220/A-124

Charnockite,
near Adinadur
Tribal Colony
R7221/A-126

Charnockite,
Cauvery River
Bed, Hulse

87 86
Rb /Sr

0.131

0.288

86 88
Si /Sr

0.1205

0.1202

TABLE III-S (cont.)

87 86
(Sr /Sr )normalized

0.7087

Isotope Dilution
Rb (ppm) Sr(ppm)

4.3

0.7094

Rb/Sr

94 0.045

203 0.0996

0.1197 0.7068 9.5R7244/A-148 0.144 191 0.050



TABLE III-T

ISOTOPIC ANALYSES BY A. R. CRAWFORD (1968) FOR MADRAS STATE PYROXENE GRANULITES

from A. R. Crawford (1968) Table 24, p. 147

Sample Number
and Locality

87 86
Rb /Sr

87 86
Sr /Sr

Isotope Dilution
Rb ppm Sr ppm

Pallavaram

1867, Acid Charnockite
N side saddle

1868, Acid Charnockite
Port Trust Quarry

1869, Coarse grained
vein in 1868

1870, Intermediate-
basic Charnockite,
Port Trust Quarry

1871, Leptynite,
Total Rock

St. Thomas' Mount

1874, Acid Charnockite
St.Thomas' Mount proper,
Total Rock

0.9051

3.1046

2.4519

0.1742

44.2

107.3

0.7412

0.8190

0.7904

0.7105

201.5

3.5838
3.5869

11.4

140.9

99.7

237.1

189.0

79.4
79.4

63.1

0.8356
0.8358

5.8134

98.7

0.9182 127.2



FIGURE 24

Charnockite

Madras and Mysore States
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is not great and would appear to be justifiable in view of the

discussion above concerning the similarity in age of both the

Madras and Mysore charnockites. Two specimens (R7240 and R7242)

from Pallavaram give an apparently younger age of about 1980 + 124 m.y.

including the seven analyses having low Rb/Sr ratios, providing an

anchor point for the initial ratios at 0.7037 _ 0.0007.



CHAPTER IV

DISCUSSION OF RESULTS AND CONCLUSIONS

This rubidium-strontium isotopic study of the granulite facies

is based on material from ten localities from four continents. In

the majority of cases, these terrains have been interpreted to be

of igneous origin, possibly affected by a later episode of metamorphism.

In one case, however, a sedimentary origin has been proposed. The

field relationships for the Westport map area of Ontario have been

interpreted as a sequence of greywackes transformed to pyroxene granu-

lite through deep-seated metamorphism. The isotopic study of this

locality suggests that these rocks have indeed formed through the

metamorphism of a material having a higher Rb/Sr ratio than was encoun-

tered in any other locality studied. Secondly, the pyroxene granulite

gave a higher initial Sr 87/Sr86 initial ratio than the younger Westport

quartz monzonite pluton. In addition, the granulites have an initial

ratio which overlaps with a nearby chondrodite marble sequence and

which is slightly higher stratigraphically and is presumed to be of

marine origin.

The Sr 87/Sr86 initial ratios determined in this study are compiled

in Table IV-A along with data available in the literature. A graphical

presentation of this data is given in Figure 26 for comparison purposes.

Also, a comparison of the initial ratio data and age data from this

study is made with similar data for igneous, volcanic, sedimentary and

metamorphic rocks available in the literature. This compilation was

made available to the author by Professor P. M. Hurley.

-172-
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TABLE IV-A

SUMMARY OF Sr 87/Sr86 INITIAL RATIOS IN PYROXENE GRANULITES

Age (m.y.)

Range of 54 Anorthosites
(Heath, 1967)

Man Charnockite Series, Ivory
Coast, Papon et al., 1968.

Granodioritic migmatite series

Lewisian Basement Gneisses,
Lochinver, Sutherland, Scotland
(Evans, 1965)

Inverian and Laxfordian
Amphibolite Gneiss (Evans,1965)

Nilgiri Charnockite Series
and Gneiss,(Crawford, 1968)

Madras City Charnockite
(Crawford, 1968)

2750 +- 107

2701 +-135

2600

2100 to 1560

2616 , 80

2580 + 95

(Sr 87/Sr 86)0

0.703 to 0.706

0.707 +

0.699 +

0.7065

0.001

0.001

0.7053

0.7023 0.0012

0.7059 + 0.0042

PRESENT STUDY

Kushalnagar, Mysore State (13) 2618 t 46
Pallavaram, Madras State (8) 1980 t 124

Okollo and Rakosi, West Nile 2629 t 117
District Uganda (9)

Crane Mountain, New York (6) 1336 + 71

Indian Lake, Blue Mtn. and West 1465 t 85
Canada Lake Quadrangles (6)

Westport, Ontario (8) 1338 + 47

Kanuku Complex, Guyana 2182 + 95
South America (6)

Pare Mountains (3) 927 + 63

Labor Serrit (3) 724 + 8

Salem, Madras State (6) 2476 ± 115

0.7039 t

0.7037 +

0.7054 +

0.7025 t
0.7014 +

0.7057 t
0.7018 t

0.7056 t

0.7064 +

0.7042 -

0.0005

0.0007

0.001

0.0025

0.0013

0.0009

0.0011

0.0011

0.0001

0'.0002



FIGURE 25

Initial Sr 87/Sr86 Ratios in -

Continental Rocks Including Pyroxene Granulites

(after P. M. Hurley [1968] in part)
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FIGURE 26

Summary of Sr 87/Sr86 Initial Ratios

in Pyroxene Granulites
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FIGURE 27

% K vs ppm Rb

with Shaw's (1968) Main Trend between

K = 0.1% and K~= 1.0%

and

Madras and Mysore State Granulites
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TABLE IV-B

M.I.T.# (Sr,ppm) (Rb/Sr) Rb + ARb (Rb/Sr) &% (Sr87/Sr 8)6 )orig &(Sr 87/Sr8 6  .%

R7214 110 0.057 6.6 0.600 5 0.7083 0.7087 0.0004 0.1

R7215 123 0.053 9.8 0.080 51 0.7094 0.7112 0.0028 0.4

R7216 116 0.109 16.9 0.146 34 0.7167 0.7206 0.0039 0.6

R7217 76 0.051 6.6 0.087 71 0.7077 . 0.7115 0.0038 0.5

R7218 192 0.056 13.4 0.070 25 0.7107 0.7122 0.0015 0.2

R7219 143 0.081 18.5 0.129 59 0.7203 0.7254 0.0051 0.7

R7220 94 0.045 9.0 0.096 113 0.7087 0.7140 0.0053 0.8

R7221 203 0.100 21.5 0.106 6 0.7094 0.7101 0.0007 0.1

p = present day measured value
orig = original value of ratio before metamorphism

ARb = value of increment loss in Rb assuming Shaw's relationship for K/Rb

(Sr87/Sr86)ori- value of present day Sr 87/Sr86 if there had been no loss of Rb through metamorphism.
p
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The total range in Sr 87/Sr86 initial ratios is found to vary

from 0.701 to 0.708 for the pyroxene granulite facies rocks considered

here. The arithmetic mean for these analyses is 0.7042. Since the

majority of the initial ratio determinations fall within the narrow

range of 0.703 to 0.706 previously established for anorthosites by

Heath (1967), a common source region at depth in the crust is post-

ulated for these rocks. Although further work would be required to

demonstrate whether the two rock types are consanguinous, the strontium

isotopic data suggest a common source in a deep-seated, low Rb/Sr ratio

environment.

This general survey of the initial ratios encountered in these

deep-seated crustal rocks suggests that the lowermost regions of the

continental crust are depleted in rubidium with respect to strontium;

further, that the consistently low values found to date suggest that,

if these rocks ever had higher Rb/Sr ratios and low K/Rb ratios,

corresponding to the K/Rb trend established for crustal igneous and

quasi-igneous rocks by Shaw (1968), the rubidium must have been lost

soon after emplacement otherwise higher Sr 87/Sr86 initial ratios would

result.

An approximate calculation may be made to find what the present

day Sr 87/Sr86 ratio would have been if rubidium had not been lost from

the system. It must be assumed that the K/Rb ratio varies linearly

from 332 at 0.1% K to 254 at 1.0% K on the basis of Shaw's (1968) work.

To test for this effect, loss of rubidium alone is assumed. If

potassium is accounted for in the migration along with rubidium, then

the effect will be greater since the "tie-line" between the present-day
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potassium-rubidium plot and that before metamorphism will have a

positive slope. This calculation is carried out for the Madras and

Mysore State specimens. A plot of % K vs ppm Rb (Figure 27) for the

Indian specimens shows clearly a deviation from the Main Trend defined

by Shaw. For each specimen analyzed, an increment of rubidium is added

to the present day rubidium content so that its K/Rb ratio coincides

with the Main Trend. Assuming that strontium is fixed in the system,

a new Rb/Sr ratio is obtained which is taken to represent the Rb/Sr

ratio after emplacement and before the high grade metamorphic event.

The average percentage change in Rb/Sr would be about 46%. Taking

the initial Sr /Sr86 ratio found for these rocks at 0.7039, and an

age of approximately 2600 m.y., one can calculate-what the present-day

Sr 87/Sr86 ratio would have been had there been no migration of rubidium.

Using the power series expansion for e t, the Sr 87/Sr86 ratio can be

calculated approximately from the relation:

87 86 87 86 87 86
(Sr /Sr )t = (Sr /Sr ) + (Rb /Sr 8 (Xt)

The appropriate calculations are given in Table IV-B. The percentage

change in (Sr 87/Sr86 )meas resulting from the depletion of rubidium

is about 0.4% and amounts to a change of about 0.003 in the strontium

isotopic ratio, well within the capability of measurement. In summary,

assuming Shaw's (1968) relationship to be valid, the episode of high

grade regional metamorphism up to granulite grade in India has resulted

in a decrease in the Rb/Sr ratio of about 46% This gives a present-day

Sr 87/Sr86 ratio about 0.4% lower than would result had there been no

depletion.
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Earlier mention was made of Heier's (1964) paper, wherein he

proposes that mineral transitions in the deep crust,arising from

progressive regional metamorphism up to the granulite facies, produce

phases which are increasingly less favorable to the diadochic incor-

poration of rubidium. He suggests mineral transitions such as the

breakdown of biotite at the beginning stage of granulite development

that would be characterized, in the case of excess SiO 2, by the

reaction:

K(Mg,Fe)3AlSi 3010 (OH)2 + 3Si0 2  >KASi3 08 + 3(MgFe)Si03 + H2 0

Since the phases produced on the right hand side of the equation are

less favorable hosts to rubidium, Heier proposes that it becomes

concentrated in a fluid phase resulting in a decrease in the Rb/Sr

ratio in the deep-seated rocks with increasing metamorphic grade. As

a consequence of the concentration of rubidium in the mica, he proposes

further a mechanism for the natural fractionation of Sr87 from common

strontium in a geological system. Anatectic melting under granulite

facies conditions would be initiated by a granitic melt rich in potas-

sium-bearing phases such as biotite and potash feldspar. Daughter

Sr87 produced by the decay of the parent Rb87 in the mica would be in

a less favorable site than its parent isotope and presumably would be

easily removed from its lattice site into the melt.

The concentrations of rubidium and strontium in the coexisting

phases of a pyroxene granulite have been determined by Howie (1965).

Using these data, calculations will be made to see if such a fraction-

ation would be observable.
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The most serious objection to the above hypothesis lies in the

nature of the reactions producing the anhydrous phases. As Heier

recognizes, the whole mechanism of Sr87 fractionation rests upon the

assumption that there is no exchange of radiogenic strontium produced

in the biotite with common strontium in the other phases. As seen

in Table IV-B, the other phases all have Rb/Sr<1 and an additional

dehydration reaction involving hornblende would also be expected in

TABLE IV-C

Rb and Sr Distributions in an Intermediate Charnockite
and its Phases, Mount Wati, West Nile District, Uganda.

(after R. A. Howie,1965)

Whole rock Orthoclase Andesine Hornblende Biotite

Rb 75** 300 nd 10 1000

Sr 800 800 1000 30 tr*

Rb/Sr 0.094 0.38 -- 0.33 1000 ca.

* = ppm assumed
** = all values in parts per million.

view of the significant quantities of amphibole in many of these

rocks. Expressed in its simplest form, the hornblende breakdown

reaction could be expressed as:

Ca2 (M 4 ,Al)(AlSi7022)(OH) 2  >CaAl2Si206 + CaMgSi 206 + 3MgSiO3 + H20

tschermakitic hornblende anorthite diopside enstatite

As an example of the change in Sr 87/Sr86 of the system with the

breakdown of both biotite and hornblende, consider a rock containing
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10% by volume of both biotite and hornblende with the above distri-

bution of rubidium and strontium. Allowing a liberal increment of

time to elapse between homogenizations of the system, say 500 m.y.,

the growth in Sr 87/Sr86 after time (=500 x 106 y) in the biotite

would be given by:

87 86 87 86 87 86 Xt
(Sr /Sr )t=500 = (Sr /Sr ) + Rb /Sr (e - 1)

where:

87 86
(Sr /Sr ) = 0.705

from Table IV-B, (Rb/Sr)bo = 1000, and Rb 87/Sr = 3000 approximately.

-11 -1
=1.39 x 10 y .1

so that:

S87/S86) .- 21.705(Sr 8/Sr bio.,t = 500 m.y.

Of the 1000 ppm Rb originally present in the mica, 27.85% is Rb87

and about 1000 x 0.2785 x 0.01 = 2.785 ppm Sr87 would be produced

87 87
during t = 500 m.y. due to the decay of Rb8. Sr comprises 7.02%

of common strontium and if the hornblende were to break down too, some

30 ppm common strontium or 0.0702 x 30 = 2.11 ppm Sr87 would be

released to mix with the radiogenic Sr87 from the mica. This would

reduce the (Sr 87/Sr 86)mica to about one half of its former value of

21.705. It would be more realistic to expect several hundred ppm

common strontium to be released since the feldspars have higher

strontium concentrations and are likely to undergo some chemical

change during metamorphism. Such a release and subsequent mixing

would completely obscure the increase in the Sr 87/Sr86 ratio produced

in the mica. If such a process could take place, then one would expect
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it to occur in lithium pegmatites. In many cases, however, extremely

high Sr 87/Sr86 ratios measured in lepidolites on the order of Sr 87/Sr86

ca. 10 regress back to values between 0.705 and 0.710. These figures

of Rb = 1000 ppm, and Sr = 1 ppm for the biotite and an interval of

Sr87 growth of 500 m.y. are greatly weighted in favor of the separation

process proposed by Heier and are not likely to be so extreme in nature.

For example, in a study of the age of Nova Scotian granites by Fairbairn

et al., (1960),the biotite with both the highest Rb and the lowest Sr

was as follows:

87 -86
Rb ppm Sr ppm Rb/Sr Sr /Sr age

B2100 1666 4.9 340 4.49 330 m.y.

With these levels of concentration, it would take far less common

strontium to completely obliterate the effect of buildup in the

Sr 87/Sr86 ratio in the mica.

In summary, the results of this investigation indicate a source

region for these deep-seated rocks which has a low Rb/Sr ratio similar

to that of continental basalts and anorthosites. The rare-earth data

show these rocks to have an enriched pattern of light rare-earths when

the individual rare-earth elements are divided by their abundance in

chondritic meteorites. This pattern of light enrichment is commonly

observed in crustal rocks. The actual abundances are almost identical,

element for element, to patterns found for gabbros and diabases. The

similarity is extended to mineralogy also, since petrographic analysis

indicates the composite sample to be approximately a diorite to quartz

diorite in composition. The K/Rb data for thirty-two specimens show
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a parallel trend with Shaw's (1968) Main Tend and details such as

the curvature to lower K/Rb at higher K and Rb values are maintained.

The results suggest that there may have been a depletion of rubidium

with respect to potassium. This depletion may have occurred contin-

uously after original emplacement into the deep-seated crustal envir-

onment or it may have been lost in a single episode or repeated episodes

of high grade thermal metamorphism on a regional scale. The isotopic

ages of these ancient rocks indicate that the K/Rb ratios typical of

crustal rocks were established early in the evolution of the crust.

The crustal rare-earth pattern for the ca. 2600 m.y. type locality of

Madras indicates that this trend was also established at an early date.

These data support the hypothesis put forward by Bence and Hurley (1967)

that the light rare-earth elements, and lithophile elements such as K

and Rb became enriched in the first differentiation product that formed

the continental crust.

A plot of Thornton and Tuttle's (1960) differentiation index

(D.I.) vs SiO 2 for fifty-four analyses taken from the literature shows

that the various rock types collectively placed into the "charnockite

series" fall well within the contours defining the various igneous

rock series considered in this study.

The results discussed above indicate that the majority of pyroxene

granulites that are now seen in the high grade cores of deeply-eroded

shield areas are very likely of igneous origin, although possible

exceptions exist (i.e., Westport, Ontario), indicating that "There

are charnockites and charnockites" (Pichamuthu, 1950). Subsequent

metamorphism of these rocks up to granulite grade has imparted a
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metamorphic overprint involving changes in texture, mineralogy,

chemistry, and isotopic age.



CHAPTER V

SUGGESTIONS FOR FURTHER STUDY

It is felt that further study of the trace element content

and distribution between phases could be profitably undertaken

in order to estblish whether there are additional depletions of

lithophile elements at depth in the crust. For instance, it would

be useful to establish the concentration of uranium and thorium

in these rocks to complement the potassium determinations thus

enabling one to calculate the heat production of these rocks.

Actually, an attempt was made to determine Th and U in some of these

rocks. Thorium is not difficult to determine by instrumental

neutron activation (INAA) especially when using a Ge(Li) y-detector.

Gordon et al. (1968) have suggested the use of the 311.9 keV

y-ray 27d Pa233 produced by the reaction Th232 (n,y)Th 233().

This element was measured for several specimens in this study.

Uranium, on the other hand, presents a somewhat more difficult problem

for analysis by this technique. An attempt was made to irradiate

several grams of sample and transfer the sample via a pneumatic

transfer system to a BF3 counting system to count the delayed

neutrons following the methods outlined by Amiel (1962) and

Hamilton (1966). Unfortunately, the counter tubes (BF3 ) which

have a limited lifetime appeared to be expended.

Another interesting problem would be the determination of the

distribution coefficients of trace and rare-earth elements in the

various phases in these rocks, in hypersthene and garnet, for ex-

ample. Comparison with published data for other rock types,

-189-
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especially those presumed to be from the upper mantle would provide

important information regarding the effect of high temperatures and

pressures on the element distributions between phases in these rocks.
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Charnockitic Rocks from Msagali area, Tanzania

submitted by Dr. J. V. Hepworth

R7050 (TZ 163.11B)
Charnockite
modal analysis: (500 points on slide stained for potash feldspar)
quartz 18%
potash feldspar 13%
plagioclase 48% (about An25-30)

biotite 8%
pyroxenes 13%
myrmekite 1-2%

Quartz shows undulatory extinction, grains have sutured boundaries
and are charged with bubble trains and rutile needles. Clinopyroxene
in greater abundance than hypersthene. Pronounced clustering of
biotite with pyroxene. ZAc = 40* for clinopyroxene, 2V =~60*.
Biaxial (+).

R7051 (TZ 163.30J)
Charnockite
abundance estimated:
quartz 25%
potash feldspar 25%
clinopyroxene 10%
plagioclase 40-45% (An25t10
biotite 5%

Clinopyroxene and biotite intimately associated (± magnetite).
Specimen generally fresh with only incipient sericitization along
cleavage of potash feldspars. Feldspar (potash) slightly pethitic
in places. Clinopyroxene shows rough alignment of opaque mineral
(magnetite ?) parallel and perpendicular to cleavage. Plagioclase
rarely shows twinning and if present is usually pericline or thin
albite.

R7052 (TZ 163.30R)
modal abundances estimated
Aplo-granite
quartz 45% (extreme crush texture)
potash feldspar (perthite + antiperthite) 20%
plagioclase 35% (untwinned)
myrmekite 5%
rutile
apatite
biotite

Myrmekite is present in many of the specimens adjacent to the quartz
grains "growing into"^the potash feldspar. Apatite and rutile
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inclusions in quartz and potash feldspar. Occasional scraps ob
biotite and zircon. No other mafic minerals observed. Aplitic
texture.

R7053 (TZ 163.11E)
Granite (biotite) Contact Facies
modal abundances estimated:
potash feldspar 20-25%
quartz 30-35%
plagioclase 30% (An10±5)
biotite 10%
amphibole 10%
rutile (as inclusions in quartz and feldspar)
apatite
zircon

Quartz sutured to saccaroidal i,. appearance with undulatory
extinction. Potash feldspar found as irregular stringers and
grains around plagioclase and quartz with about equal frequency.
Amphibole (common hornblende, from pleochroism) associated with potash
and plagioclase feldspars and occasionally with quartz.

R7054 (TZ 163.30N)
Biotite Gneiss
slight liieation of mafic constituents though more pronounced in

hand specimen
modal estimates:
quartz 30%
anorthoclase 50%
biotite 10-12%
hornblende 10%
rutile
apatite
zorcon

quartz forms aplitic fillings between larger grains of fledspar
and quartz. Anorthoclase identified by smaller 2V = 50* Biaxial (-)
and lack of staining. Incipient sericitization of feldspar parallel
to cleavage. Chlorite also present as a probable alteration of an
amphibole associated with potash feldspar commonly. Occasional grain
of a highly pleochroic and birefringent clay mineral,perhaps celadonite (?).

97055 (TZ 163.11F)
Biotite Gneiss
Lepidoblastic texture with porphyroblasts of quartz and plagioclase
Modal estimates:
quartz 30%
plagioclase 30% (An10-20
biotite 10-15%
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R7055 (TZ 163.llF) (cont.):
amphibole 8%
apatite (abundant needles in plagioclase)

R7056 (TZ 163.122) 30 miles S.W. Msagali
Charnockitic rock
Modal estimates:
quartz 30%
plagioclase 40%
potash feldspar 10-12%
biotite 15-20%
penninite 5% small 2V (Biaxial (-) Extinction 2-8*, high relief

Penninite secondary expansion cracks arising from alteration of
original mafic mineral present surrounded in turn by biotite.
(Expansion cracks similar to those found in troctolite where olivine
has altered.) Potash feldspar in small blebs interstitial to plagio-
clase or plagioclase-quartz boundaries.

R7057 (TZ 163.73) 5 miles west of Msagali
biotite Gneiss
Modal estimates:
quartz 30-35%
plagioclase 20-25%
potash feldspar 10%
biotite 15%
amphibole 10% (+alteration products)
magnetite 2%
apatite

Amphibole largely altered to penninite or clinochlore (or a related
chlorite group mineral)
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Pyroxene Granulites from Para Mountains and
Labor Serrit Area, Tanzania

Collected by: Dr. J. V. Hepworth
Institute of Geological Sciences, London

Para Mountains

R7224/TZ 73.1
Pyroxene Granulite

Description: Medium-grained granulite with large booksof biotite
(1-3 mm). Some hypersthene visible.

R7225/TZ 73.2
Leucocratic Granulite

Description: Alaskitic gneiss, ca. 60% potash feldspar, ca. 40%
quartz.

R7230/TZ 73.15
Granulite

Description: Fine-grained granulite largely composed of dark, waxy
quartz and feldspar. Has dark green appearance characteristic of
this facies.

Labor Serrit

R7231/TZ 86.24
Dark Pyroxene Granulite

Description: Same as R7230/TZ 73.15

R7233/TZ 86.27
Leucocratic Granulite

Description: Garnetiferous quartzo-feldspathic gneiss. ca. 10%
garnet, ca. 5% biotite.

R7236/TZ 86.32
"Nearly ultrabasic Granulite" (Amphibolite)

Description: gneissic texture
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R7236/TZ 86.32 (cont.)

hornblende 65%
clinopyroxene 10%
quartz 5%
potash feldspar 20%
magnetite 1%
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Charnockite Rocks from Okollo and Rakosi,
West Nile District, Uganda

collected by Dr. H. W. Fairbairn

R7042/54

Mafic Charnockite

Quartz 30%
Orthoclase 5-10%
Plagioclase 10-15%
Myrmekite 5%

Biotite 20%
Hypersthene 1%
Clinopyroxene 1-2%
accessory Apatite

Slight gneissosity with bands of biotite + garnet on scale
of 1 to 0.5 cm. Relatively fresh with no apparent alteration.

Quartz not highly undulose, but many of the grains sutured. Biotite

associated with garnet, the latter occurring in clots. Biotite

within the garnet shows a radiating habit.

R7011/23

Fine-grained Leucocratic Gneiss

Quartz 35%
Potash Feldspar (+ subordinate Plagioclase) 60%
Biotite 1%
Garnet 2% (or less)

Specimen is quite fresh with only slight cloudiness of the

feldspar. Pronounced gneissosity. Potash feldspar shows well-

developed tatran twinning. Quartz highly undulose.

R7012/24

Leucocratic Gneiss

Quartz 60%
Potash feldspar (+ minor plagioclase) 40%
Biotite trace
Magnetite 1%

Somewhat coarser grain size than R7011/23 above (1-3mm.).

Mineralogy similar with somewhat more quartz, however. Same

degree of incipient alteration of feldspars.
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Charnockite Rocks from Okollo and Rakosi,
West Nile District, Uganda (cont.)

R7018/30

Leucocratic Gneiss

Similar to R7012/24, though slightly larger in grain size
and braid perthite more fully developed than in any of the other
specimens.

R7020/32

Leucocratic Gneiss

Similar to R7012/24 above. 1-2% garnet and minor biotite.
Quartz occurs in bands and in a "crush" matrix around larger grains
of potash feldspar.
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Indian Lake, West Canada Lakes and Blue Mountain Quadrangles

R7321/W-15(b)

Locality: Blue Mountain quadrangle

Description:

quartz 15%
potash feldspar 50-55%
amphibole 30-35%
myrmekite 1-2%
hypersthene 5%
magnetite 1-2% 1

Medium-grained with slight gneissosity. Potash feldspar has both
patch and tartan twinning. Subhedral outline in hornblende which
often surrounds grains of hypersthene. Occasional scraps of hyper-
sthene unaltered. Quartz strained and sutured.

R7322/2(a)

Locality: Blue Mountain quadrangle

Description:

quartz 15-20%
hypersthene 10%
amphibole 15%
potash feldspar 30%
plagioclase 20%
biotite 2%

Pronounced banding of mafics, crush texture.

R7326/W-126(a)

Locality: Indian Lake quadrangle

Description:

quartz 15-20%
potash feldspar 40%
plagioclase 15-20%
pyroxene 10%
magnetite 5%

Specimen similar in mineralogy and texture to R7322. Cataclastic
texture.
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R7327/W-126(b)

Locality: Indian Lake quadrangle

Description:

quartz 20%
plagioclase 10-20%
potash feldspar 20%
biotite 10-15%
hornblende 15-20%
hypersthene 15%
apatite minor

Slight gneissosity, hypersthene appears to be altered in hornblende.
and magnetite is often associated with the alteration.

R7329/W-124

Locality: Indian Lake

Description:

Similar in texture and mineral proportion to R7326, slightly
gneissic.
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Pyroxene Granulites, Westport, Ontario

Collected by: C. M. Spooner

R7085/27

Locality: On Clear Lake road, G. S. C. Memoir 346, 1967, Westport
Map area.

Description:

Plagioclase 20%
potash feldspar 40%
quartz 30%
biotite 2-3%
magnetite 1%
hornblende 8-10%

Slightly gneissic with a granular texture. Quartz slightly strained
with numerous internal sutures. Potash feldspar shows varieties
of rod and patch perthite. Biotite fresh but hornblende altered
slightly to a mixture of a highly birefringent mineral (celadonite?)
and possibly saussurite. Minor small veins of calcite and chlorite
passing through all grains. Minor vein-like alteration in feldspar.
Albite-Carlsbad twinning + pericline twinning common in plagioclase.
Plagioclase about An30-40.

R7083/25

Locality: Devil Lake road.

Description:

plagioclase
microcline 50%
quartz 30%
biotite 10%
hornblende 10%
magnetite 2-3%
chlorite 1-2%

Granular texture with no apparent gneissosity. Relatively coarse-
grained with some grains up to 3-5 mm. Potash feldspar fairly fresh,
however hornblende muddy in appearance through development of chlorite
(though minor). Biotite occurs in large flakes. Microcline has well-
developed tartan twinning.
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R7070/13

Locality: on highway north of Loon Lake.

Description:

quartz 50%
potash feldspar 40%
magnetite 1%
biotite 3%
chlorite 2%

Extreme crush texture, quartz highly strained and grains show many
internal suture lines. Feldspar fairly fresh with only minor clouding.

R7090/31

Locality: Outcrop on north side of Clear Lake Road

Description:

plagioclase (An30) 15%

potash feldspar 45%
quartz 40%
biotite 2%

Myrmekite abundant at quartz, potash feldspar boundaries. Biotite
appears to be alteration associated with minor orthopyroxene.
Abundant microcline twinning and minor patch perthite.

R7112/49(l) and R7113/49(2)

Locality: Stop 4, Mineralogical Association of Canada Guidebook.

Description:

quartz 30%
hypersthene 15-20%
magnetite 5%
potash feldspar 40%

Quartz shows extreme undulatory extinction. Hypersthene associated
with magnetite and slightly altered to chlorite. Slight alteration
of potash feldspar to saussurite and minor carbonate.

R7061/4 and R7062/5

Locality: Road to Devil Lake.
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R7061/4 and R7062/5 (cont.)

Description:

quartz 15%
potash feldspar 10-15%
biotite 10%
hornblende 60%

Largely amphibolite. Quartz strained to about same extent as in
other specimens.

R7071/14

Locality: North side of highway near Loon Lake.

Description:

quartz 35%
potash feldspar 40-50%
biotite 3-5%
sericite minor
chlorite minor
plagioclase 15-20%
magnetite 1-2%
myrmekite <1%
apatite minor

Quartz shows undulose extinction, sutured grains. Numerous inclusion
trains in quartz grains. Incipient sericitization in smaller feldspar
grains,
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Salem Area, Madras State, India

Collected by: Dr. S. Subramaniam
Government College, Salem

R7176/1
Medium-grained acid charnockite

Locality: Kullakavun Danur, west from Salem.

Description:

hypersthene 20%
quartz 35%
potash feldspar 40%
hornblende 2-5%
magnetite 1%

Incipient alteration of hypersthene to hornblende. Otherwise,
specimen fresh and there is no observable gneissosity, although
quartz is strained as usual.

R7178/3
Medium-grained acid charnockite and garnetiferous basic charnockite

Locality: Same as R7176

Description:

Cataclastic texture. Same mineralogy and approximate proportions as

in specimen R7176.

R7180/5
Garnetiferous charnockite

Locality: Same as R7176

Description:

garnet 20%
hypersthene 5%
quartz 20%
potash feldspar 20%
sericite
carbonate 10%
biotite 5%
plagioclase 5-10%
chlorite 10%
magnetite 1-2%
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R7180/5 (cont.)

Cataclastic fine to medium grained texture. Garnet fractured and

filled with birefringent alteration. Kelyphitic rims of biotite
and chlorite around magnetite and hypersthene but not seen around
garnet. Carbonate and carbonate + chlorite veins through specimen.

Quartz highly rutilated in some grains.

R7336/14
Norite

Locality: Nagara Malai, about 6 miles north of Salem.

Description:

Hand Specimen Description: Fi.! -grained slightly banded granulitic
rock. Melanocratic rock composed largely of hypersthene, though
the quartz imparts a dark greasy aspect to the specimen.

R7337/15
Leptynite

Locality: Same as R7336

Description:

Hand Specimen Description: Fine-grained leucocratic rock with garnets
about 1-3 mm. in diameter. Major phases are feldspar and quartz, the

latter having the characteristic greasy lustre.
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Charnockitic Rocks from Madras-Type Locality

submitted by Dr. P.R.J. Naidu

R7205/AS-12

Basic charnockite

Thin section from felsic portion of rock.

Quartz 35%
Potash feldspar 45-50%
Magnetite 1-2%
Plagioclase 5%(?)
Biotite 1%
Myrmekite 5-10%

Granoclastic texture. Specimen very fresh. Quartz strained
with sutured interiors. Quartz and potash feldspar equigranular.
Potash feldspar shows braid perthite with minor patch perthite.
Quartz rutilated with trains of inclusions. No apatite or zircon
found.

R7214/AS-85

Charnockite

Plagioclase 30%
Quartz 5%
Hornblende 20%
Hypersthene 40%
Magnetite 5%

Plagioclase shows well-developed albite and pericline twinning
with an ophitic texture. Anorthite content varies from about An
to An5. Hornblende forming at borders of hypersthene and has a
Z c angle of about 190. Hypersthene is length slow with pale green
to pink pleochroism. Upper first order birefringence. In many
of these sections, hypersthene and hornblende are intimately associated
and since the hornblende is pargasitic in composition, it is difficult
to distinguish between the two. Therefore, the percentages of hornblende
and hypersthene are likely in error.

R7215/A-95

Charnockite

Same mineral proportions as in R7214 above. Plagioclase composition
by Michel-Levy method about An 44.
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Charnockitic Rocks from Madras-Type Locality (cont.)

R7216/A-110

Charnockite

Hypersthene 20%
Garnet 25%
Hornblende 15%
Plagioclase 30%
Quartz 5-7%
Magnetite 5%

Slightly gneissic texture. Plagioclase An40 approximately.
Garnet forms euhedral to subhedral grains which are slightly
birefringent in some grains. Garnet closely associated with
hypersthene. Hornblende appears to replace hypersthene. Magnetite
shows skeletal outlines around the garnet.

R7217/A-115

Charnockite

Hypersthene 10%
Hornblende 50%
Plagioclase 30%
Quartz 10%

Fine-grained granoblastic texture. Hypersthene occurs as
larger crystals showing exsolution lamellae and parallel extinction
in appropriate sections. Hypersthene also occurs in granular aggregates
with hornblende.

R7218/A-117

Charnockite

Hornblende 20%
Plagioclase 20%
Potash feldspar 10%
Magnetite 5-8%
Hypersthene 40%
Quartz 10%

Fairly pronounced gneissic to granoblastic texture. Plagioclase
shows pronounced zoning in several larger cryst4ls. Post-consolidation
alteration shown by expansion cracks in feldspar adjacent to amphiboles
mantling the hypersthene.
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Charnockitic Rocks from Madras-Type Locality (cont.)

R7219/A-121

Charnockite

Quartz 10%
Potash Feldspar 10%
Plagioclase 30%
Hornblende 20-30%
Hypersthene 15%
Magnetite 5%

Texture is subophitic to granoblastic.

R7220/A-124

Charnockite

Quartz 15%
Potash Feldspar 5-10%
Plagioclase 20%
Hypersthene 10-15%
Hornblende 45-50%
Magnetite 3-5%

Hypersthene in fairly large crystals showing exsolution lamellae.
One euhedral outline completely mantled with plagioclase. Hornblende
consists of a granular aggregate with sm'aller grains of hypersthene.
Plagioclase about An50 in composition.

R7221/A-126

Charnockite

Quartz 10%
Hornblende 20%
Hypersthene 10-15%
Potash feldspar 10-15%
Plagioclase 20%
Magnetite 5%

Fresh granoblastic texture with minor infilling around larger
grains with a crush texture of plagioclase + quartz.
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Charnockitic Rocks from Madras-Type Locality (cont.)

R7240/AS-5

Basic Charnockite

Quartz 10%
Potash Feldspar 10-15%
Plagioclase 20%
Biotite 20%
Hypersthene 30%
Magnetite 1-2%

Very fresh granoblastic texture.

R7242/AS-10

Basic charnockite (biotite-rich)

Quartz 10%
Biotite 20%
Hypersthene 30%
Plagioclase 20%
Potash Feldspar 20%
Apatite - minor
Zircon - minor

Slightly gneissic texture shown by biotite. Specimen very
fresh. Plagioclase about An45. Possibly two generations of biotite.
Primary type shows normal pleochroism and cleavage but secondary (?)
type shows brown color and no appreciable variation in pleochroism.

This latter type also has numerous zircon inclusions with attendant
pleochroic haloes.
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Orthopyroxene-bearing Granites and Granulites from

the Kanuku Complex, Guyana

submitted by J. P. Berrange:

R7340/J.P.B. 156
Location: Map Sheet Kanuku SE, Directorate of Overseas Surveys

print Laydown No. 65. (P.L.D. 65)
Lat.03*20' N, Long. 59*15' W.

Eastern Kanuku Mountains, first falls on the Maparri River, about

3 miles upstream from its confluence with the Rupununi River.

Descriptions: Medium light grey with blue tinge, medium-grained

granular texture, biotite-hypersthene charnockite.

Quartz 20%
K-feldspar 50%
Biotite '>10%
Hypersthene 15%
Magnetite <5%

In thin section, the specimen has a fresh appearance with no visible
alteration. Nearly all grains show undulatory extinction, especially

in the case of the quartz. Mafic minerals appear to be intersertal

to the potash feldspar and biotite-hypersthene-magnetite are invariably

associated together. The potash feldspar is essentially a patch

perthite with less than 3% myrmekite at the borders of the grains.

Biotite of the usual fox-red variety and strongly pleochroic.

R7341/J.P.B. 157
Location: Same locality as R7340/J.P.B. 156

Description: Same hand specimen appearance as 7340 but in thin section

there is about 15% more biotite than hypersthene. Biotite shows

pronounced straining and there are more numerous patches of myrmekite.

R7344/J.P.B. 177
Location: Map Sheet Kanuku SW, PLD 64

Lat. 03*17'N, Long. 59*38'W.
Western Kanuku Mountains, Moco Moco River, 1/4 mile downstream from

the first falls.

Field Relations: Sample represents the most common type of gneiss

found in the Kanuku Complex. The sample comes from the far north of

the Kanuku Mountains where the recrystallization, mobilization, injec-

tion etc. associated with the mise in place of the South Savanna

Granite is absent (see Figure in text).
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R7344/J.P.B. 177 (cont.):
Description: Light grey in hand specimen with blue tinge, streaky
biotite-garnet gneiss with a trifle of hypersthene. In thin section
shows an extremely gneissic texture wherein biotite-garnet, and
hypersthene ( + magnetite) constitute the mafic bands and individual
mineral grains (hypersthene especially) are stretched in the sense
of the major foliation. Locally the biotite may cut across the
foliation.

Quartz 20%
Potash feldspar 40%
Biotite 15%
Hypersthene 5-8%
Garnet 10%
Magnetite 5%

Biotite associated with both garnet and hypersthene but garnet and
hypersthene never found together in this section. Magnetite found
with all three.

R7345/J.P.B. 177
Location: Same as R7344.

Description: Same mineralogy as R7344. More biotite (-20%). Slightly
coarser in grain size for both mafic and felsic minerals. One elon-
gated composite grain of garnet + hypersthene + biotite found with
more biotite scattered in garnet than in hypersthene.

R7346/J.P.B. 216
Location: Map Sheet South Savanna NW, PLD 70.
Lat. 02038'N, Long.59*50'W.
About one mile northeast of Raad Mountain.

Field Relations: Sample represents a large mass of pyroxene granofels
that has probably been emplaced as a mantled gneiss dome into the
Kanuku gneisses.

Description: Medium bluish grey, medium-grained, granulose pyroxene
granofels. In thin section consists of a fine-grained,extremely
granulose matrix surrounding unaltered larger grainas of potash feldspar,
plagioclase, and quartz (with myrmekitic borders in the larger grains).
The porphyroblasts are mainly potash feldspar and plagioclase that
show slight zoning but no undulose extinction. Biotite and hypersthene
occur together in mafic clots that show a faint gneissosity.

R7347/J.P.B. 300
Location: Map Sheet South Savanna NE, PLD 71.
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R7347/J.P.B. 300 (cont.):
Lat. 02*51'N, Long. 59*30'W.
South end of the Kurartau Mountains.

Field Relations: Same as for R7346/J.P.B. 216 but from a different
body.

Description: Medium bluish grey, medium-grained, granulose, pyroxene-
garnet granofels. In thin section the specimen is mineralogically
similar to R7346 but for grain size which is larger in this section.
There is less granulose intergranular matrix although the grains are
highly undulose. Mafic minerals are mainly hypersthene and biotite
and no garnet was observed. Potash feldspar mainly rod perthite
although some patch perthite was also found.



APPENDIX B

Collections of Charnockites and Pyroxene Granulites

with

Rapid Analyses (Quickies) for Rubidium and Strontium
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Charnockite from Msagali Charnockite Quarry and Vicinity, Tanzania

collected by Dr. J. V. Hepworth, Geological Survey of Uganda, 1967

M.I.T. # Field # Description

R7050 TZ163.llB dark blue-brown charnockite
(least affected by metamor-
phism)

R7051 TZ163.30J dark brown charnockite

R7052 TZ163.30R gneissose aplo-granite

R7053 TZ163.11E contact facies

R7054 TZ163.30N biotite gneiss

R7055 TZ163.llF biotite gneiss

R7056 TZ163.122 dark brown charnockite near
Mima, 30 miles west of
Msagali

R7057 TZ163.73 charnockite, 5 miles west
of Msagali

Rb

59

81

93

88

73

117

52

Sr Rb/Sr

478 0.123

475

278

365

188

240

229

0.171

0.335

0.241

0.388

0.488

0.227

67 504 0.133
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see: H.R.

M.I.T.#

R7058

R7059

R7060

R7061

R7062

R7063

R7064

R7065

R7066

R7067

R7068

R7069

R7070

R7071

R7072

R7073

R7074

R7075

R7076

Pyroxene Granulite from Westport, Ontario

collected by C.M. Spooner, 1967

Wynne-Edwards, Geological Survey of Canada Memoir

Field# Description Rb Sr

CMS-1 alaskite gneiss, 1/2 mile s 139 209
junction Hwy 42. Unit 8 of
Wynne-Edwards.

2 garnet amphibolite, 1/2 mile 11 136
south of locality 1

3 see map 106 298

4 charnockite (?) some 33 139
hornblendc'

5 charnockite + pyroxenite 18 345

6 fine-grained charnockite 44 484

7 granite gneiss, Unit 8 59 156

8 on Hwy north of Bedford, see 44 374
map

9 from east side of Hwy 62 151

10 from west side of Hwy 29 116

11 bluish quartzite (+ some 7 32
spidote)

12 charnockite (+ some biotite) 73 272

13 charnockitic gneiss 55 417

14 charnockitic gneiss 66 212

15 charnockite (+ biotite) 70 119

16 banded gneissic granite 84 258

17 banded biotite granite 51 41

18a hand specimen from same 55 70
outcrop as 17, note tourmaline

19a medium-fine grained biotite + 37 154
px(?) gneiss + quartzite bands
in same o/c

346.

Rb/Sr

0.665

0.081

0.356

0.237

0.052

0.091

0.378

0.118

0.411

0.250

0.219

0.268

0.132

0.311

0.588

0.326

1.244

0.786

0.240
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Westport, Ontario (cont.):

CMS

Rb

44

118

Sr Rb/Sr

165 0.267

782 0.151

M. I.T.#

R7077

R7078

R7079

R7080

R7081

R7082

R7083

R7084

R7085

R7086

R7087

R7088

R7089

R7090

R7091

R7092

R7093

R7094

R7095

Field# Description

-19b same location, about 10'
away as 19a

20 roadcut, area seems sheared
with bio on shear plane.
Biotite poor phase collected.

21 same location as CMS-20

22 dark granulite, minor
biotite

23 white granite, some epidote
in o/c

24 biotite schist

25 charnockite

26 biotite gneiss, on road to
Clear Lake

27 charnockitic granite

28 same as 27-note quartz

29 Clear Lake road, Unit 5
H.R.W.-E

30 pyroxene gneiss, some bio.
in thin layer 6" below

18b same locality as 18a

31 pyroxene granulite, Unit 8

32 Clear Lake road, px. granulite
Unit 8

33 pyroxene granulite

34 pyroxene granulite

35 hornblende, granite+sulphides

36 hornblende, granite+sulphides,
but less mafic material

394

252

99

539

551

99

0.084

0.190

0.556

0.033

0.013

0.626

92 116 0.793

110

298

267

0.300

0.124

0.056

6(?)

91

58 272 0.213

37 -pyroxene granulite

626 0.062

649 0.046

137 893 0.153

R7096 129



Westport, Ontario

M.I.T.#

R7097

R7098

R7099

R7100

R7101

R7102

R7103

R7104

R7105

R7106

R7107

R7108

R7109

R7110

R7111

R7112

R7113

R7114

Rb Sr Rb/Sr

133 171 0.778

17 76 0.224

Field# Description

CMS-38 quartz-feldspar gneiss, +
gt. Stop 13*

39(1) amphibolite, Stop 11, p.
77 for anal.

39(2) same outcrop as 39(1)

40 quartz-feldspar gneiss +
hyp(?) ("basement complex")

41(1) quartz-feldspar gneiss +
hyp(?) ("basement complex")

41(2) quartz-feldspar gneiss +
hyp(?) ("basement complex")

41(3) quartz-feldspar gneiss +

hyp(?) ("basement complex")

42 cordierite-sillimanite-garnet
gneiss (in axial plane of
syncline)

43 quartz-feldspar gneiss (minor
tourmaline)

44 chondrodite marble iear axial
plane in syncline

45 garnet-quartz-feldspar gneiss

46 hypersthene gneiss

47a garnet-hypersthene gneiss

47b Stop 4, MAC Guidebook

48 charnockite

49(1) charnockite

49(2) charnockite

49(3) charnockite

0.032

121 161 0.752

112 140 0.800

129 118 1.09

191 146

144

1.308

64 2.25

nd 373

15

73

103

125

123

73

116

63

254

176

162

185

176

142

46

0.287

0.585

0.772

0.665

0.415

0.817

1.370

*Stops designated in Mineralogical Association of Canada Guidebook, 1967.

-226-

(cont.):

21 649
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Pyroxene Granulite from Uganda

collected by H. W. Fairbairn, 1967

Labwor Hills:

M.I.T.# Field#

R6989 1

R6990 2

R6991 3

R6992 4

R6993 5

R6994 6

R6995 7

R6996 8

Kaabong:

R6997

R6998

R6999

R7000

R7001

R7002

R7003

R7004

Rakosi, S.W. Nile:

R7005 17

R7006 18

R7007 19

R7008 20

Description Rb

wx. fine-gn'd biotite gneiss 29

garnet gneiss 22

coarse grained gneiss 37

quartzo-feldspathic gneiss 117

highly wx. gneiss, secondary nd
bio.
wx. gneiss 55

medium grained hornblende 77
granite
wx. charnockite 11

hb (?) biotite granite gneiss 29

hornblende granite 22

biotite gneiss 33

biotite granite 213

rose colored biotite granite 187

biotite gneiss, slightly wx. 29

bio. gneiss, slightly rusted 18

biotite granite 11

coarse grained bio. granite 37
(chloritized)
quartzo-feldspathic gneiss 139

quartzo-feldspathic gneiss 108

granite gneiss 154

Sr

266

232

278

170

402

193

266

261

1377

1301

1543

181

231

240

1084

397

214

171

106

Rb/Sr

0.109

0.094

0.133

0.688

0.284

0.289

0.042

0.021

0.016

0.021

1.176

0.809

0.120

0.010

o.093

0.650

0.632

1.452
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Rakosi, S.W. Nile (cont.):

M.I.T.# Field# Description

R7009 21 sx. white gneiss

R7010 22 leucocratic gneiss

R7011 23 pink gneiss

R7012 24 pink gneiss

R7013 25 wx. biotite gneiss

R7014 26 coarse granite gneiss

R7015 27 wx. granite gneiss

R7016 28 rusted quartzite

R7017 -29 white granite gneiss

R7018 30 leucocratic gneiss

R7019 31 alaskitic gneiss

R7020 32 quartzo-feldspathic gneiss

R7021 33 pink granite

R7022 34 white quartzo-feldspathic

gneiss

Okollo S.W. Nile:

R7023 35 grey biotite gneiss

R7024 36 fine-grained mafic granulite

R7025 37 dark grey granulite

R7026 38 mafic gneissic granulite

R7027 39 charnockite

R7028 40 coarse-grained granite

R7029 41 granite gneiss

R7030 42 wx. biotite gneiss

R7031 43 mafic granulite

44 -mafic granulite

Rb

114

22

199

154

142

582

91

nd

82

346

425

267

330

187

83

12

47

31

30

232

196

47

35

Sr

296

233

95

37

481

29

499

nd

205

70

64

100

59

322

232

70

428

460

461

97

240

419

296

Rb/Sr

0.385

0.094

2.094

4.162

0.295

20.06

0.182

0.400

4.942

6.64

2.67

5.593

0.581

0.353

0.171

0.109

0.067

0.107

2.391

0.816

0.112

0.118

47 507 0.092R7032
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Okollo S.W. Nile (cont.):

M.I.T.# Field# Description

R7033 45 fine-medium grained quartzite

R7034 46

R7035 47 honey-colored quartzite

R7036 48 mafic granulite

R7037 49 honey-colored granulite

R7038 50 mafic granulite

R7039 51 medium-grlined granulite

R7040 52 mafic granulite

R7041 53 charnockite

R7042 54 mafic granulite

R7043 55 medium-grained grey gneiss

R7044 56 fine-grained gabbro

R7045 57 charnockite

R7046 58 coarse-grained biotite gneiss

R7047 59 biotite granite gneiss

R7048 60 biotite gneiss

R7049 61 charnockite

Rb

67

95

50

30

20

30

25

16

80

120

85

53

175

165

25

12

Sr Rb/Sr

448 0,149

335

537

629

617

422

658

466

575

586

741

403

228

167

652

392

0.283

0.093

0.047

0.032

0.071

0.037

0.034

0.139

0.204

0.114

0.132

0.767

0.988

0.038

0.031
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Charnockite from Kushalnagar Area, Mysore State, India

Longitude 750 56' 36" E, Latitude 12* 26' 45" N

collected by Dr. P.R.J. Naidu

The Mineralogical Institute, University of Mysore
Manasa Gangotri, Mysore 6, India

M.I.T.#

R7209

R7210

R7211

R7212

R7213

R7214

R7215

R7216

R7217

R7218

R7219

R7220

R7221

R7248

R7247

R7244

R7246

Sr Rb/Sr

188 0.053

249

255

349

122

166

122

72

0.040

0.039

0.029

0.082

0.060

0.082

0.139

Field# Description

AD/i charnockite (dyke)

AD/2 charnockite

AD/3 charnocki+p n

AD/7 charnockite

A-26 charnockite (Doddabettakeri)

A-85 charnockite (Dindghad)

A-95 charnockite (Chikkamarahalli)

A-110 charnockite (Kudige-Kanive)

A-ll5 charnockite (Kanive Hill,
left)

A-117 charnockite (Kanive-Jainkal
Betta)

A-121 charnockite (Marur)

A-124 charnockite (Kanive Temple
Hill, right)

A-126 charnockite (Hulse)

A-142 charnockite (near Adinadur
Tribal Colony)

A-143 garnetiferous charnockite
(Doddakamarahalli)

A-148 charnockite (Cauvery River
bed, Hulse)

A-150 charnockite (Cauvery River
bed, Shanbhoganahalli)

123 0.081

127 0.079

216 0.046

248 0.032

11 81 0.041

16 184 0.087

10 162 0.062

10 188 0.053
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Charnockite from Ooty, Madras State, India

Longitude 76* 40' E, Latitude 11* 30' N

collected by Dr. P.R.J. Naidu

The Mineralogical Institute, University of Mysore

Manasa Gangotri, Mysore 6, India

M.I.T.# Field#

R7245

R7249

R7250

AS-6

AS-8

AS-9

Description

Charnockite-(garnetiferous)

intermediate gneissic
charnockite

charnockite in contact with

gneiss

Rb Sr Rb/Sr

10 108 0.09

48 575 0.083

10 1070 0.009
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Charnockite from Mettupalaiyam, Coimbatore District,

Madras State, India

Longitude 76* 40' E, Latitude 11* 15' N

collected by Dr. P.R.J. Naidu

The Mineralogical Institute, University of Mysore

Manasa Gangotri, Mysore 6, India

Description

CR-92

CR-84

R7208 CR-13

Charnockite

Charnockite

Charnockite

Rb Sr Rb/Sr

10 160 0.063

10 355 0.028

10 116 0.086

R7206

R7207

M.I.T.# Field#
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.Charnockite from Pallavaram (type area), Madras State, India

Longitude 80* 10' E, Latitude.12* 55' N

collected by Dr. P.R.J. Naidu
The Mineralogical Institute, University of Mysore

Manasa Gangotri, Mysore 6, India

M.I.T.# Field# Description Rb Sr. Rb/Sr

AS-12 Basic charnockite (St. Thomas 157
Mount)

AS-1 Leptynite (Rifle Range)

AS-2 coarse-grained charnockite 173
(intermediate) Cherimali

AS-3 Charnockite with calc- 10
granulite vein, Trisul

AS-4 basic charnockite (hb-bio 8
rich) Pammal

AS-5 basic charnockite (hb-bio 73
rich) Thattangannu

AS-7 basic charnockite (hb rich) 11

AS-10 basic charnockite (biotite 132
rich)

AS-ll charnockite-leptynite contact 186
rock

108 1.460

649 0.267

143 0.070

161 0.050

279 0.262

89 0.128

636 0.208

649 0.287

R7205

R7222

R7223

R7238

R7239

R7240

R7241

R7242

R7243
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Charnockite from Salem Area, Madras State, India

collected by Dr. S. Subramanian, Government College, Salem 7,

M.I.T.#

R7176

R7177

R7178

R7179

R7180

R7181

R7182

R7330

R7331

R7332

R7333

R7334

R7335

R7336

R7337

Madras, India

Field# Description

1 medium-grained acid char-
nockite

2 medium-grained acid char-
nockite with basic segre-
gation

3 medium-grained acid char-
nockite and garnetiferous
basic charnockite

4 metabasic variety of char-
nockite 1,2,3,4 collected
from same o/c

5 garnetiferous charnockite

6 charnockite pegmatite

7 coarse-grained acid char-
nockite

8 medium-grained acid char-
nockite

9 fine-grained acid char-
nockite

10 fine-grained acid charnockite
with pseudotachylite, 8,9,10
colledted from same o/c

11 basic segregation with pyrite

12 coarse-grained charnockite

13 basic charnockite with garnet

14 norite

15 leptynite

102 0.127

10 205

40 490

10 690

6 744

nd 150

0.049

0.082

0.014

0.008

Specimens 1 to 6 collected west of Karuppur; specimens 7 to 13 collected
in the hilly region northeast of Dasinayakkanpatt:. Specimens 14 and
15 collected west of. Nagari Malai.

Rb Sr Rb/Sr

nd 144 -----

43 484 0.089

39 358 0.109

nd 266 -----

71 298 0.238

nd 591 -----

15 342 0.044

15 560 0.027
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Granulite Specimens from North East Tanzania

submitted by

Dr. J. V. Hepworth, Institute of Geological Sciences,
London

M.I.T.# Field #

Para Mountains, Sheet

R7224 73/1

R7225

R7226

R7228

R7229

R7230

Labor

R7231

R7232

R7233

R7234

R7235

R7236

R7237

Description

73:

Pyroxene granulite, dark-
waxy lustre

Leucocratic granulite

"Stripped pyroxene granu-
lite" with local anataxis,
incipient agmatite

Pyroxene granulite

"Leucocratic granitic
rock in the granulites.
No distinctive granulite
character and may be intru-
sive granite but [I am]
fairly certain it is a
granulitic member".

"Dark blue" granulite

Rb Sr Rb/Sr

6 890 0.007

187 0.332

711 0.031

5.5 486 0.011

86 125 0.69

26 133 0.195

73/2

73/6

73/11

73/14

73/15

Serrit Area:

86/24

86/25

86/27

86/29

86/31

86/32

86/37

0.014

0.047

0.25

0.029

0.024

Dark colored pyroxene 15 1046
granulite

Pegmatoid vein with garnet 37 784

Leucocratic granulite, 95 380
cataclastic texture

"Dark blue" pyroxene
granulite

Mylonite among granulites 37 1291
"I (J.V.H.) think this is
cotectonic".

Nearly ultrabasic granu- 11 466
lite, but amphibolite in
thin section.

Marble with graphite (phlog-
opite and scapolite?) nd 134
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Charnockites from the Kanuku Complex, Guyana, South America

submitted by J.P. Berrange

Exact locations and detailed descriptions are given in the text
and in Appendix A.

M.I.T.# Field# Description Rb Sr Rb/Sr

biotite-hypersthene charnockite 43
JPB-156 common in Kanuku Complex 34

R7341/a
R7341/b JPB-157

Same location as R7340

R7342/a biotite-hypersthene charnock-
R7342/b JPB-157 ite with plagioclase mega-

crysts.

R7343/a
R7343/b JPB-157

same as R7342

40 200 0.200
56 181 0.309

43 245 0.176
46 250 0.184

37 243 0.152
37 248 0.149

R7344/a biotite-garnet gneiss, common
R7344/b JPB-177 to Kanuku Complex
R7344/c

R7345/a same as R7344
R7345/b JPB-177
R7345/c

R7346/a
R7346/b

R7347/a

pyroxene granofels, probably
JPB-216 a mantled gneiss dome intruded

into Kanuku Complex

Same as R7346 but from a
R7347/b JPB-300 different body

50 200 0.250
62 203 0.305
37 205 0.180

115 162 0.710
87 131 0.664
99 162 0.611

143 195 0.733
127 205 0.620

19 210 0.090
19 198 0.096

R7340/a
R7340/b

226
195

0.162
0.174
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Charnockitic Rocks from Indian Lake, Blue Mountain Lake,

and West Canada Lake Quadrangles

submitted by Dr. D. DeWaard, Syracuse University, New York

M.I.T.# Field# Description Rb Sr Rb/Sr

1=W-15 (a)

l=W-15 (b)

light medium-grained pyro- 102
xene granulite

darker than R7320, but same 71
grain size

5=2(a) dark green banded granulite 60
(sawn pieces)

5=2(b) dark green banded granulite 98
(sawn pieces)

5=2(c) dark green banded granulite 187
(sawn pieces)

5=2(d) dark green banded granulite 156
(sawn pieces)

3=W-126(a) light colored pyroxene 92
granulite

3=W-126(b) darker but same type 23

2=W-142 pyroxene granulite 35

350 0.29

224 0.317

230 0.261

287 0.341

333 0.562

333 0.468

325 0.283

331 0.07

287 0.123

R7320

R7321

R7322

R7323

R7324

R7325

R7326

R7327

R7328

R7329 2=W-124 banded pyroxene granulite 60 501 0.120
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Charnockite from Crane Mountain, New York

collected by Dr. P. R. Whitney

Rensselaer Polytechnic Institute, Troy, New York

Field#

ACS-40

41

42

43

44a

44b

45

46

47

48a

48b

Description

This suite forms two distinct
megascopic groups - "light"
and "darkt ; the latter being
somewhat coarser in texture.

In the light group are 40, 41,
43, 44a, 44b, and in the dark:
42, 45, 46, 47, 48a, 48b.

Additional information is
given in the text (Ch.III)

Rb Sr

218 136

214 106

136 170

181 177

172 174

153 153

121 190

114 189

110 192

110 211

123 186

Rb/Sr

1.603

2.019

0.800

1.023

0.989

1.000

0.637

0.603

0.573

0.521

0.661

M.I.T.#

R7120

R7121

R7122

R7123

R7124

R7125

R7126

R7127

R7128

R7129

R7130
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Charnockite from Indian Lake, New York

collected by C.M. Spooner, 1967

M.I.T.# Field#

R7115 CMS-50

R7116

R7117

R7118

R7119

Description

Mangerite-Charnockite, near
bench mark, and 50' north,
route 30

51 north of spec. locality 50,
near bench mark, charnockite
gneiss

52 east side of route 30,
charnockite

53 east side of route 30,
charnockite

54 west of route 30, charnockite

Rb Sr Rb/Sr

52 233 0.233

54 488 0.111

72 283 0.254

69 345 0.200

58 289 0.201



APPENDIX C

IBM/OS 360 Program for Least Squares Regression

(after York, 1966)
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$JOE H#10,PAGE S 100
,V(50), P (50),0

,Q( I), I=1,N)
E15.5<<

(50),tW(50),SQW( 50),1

2
3-
4
5

8
9
10
11
12
13
14

16

17
18
19
20
21_
22
23
24
25
26
27

28
29
30
31
32
33
34
35
36
3T7
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

SLOPEB=COA+2.0*SQRT(COA**2-COB)*COS(UPHI+6.283185)/
SLOPEC=CDA+2.0*SQRT(COA**2-COB)*COS((PHI+12.56637)/
GO rO 30

10 A=3.0*(COB-COA**2)
C=-2.0*(COA**3)+3.0*COA*COB-COC
Z=(-C/2.0+SQRT((C**2)/4.0+(A**3)/27.0))**(1.0/3.0)
T=(-C/2.0-SORT((C**2)/4.0+(A**3)/27.0))**(1.0/3.0)
SLOPEA=Z+T+COA
SLOPEB=0. 00000000
SLOP EC= 0. 00000000

30 AINT=Y BAR-SLOPEA*X BAR
BINT=YBAR-SLOPEf3*XBAR
CINT=Y BAR-SLOP E C *XfBAR
DO 31 I=1,N 

3.0)
3.0)

SPOONER,KP#26, T IME
DI MENSION X(50) Y (50) ,J(50)

1ZESX( 50),RESY( 50)
REAO(5,1 )B,N (X( I ),Y( I ),P( I
FORMAT( F15. 8, 1 10/%2F15.7,2
SUMW=0.
SUMA-0.
SUMB=0.

SUMD=0.

10

2

3

4

6

7

8
9-

SUME=0.
SUMS=0.
SUMT=0.
XBAR=0.
YBAR=0.
DO 2 I=1,N

SQW(I)=W(I)**2
SUMW=SUMW+W( I)
DO 3 I=l,N
XBAR=XBAR+W(I)*X(I)/SUMW
YBAR=YBAR+W(I)*Y(I)/SUMW -
DO 4 1=1,N
U(I)=X(I)-XBAR
V(I)=Y(H-YbAR
SUMA=SUMA+SQW( I )*( Ul I )**2) /P( I)
SUMB=SUMB+SQW(I)*U(I)*V()/P(I)
SUMC=SUMC+SQW(I)*(V(f)**2)/P(1)
SUMD=SUMD+W( I )U( I)**2)
SUME=SUME+W(I)*U(I)*'V(I)
COA=0. 6666667*SUMB/SUMA
COB=(SUMC--SUMD)/ (3 .0'SUMA)
COC=-SUME/SUMA
CPHI=(COA**3-1.5*COA'*COB+0.5*COC)/(COA**2-COB)* -1.5

_IF(CPHI**2-1.0)6,6,10
ALPHA= (SQRT ( 1. 0-CPHI*'2)) /CPHI
IF (-ALPHA) 7, 7 ,8
PHI=ATAN(ALPHA)
GO TO 9
PHI=3. 1415927+ATAN( ALPHA)
SLOPEA=COA+2.0*SQRT(COA**2-COB)*COS(PHI/3.0)



54 SUMS=SUMS+W(I)*(SLOPEC*U()-V(I))**2
55 SUMT=SUMT+W(I)*(X(I)**2)
56' RESX(T)=-(SLOPEC)*W(I)*(CLNT+SLOPEC*X(I)-Y(T))/(P( I)*X ( I))
57 31 RESY(I)=W(I)*(CINT+SL PEC*X(T )-Y~(I))/(Q(I)*Y(I))
58 A-AN=N

- 59 SIGMAB=SQRT (SUMS/ t( AN-2.0) *SUMD) )
' . 6 0 .- SIGMAA=SIGMAB*SQRT (SUMT/SUMW) -

61 WRITE(6,5)SLOPEAAINTSLOPEBBINTSLOPECCINTXBAR,YBARSIGMAA,
IS I GMAB, B

62 --,- 5 FORMAT(l0X, 8HSLOPEA# ,F5l'.8,5X,6HAINT# ,F15.8//10X, 8HSLOPEB# ,
1F15.8, 5X,6HBINT# , F15.8//10X,8H SLOPEC# ,F15.8,5X,6HCINT# ,F15.8//
210X, 8H XBAR# ,F15.8,5X,6HYBAR# ,F15.8//l0X, 8HSIGMAA# ,F15.8,
33X, 8HSIGMAB# ,F15.8//lOX, 8H B# ,F15.8<

63 WRITE(6,20)(RESX(I),RESY(I), =1,N)
64 20 FORMAT(1OX,28HRESX RESY//%9X, F11.8, 13X, F11. 8<<

65 WRITF(6,21)X( I) ,P( I ),Y(I) ,( ~1),I=1,N)
1 66 21 FORMAT(56H X P Y

1/%F 15.7,2X,E15.5,2X,F15.7,2X,E15.5<
67 AGE=ALOG(1.0+SLOPEC)*1.OE11/1.39
68 ERAGE=(AGE*SIGMAB)/SLOPEC

69 WRITE(6,29)

70 WRITE(6,35) AGEERAGE
71 29 FORMAT(10X,2AGE AND ERROR IN AGE FOR LAMBDA#1.39 X10E-1 1@<
72 35 FORMAT(10X, 5HAGF= ,E14.6,12X,7HERAGE= ,E12.4)

*WAR NING** CC-6
73 WRITE(6,99)
74 99 FORMATIlH1<
75 GO TO 100
76 END



APPENDIX D

IBM/OS 360 Program for C.I.P.W. Norm Calculation
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$JcUt LUTHKP=29,TIiAE=10,PAGES=20
C CIPw NORM-DINESS AND LUTH-REVISED MAR 6/68 6Y C. M. SPOONER,M.I.T.
C DATA CARD SPECIFICATONS COLUMNS
C 1. 2A5 ID CHARACTERS FOR IDENTIFICATION 1-IC
C 12 2 CHAR. IF NA CARB CALC (NA) 11-12
C 12 2 CHAR. IF CA CARB TO BE CALC. (ICV 13-14
C 11F6.3 S1O2,AL2U3,FE203,FEOMGO,CAONA2OK20,TIO2,P205,MNO
C 2. 12Fb.3 ZR02,C02,S03 ,C L,F , 5,CR203,NIOCOOBAOSROLI20
C THd NORM CALCULATED IS THE ORIGINAL CIPW NORM MODIFIED ONLY IN THAT
C L120 IS ADDED TO MGO AND THENARDITE IS CALC WHEN S03 REPORTED
C THE MGO/FLO RAFILU IN THE DIOPSIDEHYPERSTHENE AND OLIVINE IS PRINTED.
C AS A SEPARATE SUBROUTINE ARE REPORD
C 1. A6/AB+OR+QtR/Ab+R+Q ,Q/AB+OR+Q
C 2. AB/Ai+OR+AN..ETC.~
C 3. (-C) THE WEIGHT AMOUNT OF AL203 REQUIRED TO FORM AL203
C SATURATED NDRMATIVE~ MINERALS FROM~ACMTTEiNAMS K-M5 DIOPSIDE,
C WOLLASTONITLAND CA US.
C 4. ABORLCNEKALIOPHYLLITE,~ ANU~T4ARE ECALC. TO NEKSiAND Q
C FURTHER RECALCJLAIEU TO 1.000 AND PRINTED
C 59 OLPX, -AND FP ARE CA-CAS~F-ULTWS
C A. OL= (CA OS + DL) NORMATIVE
C i. PYROXENE = ( ACMTTE~+DTTNW~FHIYPERTHETME) NORMATIVE
C C. FELUSPAR = (AB + OR + AN)
S D THESE 5EARE E
C THE OXIDATION RATIO ( CHINNER, J. PET.,1960) IS CALC AND PRINTED
C THE DIFFERENTIATTUN~iDEX~T~THRN TUN AND~TUTTUETS CALC AND PRINTED
C CIPW NORM CALCULATION MAIN PROGRAMME

DIMENS ON N-( 2)

2 COMMON NNA,IC,SIOALOFEU3,FEO2,AMGOCAO,ANAOAKO,TIU,POAMNOZRO
TCOUL CLIF~CRDTYANTUTDCSROTYATUT EOTFE O 31 , FE0 21LAMGOl iCAO,
2ANAUI, AKO1, TIOl ,POIAMNOI, LROItCO, SOl, CL 1, Fl, Sl, CR01, AN101,1COO,
3SROliALfOlAPHLTHPRTCt4,AILFRANCTCC Lt3RAKS- Ab ,ANC , AC, ANSIAM
4THMSPRU,R,SSSSlHYAMWDIAMWHY,AMWOL,WO,DI,OL,SIOCPFANE,ABI,

-- 5oRT C , MLT-LECSAT~E~G5aMi~CTSI BA O , AKP Q , SUM, CD I,
6B,8A8,UBRCQCNECKP,DWDNEDKPDCACDCNSDCKSDCDIDCWODCCSDC,

3 1 CALL AGESS
4 ~ IF CN(2TY22222222

5 2 CALL FELD

6 CALL FERU
7 IF(SIOl-SIUCl)73,1118,1118
8 7YCALL DE
9 1118 SUM= SIu+ALO+FE03+AMGO+CAO+ANAO+AKU+TIO+PO+AMNO+LRO+CO+SD+

1CL+F+CRD+ANOC0+iAUSROUTf+FUZ 1a -"-

10 SALG=4+C+L+0R+AB+AN+ALC+ANE+AKP+HL+TH+ANC
11, FEMG=AC+ANS +AKS+DIi-WO+HV+OL+CS+AMT+CM+HM+AILSP+PF+RU+AP+FR*

lPRl+CC
12 CDI=Q+0R+Ab+ANEAKP ALC ~
13 CALL CALC
14 CALL PR--
15 3j33 GO TO I
1o 2222 STOP ~
17 END
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18 SUBkUUTINE ALLSS
19, D[MLNSION N(2)

20CtLi* UN CJNAICSiUALOJPfE3FLJ2AMUA0ANAOAK0,TIUP(JAMNUPlRL-
1,COCLF,S,LROANIOCOOSROtALIOSIOIALULFE03LFED2lAMGOICAOII
ANqAUil AKLJI~iJiPt)l, AMN(J1, LROI ,(,PUI,50,CLitI, 1Sli CR01, AN 101,COOl,
3SRO1,PALJ1,iAPHLtT1,PRtCMAlLtFRtANCpCCZ~tdRAKStABtANCtACANSA
41,HMSPtRUtRSSSSiHYAMWUIAMiYAMWULtnOV1,ULSIOCPFAEABl,
50R1,CStDI1#0LtALC,SAL,FEMGALCLSOSIOCIBAOBAOlAKPQSJMCDI,

7UAb ,DORtiANtFPY ,F CLtFF3, 'SFPY PSFOL, SFFS RAT 1
21 READ(5p1J N(14 ,N(2JNAICSIUALtFLU3,FE02,AMGLJCAOANAOAKOTiQ,

IPUtAMNCJ,ZRCJCO, SOUCLtF ,S ,CRO#ANIGCOOBAO, SROUtALIO0
22 1 I-ORMAT (ZA5t212,111-6.0,/12F6.0)
23 IF (N(2)) 2222,2222,2221
24 2222 STOP
25 2221Si 1 S OO~~
26 AL~l1=ALU/1C2,
27 FEL3IFE03/160....
28 FEO21=FfLU2/72.
29 IF(FE031) -500,50-C'#501.....------------- . .-.

30 501 RATIOJ=(2.*F-EO31/(2,*FEU3i+FL021)J*100.
31 500 CONTINUE'
32 AMGOI=AMGO/40.
33 CO=A16
34 ANAOI=ANAO/62.

36 TP01=110f180.

38 AMNLUl=AMNL/71.

40 COI=CO/44.

42 CL1=CL/71. __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _

44 SI=S/,32.

46 ANIUI=ANIL/75.

48 BAO1=a3A/ 15 3. 5 ____________

4'9 -- SQO=Sau0/1UC3.*57--
50U ALLOI=ALI.O/30.

52 CAOICLAUl+SROI+8AUI
53- AMG 1 =At1iGO1I 1------------------. --

54 IF (POI-.0021 3,3,4 _____

5b 141 AP=PUI*310.
57CA1AI3*PI-.
58 GO TO 5
59 142 AP=PO1*336.-9-------------------
60 CA01= LA01-3,3333*POI
61 F=1.33P1 --.--. __

62 GO TO 5

64 5 IF (CLI-,0021 6,6,7
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5S b HL=U.
66 O 8
67 7 HL=Z.*CLI*117.
68 ANA01=ANAO1-CLl
b9 ci IF( Sul-.C02 )9,9t IC
7C 10 TH=SOI*1ct2.
71 ANAOI=ANAOI-SUI
72 GO TO 11
73 9 THC.
74 11 IFIS1-.002) 1242t13
75 13 PRSI*60.
76 FLU4.1FLOZ1-.5*Sl' ----
77 GO 10 14
76 12 PR=O. --

19 14 IF(CROI-.002) 15915116
80 16 fM=CRO1*224.
81 F-E021=I-LU21-CRUI
82 GO TO 17
d83 15 CM=0.
84 17 1F(TIU1-.002) 18,18 1
85 18 AILO.
86 GO TO 20
87 19 IF(FEIJ2I-1101121,22,22
88 21
89 TIUI=TIOL-FE02I
90FE0210

91 TO20
92 22 AIL=T111
93 FEUZIFE021-TIO1

_94
95 20 IF(FI-.002) 23,23,24
96 23F
97 GO TO 25

99 LAO=LAOI-FI
1001u~O 25 'IF(N )2 62T
101 27 ANCCUi*1Ob.
102 ANAO- --
103 C0___
-104--O T -28
105 26 ANG=O.
106- ICA 29t29Y1r
107 30 CC=COi*100.
108 -- CO1CUC1

109 GO 'O 28
110 29 CC=-
ill 28 IF(LRUI-0.002)3lt31,32
112 31 Z=O -

Iii 6U IL) 33
114 32 Z= ZRO 1 183--
115 33 RETURN
116- END2
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117 SUdJUIINE FELD
118 DIMENSION N12)
119 LUM~1iION NtNAILC ,SiOALUFEU3,1-E02,AMGUCAOANAOAKOTLOPUA1NO,tRC

1, CU CLF ,S CRO ,ANlUCOU, SRO, AL 10,SIO19,ALUl, FE03lFE021,AMGOL,?COI
2ANAU1,AKU1ITIU,k'UIAMI'dJ1,LRU1,Cu1,su1,CLIpF-1,S1,CRUjMNI~lCgj~j
3SRU1,ALIU1,APiLTiiPRj,CMAILFRAN4CCCZURAKStAB,ANCACANSAi'
41 ,HM, SP RUP ,SS, SSiHY AMW tiAMWHY ,AM ,ULWODiUL, SILG, ,ANEAbli

501<1CStD11,OLItALCSALGFEMGtALC1,SUSIOCItBAO,$AOIAKPQSUMtCDl,

7048 ,DORtDAN ,FPYtFOL ,FFS, SFPYSFOL ,SFFS ,RATlO
120 33 IF(AKUI-.0Gj2334,34r35
121 34 OR=0.
122 AKS=C.
123 GO TO 36
124 35 Ii(ALUi-AKUII 31,37,38
125 37 URALOl*556- -

126 AKS=(AKOI-ALUIJ*154,
127 AL01=0.
128 GO TU 3u
129 38 AK S=O0. - - - -----

130 OR=AKOI*556,
131 ALO1=ALOI-AKOF
132 36 IF(ALUI-*002) 39,39#40
133 - 40 I(ALO1-AUAU1) 4 t--
134 41 ALIALOI*524.
135 -- ANIA01-= AWAU1Y-AUU -----------------------------------------------
136 AN=O.
137 - =G

138 GO TO 49
13-9- -'- -42- AB=ANAO *27-----------------------
140 ALOI=ALUI-ANAO1
142- ANAl=0)*

1'*2 IF(ALUI-.0L2) 43,43#44____
3 -43

144
145 ~~-46 -- AC'=0 ------------------------------

146 ANS=G.

148 44 IF(ALO1-CAO1) 47,47,48
149- 47A&=ALU1*2
150 GAUI=GAUi-ALOI

152 GO TO 46
153 48 AN=CAO*278.-
154 C=(ALUI-CAOlJ*102.
155 0401=0._
156 GO TO 4b
157 39 At3=O. -

158 AN=Go
159 C=o.
160 49 IF(FLU3I-*0021 500,51

I C)l 51 IF(FEO31-ALNAG) 521t,521-t5311
162 531 AC=ANAU*4b2*
163 FE03I=FEU3i-ANA0-
164 ANS=C.



15 ANA1O=0.
166 GO TO 45 ~

b7 521 AC=FkU31*462.

168 ANAO1=ANAOTlFEO3T-
1b9 FE031=0.
170 A NS= AUl*i22. ~~ ~~~ ~-~~-~ -~~ ~~~~ -~ -~~~

171 GO TO 45
172 ~ 5Q ANS~ Ai4AUT*T2~.--~-~~~--~~~ -- ~-~~-~--~-~ - ~-- ~-~-~--~~~ ~

173 AC=C.
174 ANAO1=0.
175 45 IF(FE031-.002) 54,54,55
176 54 AMT=0.
177 HM=0.
178 GO T O ~ ~5Y ~~~~ ~~~~~~~~~~ ~~~--------------------------------------

179 55 IF(FE021-FEO31)57,58,58
180 ~ S7 AMT=FEU21*232.
181 HM=(Fk031-FEO21)*160.

- T 82 FEU 2 1 =-0 _ .--- ~~~---~--~--~---~~--~---~- -~- -~

183 Go TO 56
184 3_ 58 AMT=FE031232 -----------------------------------------------------
185 HM=0.

1 86 ~ FEU,2 1=FE21FE031~
187 56 IFICAO-.002)581,581,571
1.88 71 I F(TiCAUI -~---,--~,~5~9

189 59 SP=CAOI*196.
1E90 63 RVUTIDAT-~CK1T*6J.
191 CAOl=0.

192 GD TO 64
193 60 SP=TIUL*196.
T94 iU=~D~.
195 CAUI=CAOI-TIO1
T96~ ~ ~GU~T ~6 ~~ ~ ~~~ ~
197 581 SP=0.

1F T1T u1-.002) 62,62,63
199 62 RU=O.
--U---------__ _A01--------------------------------------------------------------------
201 GO TO 64
T-T-~64--ETRT-------------------------------------
203 END

-------------------------------------------------------- . ..---------- i----

----------------------------------------------



~-249-.

204 SUBROUTINE FERU
205 DIMENSION N(2)-~
206 CUMMON NNAIC,SLU,ALOFE03,FEU2,AMGCAUANAUAKOTIO,POAMNOZRU

- iCOtCF CRTANTDCosRU,A L 1, 5101TA1iE31;FE021,KMG01.,CAol1,
2ANAU1,AKUITI01,PUlAMNOILRUICISO1,CL1,Fi,SICR01,ANIOICOO,

~3SRUlTALl-IriAP iHLiTFi PR- CM~TA1UFR TANC ,CC, Z , OR.IAKS ,A B,~AN ,-CTA G ANS- A M
4THMSPRU,R,SSSS1,HYAMWDIAMWHYAMWUL,W0,DI,OLSIOCPFANEABi,

SDRSD5~,UT AU-TSAUGFEMGA LCL So!5IUICT-B-AIBA IIK PiQiSUM; CDI,
6bQ,BABbOR,CQCNECKPDQLNEDKPDCAC,DCNSLCKSDCDIDCwODCCSDCt

~~ 7D-ABDOR DAN iFP Y ,FOU'iFFSTSFPYTSfOETSFF StRAT IU
207 64 IF(AMGO1-.002)643,643,644
208 644 R=AMGU7FE02~ ------------------- ~--~~~~~--~

209 IF(FE021) 641,641,642
=206~. - ~~~~~~~ ~~~~----------------------------------------
211 AMWHY=lOO.

-212 .AMWDL=140.
213 F1=-1.
214 -~~S3= MGUT-- ~~~- ~~- ~~-~-~-~- ~~~- ~~~- ~~-~- ~~~-~~~~~~~~~ -~-~-~-~~ -~-~~
215 GO TO 645
216 -43 A KWD-2 -------------------------------------------------------
217 AMWHY=132.
218 Fl=-2.
219 SS=FE021

- 220 ~N OT.=2UC4.~ ~~ ~ ~~ ~ ~ ~ ~~~ ~ ~~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

221 GO TO 645
22?- -~~--2- -D I--6~4~T/T
223 AMWHY=(40.*R+72.)/(R+1.I+60.

-224 AMWL=2.*(40.*R+/2./ (R+*.)+ 60.
225 Fl=0.
2 ~~~~~ ~33 AKKG~f ~FE-1I ~ ~ ~ ~ ~21~ ~~ ~~
227 645 IF(CAOI-.002) 66,66,65

~--------7 (EC&DT---S16T,6T ~~---------------------------------------- -
229 67 DI=SS*AMWDI

23T HY=0.
231 SSl=0.

~232-------------------
233 WO=CAUI*11b.

34~--~T~~6-------------
235 68 DI=CAUI*AMWDI

237 HY=SS1*AMwHY
2- - - - - --- --- -- --- -- ------ -- -- --- -- --- --

239 WO=O.
24~~~TO~-------------------------------------------------------
241 66 WO=0.

243 60 TO 671
~244 69~3 l0C =Z7T[83~.+5PI67i4~. -*K46.K5T~-~A5T2F.DRT5.+ *

18/524.+2.*AN/278.+2.*V1/AMWUI+WU/116.+HY/AMWHY
.3TS IOC~TTD~ ~~

246 71 IF(SIO1-SIOCl)73,72,72
24T/2 Q( SI 01-S.CT)**60G

248 OL=G.
249 -- - - -P F=U.-- ~~-~-~-~-~~-~~-~~-~~-~~~-~~~-~-~~~-~-~~-~
250 ANE=O.



251. ALC=O.
252 CS=O.
253 AKPC ___ 

__

254 ~73 RETURN

-- - - - - -- - - - - - ----------------

------------------------------------------------------

----------- -------------------- -- --

K~-------------------------------------------------------------------------------------

--- ------

-------------------------------------------------------------------

--------------------------------------------- ---------------------

------------------------------------------------ --- --------------

--------------------------------------------------------------------------- 
---------

-------------------------------------------------------------------

--------- -------------------------.------

-------------------------------------



256

259
260
261
262
263
264
2b5
266
2b7
268
269
27C
2 11
272
213
274
275
276
277
278
279
280
281

___282

283
284
285
2b6
281

28t)

290
291
292
293
294
295
296
297
298
299
306x~
301
302
J3
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SUORUIINE ULF
DiA4LNSIUN N12)

1,COCLFSCRUANIOtCOOSROALIOSIOIALOLFE031,FEO2IAMGO1,CAUi,
2ANAUI ,MKUI, TIGI, P01,AMNUI,#LRUI, COl, 501,CLItF 1,SI, CR01, ANitIICO
3SROltALL(JlAP,iLtTHPRCMfA1LFRANCCCLLORAKSA3,ANCACANSAM
41,HAtSPJRPSSSSIHYAMvUiiAMHYAMULWUDI,(JLSlC,PFANEAdj,
50RiPLSPiDIlOL1tALCiSALGPFEAVGtALCIPSOtSIOClrbAOBAOAKPtQSU1,C)l,
66QUAO),BUkCQLNlCKPULt,0NEDKPDCACUCNSDCKSDD,DCAODCCSUCI
70A8,DORDAN ,FPY ,FOL ,FFS ,SFPYtSFOLSFFS, RAT[0

73 w=C.
SI0Cl=SIOC1-HY/AiAWHY
IF(,',')UI-SIUC ) 74t 75t 75

75 IFlSIUIl-SI0C1-.5*SS1) 14,74,7T6'________
76 HY1=(2,*(SIOl-SIOJ-SS1)*A4WHY

0L=(SSI-H-Yl/A?*HY)*AMWOL/2,
HY=H-YI
60 TO 1113-

74 HY=C.
OL=SS 1*A'IMWOLI2-*-
PF=13b.'*SP/ 196.

IF(SIOI.-SIOCi) 77,77,78
78 I F ( S I 01-Si O]2~* ~ 5 4 T T 9 9
79 Atbl=((SIOI-SIOCI--2.*AL/524.)/4.)*524.__

ANE= (AB/524-A12427-__
AB3=AB3I
-- O TO 11 L5-----

77 ANL=(AL3/524.)*284.

SIUCi=SIQc1-6.*UR/556.+2.*ANE/284. ____ ___

81 IH(SIO1-SI0L1-4.*,LiR/556.) 50,82,82
82 0 R1 I(S10 1- SI GC 1-4 ** 0R /55 6V~-----

ALC (OR/Sib .-UR 1/556.1*436.
-0R = 0R 14*5 5 6.

Gd 10 1116 __ __ ___

80 ~ALC=4 36. *o-R/5
UR=O.
S I C 1=S1 6CT-i/I.+.*LC4
IF(.SIUI-SI0C1I 83,53,841

WO=(WO/ 116.- (2. *CS/ 172 )*A*11-6 ----

GO) 10 1117
b3 SI0C1=S1UC1-2_.*0I/AMwiDI
86 DI1=(2.*(SIU1-SIUCli-9I/AMWDI-(OI/AMWDI+WO/116,) )/2.

0L1=1 (DI/AiWD'I-OD1)12,*MCL-'-

CS=CS*i72. ---
1A=2.*a)11+2.*LS/172.+2.*OL1/AMwtJL-2.*(SIO1-SI0C1)
I F (ZA) 87,P87,t85'

87 UL=ULe-OLI
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364 WO=c.
305 UI=DII*AMWUI
306 GO TO 1117
307 85 UL=UL+AMWGL*01/(2.*AMWDI)
306 CS=172.*D1/(2.*AMw1vU) + 172.*wU/12.*116.)
309 DI=0.
310 WO=U.
311 SIUCI=L/183.+4.*AC/462.+AKS/154.+ANS/122.+2.*AN/278.+UL/AMWOL+

ICS/172.+2.*ANE/284.
312 SIOC1=SIOl-SIJC1
313 ALC1=((SIOGI-2.*ALC/436.)/2.)*436.
314 AKP=U(4.*ALC/t36.-SIUC1)/2. )*256.
315 ALL=ALLI
316 G 10 1118
317 1113 PF=0.
318 1114 ANE=G.
319 1115 ALC=0.
320 1116 GS=0.
321 1117 AKP=0.
322 1118 RE1URN
323 END
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324
325
326

327
328
329
330
331
332
333
334
335
33t)
337
336
339
340
341
342
343
344
345

"346--
347
34-8
349
350
351
352-
353

SUUkOUTINE LALC
ULMENSION N(2)

LUMMUN NtilAtICYSIOPALUtFEUJtFL02tAMGUPCA09ANAUFAKUPTIOPPOPAMNUPZRL)
ipCUtCLtFpStCRI],ANIOPCOOSROtALIOPSIOltALOIPFE03liFE02ltAMGOltCAOit
2Ai AtiltAKUIPT[UiiljUirAIINOIPLRUIPLUiPSUIrCLItFItSItCRUIPAN10itcoolt
3SROltALIUIFAPti-ILPTHtPRtCMtAlLPFRPAiNLtLLtZrORtAKSPABtANtLACPANSPAM
4T#HMPSI'#RUtktSSrSSly[iYPAMW()LtAMWHYtAI'4WULtWOrOltOLtSIOCtPFPANErAdit
50RItCStOlliULItALC#SALGtFLAGiALLIPSOPSIOCl BAOPBAOIYAKP#QPSUMtCOIF
66QPbAbYBURPLQtLt4EpCKPtUQPDNLtUKPPUCACtOCNS#ULKSit)CDItDCWJPDCCStUCt
7UABoDORtUANtFPYtFUL#f-*FStSFPYt'.")FL)LtSFFStRATIO

IUO BU=Q/(Ab+UR+W)

BAB=Ab/(AB+OR+Q)
bOR=OR/(AJ+Uk+Q)

lUl CQ=W+.458*Ab+.432*UR+*275*ALC---
LNL=ANL+.542*Ab
CKP=AKP+

1 2 DW=LQ/(L(J+LNE+CKPJ
DNL=CNE/ICQ+LNE+CKP) --------

D K P = C K V / ( L Q +C N E + C K P
103 OCAC=*221*AL

UCNS=. 836*ANS
DCKS= . 662*AKS
DLDI=.440*t)l
DCwO= . 8'79*"WO-

DCLS= I . 18b 'LS
IU4
W5 L)AB=Ab/ tAB+AN+ORJ

DbR=Ok/(A6-f ANibR-)----
UAN=AN/(AB+AN+ORJ

106
FUL=CS+OL

107 SFPY=FPY/(FPY+FUL+Ff-S)
S F l L = F 0 L I Cr P-Y -i F-0 C + P'P S f-
S FFS=FFS/ CFPY+FtJL+FFSJ

108 kETURN-
END
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3tj4 SUbROUffW: PkINI'
355 DIMLN IGN N(2)
35U COMMUN NPNAtitt.*>IUtALOtFEU3tFLU2iAMGIJPCAUPAIIAOtAKUPTIOPPUtAiiNUiLRL)

ItC.OtCLPFtSCPJ#Ai4lOpCOCjtSR )tALIUPSL[JltALOltFE0319FE021FAMGOltCADJP
2ANAUltIKUItTlUirPUltAiINUIPZROIPLUIPSOItLLlPFI#SltCRUIPANIUltCOOlt
3SRUliALiOlPAPPHLjTiit:PRtCiitAlLtFRIA 4CPCCPZP(]RtAKSPABPAi'4pL;tACtANSPAM
4TrHitSI'3tRUtRtSSiSSitHYtAiM'WL)IiAMiltiYPAMWULtWUtUltJLPSLUCtPFtA.iEtAt3lt
50RItCSPDIItOLI#ALLtSALGtFEIGPALCIrSOtSIOCIPbAUtdAOI#AKPtQrSUMtCD19
6bQrbA6tbdRtt;QPCNEYCKPot)Qti)i4Ett)KP#DCALtOLIlSti)LKStDCDItDCv4UtDCCSPDCr
7DAbtDORtDANtFPYrFOLiFFStSFPYrSFJLtSFFStRATIO

3:)7 wRITt-:(6tlII9) N(1)#N(2)tSlUtWot3QtALUPCPUCtFE03PZtFEU2tOR9-
1BORtOORtAMGUAboBA6tDABoCAOtANtDANAiiAOtALCAKOtAKP

3:56 1119 FUR("iAT(iHitiOA1181-ILHEi4lLAL ANALYSISt3,Kt2A5tlCX?9 HCIPW NbRM/48 Xt
116H(WEIGHT PERCENT)///50X,11HSALIC GROUP/

21OXt4liSI02ti2AtFb.3tlOXt6HQUARTLt2OXtF6.3p5XtF6.3/
31OXt5H,'NL203plIXIF6.3#lOX-t8Hr-ORUNDUi'ltl3XfF60-3t2Xt3H(-)tF6.3/"
41OAt5hr-E203pli-XrFb.3tiUX#6HLIRCONt2OXtF6.3/
51OXt3HFEOtl3XtF6o3tlu-XtiOHJRTHOCLASEr16XPF6.3t5XtF6o3o5XPF6.3/
ol"V'Xt3Hil-UUtl3X#Fb.3tiOXt6HALbllE92OXtF6.3t5XtF6o3t5XtF6.3/
71OX93H ;AO#13XtF6.3ilOXt9HANORTlilTE,17XPF.6.3tl6XtF6.3/
81GX#4 i. A2Otl2XtF6.3plOXt7HLEULITEtl9XtF6o3/
91 OX 9 3 HK20 t 13 X t F6. 3 t 1OX 1 11 2H KAL-I 0 PHYL-1 T E t-14 X -t F'6'0-3)

359 WRITE(6pil2U) TlUtANEPP(JtllitAMNOtAtICtLROtHLtCOPSALGFSOPCLtFtSPLRO
ItACPDCACt-ANIOPANS"t-DCNS-'tCOO'-I-AKS-P'DCK"S

36U 1120 I-ORMATI ICXt4HI102ti2XtF6o3tlOXt9HNEPHELINEtl7XtF6o3/
i 10 X t 4 H P 2 0 511 2,K t F 6 . i t- 10 X -f i -0 A T 4 E N A k U f - T E't- 1 6-x- t F 6- 0-3-/
21CXt3h.ANL)tl3XFbo3tiOXti6HSULJIUM LARBONATEtl0XpF6,3/
3 10 X t 4 H Z RO 2 -t 12 X t F 6 -o 3 1 10 X t'6 H H A L I T E't- 2 OX t F 60 31
4lOXs3HCU2tl3XtF6o3t22Xy3HSUMp2XYF7.3/
51OX i 3HS03 t 13X r F6, 3 P-11OX t 3HCL2-113X t-F6-0-3'-t-1'10X-t 2HF2-t- 1-41t F6e TV
610XtlHStl5XtF6o3#2lXtllHFEMIC GROUPtl8Xp4H(-C)/
71OXt 5HGR203 p I !X 9F 6o 3 t 1OX t 6HACM-I TE-P-20X t F6'0 3 9 5)CtF6
81OXt3 iliUtl3XtF6o3tlGXtl9HSUL)IUM MEfASLLICATEt7X#F6.3t5XpF6o3/
91GXt3 iiCQOtl3Xr-F6o*3tlOX--t2-2HPOTASSIU-,14-META'J"-I'LICATEt4X-tF6,3t5XtF6o3)--

361 WRITL(t)pil22)t3AJtDItDCDItSROtWOiDCWUPALIOtHYtOLtSUMtCStUCCStAMTt
IUQtHM rDNE tAl Lt DKP t SP-tPF-t--RU

302 11.22 FORMAT( lCXv3HBAUtl3XtF6.3#IOX#8 iDlUPSIDEtl8XtF6.3y5XtF6o3/
11OXt3HSkOtl3X-tF-6--O-'-i--t-'IOX-t--I-ZHWOL-LASTON-1-TE-P--1'4X--PF6-*Tt-5X-p-F6.3/
ZICX94HLl26tlZXeF6*3tlOX#ItHHYPERSTHENEtl5XPF6.3/
342Xt 7HOLI VI NE , 19A rF6o-3/--'--A--'--
4lOXt3HSUMP12XtF7.3tiOXt2iHCALCIUM 0RTHOSILICATEt5X#F6.3t5XpF6,3/
54 Xj 9HMAGNETITE-'t 17X--tF6'03-# / 1GX'r-6HQU-ARTZ p'l-GX-t'F6'-3 p 1OXt-8HHEMAT ITE t
618xpF6*3/ICXt9hNEPHELIINEt7XiF6.3tlOXt8HILMENITEtl8X-t-F6.-3
71OXt9HKALSILITE17Xt'F6"*-3t--lCXt-6HSPHENEt2OXt-F6,,3/ -
842Xtlt-.HPL-ROVSKITEtl6XPF6.3/42Xt6HRUTILEt2OXtF6,3J

363 WRITE(6ell23)SFOL-PAPtSFPYPFRPSFFSPPRtCCPCMtFEMG
364 1123 FORMAT( IGXt7HULIVINEt9XrF6.3tlOXt7HAPATITEP19XiF6.3/

11OXibhPYkOXENEt8X9F6.3tlOX9-8HFL-UORITE9-18XtF6*3/--
2l(jXt8HFELDSPAR#bXPF6o3tlOXt6HPYRITEt2CXtF6,3/
342Xt7VIGALCITEtl9XFbe-3/42Xl8HCHROMlTL-tl8XtF6*3//
454Xj3HSUMtl2XvF7.3)

365 WR ITE (6 r 1124) RAT 10
366 il.24 FORMAY(lH /IH /10XP42HOXIDATION RATIO MOL(2FE2U3/2FE2O3+FEO)XlC0t

367 IF( 1,+Fl) 1129tll27PI126



-255-

306b 126 WRI1E(6,1131) k
369 1131 fURMA1(IH /IH /1OX,'RATIO MGU/FEO IN HYPERSTHENE DIOPSIDE ANDI

IULIVINE = ',IPLI2.'4
370 GO TO 3333
3(1 1127 wRT(ITpb,lcb)
372 1128 FORiMAT lIH /IH /lCX,43HNO [RON IN HYPERSTHENE DIOPSIDE AND OLIVINE

313 GO TO 3333
374 1129 WRITE(6,113i)
375 1130 FORMAT(lH /lH /lOX,48HNJ MAGNESIUM IN HYPERSTHENE DIDPSIDE AND OLI

IVINE)
376 3133 6RITE(6,3334)CDI
311 3334 FORMAT(IH /IH /1OX,24HDIFFERENTIATION INDEX = ,F7.3)
378 3335 RETURN
379 END



APPENDIX E

C.I.P.W. Norm Calculations for Charnockite Analyses

from the Literature
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COMPILATION OF ANALYSES OF THE CHARNOCKITE SERIES

P. Quensel (1950) Arkiv f8r Mineralog och Geologi, Band 1, No. 10.

Q-1 Basic charnockite, Lassabacka, Varberg.

Q-2 Basic charnockite, H8gaballa, Trasl8vsluge.

Q-3 Basic charnockite (hornblende norite) St. Thomas Mt., Madras,
H. S. Washington, Am. Jour. Sci., 1916, 41, p. 330.

Q-4 Basic charnockite (basic garnetiferous norite) Niapa Hill,
Uganda (A. W. Groves, Quart. Jour., Vol. 91, 1935, p. 170).

Q-5 Basic charnockite (garnetiferous orthoclase-norite) on the road,
Colombo-Ratapura. (F. 1. Adams, Canadian Jour. of Res., 1929,
I, p. 482).

Q-6 Intermediate charnockite (previously named 'Varberg granite')
Apeluiken, south of Varberg (A. E. TUrnebohm, S. G. U. Ser.
Ba., No. 6, 1910, p. 20).

Q-7 Intermediate charnockite, Flstningsberget, Varberg. Ibid.

Q-8 Sub-acid charnockite, Traneberg, Varberg.

Q-9 Coarse-grained leucocratic charnockite, TrHsl8vsllge.

Q-10 Fine-grained dark charnockite, between BjBrka and Tr8nninge
(silicified basic charnockite).

Q-11 Felsic charnockite, Himle.

Q-12 Gneiss of the surrounding formation.

Q-13 Typical orthogneiss surrounding the charnockite mass of Mt. Wati,
Uganda.

Q-14 Intermediate charnockite, Mt. Wati, Uganda.

Q-15 Basic charnockite, Lassabacka, Varberg.

Q-16 Garnetiferous amphibolite, Getter8 Island, Varberg.

R. A. Howie (1955) Trans. Roy. Soc. Edin., Vol. LXII, pt. III.

HOWIE-1 Charnockite, Pallavaram, Madras, Anal. J. H. Scoon.

HOWIE-2 Charnockite, Trisul Hill, Meanambakam, Madras, Anal. J. H. Scoon.
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HOWIE-3 Charnockite, Magazine Hill, St. Thomas' Mount, Madras, Anal. J.
H. Scoon.

HOWIE-4 As above, Anal. H. S. Washington (1916, A.J.S. 41, p. 323).

HOWIE-5 Charnockite, St. Thomas' Mount, Madras, Anal. T. L. Walker
(Holland, 1900, Mem. Geol. Survey of India, 28, pt.2, p. 142).

HOWIE-6 Charnockite, same locality, Anal. P. C. Roy (Holland, Ibid.).

HOWIE-7 MSt./56, same locality, Anal. C. Rajagopalan (1948) Proc. Indian
Acad. Sci. 24, 315 and 26, 237.

HOWIE-8 MSt./29, same locality, see HOWIE-7.

HOWIE-9 "Acid charnockite", Pallavaram, Anal. R. D. Sundaram, M.Sc. Thesis,
1947 (Pichamuthu (1951) Mysore Geol. Assoc.).

HOWIE-10 "Granodiorite", St. Thomas' Mount, MSt./38, Madras, Anal. C.
Rajagopalan (1947).

HOWIE-ll Enderbite, Pallavaram, Madras, Anal., R. A. Howie

HOWIE-12 Enderbite, Proclamation Island, Enderby Land, Anal. C. E. Tilley
(1937) B.A.N.Z. Anarctic Res. Exp. Rep. Ser. A, 2 pt. 1.

HOWIE-13 Garnetiferous leptynite, Anal. R. A. Howie.

HOWIE-14 Garnet granulite, Proclamation Island, Enderby Land, Anal. C. E.
Tilley (1937).

HOWIE-15 Acid intermediate rock, Nambran Paramba, Tinnevelly district,
Madras, Anal. R. A. Howie.

HOWIE-16 Intermediate rock, Ambagamudam Pothai, Tinnevelly district, Madras,
Anal. R. A. Howie.

HOWIE-17 Intermediate rock, Miladampari, Palni Town, Madura, Anal. R. A.
Howie.

HOWIE-18 Shevaroy Hills, Madras, Anal. J. H. Scoon.

HOWIE-19 Intermediate rock, Valegan Pothai, near Tenkor, Tinnevelly district,
Anal. R. A. Howie.

HOWIE-20 Intermediate rock, Salem, Madras, Anal. J. H. Scoon.

HOWIE-21 Intermediate rock, Vercaud, Shevaroy Hills, Madras, Anal. H. S.

Washington (1916), A.J.S., 41, p. 328.

HOWIE-22 Same locality, Anal. T. L. Walker (Holland, 1900, p. 151).

HOWIE-23 Hypersthene diorite of the charnockite series, Pallavaram, Madras

Anal. J. H. Scoon.
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HOWIE-24 Norite, Nagarmalai, Salem, Madras, Anal. R. A. Howie

HOWIE-25 Augite-Norite, North-East side of Magazine Hill, St. Thomas'
Mount, Madras, Anal. H. S. Washington (1916, p. 328).

HOWIE-26 Same locality, Anal. T. L. Walker (Holland, 1900, p. 156).

HOWIE-27 "Norite", St. Thomas' Mount, Madras, Anal. C. Rajagopalan (1947)
p. 238.

HOWIE-28 "Hypersthene Gabbro", same locality, Anal. C. Rajagopalan (1947)
p. 238.

HOWIE-29 "Hornblende Norite", same locality, Anal. C. Rajagopalan (1947)
p. 238.

HOWIE-30 Pyroxenite dyke, Pammal, Madras, Anal. J. H. Scoon.

HOWIE-31 Pyroxenite, Pammal Hill, Pallavasa, Madras, Anal. J. H. Scoon.

HOWIE-32 "Bahiaite", Pammal Hill, Madras, Anal. H. S. Washington (1916)
p. 332.

HOWIE-33 Pyroxenite, Pallavaram, Madras, Anal. T. L. Walker, Holland (1900)

p. 166.

HOWIE-34 Average of 46 pyroxenites (S. R. Nockolds, 1954, Bull. Geol. Soc.

Am., 66, 1022).

R. A. Howie (1965) The Indian Mineralogist, 6, p. 67-76.

R.A.H.-l Charnockite, Pangnirtung, east coast of Baffin Island, Northwest
Territories, Canada. Anal. R. A. Howie.

R.A.H.-2 Enderbite, Dadanawa, South Savannas, Guyana, Anal. R. A. Howie

R.A.H.-3 Enderbitic charnockite, Musefu, Lulau, Congo, Anal. R. C. Tyler

R.A.H.-4 Intermediate charnockite, Bahia, Brazil, Anal. R. A. Howie

R.A.H.-5 Intermediate charnockite, Mt. Wati West Nile district, Uganda,
Groves (1935) Anal. A. W. Groves.
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CHER ICAL ANALYSIS --Q-1

-- ------- --- CIPL OR t
S1O2 44.700 IWEIGHT PERCENT)
A L2D03-.----------14.390-___________ ____________

FE203 5.740
-_----- 11 --- 7 ---- SALICGRCUP ---

MGO 5.900 QUARTZ 0.0 0.0
CAC __ __ -__--_-----.4---CO UNDUM-- 0 0--6A.382

NA20 2.150 ZIRCC 0.0
j2l---------------1.3  - T cHsAC FA.3- 0-308
T102 5.130 ALBITE 18.171 0.692

-P2?O5 - n. -) _A NOR ItllJE- - --------2-L
PNO 0,200 LEUCITE 0.0
ZR02 ___________---- -~-KALI IR E-- -
C02 0.0 NEPFELINE 0.0
~SO3._-_------__---.-Q THENaRITF 0.0
CL2 0.0 SODIUM CAPBCNATE 0.0

F? .'.HALIIE------------..0...0--------
0.0S 00CUP 5l.802

.. CR203.-------------Q.O-U
NIO 0.0

BA 0.-0 FEMIC GROUP (-C)
ISP 0 - AC911 ---..-..-.-.------- .--- -0 -------- 0
L120 0.0 SODIUM METASILICATE 0.0 0.0

------------- 0A SSU.M-.-AE ASI.LCA.--.--..0....0-.-.-....-
SUM 99.990 DIOPSICE 14.505 6.382

-------- W01 LAICN TITE 0n 00n
QUARTZ 0.450 HYPERSTHENE 13.891

"NE.-L-IE- - 0 - -LIVIE------ .------...------
KALSILITE 0.175 CALCIUM CRT-CSILICATE 0.0 0.0

-.-.----------------------. 8-.323-----
HEMATITE 0.0

-CLLV-IIE----------.02L IME ITE 9.747
PYROXENE 0.347 SPH-ENE 0.0
FE SPAR ----- -

RUTILE - 0.0
- - -A-- A -.------.------..----------- -----
FLUORITE 0.0
PYRITE 0-0
CALCITE 0.0

CHM----------------------..-------- -------------

OXIDATICN RATIO t0L(2FE203/2FE203+FEC) X100= 30.684'
----------------- --------------------------------------------------------

-. LA .-XC-.F-EQ -N- HY RST HEN E -01 OR S0 E-A ND----CL E- -- 2-2 27E0 OO.

DIFFERENTIATION INDEX = 26.274
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CHEMICAL -ANALYSIS- Q-2

0 CIPW-NURM

AL2C3 416650 (WEIGHT PERCENT)

FE203 6.060
F F 8.99n

GO 7 250 SALIC GR0U
CAO -- .520 QUARTZ 0.0 0.0

A20 2.770-. CORU NCU &0.0 -L 0 9-
f20 ~ZIRCCN 0.0K 20 - - C.-950S 56L 0.0
li C2 2 .4010~GIELAE .19021

E2l5I.- ALBITE 22.398 0.799

PNO 0 . 3 1 0 ~ANQRT HIIE-- 30449
ZRZ--------~OQ LEUCITE 0.02ZR02 -- 90.0 - _EUCITE0.

C02 0.0 ~KALLOPEYLITE0
---- *- -NEPHELINE. 0.549

CL2 0.0
F2 _ _ .0 SODIUV, CARBCNATE 0.0

s 0. ALLTE ---------------------

~CR23------ -- --0 - S UM 58.716-
I 00 000 --------------------------------------

EAO 0.0
SRO 0.0 FEMIC GROUP (-C)

L I 2 0 0 .0 E ~ ~ ~ ~ -~ ~ ~~-~~ ~~-- - - ..-
L120--0---SODIUM METASILICATE 0.0 0.0

sum 9 9 99 0 DIPSICE 13.793 6.069

CUARTZ 0, 4 4 4-_oS-W-NITF .0
NE-~-- -NE - ..4 HYPERSTHEAE 0.0

K A L SILITE 0 . I 12~~~-LV -------------------
CALCIUM ORTHCSILICATE 0.0 0.0

-AGE14E ----------------.

HEMATITE 0.0

FYROXENE 0.160-4LMENE rAn

F-S 6 S P f E E 0.0
-P-E-ROVSKTS-----------------0.0 --
RUTILE 0.0

-APA TtTE ------------------- 0.0 -------
FLUORITE 0.0

TPYRT E-0.0
CALCITE 0.0

-CH RGM IT E- --------------- 0..0----- -

- - SULM-- ----.----- - 41.278 ---- j

OXIDATICN RATIO MOL(2FE203/2FE203+FEC) X100= 37.760

-AT I 0G0/ F ED -IHY PERST HENE- DIOPSIDE- -AN CL IVINE 2.9543E.001

DIFFERENTIATION INCEX = 28.566
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CHEMICAL ANALYSIS, Q-3

CIPW NCRM

A 03 50 6 0 (WEIGHT PERCENT)

FE203 2.640
FEC -l 5.0 SALIC CRCUP

CAO -T.920- QUARTZ 0.0 0.0
AO 3 0CORUACLP 0.0 (-) 8.866
AA20 3.090 ZRC .
K2C -- ~ 080-ZIRCCt\ 0.0
K 2 1940 RTHE C CL A S E 5.264- 6&

C ALBITE 26.115 0.832

'NO 0.0 -A UT ITE 15,374
_N 0.0

2RO?2 00- LEUC ITE 0.0

C02 0-0 KAL-IOPHYLITE 0.0 -- -
NEPhELIAE 0.0

SO3- 0.0 THENARDI-TE---.0
CL2 0.0 SODIYM. CARBCfATE 0-.0

0.0 ~HALITE. -- 0.. - - --S 0.0 S cUM 46.753

NIO 0.0

CO - - 0.0
FEVIC GROUP (-C)

L, R20,0
SUMSOIM METASILICATE 0.0 0.0

DIOPSICE 20.150 8.866

CUARTZ 0.454 HYPERSTHEAE 19.316
-KE-PHEL-QNE 9 5 -OL IVE 5--------------------- --..0----
KALSILITE 0.095 CALCILM ORTHCSILICATE 0.0 0.0

---~~-~~~~~-~--MA GNE34ITEi--------------------3-.-2------
HEMATITE 0.0

-------- 0.066 HLMEAITE 36-%
PYROXENE 0.428 SPEN 0.0
-EL7AR 5 SPI-ENE 0

-ER K-Tl--------------- ----------------
RUTILE 0.0

-APATE--------------...-------O-.----------------
FLUORITE 0.0
PYRI-TE 0.-0
CALCITE 0.0

--SUN----- - --53-.057

CXIDATICN RATIO MOL(2FE203/2FE203+FEC) X100= 13.058

--4RA-T4-1-0GC/-EEO-LN-HYP-ERSTBENE-D OPSIDE--AND-----CL IV INE 7.8224E-01

CIFFERENTIATION INDEX = 31.380



-263-

CHEMICAL ANALYSIS,.---Q-4S
-- CIPW NCRM

(WEIG-T PERCENT)

S102 47.250
AL203 LL5.670 .. _S ALC GR CUP
FE203 1.300 QUARTZ 0.0 0.0
FFE1_ _0 C RUN CL M 0- 0 --J12.1l3
PGO 8.930 ZIRCCN 0.0
CAO- -L 2 -O CL - 0... D_.0

NA20 1.710 ALBITE 14.452 1.000
K20 --

0 .0 7 0-ANORIEITE 35.041
1102 0.690 LEUCITE 0.0
F205 0.0 0 -KALOPFYLlTE.__ 0.D
MNO 0.150 NEPHELINE 0.0
Z RO2 ---- 0.0-- THNACTF_.

C02 0.0 SODIUM CARBCAATE 0.0
SO3 --------------- 0 0-IALLIE 0
CL2 0.0 SUM 49.493

0.0
S 0.0
CR203.-------------0 .0--.
AIO 0.0 FEMIC GROUP (-C)
OO--------------0-----.AC.MLtE------.----------------D.0 --------

eAO 0.0 SODIUM METASILICATE 0.0 0.0
-SRO 0 ,A1 R.ASIUMMIS~ J.-- -- ---- D..0O
L120 0.0 DIOPSICE 27.515 12.107

---- .-----------WniLL AS-rN T n.0 0-0
SUN 1C0.000 HYPERSTHENE 2.821

-------------- LVLE--------------.------16...32
QUARTZ 0.458 CALCIUM ORThCSILICATE 0.0 0.0

-A0miEL-NE ----- 2-_MAGNE11E....----------------.....--..
KALSILITE 0.0 HEMATITE 0.0

------------------------- TLME ITF 1 , a11
SP-ENE 0.0

CV-NE------------.-4--PERSKI-----....--- ..0
PYROXENE 0.314 RUTILE 0.0

-f-E-WSP-AR--5-l2- p . _I- E--------------------- 0,............
FLUORITE 0.0
PYRITE -0.0
CALCITE 0.0

--C--R---iT------ --------- ----,0--- --

-SUM -- _50. 364

OXIDATICN RATIO POL(2FE203/2FE2O3+FEC) X100= 10.174

--RATIO-MGO/F EO-IN YHVPER-ST -ENED IOPS IDE -.AND------ CL IVINE = 1.7328E CO

CIFFERENTIATION INCEX = 14.452



-264-

ChEMICAL ANALYSIS,-

_ CIPW NORM
S102 50.950 (WEIGHT PERCENT)
AL203 19.630
FE203 5.070
FEQ _6.34 SALIC GRCUP
IGO 2.630 QUARTZ 0.762 0.017
C-AO- -. 4 80 -CORUNDLN 0.0 - ) 0.933
NA20 3.380 ZIRCCA 0.0
K20 2 6 30 -ORHOCLASE 15.556 0. 347
T102 0.940 ALBITE 28.566 0.636
PO5_ O.6 8 0- ANCRTHITE 30.56a

INNO 0.140 LEUCITE 0.0
ZR&2 00- _- KALICPHYLITE -0.0-

C02 0.0 NEPHELINE 0.0
__SD03 1.0--2EARLIE

CL2 0.0 SODILP CARBCATE 0.0
F 0.0 -HAITE-- 00-
5 0.0 SUM 75.452
CR203 - ---- Q0.130-

NIO 0.0
-COO__- ----------- 0.0---

EAO 0.0 FEMIC GROUP (-C)
_SR 0-n0 ~ -ACMIZ E--------------------- Z-*D--------
L120 0.0 SODIUM METASILICATE 0.0 0.0

SUM 100.000 DIOPSICE 2.121 0.933
S----- -- WO0L L A S1-." I TI 0 .000

QUARTZ 0.458 HYPERST-ENE 11.677
\-kEPH4E-L -NE A :34_OL.I.V.1E---------------------0ao--
KALSILITE 0.197 CALCIUM ORTHCSILICATE 0.0 0.0
---------------- MAG ElI-II--------------

HEMATITE 0.0
-CLIV-NE-----------..0--- LE1 E T E1 7
PYROXENE 0.156 SPHEAE 0.0
cri l izDAn A4- "lO~ CW'TYC

RUTILE 0.0
-ARALI3E------------1-45---
FLUCRITE 0.0
CPYCIT E O.0
CALCITE o.0

-C HR C?& 3 3E----.------.-----------_-D D------

---- ------- SUM- ------------ 24420

OXIDATICN RATIO MOL(2FE203/2FE203+FEO) X100= 41.851

-RATLQl NGC/FEO-LN-HYPERST-HENE-DIOPSICE-MAND------OLIVINE =- 1.4113E-Co

CIFFERENTIATION INDEX = 44.884



-265-

CHEMICAL ANALYSIS, Q-6

CIPW - NORM-
(WEIGHT PERCENT)

S102 54.550

AL203 -16.150--
FE203 2.730 SALIC GROUP

____ .600 QUARTZ 3.629 0.059
MGO 1.600 ORUNDUM 0-.D - 1.-761
NA2O 4.80 ZIRCCN 0.0

A204.230 -DR.THCLASE 22.240 0.36L
K2 3.70 - ALBITE 35.750 0.580

2* ANORLTHITE 3.930
PZ5 0.270 LEUCITE 0.0

RN2 0.20 KALLOPEYLITE .
C02 00 -NEPH EL INE 0.0
C02 0.0 THFNARITF .A F
S--2 0.0 SODIUM CARBCNATE 0.0
CL2 0.0 -HALL1TE------.O
F2 0.0 S1zU I 75.549

~.RQ-------0.----------------------------------

SIC 0.0

-- - - -.- -F E IC GROUP (-C)
EAO 0.0 ACMIIE----.---.--------.D--......---D...
SPO 1 SODIUM METASILICATE 0.0 0.0
L120 0.0 -P-01U-. AsLICA..E--.....-- -D...
~ --~-~ ~~ ~ ~~ ~~ ~ DIOPSICE 4.002 1.761
SUM 100.000 wniLirASIIT -0 0 n-

HYPERSTH EN E 7.526
CUARTZ 0.481 0--

-NIHE-L-~~~~~~~~ CALCIUM CRTHCSILICATE 0.0 0.0
KA L S IL IT E 0 . 2 0 5 -AGNE ------------------ 4-.045-------------

---- -~~~ ~~ ~~ ~~ HEMATITE 0.0

L-4-i" El-I4-E A.712
--C I-VI -N6 - ------- .~-PHE

PYROXENE 0138 SPHENE 0.0
PFELD- -YRO EN 0 182 PER V K T -- - - -- - - - - ---------------------

RUTILE 0.0
*-A P-AT--TiE --------------------- 4-.082 -------------
FLUCRITE 0.0

CALCITE 0.0
~-CH4RCMITL--------------------0 .0-----

--- --- - -5 M - ------- 24,.36 7

CXIDATICN RATIO P0L(2FE203/2FE203+FEC) X100= 28.727

-- 1-ATIO MGO/ FEO-IN-HYPERSTHENE DIOPSIDE- AND -CLIVINE = 9.5481E-01

OIFEERENTIATION INDEX = 61.619



-266-

CHEMICAL AA\ALYSIS, Q-7

CIFW NCRM.
(WEIGHT PERCENT)

S102 60.540 -

AL203 --- 16.750.

FE203 2.210 SALIC CROUP
FE__-_ A..20. QUARTZ 7.017 0.097
PGO 0.820 CORUNCLM 0.0 a-.187.
CAO ----- 3.780 Z I RCC A 0.0
AA20 4.760 DRTHOCLASE .2531 0249

2 --------4.220AL IT E 40.230 0.554
11C2 0.960 ANORTH-ITE --L1.-51
P205- -__0- LLEUCITE 0.0
NNO 0.100 KALIOP-YLITE 0.0

- NEPH EL INE 0.0

C02 0.0 TH ENAREC LT E--_ -o__. .

303-----------. SOI LM C ARBC ATE 0.0
CL2 0.0 HALI--
F70:0 5 U.4 84.213
c 0.0 -

CR23-----------(h.0-
NIO 0.0
Ca __--------.-- F EM IC GROUP f-C)
B AO 0.0 ACM IE---.---------------------

0-Sg.----_-----.2.LOSO0IUM MIETASILICATE 0.0 0.0
LI 20 0.0 P01ASUN-A344.4CA T 0.0 0-

-- -----. DOPS 10E 2.697 1,187
SUM 0Co.000 OLLASICN

.--. HYPER S THENE 6.285
CUARTZ 0.501 0L-LV- - --E-

-EP-hHEAINE- -0n,3-0CALCIUM CRTHCSILICATE 0.0 0.0
KALS IL I TE 0 * 198 MAGNE1E -----------------

------------------------ HEMATITE 0.0
-LEN- IT E -. 824

-CLILATE-----------.0--SP-E AE 0.0
PYROX EN E 0 .104 PERO-VSK 1-----...---.-----------.0----------------
FELDSPAP 0-8%.RU T I L E 0.0

FLUORITE 0.0
P-Y-RI-TE
CALCITE 0.0
CH R C41E-------------- - -0-

------------ S UM----..--.---- -- 15.6 92- -

OXICATILN RATIO VOL(2FE2C3/2FE203+FEC) X100= 29.211

.RAT-D.-MGOLF EO-1-N-HYPERSTHENE-D-0PS LDE--AND- ----- CL I VINE =-4.8190E-01

OIFFERENTIATION INDEX = 72.563



-267-

CHEMICAL -AAALYS. S Q-8-

CIPW-NDRM
S102 62.170 (WEIGHT PERCENT)
AL203- 1.5
FE203 1.250
FE0__ 4_5___ -SALIC CROUJP--
VGC 1.880 QUARTZ 11.876 0.185
CAG 5.03O.-CCRUNCUM- D.0~ -_..ABL
NA20 4.020 ZIRCCA 0.0
K(20 - - -f3.. 10 D.M LS1.3f0.8
T102 0.800 ALBITE 33.975 0.529
P2D05 _0.0 _-ANGRIlIE 2D 912_
MNO 0.060 LEUCITE 0.0
LZ --------- Q.-_ _KALLCEAY.LITE -. 0
C02 0.0 NEPhiELINE 0.0
SO3 ------- Q _ THENARIF__0.0
CL2 0.0 SOCIUN CAPBCNATE 0.0
F 0,0 -ALLIE 0..0

0.0 SUM 85.099
-R2O3L-- ---- 0.0----------------------------- ------
NIO 0.0

EAO 0.0 FEMIC GROUP (-C)
SPR n -n -ACKLIE-------------.----._-----
L120 0.0 SODIUM METASILICATE 0.0 0.0

R.-------A_ S sU N-MIASL.CA-.E.--0..o------.--..
SUM 100.010 DIOPSICE 3.366 1.481

----- n-gam T- TE ) 0. -

CUARTZ 0.551 HYPERSTHENE 8.213
-N-EP*EL-1-NE - .287 -LtV-1VAE--------------------...0 ---------------
KALSILITE 0.162 CALCIUV CRTHCSILICATE 0.0 0.0

*---------------------------MAGN EII ---------.---------- L812 -------------
HEMATITE 0.0

GL-INE-----------.--. M EAI E 520
PYROXENE 0.137 SPIENE 0.0

-- ELD SAR 0 3--P--E-RCVSKIT E-------------------0-0---------------
RUTILE 0.0
-APAT-I-T---------------------wA0---------------
FLUCRITE 0.0

--P-YRIT -0
CALCITE 0.0

-CHRG l T --------------------. 0--

- SUM - --- -------- 14.911-

CXICATICN RATIO tOLt2FE203/2FE203+FEC) X100= 21.739

4 AT44-GC/-F EO-N--HYPER STHENE D-IPS IDE --AND -- LIVINE = 1.1965E 00

DIFFERENTIATION INDEX = 64.188
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CHEMICAL ANALYSIS, _Q-9

CIFW NCRM

S102 62.380 (WEIGHT PERCENT)
AL203 18.590

FE203 1.660
S- .5 10 SALIC GRCUP

MGO 0.870 QUARTZ 1.197 0.014
CAO -_ -- 2050_- CORUNDL 0.0 - L0.908

AA20 4.510 ZIRCCA 0.0
K2G 7 -73 - 7.730JRJHCL A SE 45._722 -. 53_

T102 0.600 ALBITE 38.117 0.448
.205 - .- _.ANCRTHITE .7.584

PNO 0.080 LEUCITE 0.0
ZRO2 - KALIOPhYLITE - 0.0
C02 0.0 NEPHELINE 0.0
SO3 - Q0 . THENARDITE. - _

CL2 0.0 SO0IiM CAPBCATE 0.0
20.0 HALITE _ _ ---

S 0.0 SUM 92.619
-CR 2 03 0 4-- - - - - - ----- - - -------

A I0 0.0
COD --------- 0.0

EAO 0.0 FEMIC GROUP ' (-C)

-- S R 0 , -ACYI IZ-----------------------
L120 0.0 SODIUM METASILICATE 0.0 0.0

-0 -1 A S SI - V E-- S -A..----__.0--_--_---_

SUM 99.980 DIOPSICE 2.063 0.908
m -AA mTE 0... 0 000

QUARTZ 0.452 HYPERSTHENE 1.751
------------ ---------3OLIV [$\ D-0 .0- -- -- -- -- -

KALSILITE 0.305 CALCIUM ORTHCSILICATE 0.0 0.0
-- A-G-A- E LI-TE------------------2-.4L

HEMATITE 0.0
--Lt0V4N0-----------0\_ 0I 140
PYROXENE 0.040 SPHENE 0.0

_p~gg sp a . o n-R R CVS K T 2------- .--...---- -.-.
RUTILE 0.0

-APAT.TE------------I.0----------
FLUORITE 0.0
-P-YTRITF 0,
CALCITE 0.0
-C HR Ctk iIE-.--.-...--------__---_ __ .0

-------------------------------- - --- -- - ---i.362

OXICATIGN RATIO POL(2FE203/2FE203+FEG) X100= 49.734

...RATIC.2.JGC/F-ED-LN-HYPERST-HENE--D IOPS IDE--A\D-------CL I V INE--= - 5.1492E 00

CIFFERENTIATION INCEX 85.036



-269-

-. CHEMICAL ANALYSIS -t :Q-10

--CIEW -NCRNM

S102 51.780 (WEIGHT PERCENT)

AL203 20 03------ 
-

FE203 7.080
FEO _LO----SALIC GRCUR

MGO 3.050 QUARTZ 14.474 0.442

CAO L. 8 Q-CQRUADLI_ DD1.399-
NA20 1.810 ZIRCCN 0.0

0 5 Q0 -RIE.CC.S 2~..._52fi .09DL
K2C ALBITS 1527 .6

1102 1.000 ALBITE 15.297 0.467

AN0RhI.TIE .A - 4..997..

PNO 0.160 LEUCITE 0.0

ZRO2 - KALICRhYLI TE --D
C0 ~ 0.0 NEPHELINE 0.0

S03 QQ THFNARrLITF __.0_

CL2 0.0 SODIUN CARBCAATE 0.0

F2- 0 . ~ALLT E._--------------------- 0..0

s 0.0 SUV 77.726

CR ---------- 0.0 ----------------- -------------

A 10 0-101

eAO 0.0 FEVIC GROUP (-C)

-S P 0 -AC.MLTE---------------------D0D--------.-.D..O
L120 0.0 SODIUM METASILICATE 0.0 0.0

-OTASSIUM-.TAS-ICATE..---.-0..0--.--- -..

suM 000 DICPSICE 3.179 1.399

~UARTZ 0.695 HYPERSTHENE 6.153
--. ~H4--E_____---------------------.----------------

KALSILITE 0.051 CALCIUM ORTHCSILICATE 0.0 0.0
-fAGkETlTE-------------------9-.255 -

-- ----- HEMATITE 0.697

L-V-INh- - - - --- ---- -0 - - E-MIT E 1 . 900

PYROXENE 0.129 SPHENE 0.0

_SA -------- ~RGVSKT_ E------.--------------0..0---------------
RUTILE 0.0
-AP-ATITE--------------------1.092 --
FLUCRITF 0.0

-P-YR--T n
CALCITE 0.0

-CIMROGIT E---------------------0.0- --.--- -

SUM ---- 22.276

CXIDATICN RATIO POL(2FE203/2FE203+FEC) X100= 63.835

N.-RClN-IN--MYP-ERShENE -DIOPSIDE AND-CLIVINE-- -

CIFFERENTIATION INDEX 32.729



-270-

CHEM ICAL AALYS IS,_ -- 0-11

CIPW NORM
- (WEIGHT PERCENT)

S102 73.930 
AL 20 3 13.6 20
FE203 0.600 SALIC GROUP
FEO -170 QUARTZ 30,361 0.331
MGO 0 .140 - CURUNCLV 0.235 (-)-0.0
-CAO - - -- .O40- ZIRCCN 0.0
NA20 2 .440 - ORTHOCLASE --
K20 -. 890- AL BI T E 20.622 0.225

T102 0.200 - ANORTHITE- --. 5. 163
JP205__ _. LEUCITE 0.0
MNO 0.020 KALIOPI-YLITE 0.0 -

202 .- NEPHELINE 0.0
C02 0.0 -.HENARCLTE _.

----.-. 0--- SODIUM CARBCNATE 0.0
CL2 0.0 -HALI1E-- -- 0.0

20. 'SUm 97.135
S 0.0

CR2Da ------------- 0-0----
NIO 0.0

C00--------------.0--- F EM IC GROUP (-C)
EAO 0.0 -ACMiI-----------.-----------.0.0 0-----
SRO 0.0 SODIUM METASILICATE 0.0 0.0
L 120 0.0 -90-TASSU- LM 3E-AS.ML-.CT-E-------0 --------

--------------- DIOPSICE 0.0 0.0
SUM 1C0.O000 w4nt LAsVrNTTE 0-0p.

HYPER SThEAE 1.616
CUA RTZ 0 .626 -OL.lVl.NE----------------------.. ---

AEPHELLNE - 0.1-2-2- CALCIUM ORTHCSIL ICATE 0.0 0.0
KALS IL I T E 0. 2 52 _M AGNUIE-.-.------.-----.....------0.8.70 ----------

------------- HEMATITE 0.0
ILNEI T E 0 - 380

L4LNE.----------0.-0--- SPI-ENE 0.0
PYROXENE 0.024JERSK . ..----------.----

0-C7 RUTILE 0.0
-ARATIJE-------------.0.0-------

FLUORITE 0.0

CALCITE 0.0
-C HR Ct l3E--------------.- -----0-0 -

-.-----..-- 3U----------- -2.866---

CXIDATICN RATIO M0L(2FE203/2FE203+FEC) X100= 32.530

-RATI-GtGC/FE0-N-HYPERSTHENE-DIOPSIDE- AD-----CLIVINE-=--- 3.6507E-01

DIFFERENTIATION INCEX = 91.737



-271-

CHEMICAL ANALYSIS, -. Q-12

CIF4 NCRM
--------- ---- (WEIGHT PERCENT)

S102 72.840

A L203 14.560
FE203 1.250 --..SALIC GUP
FED1 _0-63-0- QUARTZ 29.607 0.337
YGO 0.330 CRUACUM .0.308 D..0-
CAO L.190 ZIRCCN 0.0
N A20 3 .4 10 _RTROCLASE ?9.338 __ .33L4
K2G A.960 AL B I T E 28.820 0.328
T102 0 . 1 6 0 .- ANR.ThlTE B8&
P205 0-0 LEUCITE 0.0
PNO 0.020 --KALIOPHYLITE-----0
2R- -- 00-- NE1 ELINE 0.0
C02 0.0 THNRITF_ n.n

S3-0-~~-- SOOIUM CARBCAATE 0.0
CL2 0.0 HALLIE-..- D..O
F2 n0 SUM 96.958
S 0.0

_CR2O3 1-0
NIO 0.0

C--0-----0--- F EM IC GROU P (-C)
BAO 0.0 _ACMLIE--------------------D..D--------D

0SRO0- SODILM METASILICATE 0.0 0.0
LI 20 0.0 -PLASS IUM-MEIASIAJ-----..0---------

- -DIOPSIDE 0.0 0.0
SUM 99.990 Wat LAsCrNITF 0,0 0-,0

- HYPERSTHENE 1.059
CUAR TZ 0*632 --OLLVI ------------------..--.------.--..----

-hEPEL iNE-- ------- 8- CALCIUM ORTHCSILICATE 0.0 0.0
KALSILITE 0. 190 --G--II________---1.12

------------- HEMATITE 0.0
-1-MF4VL-T-E 0-0o

SPFENE 0.0
PYROXENE 0.016 -P O i_______-- ___-----------0.0-
- L R-- - RUTILE 0.0

-AAIE------------------0.0--------------
FLUORITE 0.0

-4)y--R--T -
CALCITE 0.0
-CHR--------------- -

------- SU M-------------2.8722--------

OXIDATICN RATIO VOL(2FE203/2FE203+FEC) X100= 62.674

-RA-T-I-4GO/f-E0---I4-HYP-ERST-HENE-- [PSIDE AND--- ---- CLIVINE-=- - 4.6486E 00

OIFFERENTIATIUN INDEX = 87.765



-272-

CHEMICAL ANALYSISt- -Q-1 3  -

- CIFW NCRM

SIO2 68.250 (WEIGHT PERCENT)

AL2C3 15.190
FE203 1.480

FEO SALIC GRCUP

GO QUARTZ 19.437 0.232
G 3 0 CORUA CUV_ 0.0 - 1.245_

NA2 2.400 ZIRCCA 0.0
NA2J 2 .8 6 0 RTHCCLASE. 40.22L _ D.480_

102 0 3 0 0 ALBIT E 24.172 0.2R8
- T- 102-- 0_ -.300ANGRT HIJE.46

3 2.5 0 050 0 LEUCI EE 0.0

ZR2 ---- KAL--P-0YLITE EP.0H-N

C02 0.0 NEPHELINE 0.0

---L------Q.0 -TJ-EINARD-LTE-------- -- 0.0-
CL2 0.0 SOCIL CARECAATE 0.0

J -,.0~HAL I E - D--------
0.0 SUM 92.295

4CR23 -- -- --- ~ ~ ~--------------------------------------------------

AIO 0.0

FEMIC GROUP (-C)
a nO 0. ACMITZE---------------------- -0--------0,-0--

SOOILM METASILICATE 0.0 0.01120 000 ROTASS IUM-EA. C--E----C---------

--- DIOPSIDE 2.830 1.245
SUM 99.990 4o o

UAPT---5~-HYPERSTHENE 1.909CUAR TZ 0.571 _0 lU .E- - - - - - - - - - L- - - - - - - -

A iLIECALCIUM ORTCSILICATE 00 00ALS IL ITE 0.273_ AGNE34lf ----------------- 2--146 -------------
~-~ ~ ~ ~ ~~- H E M A T I T E 0 .0

------ 0-Q-.ILMEI.ITE 3
PYROXENE 0.061 SPIENE 0.0

------ --------------------------- 04---------------
RUTILE 0.0
.ARATIE---- ---------------0.0---------------

- - -------- -~- ~ FLUORITE 0.0

- --- ~ CALCIIE 0.0

4HRQMIE---------------

__ -_ _ _ U - _ - - _.- -- 2.455

OXIDATICN RATIO MOL(2FE203/2FE203+FEC) X100= 44.077
------------------------------------------------

JA-T LaGO/-F-Ea-IN-HYP-ERSTHENEO IOPS I0E -AND------CL IV INE - -- 1. 6329E 00

CIFFERENTIATION INCEX = 83.830



-273-

-CHEMICAL -ANAL YSLS-9- Q-14

___CIPW NCR.M-
(WEIGhl PERCENT)

S102 68.570

AL203 - 15.030
FE203 0.990 _---SALI-C CRCUP - -
EE0- 225D QUARTZ 20,463 0.253
?0,GO0 1. 130 .0UCt~00~103

LA ---- -- ~58-ZupCCt\ 0.0
NA20 3-040 0C42S
K20- --5.870 ALI31TE 25.693 0.318
1102 0.300 CNC--
P205 240 LE UC I E0.0
PNO 0.100 _KALICPHYLITE

Z RO2__ --------- L--~-- NE PH EL INE 0.*0
C02 0.0 -±1 E - LA..rl .3

-SODIL ARATE 00
CL2 0.0 ALLE --------- 0 -

-- 2 2.um 90.849
S 0.0

O---------------- NEPHELA FEMIC GROUP (-C)
EAO 0-0 -iEA -- --------

-SO -0 - SODIUM MEASILICATE 0.0 0.0
L120 0.0 - I E--------

------------------------ CPSIOE 2.348 1,033
sum 1C c * 

1 0 0 -WOLAAS-T-C-N I E 00- 0-0
-------------*---HYPERSHENE 4.659

QUARTZ 0.584 L-LV LhE-----------------0-.0-----------------
-MRO4EL--N 0-1- CALCILM ORTHCSILICATE 0.0 0.0
KALSILTE 0 - 244AGNTS.ITSE-------------------.--435--------------

------ ---------------- HEMATITE 0 00
-4SEM 1N I 0TE 10570

E---------- --~~ ESPE-ERE 0.0
YROX 0EN- 091 PEA1E------------------0-O----------------

AELSILITE 0.24-RUTILE 0.0
-A--AT -TE --------------H-T T- .
FLUORITE 0.0

4L WLNE--- ------- Ge - P I-- EEO.O

P YR9ITE 0.0
CALCITE 0.0

*-C~HR C 1-IE-------------------0-.0-- ------ ---

---------------------- 9.013----

CXIDATICN RATIO tOL(2FE2C3/2FE203+FEC) Y100= 28.367

-RATIO MGC/-FI -IN-HYPERSTHENE DIOPSIOE AND CL IVINE 1.2433E 00

CIFFERENTIATION INDEX = 80.876
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ChEMICAL ANALYSIS, Q-15.

CIPW NCRM
--- (WEIGHT PERCENT)

S102 46.450

AL2C3 -- 16.050
FE203 7.650 SAL-IC GROUP

E QUARTZ 0.0 0.0
YGO 6.310 -CORUNDU 0.0 (-L7.614

cO - 8.590- ZIRCC\ 0.0
AA2U 2.760 0URHCCLASE2 82
20ALITE 12.662 0.378

T102 1.500 -_ANORT~iITE 2092
_P205____0 LEUC I TE 0.0

?'NO 0.400 -- KALICPKYtITE 0.0-
ZRO2NEPHELINE 5780
C02 0.0 ILEADLE_____

5f3 ~SODIUP CARBLIATE 0.0
CL2 0.0 HALITE--

2.7'-C-D Cum 60.251

1_R203--__.-530-----.ALBITE
0.0
0.0--- FEMIC GROUP (-C)

2 AO 0.0 -ACiE -------------------- A--R E--------
£RQ 0.0 SOCILM METASILICATE 0.0 0.0

L120 0.0.37
------------------- DIOPS IDE 17.305 7.614

sum 1CO.010-MUU..4S.VNIrkTEr _0 0ioz
- YPERSTHENE 0.0

CUARTZ 0 .3 77 -CLLV-I!VE ------------------- _47-------
EhFp.HELI-'J 032 CALCIUM OR~hCSILICATE 0.0 0.0

IALS IL ITE 00*302 - MAGN.E1.ITE -- - - - -- - - -
--------------- HE MATITIE 00

0
a.2

SSPENE 0.0
PYROXENE 0.2 - --

AF 0.S0P-R RUTILE 0.0
E-A----.-----A------------------------------0 ---------------.

FLUORITE 0.0
SPYUR -1 .I - _ T .T- n -
CALCITE 0.0

-CL I-NE-----------------.- ---

------ -- HEMAT--ITE--3976

CXIDATICN RATIO VOL(2FE203/2FE203+FEC) X100= 50.421

A.U-MG-O-EEG-1N-HYPERST HENE-,D IOPS-DE.-AN-D---- C.LIVINE -= .4.7660E 00

CIFFERENTIATION INDEX = 39.322
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CHEN ICALAASS--Q-L6

~CIPW.NCRM -
(WEIGHT PFRCENT)

SIC2 46.650

A L 20-3 L3- .78
FE203 3.370 SALLC GRCUP
FF0 12-.900- QUARTZ 0.0 0.0
IGO 6.910 CORUNDUM--L

-CA.-L.O 6 40 ZIRCCN 0.0
A A2C 0 .6 90 _URRHO CL A-SE. -- 14--7-B I-TT
K20 -- 5 0 AL 8 I T E 5.832 0.283
T102 2.420_ANGRJHITET.-27..070 -
P205 0.0 LEUCITE 0.0
MNO 0 . 1 4 0 .KALICPhYLITE. -- - 0..0-
ZRO2 0...- NEPHEL INE 0.0
C02 0.0 _TH AE lTFL .0 -0
C3- - 0.- SODILP CAPBCNATE 0.0

CL2 0.0 .. ALLIE D-- ---------------
F2 0.0 'CUM 47.689

0.0
CR203 0 ~---------------------------------------------------
AIo 0.0

_oC 0..0-- FEMIC GROUP (-C)
E AO 0.0 _AC.LTE-------....--------.
Q R00 SODILM METASILICATE 0.0 0.0
L120 0.0 . PIASsu-IAILI.C.TE-....... ---.0.-

------- ~~~DI OP SIDE 21.279 9.363

SUM ICO.000 wo An.NT~r n-.

--- ----- ~~~~~~ HYPERSTHEAE 15.053
CUARTZ 0.4 3 9 L- E ________6497 --------------
-NE444EaLINE 0 .3CALCIUV CRTI'CSILICATE 0.0 0.0
KALSILITE 0. 4 0 7 _G__TI_---------------4..226 --------------

-- -------------- HEMATITE 0.0

11LMES ITE 4op4
PYRLOLLNE1-----.---0..-02. SPHEAE 0.0
P YROXEN E 0.40 1 -EOVSKITE--------------,0 --------------

-F-E4-S-PA. RUTILE 0.0
-AP-AT1 T---------------------0-.0----------------
FLUORITE 0.0

-PYR I TE 0 .0
CALCITE 0.0

-C-NRC 0TE------------------

-UM --- --- 52.313 ---

CXIDATICN RATIO 'OL(2FE203/2FE203+FEC) X100= 19.036

A-- HY PER STHE-NE-D IOPS IDE AND ------ LIV INE 1.3306E 00

CIFFERENTIATION INDEX = 20.61S



-276-

CHEMICAL ANALYSIS@ HOWI -L

CIPW NORM
(WEIGHT PERCENT)

S102 7T.530
AL203 9.840 - -

FE203 - 0.410 SALIC GROUP
FEO 3.340 QUARTZ 44.913
~ MGU ~ 1.210 CORUNDUM 0.362 0.0
CAG 1.140 ZIRCON 00
NA20 1.940 ORTHOCLASE 22.950 0.272
K20 3.880 ALBITE -
T102 0.560 ANORTHITE 5.659
P205 0.110 LEUCITE - 000-
MNO - -. 030 KALIOPHYLITE 0.0
ZR02 0.0 NEPHELINE 00
C02 0.0 THENARDITE 0.0
S03 0.0 -SOi UM CARBONATE

0L2 ..HALITE 0.0
F2 0.0 SU2-9022.0 9.
3~ u.u

CR203 0.0 ------ ---- -- - - - - --

N 10 - ~ ~ -~ ~ . - -~
coo 0.0 FtMICRG UUP U-C

00 ACMI TE 0.0 0.0
SRO 0.0 ~~SODfUM~METASI EI CAT -0~ 0

120 ~0 POTASSIUM METASILICATE 0.0 0,.0
~~DTIOP S DE~~ ~~ ~~~~ ~ ~ ~~~~- ~ U.o0~

SUM ~-~~79.90 WOLLASTONITE 0.0 0.0
HYPERSTHENE T.942

QUAR TZ ~ 074~ LI VINE D.0
N EP HEL INE 0.105 ~C TU~Ro TcATE------(0~-~- ~~-------0
KALSIL ITEh 07155 MAGNETITE .0.594

- MENA TE - ~ 0~ ~
ILMENITE 1.064

OLIVINE 0.0 SPHENE 000
PYROX~ENE~-----150 PEROVSKITE 0.0
FELDSPAR 0.850 -~RUT[E~-~- -~

APATITE 0.0
FCUORTTE~~~~ ~~~~~--0.0
PYRITE 0.0
CALCTIt 0
CHROMITE 0.0

SUM 9.600

--OXT lA TlDNAT-D~MOLt2F-E-20372WE-ZO3+F E2) AI D~-~~9 .949

RATIU MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE = 8.1210E-01

-- IFFER ENT IATTON~TNDEX-z ~847259



-277-

CHEMICAL ANALYSIS, HOWI -2

- CIPW NORM
(WEIGHT PERCENT)

S102 72.560
AL203 13.410
FE2U3 - --1.300 -- SALIC GROUP
FEU 2.320 QUARTZ 33.356 0.405

MGU~- C-O-5 8 0 -CURUNDUM -0.309 (-) 0.0

CAG 2.120 ZIRCON 0.0

NA20 -~2.800 ORTHOCLASE 25.25? 0.307

K20 4.270 -AST~6
102 - 00 ANOR THI TE 10.524

P205 0 .14 0 LEUCITE --.
MN3 0 004 0 - KALIOPHYLITE 0 .0

ZRU2 0.0 NEPHELINE - - 01,0 -~-~
C02 ~- . THENARDITE 0.0

S3 0.0 SWDU~ARBN-~- 0.0

CL2'-------oo-- HALITE 0.00
F2 0- . 0-SUM-93.-10 -U~ ~-3-1~

U00

CR203 0.0
N 10 - -- ll 0- -

COO 0.0
BAG - - - - -- --

SRQ 0.0
U 20-.- 00

-SUM-

ACMITE 0.0 0.0

POTASSIUM METASILICATE 0.0 0.0

WOLLASTONITE 0.0 0 .0

QUARrTZ~~~~~~~---0.6T0 OLI VINE 0.0

NEPHEL INE 0. 1 5 6 UCTUM~RTo5r-CAT------&.0-- .-

-KALSLTTE U.'IT MAGNETI TE 1.885
HE'IA-TTE -------- 0 .0 -

-------- I LMENI TE 0.T60

OLIVINE 0.0 SHNE
-RYRLXEN-E -- 0064 PEROVSKITE 0.0

FELDSPAR 0 .9 3 RUTLE~--~ ~~~ 0.0
A PATI TE 0.0

LUJR TE-- ~-~0 .0
PYRITE 0.0
CA LC I T E 0 .0
CHROMITE 0.0

SUM 6.690

-UXIDAT ION~RAT1~MOLtT2FE20372FE-203+FEU- X100 - 33.524 ~

RATIO MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE = 7.3752E-01

~DIFFER ENT I ATION1 ~DE X ~~8Z.27T~



-278-

CHEMICAL ANALYSISt HOWI -3

CIPW NORM
(WE IGHT ~PERCENTT~ -

-SO1 0 2-t70

AL203 15.200
FE23----- 810- SALIC GROUP

EEO 1. 5 4 0 QUAR TZ
MGK -. 53 CORUNDUM 0.245 0.0

CAU 2 . 6 8 0 ~~ZIRCON -.
-A2-~~~ ----~---3 1OR THOCLASE 27918 0341
K20 4 .7 2 0 ALSTE 25 *

-TIC------o.~o ANOR THilTE 13.304
P205 0.(080 0.

MNQl vouozu- KALIOPHYLITE 0.0

ZR02 0.0

1TENARDI8TE 0.0
S03 0.0 -SOD1U2CARB5N.ATE u .
T ---- ~---------0--- HALI TE 01.0

F2 0.0 -----------~---~33--- ----- - ---

- M~~~u U.ud KALOPYITE0.

CR2 0.0
C 2 3~ ~ ~ ~- - ~- - - 0-- - T H-E-N-AR D- -T-E-0. 0

cOo 0.0 S U AIUUM GKUUIAUA-U.

-Ctr----------------- AC MI TE 0.0 0.0
SRO 0.0 S0011iUMEASIICTAT-E------.-----

F2U 0.0 POTASSIUM METASILIATE 00 00
~ ~ ~ - ~ - - ~ ~ ~ ~ - ~ ~-~-- ~

-- SOW------------1xO-zzo- WOLLASTONITE 0.0 0.0
MY~tKIl~tNt 4.Id

QUARTZ~-----------W.63- 0 L I V I NE 0.0
N EPHEL INE 0.169 ~

K ALI t 0.194 MAGNETITE 1.17 4
-~R EM TTTEL- ~ ~~~~~- ~~~-~- .~

------------------- ILMENITE 0.874
OLIVINE' 0.0 SPHENE u0

PYROXE~~~---~-o;z~i- PEROV SKI TE - 0.0
FELDSPAR 0 .960 I E~-~~~~~~~~~~~~~~~~~~--0~~-~-~~-~- ~

- APATITE 0.0

~~FUUKI TE~~~ ~~- ~ ~0T-
PYRITE 0.0
A1LITE 0.D
CHROMITE 0.0

SUM 4.807

-tnt1O~A I flrn-RA nt P~Qtt2F ~2U~/2FE 203 i~VE or -xto 032.1 29

RATIO MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE -

DTFFER EN TITATION -TNDE X3-~8T~.TS4 - -

i.2203E 00



-27.9-

CHEMICAL ANALYSIS, HUWI -4

CIPW NORM

(WEIGHT PERCENT)

5102 ~~ - 77.280 - - - -- - .AL0231097
AL 20 3 10,.970 SALIC GROUPFE203 - .040 QUARTZ 41.054 - 0.458
FEO 2.020 CORUNDUM 0.0 (-) 0.0

CAD 1.020 ZIRCON - 0.0

NA20 -0--------~~-2850 ORTHOCLASE 24.428 0.273
K20 4 . 1 3 0 AtT2IT8 4.905

r102 - 0.260 ANORTHITE4.0
P2E5UC 0 TE ~~~-~- ~ ~

MN2 5 0.--0_ KALIOPHYLITE 0.0

Z R O 2 0 .0 - ~ -~ P~E-I~

C--2 -- ----.---- THENARDITE 0.0

S43 0.0 -50iY-IJCAR&NATE 0.0

CL2--- --HALL rE 0.0
F2 0.0

CR203 0.0
N I G ------ ~-~~-.0 --
COO 0. 0

-Ao 0---- --- - AC MI TE 0 .0 0.0
SRO 0.O ~~$DulTU MTAsrCTF~ -~-~ ~~~ --- ~~~-~~~~O.O
SRO 0.10 POTASSIUM METASILICATE 0.0 0.0

L 120 0.0

-WOLLASTONITE 0.0 0.0
~WTo-KYPE RSTH ENE ~~~-~~~~~~~ ~ ~~T.49T ~~~-~~~~~

OLI VINE 0.0
NE0~RTHD MCTCAT E~ HEL - . ~ ~ 0 .0

K-A-SI IE -0-13y5 MAGNETITE 1.508
~EMALITEL---t-U.--------
ILMENI TE 0.494

OLIVINE 0.0 SPHkNf= U.

PYROXENE----------0.6r PEROV SKI TE 0 .0

FELDSPAR 0.939 RUTT-E--~-- -
- APATITE 0.0

-F-UUYRTTE- ~ - .0
PYRITE 0.0
GALil I.D
CHROMITE 0.0

SUM 5.493

~ tD1ATI0N-AfTU-1tt2FE~203t2FE203+FE - XTODz-3-.664

RATIO MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE = 5.8725E-01

-1 PfERENT tAT ~-INDEX=~89569~--~~-~ -~



-280-

CHEMICAL ANALYSIS, HOWl -5
CIPW NORM

~ - E & HrT-PERCE NT V~~

.S 102~ 74.940~
AL203 13.640 SALIC GROUP
SE203 ~ -- 4;950 QUARTZ 50-39-0607
FEO 0.0 CORUNUM 5.821 (-) 0.0

NGO _._0 _RON - - - 0 7--~~~-

CAO 0.930 ORTHOCLASE 19.578 0.236

KA2~--~~--~~~-~ 3 4 0tTE ia * e 50t5
K20 3.310 ANORTHITE 4.617
-T 102----------~0.~- ~EUCTTE~----~~~~~~- ~~--- ~-~-~~--
P205 0.0 KALIOPHYLITE 0.0

-KNa- 0 .0-EPETWE~~~~---~-~-~
ZR02 0.0 THENARDITE 0.0

CO2 .--------- - --- U UM ARNATE
S03 0.0 HALITE

- -c z- to----------------SU14-

U a U

0.0

F2 0.0

0.0
CR203 0.0 _ _ _ _ _ ___v

-TflF-------------- ~ F RU-
Coo 0.0 ACMITE 0.0 0.0
---- ~~- ------ 5-DUUK MEA S L ~CATE-------~ -- ~- - -- ~-----

SRO 0.0 POTASSIUM METASILICATE 0.0 0.0

L20 0.0 yDT S ~~ ~ ~
WOLLASTONITE 0.0 0.0

~~SU-~~~~ -- ~9.- HYPERSTHENE 1.700
OLIVINE 0.0

-Q UAR ~----------U. -~CA1.~CTUM~0RTHw37TUCATE~------~0~o-~ ~~

NEPHELINE 0.085 MAGNETITE 0.0
K AL SITE 0. 1 3 4 ~A ------------ T -- ~~ ~ ~ ----- ~-~ 7 ~

ILMENITE 0.0
S-- ---- -SPHFE NE 0 .0

OLIVINE 0.0 PEROVSKITE 0.0
-pyRIJN---------- 0  RUTTL----~~-~~~-~~~-~-
FELDSPAR 0.956 APATITE 0.0

FURTTE . ----------------
PYRITE 0.0

GALGI t0 U .0
CHROMITE 0.0

SUM 6.650

UDXIUATTON~RATtr~OLET2FE2U3t2FE203+FE1- Us 10 0 DO- 0f

NO IRON IN HYPERSTHENE DIOPSIDE AND OLIVINE

-T1FFER ENT IATIO~NDE~2 ~~~82.-90



-281-

ChEMICAL ANALYSIS# HOWI -6

C IPW NORM
(WEIGHT PERCENT)

AL203 11.280
fE203 -- .340 SALIC GROUP

FEG 0.0 --UAR T Z ---4 258539~-
________________ CORUNDUM 2.622 (-) 0.0

CAO 0 .740 -- C0N .4. ---------------ORTHOCLASE 35.903 0.418
K2 6.070 ALITE 3.719 0.0

-T20- 0- -- ANORTHI TE 3.674
P205 0. *0 tEVCTE-----------------00---------------

P200 KALIOPHYLITE 0.0
ZR02 0.0 1~~~--------4~-------

ZR-- 000 THENARDITE 0.0
SDI M CAR&DNAtESO3 0.0

-Ct-HAL E 0

F2. 0.0

CR203 0.0
1--- ---~~~--~ KUIJ~

FEMICGROKUP (-iCoo 0.0
-BAVC-~~~~-------~~~~~~~ -~...AC M ITE 0 .0 0 .0

SRQ 0.0 ~SD1KMIETASITrCAT-E--------70-~- - .~
o- POTASSIUM METASILICATE 0.0 0.0

L 120 -000 UI PS10E - - - - - --- I~ U. -DU-7- --- -0--

WOLLASTONITE 0.0 0.0
I ~ it Nt e . t tI

QU -------------- OLIVINE 0.0
~CAL- RT IRuSTrcTCE------T E~~~~~-T ~~~.0

NERHELINE 0.023
-ALILI 02 -MAGNETITE 0,00

SA L a It I t U. Li I --- fAEE~ ~330

ILMENITE 0.0

OLIVINE 0.0 UN0PEROVSKITE 0.0
ES-RU TL --------------

FELDSPAR 0.967APTE0.
APATITE 0.0
FPL -OR TEI------------
PYRITE 0.0
LALCI. 1 U.U
CHROMITE 0.0

SUm 6.815

0X I DAT IOfAiN -M4 At 2F-2031/2FE203f:PE -~j -X --

-----------------------------------------------
NO IRON IN HYPERSTHENE DIOPSIDE AND OLIVINE

OtEtEfTATItTNDX--~~ 80



-282-

CHEMICAL ANALYSIS, HOWI -7

CIPW NORM
-(WEIGHT ~PERCENT)--------~----------------

AL203 13.680
FE203- -. 970- SALIC GROUP
FEU 0.0 QUARTZ

-MG~ -- 69-CORUNDUM 5.832 0.0
CAO 0.940 ZIRCON
NA20 T. Oi RTHOCLA SEA - 5C 19.637 0.236

K20 3 *3 2 0 -AM!TE 3O505
TIc- - -- -- ANORTHI TE 4.666

P205 0.0 -E CI TE~~~~~~~~~~-~ -- -~~~- ~
1N0 p.0 KALIOPHYLITE 0.0

ZR02 0.0 N E - ~~ ~--~--7
COZ -.-- 0~~~ THE NARDI TE 0.0
SU3 0.0 -Suu tUAR AR t u.0

-Ct----.--- HAL I TE 0.0
F2 0.0 ------------- ~~~~~~~~ -~9~35-~-~---

U.0
CR203 0.0 ---------------------------------------------
K1 I~~~--~~-- ~- ~~~~.U~--

(00 0.0 - - FEMIC OUUP i-i
------- --- ACMI TE 0.0 0.0

SRO 0.0 SDI METASTirCATE -------- 0 --- ~-~~~~-.--~
L12U U. POTASSIUM METASILICATE 0.0 0.0

UTUPTiU~~~~~~~~~~ 00 --------- -.--
SU~-~~~--~--10 0, 3C WOLLASTONI TE 0.0 0.0

HY tKSIItNt 1.725
~~QAURTZ-----------~rT-&T OL I V I NE 0.0
N EPHEL INE 0.085 ~TAT.CTU~ORTHUS-TLCATE------ 0 ---- 00-0~
KALSILLt 0.134 MAGNETITE 0.0

E ATE~~~~~~~~--~~ ~~4.-T Q~ ~~ -~-~~ -

------------ ILMENITE 0.0
OLIVINE 0.0 SPHENt 0.0

-PTROXEN-E----------o-.4W PEROVSKITE 0.0
FELDSPAR 0.956 UTTi ~~ ~~~~ D0~-

APATITE 0.0
~F UOTE ~~~~ ~~~~~ ~ ~~T
PYRITE 0.0
CALilt u .0
CHROMITE 0.0

SUM 6.695

-7OXI DATION-RAT TU-M~t-2FE-20372FE203 FED) A ft X1O0= 1-00.000-

NO IRON IN HYPERSTHENE DIOPSIDE AND OLIVINE

tKFEtENTIl-A TNNDE= 03. 107 



-283-

CHEMICAL ANALYSIS, HOWl -8

CIPW NORM
(WEIGHT PERCENT)

5102 71.460 SALIC GROUP
AL203 14.700 QUARTZ 27.119 0.323~FE203 1.050 CORUNDUM 0.0 1-) 0.886
F E 1.330 ZIRCON _ 0.0 -- ~

CA 2.610 G 7RTHOCLASE 19.342 0 .230
NA2 -~ 4 .4 4 0 ALBITE 37525--0. 44
K20 3.270 ANORTHITE 10.485
K 210 20.62 0 LE UC I T E --- ~~~-~~~~~~~ -O - -

P205 0.0 KALIOPHYLITE 0.0
-- MNO --- 0.0 8o NEPHL.1NE - ~ --- ~~ - -

ZR02 0.0 THENARDITE 0.0
CO-2 U.0 SD-,UM~CAR3NATE 0.0

S03 0.0 HALITE 0.0

F23 0.0-LU2 - - --- -- --- ------ 914; 47-2-------------
F2 0.0- -----------------------------------------------

CR203 0.0

C .--- ACMI TE 0.0 0.0COO 0-0M A-ST r r CATE -~~~~~~~~~-0 ~~-- -- -0 -- 0~
-BG 0.0 POTASSIUM METASILICATE 0 .0 0.0

DTUP STU ~- ~ ~~ ~ -~ ~ ~ ~~~TO 3 ~~ ~ . B6~~T20 U. WOLLASTONITE 0.0 0.0
FHYPER5THENE .1
OLIVINE 0.0

-C ATTUK ~RTHU-S-FCTCA T E~~~~-D3 ~ ~ 0. 0-~QUAR T Z ~0.52T MA GNE T ITE 1.5 22
NEPHELINE 0.242 -- ~ -0~ ~ ~---~ ~-
KA SltiTE U.131 ILMENITE 1.178

SP-NEU.0

OLIVINE 0.0 PEROVSKITE 0.0
PYRUXENE ~-.0--~
FELDSPAR 0.960 APATITE 0.0

PYRITE 0.0
CALCITE- -. o-
CHROMITE 0.0

SUM 5.530

XYX4A ATION RA T 87~140tI2FE20T/2FE2U3TFED~~~ T02=~~~t0.338

RATIO MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE 2.0&08E 00

-D I FER ENT IA rTN119ex 83986



-284-

CHEMICAL ANALYSIS, HOWI -9

CIPW NORM

02--- ~---72.~5 _~(WEIGHT PERCENT ------------------------
AL 203 10.140 - - - _ - ---

F E203- ~- SALIC GROUP
F E0 3.090 QUART0Z -2664 039

CORUNDUM 0.0 1-) 9.679
CAO 5.670 -ZIRCON ~----

NA2~---~~---~-~4.920 ~ORTHOCLASE 8.103 0.106
K 20. 10 370 -AtlTEt .1 U585 .4

T U -- ~-~~ ANORTHITE 1.524
P205 0.0 ~ EUCT TE~~~~~~~~~~~~~~~~~~~~- 7 ---- ~~

MNO .0 KALIOPHYLITE 0.0
ZRO2 0.0 0 ~NEhEt-NE-~~ ~ ~ -~

- C1J2 - ~~-~~0.~0~ THE NARDI TE 0.0
S03 0.0 soUlUMABUNAIt U.0

HALITE 0.0
F 2 0.0 ----- -yg- -T y-l3T - ~~~-~~ -- ~

U.0
CR203 0.0 ------------ - ----------------

coo 0.0 -EMiL UKUUP (-Lti
ACMI TE 0.0 0.0

SRO 0.0 -- SUO U---ET--E- ~~ ~~~. -

LIZU 0.0 POTASSIUM METASILICATE 0.0 0.0-

~ D I UPS 1 DL ~~~ ~~ ~~~ ~ ~ ~-~2680 ~ - ~ 76T
-SU~---~~-~ -- 99 WOLLASTONI TE 0 .809 0.711

RYPERSTHENE u.u
-~QUARTZ~-~~~~~~~~~- .~O44 OL I VI NE 0.0

NEP HEL INE 0.295 TCT ~URRUSTCTCAT E~~~~~~0~.0~~~~~~~U0~--
KALS1LII .060E MAGNETITE 0.0

ILMENITE 0.817
OLIVINE 0.0 SPHENE 0.0

PEROVSKI TE 0.0
FELDSPAR 0. 707 RUTTLE-~-~~-~~- ~~~~~~~~~~~~~~D -- ~~ - ~- -

APATITE 0.0

PYRITE 0.0
CALCITE U.0
CHROMITE 0.0

SUM 22.006

-0TIDATONR AIO -MD.-2FE203-/2FE203FEDT---~~~X100 =-~-~4.718~- ~~~

RATIO MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE = 1.3651E 00

-DIFFER ENT IAT ION~ NDE X~ -~ 6;Z89



-285-

ChEMICAL ANALYSIS, H 10

S102 69.170 - -

AL203 14.620 CIPW NORM
FE203 -- I.40 TWEIGHT PERCENT)
FEU 4.630
MGO~ -- - - - 9T--
CAO 2.330 SALIC GROUP

'NA20 .250 QUARTZ 30.537
K20 0.830 CORUNUUM 2.483 0.0
T102- 0.740.ZTRCON0
P205 0.0 ORTHOCLASE 4.909 0.069
MNU - - -- ~O DA35--

ZR02 0.0 ANORTHITE 11,567
C2 0.0 -EUCTE0.0
S03 0.0 KALIOPHYLITE 0.0
CL - --------. ~ NEPH EL INE 0.0
F2 0.0 THENARDITE 0.0

0.0 UODT _CARBONATE- -

CR203 0.0 HALITE 0.0
-N It - USUM -8 85.416-

SRO 0.0
LIZU 00 U ACMIC Fh _GROUp C

0.0 0.0
75-Sm I------------ 0uU--T O SUDTU117ETAS CATE --------- -- -- -- -C-----

POTASSIUM METASIL4CATE 0.0 0.0
QUART ---------- U' DTPSrF-a0---

NEPHELINE 0.273 WOLLASTONIFE 0.0 0.0
KAIU E -0,,0390.

OLI VINE 0.0
------ AflJhFU~rWUfSTFErc1VTE -------o0,-0--------- - ---

OLIVINE 0.0 MAGNETITE 2.030
PYRJ~cF-------T.75Af -,y y-----------

FELDSPAR 0. 825 1JLMENI TE 1.406
SPHEN: 0.0
PEROVSKITE 0.0

000
APATITE0.

0.0

CYRIT 0.0
-BAUIT - -0U -

CHROMITE 0.0 .

su- 14. 585

-PXTDAASISON MU IUM METAIL E 0039

RATIO MGO/FEO IN HYPERSIHENE DIOPSIDE AND OLIVINE 1,0445E 00

FTEFER0ENTI82INMEITE 1



CHEMICAL ANALYSIS,

CIPW NORM
5102 78.500 (WEIGHT PERCENT)
ALi03 12.490
FE203 0.530
FEO 0.610 SALIC GROUP
MGO ~ -~-- -.- QUARTZ 45.650 -~.534
CAL) 2.380 CORUNDUM 0.493 (-) 0.0
NA20 - 3.780 - ZIRCON 0.0 -

K20 1.330 ORTHOCLASE 7.867 0.092
TIU2 -. -90~-ABTT- -31.947 -~.T4
P205 0.030 ANORTHITE 11.815
MNU -U0.i1 EUCI TE O
LR02 0.0 KALILPHYLITE 0.0
C02 --- NEPHELI-NE--- -.----
S03 0.0 THtblARDITE 0.0
CL2 .0-UTM~CRBNATE u.u
F2 0.0 HALITE 0.0
5- 0.0SU -97.72~
CR203 0.0
NJU -- -------------------------------------

COO 0.0

A0 - ---- 00KUU I-
SRO 0.0 ACMITE 0.0 0.0
-LTZU . 501J UMNETATS1TCATE~-~-~ 0.- - ~0--

POTASSIUM METASILICATE 0.0 0.0
SUN 10T- TUPSDE----------~~-~~ --- -~~ -

WOLLASTONITE 0.0 0.0
QUARTZ--- ---. T45HYPEK5HENE 1.350
NEPhELINE 0.203 OLIVINE 0.0
-KALSIL 1 T 0.052 ~TZLCTU~URRTHUSTEFCATE------0.~0- -. 0

MAGNETITE 0.768
-- ~-~----~~---~EMATTTE~~~~-- ---- ~-~--~----

OLIVINE 0.0 ILMENITE 0.0
PYROXENE-- T.025SPHENE- 0.0
FELDSPAR 0.975 PEROVSKITE 0.0

~RUTITE
APATITE 0.0
FL~UURTTE~~~- 0.0' -- -

PYRITE 0.0
UACNTE D.0o -

CHROMITE 0.0

SUM 2.118

UXIUAI IUN KAI LU MUL i ttUi/4tt4U3+rtU) ~XTO0-- 43. 882~

RATIO MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE = 1.2263E 00

-- DT7FFERENTrAT-lT UN NDEX= 85 .46*

~~

H 11



-287-

CHEMICAL ANALYSIS,

S 102
AL203

H 12

75- 810
13.980

CIPW NORM
-(1WEGHT '-PERCENT)

FE203 0.480 SALIC GROUP
FEG 1.170 -QUART7 -42.60 0547
MGUO~~- U.5*3 CORUNDUM 0.706 0.0
CAO 3.550 ZTRCON 0.0
NAZO 3.65 ORTHOCLASE 4.377 0.056
K20 0.740 ALBI I3

TIU2 0.080 ANORTHITE 17.623
P205 0.0 -L-EUciTE-- 0.
MNd - 0.0 KALIOPHYLITE 0.0
ZRO2 0.0 "-NE1'I-L426NE 0.0

COZ 0.07 THENARDITE 0.0
3 0:* 0'4.3A7 0. 56 0

CLZ -0a73- HALITE 0.0
F2 0.3 -------- -- SUM 6.155 -~- -
5& 0.0
CR203 0.0 ---

coo 0.0 -L~ ~MI~ - ~-U--~-~.
~BAO------------~---.~U~~~ ACMITE 0.0 0.0

SRO 0.0 ~ 5UU1 M TASTUrCATE--------J*0~~~~~~~~~~~U.0~~
LT4U 0.0 POTASSIUM METASILICATE 0.0 0.0

~DTUPT ~-~~~~~~~~~~~~~~- ~ -.~~~~ G
-U -~~--~~~~~~~--~-9~. 8U WOLLASTONI TE 0.0 0.0

HYPERSIHENE 3.049
-Q-RTI --------- .-T53 OL IVI NE 0.0

NEPkhEL I NE 0 . 2 15--~CA~CTU~URwTwD5T~IUCKTE ~- ~
1ALi5TT: 0.032 MAGNETITE 0.696

~~H EWM A I1 I TE ~~~-~~~ ~~~ ~~~ ~ ~ ~-~---~-
ILMENITE 0.0

OLIVINE 0.0 SPHENE 0.0
PTRUK7EN------~~-1~.U055 PE ROVSKI TE 0.0

FEL DSPAR 0.94 5 --RUTE~~~---------------------0.0
APATITE 0.0
FUUK IE ~0.

~ -PYRITE 0.0
LALL It 0.0

~ - CHROMITE 0.0

SUM 3.745

-0X-Mj2A1uN-K-AILU MLIZFE U/dJFLUJ*+:u) X i 0U:_;9_6617N

RATIO MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE = 9.8113E-01

~DTFFEENTIATUN-1NUEX = I(.t46'
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MICAL ANALYSIS, H 13CHE

S.

F

M'
C
N
K
T
P
M
Z

CL

F

N1u U.0
coo 0.0

BAO -~.

SRO 0.0 t-LMIC (A{UUP~ I -c)
0 ACMI TE 0.0 0.0

S-001UK-1TSTIT~C~ATE -~- ~~~~~--.--~-So---- ~POTASSIUM METASILICATE 0.0 0.0

QUARTZ ~U--.~T2T WOLLAST[UNITE 0 . 0 ' .
NEPhELINE 0.0111 HPR EN.0 T9, YPETMENE3.798
KUSTII E 0.i766 OLI VINE 0.0

~LUT------------H- R tTL~~~C~ATUTE -~ 1 - ~ .

OLIVINE 0.0 MAGNETITE 1.435

PYRXEU0.4 ILMENITE 0.589
FELDSPAR 0.926 SPHENE 0.0

- PEROVSKITE 0.0
~RU T E ~~~ -~ -~~~~ ~-~ - -~ ~ 0 .0 - -- ~

APATITE 0.0
_FLUT -T_ -0.0

PYRITE 0.0
CALCITE 0.0

CHROMITE

SUM .

0.0

5.822

UX~1aATTlN~RATTYMULI zEtu3/4 t zu+rtu X1QO=~2 6.719

RATIO MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE = 1.7743E-01

~TFFERENTTATTUN~TNDEX~= ~90. 198 -

102 78.40 CIPW NORM
203 10.680 (WEIGHT PERCENT)

AO 0.40 SALIC GROUP
0.400 QUARTZ 45.291 U.499

N20 -2.0 CORUNDUM 1.395 (- 0.0
20 4,550 ZIRCON- 0.0102 0 . 3 1 0 ORTHOCLASE 26.913 0.296

205 0.0 _ T- - - 85.594- ~ Z5-
NO ~~0~.0 40ANORTHITE 1.986
R02 0.0 -LEUCITE 0.0-- -

)2 0.0 KALIOPHYLITE 0.0
13 0,0 NEPHELINE- 0. - ~-

2 --. THENARDITE 0.0
2 ~~0.0 -ufWUxuK .00 Sul FIU WCROA RBO----TO-- 0,

203 0*0 HALITE 0.0
203 ~0.0__---~- ~-- ~~-- -SUM 94T 8 -- -~ - ~



-289-

CHEMICAL ANALYSIS, H 14

CIPW NORM
(WEIGHT PERCENT)

S102 - 74.290--

AL203 14.140 SALIC GROUP
FE203 00 QUARTZ 53.543 0-639
FEG 1-560 CORUNDUM 8.436 0.0
MGO --4!)-,TCN -- 0.0 --

CAO 0.0 ORTHOCLASE 16,207 0.193
N A20AEBIIE1C-
K20 2-740 ANORTHITE 0.0
TI G2 -5 "--uEuc-rw---0.
P205 0.090 KALIOPHYLITE 0.0
MNT- -. 0 NE LE0
ZROZ 0. THENARDITE 0.0

SO3O I UM CARBONATE-
140 HALITE 00

-S2, 0.0 ~ ~Q A T

s -- -----------------------------UM-2.15 -- -----------

U.10~ZRN

0.0
U. ~~

U.U ACMITE ' 0.0 0.0
S.O~ U- - ------ --- CTE- --------

0.0 POTASSIUM METASILICATE 0.0 0.0
S0 . -1yhprg-pg-------------------g g ---- 0--

WOLL.ASTONITE 0.0 0.0
--sum-- -~-T.0 HYPERSIHENE 1.025

OLIVINE 0.0
QUA R TZ ---- ~ ~
NEPHELINE 0.091 MAGNETITE 0.0

K 7 ALUSILTT E 0.110 - EMA I I I E ~~~~~~~~ ~ ~ ~-~ ~ ---~-~- ~

ILMENITE 3.293

OLIVINE 0.0
~PTRUXENE - -. 0-T
FELDSPAR 0.96T7

( -(;)

SPHE NE 0.0
PEROVSKITE 0.0
~R T 1:~ E~~ ~~~ ~~~ ~~-~ ~ ~ ~--T
APATITE 0.0
FL R -~~~-~-~ ~-------0.
PYRITE 0.0
CALCITE 0.0
CHROMITE 0.0

SUM 7 695

UXIDAI IUN KAI LU M[IZFF 3Zt-bU3+F EUT TUUG 2 . 198

NO IRON IN HYPERSTHENE DIOPSIDE AND OLIVINE

DTFElKENTYA1TUIfN-13NEX~ -: 133 1 ((9v"-

CR203

CLJU

SRO
L I ?U

- ~--~-~~~~~
~ ---

I MIU G RUUP
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CHEMICAL ANALYSI

S102
AL 203
FE 203

MGOV
CAU
NA20
K20
T 102
P205
MNO -

Z R02
C02
S03
CL2
F2

S, H .15

CIPW NORM
(WEIGHT PERCENT)

67 .5$10 __ _ ___

15.800
. S3 SALIC GROUP

1.700 QUARTZ 16.735- 71.-200
~ --. 0 CORUNDUM 0.0 (-) 1.059

2.330 ZIRCON 0.0

3.U0_ORTHOCLASE 34.720 0.415
5 ATBTT E---T---- -- ~ 2.116 0334

0.400 ANORTHITE 8.664

0 0 -LEUC-ITE- __ . 0-G. 0- ~

0. KALIOPHYLITE 0.0
0.0 NlE)PHEL TNE~ o; -~

o.- THENARDITE 0.0
0.0 KS' I JWTA RaGRATE0

- -G--- HALITE 0.0

0.0 ~-~ S 2.235~

uU
CR203 0.0

cOO 0.0
HA -- ~~-0.U - AC MI TE 0.0 0.0

SRO 0.0 * TUJ TME- --- --
LRU 0.0 POTASSIUM METASILICATE 0.0 0.0

-SUW -~--~-T5T. WOLLASTONITE 0.0 0.0
HYPERS1HENE 2.360

rQUARTZ ~~~~~~~~~-.556 OLIVINE 0.0

NEPHELINE 0.208 * *
A~KT1TE 0.T 2E36 MA GNE T I T E 2.363

HEA TT EE~-~.~-~
----------- LMENI TE 0.760

OLIVINE 0.0 PENE 0.0
PYRUXENE - ~

FLDSPAR 0 APATITE 0.0
F1UUTE ~-------0.0-
PYRITE 0.0

CAlCTTE l 0
CHROMITE 0.0

SUM 7.890

UlX IUATIflNR ATTIUhMLt2FEZU3/ZFtZU+FtU) 10 0= 4-6.32 %NT- --

RATIO MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE = 1.2093E 00

UITFFERENTIAT1UN FNULX7- = 3.5/1

-
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CHEMICAL ANALYSiS, H 16

CIPW NORM
S102 65.~62- (WEIGHT PERCENT)
AL203 15.480

FE203 - 1.940
FEO 3.130 SALIC GROUP

G ~ --; QUARTZ1

CAG 3.260 CORUNDUM 0.0

NA20 3-- - 34-3 0- ZIFRCUN 0.0

K20 4.650 ORTHOCLASE 27.5
T102 - 0 7- 28.9
P205 0.280 ANORTHITE 13.0
MNG- -s .4-EU TE- 0.0
LR02 0.0 KALIOPHYLITE 0.0
C02 --- ~~.0--rNEPH-EUNE 0.0
S03 0.0 THENARDITE 0.0
CL-2----------- 0 - - -7fl0TM-CR3UNATE --

0.0
-ggg

HALITE 0.0
3SU M 87. 714 - ~

62 - 0243
(-) 1.130

04 0.368

59

CR203 0.0

c0o 0.0
8AO ~-- tMLL KUUP -
SRO 0.0 ACMITE 0.0 0.0
L I U U.0 I-W E AE~ ~~J~-~--~ ~U-I U _METATCrATE -- -- -- O--0

POTASSIUM METASILICATE 0.0 0.0
~~5-U ~-- ~~ 9 ~9  9  DU2I 1P S I UE 2.56 ~~~ ~30~

WOLLASTONITE 0.0 0.0
-- QUARTV-----------U~;58U~ HYPERS)HlNL , 152

NEPHELINE 0.210 OLIVINE 0.0
-1CALSILITE 0.2 09 ^LALCEtURIHUSCFCATE------ . -

MAGNETITE 2.813
----------------------- - F EWT rt-- ~~~~~~~~~~~~ ~~-~~- .~~ ~ -~--------

OLIVINE 0.0 ILMENITE 1.463
~~Y O E E ~~~ ~~~~U. 00 SPHE N. 0 .0NROKEN100

FELDSPAR 0.900 PEROVSKITE 0.0
RU1T1Z7------------------- --0----- -----------
APATITE 0.0

~FL-UUR T TTE ~~~-~-~---------
PYRITE 0.0
CALGIl - 0.0
CHROMITE 0.0

SUM 11.997

OIATUION RAI lu MUL 3l~ZUi4 FFEUTi XT - ~~ -35.8 - ~

RATIO MGO/FEU IN HYPERSTHENE DIOPSIDE AND OLIVINE = 1.5593.E 00

UIFFEKtN I-AT IUN INUEX = I4.655 V ,
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CHEMICAL ANALYSIS, H 17

65.090
15.260
3.060
3.400

CIPW NORM
(WE I GHT -PE RCE NT)

SALIC GROUP
-- -- g QUARTZ
2.880 CORUNDUM
-4.0 ~ZT ZIRCUN
3.960 ORTHOCLASE
0.SB90-~AtBTET -
0.190 ANORTHITE
o. - EUCTE -- -
0.0 KALIOPHYLITE

18.152
0.0
0.0

0. 241
C-) 0.867

23.423 0.310
- - -~ -- 3T F 89T~~--- 4T

11.899
_0.0
0.0

S102
AL203
FE203
FEU

CAO
N A 20
K20
T 102
P205
MNO -

ZRO2
C02
S03
CL-z
F2
s5----
CR203
N10
COo
BAO-

0.0

0.0
reMLU uuur t-,

SRO 0.0 ACMITE 0.0 0.0

L 120. 0 UDi METATL-TFAT-E -------- ~ u. -

POTASSIUM METASILICATE 0.0 0.0

SUM -- -9.9 DTUPSTDF~ ~ ~~ ~ 9T ~ .

WOLLASTONITE . 0.0 0.0
QUARTZ HYPERSTHENE 4.338
NEPHELINE 0.243 OLIVINE 0.0
TA ETILITE 0. 176 ~C~ALCTU~URTRUSTr~CATE------ 0-.-07 -0

MAGNETITE 4.437
------------- -ILENATE .69y

fLIVIF Eoo ILMENITE 1,691
PYROXENE
FELDSPAR 0.916 PEROVSKIT

KUTILE
APATI TE

LFUUURITE
PYRITE
CAUCTTE

LCHROMITE

'Jsu
0.0

0.00.0

0.0

0.0

SUM 12.436

1JX I-1DATTflNRATflYWOT10ECZO-FE23FE23WEDT -XIOO = 4-4-;75Il---- -

RATIO MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE = 1.5899E 00

~~DIFFERENTTATT0UN-TNDE~X = -5~466- ~-

0.0 NFPHELrNE- 0

0.0 THENARDITE 0.0
- .-0 SOD utM ARBuNATE-- - .Y

0.0 HALITE 0.0
. u~----~-~---SU?-- 8T7. 365 ~-~--

-~ -~--
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CHEMICAL ANALYSIS, H 18

CIPW NORM

S102 60.220 .WEIGHT PERCENT)

AiL203 14. 440

FE203 2.220 SALIC GROUP
FEG 7.60 --QUARTZ 13.651 0.258CA 4.27-0- CORUNDUM 0.0 (-) 0.402CAZ 4.270- ZIRCON 0.0
NA 20 T ORTHOCLASE 8.281 0.156
K20 1.400 A TTE~~ TI - .08T1 .O56-
T102 0.'70 ANORTHITE 20.089
P205 0230-T__LEUCITE 0.0 -

MNO. KALIOPHYLITE 0.0ZRU2 0.0 -~N1EP1EL INE 0.0
CO3 . 0 THENARDITE 0.532S03 0.300 _

CL72 -- §~UDUM-CARBUNATE -- - -U 0___C2 0.0 HALITE 0.0
F2 0.0 ------------- 64----------
S U.0
CR203 0.0
N10-~-~-.~U~ ~
COO 0.0 FEMIC GROUP (-C)BA .- ACMITE 0.0 0.0SRO 0.0 *oUg--rA-s-rUrc -------- 0-0TUT70 0.0 POTASSIUM METASILICATE 0.0 0.0

-- ~IPS-DT~ ~~-~~~----------~.9- 3 - ~4-
S-- .W WULLASTONITE 0.0 0.0

- HYPERSTHENE 20.153-QUARTZ________ 0 594 OLI VINE 0.0
N EP HEL INE 0.318 -- cm5 TEff--~~~o Orc. 0K-1l5T I I E 0.089 MAGNETITE 3.219

--- - -- - - - - ----- IE~ ----------- U - - - - - - - - -

OLIVINE 0.0 ILMENITE 1.843
--PY-RXEN -~-~~~~ -~~~~.~Z 6T SPHE N E 0 .0
FELDSPAR 0.738- PER-VSK[TE 0.0

RKUTTUE---------------------- YO----------------
APATITE 0.0

PYRITE 0.0
CALCITE 0.0
CHROMITE 0.0

SUM 26.128

UXILUAIIUN RAllU MUt i l- t/U3/2FtZU3+FEU) X100= 22 .0 58

RATIO MGO/FE IN HYPERSTHENE DIOPSIDE AND OLIVINE = 1.4685E 00

UDIFFEREN IA I IUN INDL X 53.013 'N



CHEMICAL ANALYSIS,

510 2
AL 203
FE203
FEG

CAO
NA20 -

K20
T102
P205
MN0 -
ZRO2
Co2
S03
-CL2
F2

CIPW NORM
(WEIGHT PERCENT)

59. 360
15.580 -_~_-_-

2. 040 SALIC GROUP
5.420 QUARTZ 6.519 0-7107

~ CORUNDUM 0.0 ) 4.171
5.700 ZIRCU0N - 0.0
-. 23U ORTHOCLASE 18.928 0.309
3.200 AL35.750 ~0.54
0.990 ANORTHITE 14.033
0.470 ~EUCTTE - 0.0
0.l-6o-o KALIOPHYLLTE 0.0
0.0 ~NEPHErK E -.- --

~ THENARDITE 0.0
0.0 SuOlUM CARUNAT~ u -u

-- - -~~~-- HALI TE 0.0
0.0 ~~---~~--SUW TS.229-- - -- ~

s u.0

CR203 0.0 -----------------------------------------------

COO 0.0 EtMIL GRUUP I-L
BAG - ~~~~~-- ~.~~ ACMITE 0.0 0.0

SRO 0. O SI~5UUM~-UNETA~TL TCATE-~-------~.W-~~~~~-- ~
LLL U.0 POTASSIUM METASILICATE 0.0 0.0

D1UP PDE ~~~~~ ~~ ~~-------- 9~.~4T9 - ~ 4 .~17 T
SUM UU~. 00 WOLLASTONITE 0.0 0.0

MHYPERSIHENE 9.1427
-QUARTZ~~~----------U5 u OLI VINE 0.0
NEPHEL INE 0. 317 ~CALCTUURTUSTCCATE~~~~~~-~-0~.0 -

K ALSIUL iTE .17-6- MAGNETI TE 2.958
~HEITE ~ .8 ~ - ~

--- -~~~--- ILMENITE 1.881
OLIVINE
1PYROXENE
F ELDS PAR

0.0 SPHENE 0.0
0.ZT6" PEROVSK I TE ' 0.0
0. 784 ~RUTI~LT -~-~~~~-- .0

APATI TE 1.026
FLUR~~~0 .0
PYRITE 0.0
TALC-l T .
CHROMITE 0.0

SUM 24.772

UGX1U AT URN KATtUMUL 2 F 2U3 / ZF t 2U34 TUT X 10 025. 3T ~

RATIO MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE = 1.4461E 00

-~UlFFER ENTIAT 1flNDEX= 61.19T 

-294-

H 19
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ChEMICAL ANALYSIS, H 20

CIPW NORM
-(WEIGHT PERCENT)

S102 -- 54-.530
AL203 15.680 - -- - - -

FE203 4.010 SALIC GROUP
FED 6.010 QUARTZ 2,923
MGO 4~.I CORUNDUM 0.0 5:181
CAO 7.180 ZlIRCDON 0.0
NA20 4-40G ORHCS 9.168 0.186NA20-- .T I ORTHOCLASE
K20 1.550!
1102 - -. o30 ANORTHITE 18.423
P205 0.450 -UEUCTTE
MNU- O.50 KALIOPHYLITE 0.0
LR02 0.0 -NEPHEL INE 0.0
CO2 0.0 THENARDI TE 0.0

2.203 0.0 s.
.- CL2 1O HALITE 0.0

F2 0.0 -------- S0UM 6.-701 0 -

00.0

cR2o3 0.0 --- - -9.8 G

N0.0
COO 00 ~ -MIL ,800 0.0

SAO3 0. ACUNITE 0.0 0.0

CU -ll -U~~ WOLLASTONITE 0.0 0.0
F.Y2- S-~LN - 1 .633 -
OLIVINE 0.0

N EP HEL INE 0, 409 _AAUM 0RTHTTSTrICATE ------- (7---- -- -- ---
-1(_AWSYlLlTE_ 0-106~ MAGNETITE .5.814

G R2O3 00 ----- ------------ 7------- - fo-7-- --

A ILMENITE 3.097
ULIVIit 0.0

.PYRUXEN~~--------- ~U5l
FELDSPAR 0.743

SPHENE 0.0
PEROVSKITE 0.0
R-UTUE-----------------------(-T~-
APATITE 0.982.
FLUO[K -- TE~~~~~~~-~~T.0-
PYRITE 0.0
CLALCIILE 0.0
CHROMITE 0.0

SUM 32.301

UIIA7 [UN7i- lU MUL I (tt U3.SHbzU3+PEUI Al U= J i . 24U '

RATIO MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE = 2.746-1E 00

t1 fftREN' I Ai10 TTNW =49,27
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CHEMICAL ANALYSIS, H 21

CIPW NORM
(WEIGHT PERCENT)

5102 "64.050-
AL2U3 14.920
FE203 2.330~ SALIC GROUP
FEO 5.090 QUARTZ 21.118 -0. 357-
- ---- - -- ~ 3U CORUNDUM 0.0 1-) 0.566
LAO 4.490 -ZIRCUN 0.0
NA20 3.~T3D ORTHOCLASE 6.447 0.109
K2U 1. 090 ~A".~BTE- -~ 3TS25 0.534
TI2 O.3U~ ANORTHITE 20.716
P205 0.080 ~-GUITE -- ~0.- 0
MNG O.:>P KALIOPHYLITE 0.0
ZRO2 0.0 ~NEPHE INE 0.0
COZ THENARDI TE 0.0
SO3 0. 150 SUUJTn-CARBNATE -___ ___U-.-U-

CL2 - 0.0 HALITE 0.0
F 2 0. 0 -~~~~~~-~~UM ~79 U 0---- -- -~-~------
C2 0.0

CR 203 0.0
N10
COO 0.0

SRO 0.0
U0. 0

FEMLt GKUUP I-C )
ACMITE 0.0 0.0

~s5u01 rMNETASTI~TATE~ -- ~- --- ~
POTASSIUM METASILICATE 0.0 0.0
D TIP51D PE ~~-~~ E.~267~ ~ ~~ -566~
WOLLASTONITE 0.0 0.0

QUARTZOLIVINE 0.0
NEPHEL INE 0.289 ALTTW
KALSTLTTE 0,-962- MAGNETITE 3.378

YPILMENITE 1.577

ULIVINE 0.0 SPHNE 00
PYRQXENE ' U2G PEROVSKITE 0.0
FELDSPAR 0. 7 9 5~ E U00 - -- ~ -

APATITE 0.0
LE00 PHRINE 0.0 -

PYRI TE 0.0

CHROMITE

SUM

~- 0~.~0
0.0~

20.128
DX I D ATI N~ATT~OUI-ZFE2U372FE EUT-~ ~ - X9 ITa -

RA1IO MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE = 1.8044E 00

-UIFFE R ENIT AT10T~i-D-ME---9,-Dg90y-
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ChEMICAL ANALYSIS, H 22

CIPW NORM
(WEIGHT PERCENT)

S102 63. T70~_______

AL203 16.300
FE203 -790 SALIC GROUP
PE 0.0 QUARTZ 21.996 0.365

U7 __ CORUNDUM 00 2.420
CAO 6.330 IRCON00
NA20 368g ORTHOCLASE 7157 0.119
K20 1.210 AL IT31.10 25
TIO2 o.u~ ANORTHITE 24,346
P205 0.0 LEUCTTE 0 - -

MN U. KALIOPHYLITE 0.0
ZRO2 0.0 NtEPHEL*INE

C2 0--- THENARDITE 0.0

SO3 0.0 SuU1U ARBUNATE-------
(,LZ~ - ~ -~HALITE0.

------ 2-.996---365

F2 0.0-
--5----- U.0.

CR203 0.0

COo 0.0
-BAG -- ~----

SRO 0.0
LIZU U

TART~~~.653
NEPhEL INE 0.280
KALSILITE 0.06T

UL IVINE 0.0
-PYRUXEN ~~~~--------~-12
FELDSPAR 0.872

~- -tl( -~ ~ -~ ~-

ACMITE R0.0 0-.0
~UDTIUK-RETASruCrC-AT E~- -~ 0~-o-0~ -- -- -
POTASSIUM METASILICATE 0.0 0.0
D T5D ~~~~~--~~~5 --- ~- 420
WOLLASTONITE 0.0 0.0
HYPERStHENL 3.679
OL IV INE '0 .0

RTUTURT-Wr~5T- rCMT E------~O---- ----- ~-
MAGNETITE 0.0
HEATTE~~~~-~~~~---------T-qgG-------------
ILMENITE 0.0
SPHENE 0-0
PEROVSKITE 0.0
~RUTTL------------------------- -----------
APATITE 0.0
~FU UfTE~~~~-~~~- ~~-~ - -- -- -. - -

PYRITE 0.0
CALCITE 0.0
CHROMITE 0.0

SUM 16.668

-UUATTDN-RATT-MU-LZLZUTZFEZ3+UJ X0U=-Iu0.00

NO IRON IN HYPERSTHENE DIOPSIDE AND OLIVINE

UTFFE ENTTATTON~~TNUEX~~=~6. 2
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CHEMICAL ANALYSIS, H 23

CIPW NORM
~~TWEIGHT PERCENT)

13.880
4. *: ISALIC GROUI

11.650 QUARTZ-
s./zu CORUNDUM
9.510 -ZTiRC--N---

~ ~I.qT5 ~ .U094
0.0 (-) 7.002

- -- __- 0.0

SID 2 --

AL203
FEZO3-
fE0

NA2O -------- ~ .- ~~ ORTHOLASL 2011 0.095
K20 0.340 AEBL It !7.0zU 5 L 1
T62 - -- ~-- ~---~.T2U~ ANORTHI TE 2.6-- TIG227.767
P205 0.230 TEUC-rF
MNG U.3'0 KALIOPHYLITE 0.0
ZRG2 0.0 -NE-PHETNE----- ---- -0.~0
C02 -~~.~ ~ THE NARDI TE 0.0
S03 0.0 -USiUM LAREbUNAlt U.U

-2----~~~--~HAL I TE 0.0
F2 0.0 -------------- -

S 0.0
CR203 0.0 ---------------------- -

COO 0.0 It-MIC GRUUP I-G
BAU~~~~~ ---~- - AC MITE 0.0 0.0
SRO 0 .0 C
LIZU , .0 POTASSIUM METASILICATE 0.0 0.0

~SUW~~~~---~~~~-~TU35 WOLLASTONI TE 0.0 0.0

WARZ_ -- ,-WH Y P EKSRSHE NE 30 .216
~UART -~~~~~~-U~~-- OLIVI NE 0.0

NEPHEL IN E 0.439 ----- g--g--R-T-5-c-cNTE --- .~-
KALU Et .054 MAGNETITE 6.539

ELNITE 2---------------
ILMENITE 2,128

O IV IN 0.0 SPHENE 0.0
~~PYRXN~-.6~ PEROVSKITE 0.0
FEL DSP AR 0.504 --UTniE ~ -

APATITE 0.0

PYRITE 0.0
CALCITE 0.0
CHROMITE 0.0

SUM 54.798

UAIUAI IUN RAj 10 MUL12Ft U3/Zf 2U3+ FU) X00= 15.39

RATIO MGU/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE 1.7744E 00

IFFtLK NIIAIIUN INUEX = 21.U59

MrGIu
CAO
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CHEMICAL ANALYSIS, H 24

CIPW NORM

~S2- ~~4 -----.- ~WETGHT PERCENT) ~

AL203 14.980

FE23 - ~~SAL IC GROUP
FEO 11.560 UAtt--0 ~
MU 9.51U CORUNDUM 0.0 1-) 6.153
CAO 9.510 . - N - - ---0 .

2U 0~.0 ORTHOCLASE 3.194 0.158
K20 0.540 A.2 0.842

ANORTHITE 30.173
P2G5 0. 210 . -U-U---TE~--_0.0 ~-
mN0 U.40U KALIOPHYLITE 0.0
ZR02 0.0 NE TTENE 0.0 -- ~~

DOZ THENARDITE 0.0
S03 0.0 SUDIUM LAKUNATE U.U

HALITE 0.0
F2 0.0 -- ~-----~---U -. 44 - ~ ~-
F2 0.0s~ uou
CR203 0.0 ------------------------------

WIU-------------- ~.T~

SRO 0.0
L IU 0.0

sum -T----------I0. o

NEPhELINE 0.457
K AL ii Tt 0.090

------------.------

ULIVINE 0.081
-PYRUXENE --------- 0364
FELDSPAR 0.535

ACMITE - 0.0 0.0
~~SUTM ~r ETs - rcATE~~~ ~~- ~ ~~ o-o ~~ ~

POTASSIUM METASILICATE O.Q 0.0
U DrUPSTDF -- ~~~~- ~~~~~~~~ I~5.~9'4 ~~ - ~~ ~53~
WOLLASTONITE 0.0 0.0
HYPLRSIHENE 22.231
OLI VINE 7.598

.-. m ~ FRTWU5T-CATE------0~~ - ~
MAGNETITE 3.480

~ HE~MAT 1 E --~~~~~~~~~~~~~~~~~ 0~ ~
ILMENITE 2.261

.SPHENE 0.0

PEROVSKITE 0.0
.RU1T --.------------- -------

APATITE 0.0
~Fl:U JK I I E ~~~~~~~~~~~~~~~~~~~~-- .~
PYRITE 0.0
GALLITL 0.0

CHROMITE 0.0
---------------------------------------------------

- SUM 49.554

XIUATIUN KA tU MUt LiLU3I/-t/U-3Itu) XU0= 15. 743

-----------------------------------------------------------

RATIO MGO/FEO Ii HYPERSTHENE DIOPSIDE AND OLIVINE = 1.6278E 00

-- F -------------------------

t~t~LKLIIALUN INUL) =e.Lb
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CHEMICAL ANALYSIS, H 26

CIPW NORM

IWEIGHT PERCENT)

S102 53.780 -- _~- -

AL203 19.380 SALIC GROUP
FE203 0.0 ~- - QUARTZ 20.313 1.000
FLO 15.390 CORUNDUM 5.391 (-) 0.0
MGO 2797~Z RCN - 0.0
CAD 7.680 ORTHOCLASE 0.0 0.0
NA2O 0.~-ALB1tE --0.0 0.0
K2u 0.0 ANORTHITE 38.126

r102( - 00-Tu rE0S10 2 0~; ~ - EUCT -TE-0.
P205 0.0 KALIOPHYLITE 0.0

SMN -~NEPlTELINE 0.0
ZRO2 0.0 THENARDITE 0.0
C02 0.0SUDT :SO CARBUNATE ___.0__

S03 0.0 HALITE 0.0
IL 2 0.- -------------- SUM -63.830 --- ~----

F2 0.0
-S- - - .- --------------- ----------------

CR203 0.0
NW ~.-T~ I-EMIL GUKUP (-Ci
Coo 0.0 ACMITE 0.0 0.0
BAO I SuM OW~NETASTEC~ATE~-- -. ~~~~ 0
SRO 0.0 POTASSIUM METASILICATE 0.0 0.0
LT20 0.0O ~~P-SD E E~-~-~-~ ~---~ .~ ~~---D-------- -

WOLLASTONITE 0.0 0.0
SUM -- 99U2~ HYPERSTHENE 35.190

OLIVINE 0.0
QUARTZ -- ~~--T.UUU -CA-LCTU-U0RiTHUSTECATE------0.-(Y -------- 0_0-
NEPHELINE 0.0 MAGNETITE 0.0
KALSI L ITE1 0.0 ~EMA [TE ~ ~A ~~~~~~ ~~~~~~~

ILMENITE 0.0
SPHENE 0.0

OLIVINE 0.0 PEROVSKITE 0.0
1'YRoX EN~E - ~--~~~-~.48 -~RTTE 0E ~-~~ ---~-.--
FELDSPAR 0.520 APATITE 0.0

~---------------------
PYRITE 0.0
CALLIlE 0.0
CHROMITE 0.0-

SUM 35.190

-UXTUAl UN KAI1 MULL2 2U3/L20U3+EtU) X1uU= 1-305 a

RATIO MGO/FEU IN HYPERSIHENE OIOPSIDE AND OLIVINE = 3.2632E-01

IFFER ETtA 1 OlUN I NUL X = 20. 313
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CHEMICAL ANALYSIS, H 27

- -- CIPW NORM

(WEIGHT PERCENT)

S102 52.72(

AL203 16. t40
FE2U3 0.78(- SALIC GROUP
FL 11.340 QUARTZ 0.0 0.0

- ~&.~240- CORUNDUM 0.0 (-) 5.214
CAO 8.890 ZIRCON 0.0
NA20 3.50--- ORTHOCLASE 3.371 0.102

K20 0.570 ~ATTE - 9-.T5 8V 0.ha98

T102 1.-o20-- ANRTHI TE 27.973

P205 0.300 IEUCTTE 0.0-
MNO U.~5f KALIOPHYLITE 0.0

LRO2 0.0 NEPH{EUTINE -.
C-2 0.0 THENARDITE 0.0

S03 0.0 SOU1 UM LARBUNATE 0.0
CL2 - -- HALITE 0.0

F2 0.0 ~~~~----SUM 60,925

S--0.0
CR203 0.0
NIl --0T.T ~~~

COo 0.0 VLMIG UKUUP- I-

BA ~--~ --. 7---~-~- ACMITE 0.0 0.0

SRO 0.0 U0D 1 UK~mETSTEL---C-ATE~ -- U-.------~-- ~
LIZU O.0 POTASSIUM METASILICATE 0.0 0.0

.D T UP P S1E ~~~~~ ~~~ ~~ ~.~T .85 - ~5 214~~
3UM ~-----ioo~.' - WOLLASTONITE 0.0 0.0

H YPERS1 TENE 23.815

QUARTZ -~V.55U -LI VI NE 0.072

NEP hEL INE 0.487 UCTWRTHUSTTCATE--~~-~~0.----~~~--
KAEUTI~1TE O.058 MAGNETITE 1.131

HE-MA - -I IE-~-~~~ -~~~~~~ -~O~ 0 -- - - ~
ILMENITE 1.938

OLIVINE 0.001 SPHNE0
PYROXENE - -- 6q PE ROV SKI TE 0.0
FELDSPAR 0.630 -0

---- --- -APATITE 0.786
FLUURTTE~-0.0----------
PYRITE 0.0
LALCI TE 0.0
CHROMITE 0.0

SUM 39.591

-UXIDATIN~KAI i MUL i/-LLU3/2EZ03+FtU J X100 T5.830 --

RATIO MGO/FEU IN HYPERSTHENE DIOPSIDE AND OLIVINE = 7.2497E-01

D F ER NTTTTU~TNUE X t2: 92 T
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CHEMICAL ANALYSIS, H 28

CIPW NORM
(WEIGHT PERCENT)

s1u2
AL203
FE203
F l~u
MGO0
CAO
N A20
K20

P205
MNU
L R02
C02
S03
CL2
F2

-S

50.090
16.520
1.970 - SALIC GROUP

11.350 QUARTZ 0.0 0.0-
---- s~ CORUNDUM 0.0 () 4.059
9.030 ZIRCON 0.0
.640- ORTHOCLASE 3.017 0.119

0.510 ACBTE - 22.3I- 0-8BT
- 1- .-49-- ANORTHITE 31.679

0.350 ~TEUCITE 0.0
- - .45- KALIOPHYLITE 0.0

0.0 NEPHElINE 0.0
-. o -- THENARDI TE 0.0

0.0 SDUR1-CARBONATE- 0.0
- 0~.~ -- ~~~ HALIlE

0.0 - ~SUM
0.0

0.0
57.008

CR203 0.0
-NI 1 U-.~-
COO 0.0 AEMIt GRUUP I-C)

BAOG---- ACMITE 0.0 0.0
SRO 0 0 ~ SUDTUETFA-TETC~ATE ~ -0 -

LTZU WU.W POTASSIUM METASILICATE 0.0 0.0

-~ -~~- T. - WOLLASTONITE 0.0 0.0
H-TYPERSTHLNE 2T.422

QUARTZ - ~0~55 OLIVINE '0.179

NEP11EL INE 0.477 C-ATCTJW- URT1RuSTErCATE-------0.^~---~~
KALSru[TE 0.068 MAGNETITE 2.856

~ ~ ETT I I t ~~ ~ ~ - ~~ ~~ ~ ~ ~~E~
----- ILMENITE 2.831

OLIVINE 0.002 SPHENE 0.0
-PyRUX ENE-----------gy PEROVSKI TE 0 .0
FELDSPAR 0.608 UTLE~~-~~~-~~~~~-~~---

APATITE 0.764
~-FTURTTE ------------- ~ ~- .

PYRITE 0.0
LALCITE 0.0
CHROMITE 0.0

SUM 43.278

UXLLUAJ1UN KA MULt-2U203/ZFt ZU3+tU) A lUU= 1-.'11

RATIO MGO/FEO IN HYPERSTHENE DIGPSIDE AND OLIVINE = 1. 1049E 00

-- iDFFERENTTATTON~~NLJLX = L .329
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CHEMICAL ANALYSIS, H 29

CIPW NORM

S102 49.05 0 (WEIGHT PERCENT)

AL203 12.820 -- _ - - __-_

FEZU3 2.760 SALIC GROUP
FEU 14.500 QUARTZ 0.00
MG"0 4.53 CORUNDUM 0.0 1-)10.992
GAO 10.060 ZIRCON 0.0
NA20 3.T20~ ORTHOCLASE 5.383 0.170
K20 0.9 10 --ATBTTF~~ -- - 35T
T10- 2.010 ANORTHITE 18.260
P20 5 0. 3 60 LEUCTTE -0 .0 - -
MNO U.330 KALIOPHYLITE 0.0
ZRG2 0.0 NEPHELINE 00~--~--
C02 0-0 THENARDITE 0.0
SO 3 0.0 3nUDUM~~CARBUNATEF o -0--
CLZ U.0 HALITE 0.0F2 0.0 ------------ gg- - 5n-.~ ---~ - -~-----
-~ 0.0
CR203 0.0---
NIO ~--~----U1.

COo 0.0 I-EMIG GRuUP (-C)BAG U.U ACMITE 0.0 0.0
SRO 0_ 0. 0 -5DUTU~RETST-TC~ATE~~~~~- - -
~2U . POTASSIUM METASILICATE 0.0 0.0

SUM I- WOLLASTONITE 0.0 0.0
1IYWEI4E EPE6. 65 9 5

QUARTZ ~U OLI VINE 10.300
NEPHEL I NE 0. 450 CAU-~RTRUSTrCCrc E~-~- - - --- - 0 o--
KAUSTL7TTEE 0.096 MAGNETITE 4.002

EATITE~~~~~~-~----- -----------.~
ILMENITE 3.819______

OLIVINE 0 . 1 1 2 -RENIE 3*819
FEROSPAR 0.344 PEROVSKITE 0.0

FELDSPAR 0. 5 4 4 RUTTLEE~------~~------ ~-
- APATITE 0.786
FURT---------0.0
PYRITE 0.0

CALCTE WD
CHROMITE 0.0

SUM 50.483

UAIDATTN ~RA TT MDUU-ZE-UT7FZO3+FET- ~ ~XL00 14.62963--0

RATIO MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE = 6.9384E-01

Dl FFEKENTlATTUN NEEX = 3T1.752\
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(htMICAL ANALYSIS,

4

1

h 30

CIPW NORM
(WEIGHT PERCENf)

8.590
8.850
4.380- SALIC GROUP
2.430 QUARTZI
V.r9D~ CORUNDUM
7.310 ZIRCODN
0.170 ORTHOCLASE
0. o02 0 ~~AT.~BTTE~ - _ _ _-- -- - _

1.330- ANORTHITE
0.130 1.EUCTTE-
0220~ KALIOPHYLITE
0.0 NE-PHEL INE
0.0 THENARDITE
0.O Su U M~CARBUNAT E
0.0 - HALITE
0.0 -S-UM 24.795
0.0

0.0 0.0-__
0.0 1-) 4.557
0.0
0.0 0.0
I .437~ .UUUO-

23.358
0.0 -

0.0
0.0 -
0.0

-- ~0 .0-_o----- -

0.0

S102
AL203
FE203
FEU
MGO
CAO
NA20
K20
T102
P 205
MNO

C02
S03
CL2
F2
S
CR203
NIG
COU
BAO
SKO

LI20

SUM
HYPERS THENE 51.195---

QUARTZ ~ U.4~5T OLIVINE 8.038
N EPHEL IN E 0. 542 ~~CA~EC-TNT~0R-TTFCT KT E ------ ~-~- - -
KALSIL ITE 0.0 MAGNETITE 6.351

ILMENITE 2.527
OL I VI NE 0.085 SPHENE 0.0
PYROXENE - .63 PEROVSKI TE 0.0
FELDSPAR 0. 263 ~-UTTI~----~------------- - ~-- ~

APATITE 0.0
FLUU TE~~--~--~~------~-- ~ -~
PYRI TE 0.0
LALGrlo 0
CHROMITE 0.0

SUM 78.468

--UX 10 A T 10N-R AT ITUMtUTT2FE2U3FT2-U3TFFUT ~~X10D=~~~24.~078~~~~

RAril MGO/FE0 IN HYPERSTHENE DIOPSIDE AND OLIVINE = 3.7916E 00

-~-U FFER ENT I A T1UN~~TNDEX~= 1 .43 .

0.0 - - -

0.0 FEMIG GRUUP
U.T ACMITE 0.0 0.0
0.0 ~5 TT .~-.STUIWC ATE~~-~ ^ ~~. ~ ~~~-~-~~-~-~-
0.0 POTASSIUM METASILICATE 0.0 0.0

I3TTUTTD~~ .-.~0574.557
TD3~.TIT WOLLA STONIT E 0.0 0.0

-- ~~~~~
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CHEMICAL ANALYSIS, H 31

CIPW NORM
SIO2 45.190 (WEIGHT PERCENT)
AL203 8.850
FE 203 4. 380
FLO 12.430 SALIC GROUP
MG~~~ - t9.80- QUARTZ 00
CAO 7.310 CORUNDUM 0.0 4.557
NA20 -- .170-- ZIRCON 0.0
K20 0.020 ORTHOCLASE 0.0 0.0
T102 1.330 _ N -- OITE 2335-
P205 0.130 ANORIHlfE
MNU 0 2 2 0-U- - 1 --

LR02 0.0 KALIOPHYLITE 0.0
CO2 0 NEPHELINE - 0;o -----S00 THENARDITE 0.0

503 0.0 -UD-0.0RB(-TE4.557
CL 2- E-- - - -- 0.0

F2 0 HALITE 0.0
SU0.0Z46----5------------ ------------

0.0
CR203 0.0
N 0-
COo 0.0 .

O - - - -~ ~ ~ ~ - r CILL U uur t-,

SRO 0.0 ACMITE 0.0 0.0
SR 2---0. ~SUDU ~METSTEUCAT-E-------~hc~----~ -

POTASSIUM METASILICATE 0.0 0.0
SU ~~~U-.UTU-~~DOIUPSTDE--~~~~---~- ~~--~~?~.35--- ~~-- 557

WOLLASTONITE 0.0 0.0
QARTZ -- ~--.4 HYPLRSiHtLNE 39. 104

NEPHEL R N . OL IV INE 16.728N-EPLL I NE 0.542 ~CATCTUM DURTUS-TEI~CATE~------0~.0 ~~~---~0
MAGNETITE 6.351

-- ----- ------------ ~HFM~A I I I0 -

1 LIVTNIE 1 84 ILMENITE 2.527.
PYROXENE U.544-
FELDSPAR 0.273

Mthe 0.0 -

PEROVSKITE 0.0
~ R U T1~~~-~~ ~-~~ o.0
APATITE 0.0
FLUORTTE~-~-~- - ~~ - 0.0
PYRITE 0.0
CHCRMTE - -.0

-CHRLJMI-TE 0.

SUM 75.068

0XIU AU r0N K ATIUMU-t2 EU237t2FE24+E- U 0=---~-24. 0TB- -

RATIO MGO/FEU IN HYPERSTHENE DIOPSIDE AND OLIVINE = 3.7916E 00

DTF FER ENTTATTUN7ITNUE~-~ 1.43 -
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EMICAL ANALYSIS,
2 -48

H 32
.110

CH

SIL
AL2
FE
FEL
MGc
CA(
NA
K2
T1
P2
MNO
LR(
CO;
so:
CL
F2
S

CR4

0.0
0.0
0.0

0.0 - ~

(-) 9.036

0-3 5.440 CIP'W NUKM
203 3.170 (WEIGHT PERCENT)

12.600

7.710 SALIC GROUP
20 -- 0-.-480 QUARTZ
1 0.100 CORUNDUM
02 1.290 ZIRCON
35 0.270 ORTHOCLASE

-.5~AUT1TE~ - -

32 0.0 ANORTH ITE
2 0.0 TEUC-I TE-

3 0.0 KALIOPHYLITE
2 0.0 -NE PHELINE

0.0 TI1 NARDITE
. O---S0DttRiCA RB ONA T E

203 0.0 HALITE
-- -SUM 16.731

COO 0.0
--BAD- ~U-;---~~~-

SRO 0.0.

L2U .. FtMICt UUROUP
ACMITE 0.0 0.0

-SuDI~uP ----- 0-- -,;TT S7-07cr
POTASSIUM METASILICATE 0.0 0.0

QUARTZ~--- --------- 4-58~~DTS~ ~ -~~~~~-2-~5~ 03-6
NEPHELINE 0.542 WOLLASTONITE 0.0 0.0
KAL51L1I1E .0- HYPERSTHENE 43.238

OLI VINE 11.706
----------------- TECTU~~~0R-TUS-T~rCTE~~~~~~--0-~~~~~--- ~~-0

OLIVINE 0.127 MAGNETITE 4.596
~PYROXENE---------~~~-~~ 6972~HEMA I I I E ~~~~~~~~~~~~~~~ y
FELDSPAR 0.181 ILMENITE 2.451

SPHENE 0.0
PEROVSKITE 0.0
RUT11E~~ 0-----------------~~~~ 0~ ~~
APATITE 0.0

-FL UR [---- -- --- -- --
PYRITE 0.0

LALLITE 0.0
CHROMITE 0.0

SUM 82.528

-X1UA-TlUUN KI U MUI.lr.t4UJ/4r-t4U-+rtU)

RATIO MGO/FE IN HYPERSTHENE DIOPSIDE AND OLIVINE 3.5607E 00

-UTFFERENTTAIIUN INU X =

0.0 0.0
4.057 - 000

12.674
0.0
0.0
0.0 --

0.0

0.0

4. U5f

XKTU=~J.6 ~
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ChEMICAL ANALYSIS, H 33

SI02 46.550 CIPW NORM
AL2U3 9.740- - (WEIGHT PERCENT)
FE203 16.240
FEU 0.0 -~ - -

MGO T U90 SALIC GROUP
CAO 9.510 QUARTZ 3.691 1000
NA20 . CORUNUUM 0.0 1-) 7:064
K20 0.0 ZTRC0N- 0.0
T102 U.0- ORTHOCLASE 0.0 0.0
P2050 0.0 AtItE-
MN - 0?0 ANORTHITE 26.546
ZRO2 0.0 -LTEUC1TE - 0.0
C02 -- W~ KALIOPHYLITE 0.0

SO3 0.0 "-NEPHEL TNE- -

CL2 - ~ ~ THENARDI TE 0.0
F2 0.0 SUUIUM CAK5UNATE u

U.0 HAL[TE 0.0
R203 0.0-

-~0.[I-1 ~ -

0-0.0

S--U0 HALITE 0 .00.
C R 2 3 0 0 -- ~~-U----M--~~-~5r~~~30.--Z8 - - ~--- ------ ~~-----

SUUU I. ~ -- ~ - ----- - F ---- - - - --- -----_

UM --- TUU.1U POTASSIUM METASILICA TE 0.0 0.0
DTYUPSE-~-~~-~~----~-T6.U56-~-~7.064-

QUARTZ~----~--T.~ WOLLASTONITE 0.0 0.0
NEPHELINE 0.0 HYPERSTHENE 37.46T

OCLUNE 9 0 LIVINE

~ ~MAGNETITE 0.0
OLI VINE 0.0 -TiEWATTT-~------------------ - 6.24--------------
PYROXEN-,66 ILMENITE 0.0
FELDSPAR 0.332 SPHENE -. 0

PEROVSKITE 0.0
R-UTTI ~~~-~--0.0
APATITE 0.0

! FLAURfTE~ - 0.0 -

PYRITE 0.0
CALCITE 0. -

CHROMITE 0.0

SUM 69.762 -

-OXLUAT-lNTKA i U MULI 2td-LU3//FUt+tTU XT00= 100.000

NU IRON IN HYPERSTHENE DIOPSIDE AND OLIVINE

-~DTFFER ENTTATTON ND E X = 3. 691
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CHEMICAL ANALYSIS. H 34
SI 2~ - ----- 30.T4-- --- -- -- - - ~- -

AL203 4.120 CIPW NORM
FE203 2.450 (WEEGHT PERCENT)
FEO T.40d
MG G 21.0
CAG
NA20
K20
T 102
P205

-MN0- -

CU2-
SO3

F2

CR203

coo

SRO

12.060 SALIC GROUP
-. ~450 QUAR TZ - - 0-00
0.210 CORUNDUM 0.0 (-)17:873
-. 53 lTRCON- 00
0.090 ORTHOCLASE 1.242 0,246

0.0 ANORTHITE 8.590
0.i- 1~UCTTE0.
0.0 KALIOPHYLITE 0.0

- .~NEPNRELTNE 0.0
0.0 THENARDITE 0.0
Us-0 ~SUUUN--CARBNATE
0.0 HALITE 0.0

--. su-m)17.873
0.0

0.0
LTz 0.0 I-EMIL GROUP I-C)

ACMITE 0.0 0.0
ST--~-- ~~~--~. SUDTI N~~ETkSTWICATE------- ~0 0

POTASSIUM METASILICATE 0.0 0.0
-QUARTZ--~~~~~~--- .2 PE ~~~~~~~~~4~~ [ T73
NEPHELINE 0.409 WOLLASTONITE 0.0 0.0
KALSIL ITE 0.140 HYPERSTHENE 28.402

OLIVINE 12.685
~ -c ~ CT UW U R T W ST Lr CAT E ------- ~o ~- ~ ~~--

OLIVINE 0.133 MAGNETITE 3.552
~~PYRDXEN-E -------- ~~Y.T24~ HE AT E~ ~- ~~o ~~ ~~~~~~~~~~~~~-.~-
FELDSPAR 0.143 ILMENITE 1.007

SPHENE 0.0
PEROVSKITE 0.0
RUTUU---------- -.-o---------
APATITE 0.0

-F-U~l'M ------ ---- --- 0.-- --------
PYRITE 0.0
LALIlTE 0.07
CHROMITE 0.0

SUM 86. 266

-12XIUAU' 1AII L31 ±LI llU~- ii
X1 0= ZZ .957

RATIO MGO/FEO IN HYPERSTHENE DIOPSIDE AND OLIVINE = 6.5954E

~UTFFENTITTUN- NUX .~045~

--



ChL iLAL ANALYSIS,

MI u 2
AL2U3
FEZO3
EU

M 3uu
CVAU

I 1UJ2
P2U5

1 ZRU 2

503

F 2
S
CR203
N tu
LUG
6AU
SRO
L1I0

sUM

QUAkTL
NEPHEL INE
KAL SIL I TE

UL IVINE
PYKUXLNE
F EL GSPAR

UAIOATION RATIO

7 C. 820
13.890
I . 4s 1 U
2.460

3.110
2.62L
4.4CO
C . 55U
0 1 CO
C.04C
C. J
0.c
0.0
0.0
0.c
0.c
c. )
0.0
0.0
.0

0.0
C.0

CIPW NORM
(WEIHT PERCENT)

SALIC GROUP
QUAR I
CURUNUUil
LI RCG;Ni
UKTHOLLASL
ALBI I
ANURIHI Tt.
LEUCITE
KALIUPHYLIT L
NEPOLL I NE
IHENARUITE
SGDLUl CARBONATE
HALITE

SUM 91.961

FEMIC GROUP
ACMI TE

99.990 SODIUM METASILICATE
POTASSIUM METASILICATI

U.660 DIOPSIE
0.152 WOLLASTON[TE
C.1b7 HYPERSTHENE

OLIVINE
CALCIUM ORTHOSILICATE

0.0 MAGNETITE
0.072 HEMATI TE
0.928. ILMENITE

SPHENE
'PEROVSKITE
1RUTILE
'APATITE
FLUORITE
PYRI TE
GALCITE
CHROMITE

SUM

MUL(2FE2U3/2FE2U3+FEO)

.696

.0

.0

.026

.143

.097

.0

.0

.0

.0
.C
.C

0.0
0.c

E0.0
1.981
S0.0
2.772
0.0
0.0
2.131
0 .0c
1.C45
0.0
0.0-
0.0
0.0
0.0
0.0

0 .0
0 .0

RATIO MGO/FLU IN HYPERSTHENE UIOPSIDE AND OLIVINE = 6.7299E-01

UIFFLkENTIATION INDEX = 78.864

-309-

. A.'H -1

0.389
(-) 0.872

0.330
0.281

(-C)
0.0
C.0
~0.0
0.872
0.0 -

0.0

~7.930 -

X100= 34.788
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CHEMICAL ANALYSIS, __ .A.H -3

SICO? 69.q3C
At203 12.760
FE203 1.610
FF0 4.490

I . 84C
3, 44f
3. 29C
1.670
0.700
0.17C
0.700
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

MGO
rAo
NA?0M
KO
TI?
P205
MNO
7Rn?
C02
So3i
CL2
F?
S
CR203
NTOC
CO0
8An
_SRn
L120

rIPW NORM
(WEIGhT DERCENT)

SALIC GROUP
CUARTZ
CORUNDUM
ZIRCON
CRTHt4CLASE
ALBITE
ANORTHITF
LEUCI TE
K. ATOPHYLT TF
NEPHELINF
THENAROITE
SODIUM CAPRCNATF
HALITE

sum

31.525
0.0
.0.0
9.878

27.806
15.086
o.c
0.0
0.0
0 .
0.0
0.0

0.456
1-) 0.735

0.143
0.402

84.295

FEMIC GROUP
ACMITE

SUM 100.600 SODIUM METASILICATF
POTASSIUM METASILICATE

QUART? 0.701 CIOPSIDE
NEP1EL INE 0.21. W1LLASTONIT E
KALSILITE 0.081 1YPERSTHENE

CLIVINE-
CALCIUM ORTFOSILICATE

OLI.VINE 0.0 MAGNETITE
PYROXENE 0.191 HEMATITE
FELDSPAR 0.80s ILMENITE

SPHENE
PEROVSKTTE
RtJT I LIE
-APATITF

FLUORITE
PYRITE
CALCITF
CHROMITE

SUM

OXIDATION RATIO MOL(2FF2C3/?FF203+FEfl)

RATIO MfGO/FEO IN.HYPERSTHENE DIOPSInE AN)

DIFFERENTIATION INDEX 69.208

X100=

0.0
0.0
0.0
1.670
0.0

10.811
0.0

2.334
0.0
1.330
0.0

0.0
0.0
0.0
0.0
0.0
0.0

16.145

?4.398

OLIVTNE =

(-C)
0.0
0.0
0.0
0.T35
0.0

0.0

P. 6130E-~01

0.0

0.0
_0.0

0.0
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S102 68.740
At 203 16.380
FF2n3 1.75C
FFO 1.?50
MOO 1.120

TIO2 0. 8 1f i
NA?O 4,49C
K20 3. 69C
T102
P?05 0.090
MNO 0.030
7RO? 0.0
CO? 0.0
Sf3 0.0
CL? 0.0
F?
S 0.0
CR203 0.0
NIW 0.0
Con 0.0
RAO 0.0

.A.H -4

CIPW NORM
(WFIGI-T PFRCFNT)

'SAL IC GR
CUARTZ
CORUNnUM
ZIRCON
rRTHOCLASF
ALBITE
ANORTHITF
LEUCITE
KALIOPHYLITE
NEPHELINE
THENAROTTF
SCODIU CARBCNATF
HALITS

s um#

.iP

93. 584

~ *FEMIC GROUP
L A0CMITE

SUM 10 0 . i10 SODIUM METASYLTCATE
s POTASSTUM METASTLICATE

Q IOPSIOEQUARTZ 0.59s WICLLASTnNITE
NFPHFL INF 0. 251
KAL SIL TTE 0.151 HYPERSTHENE

CL TVINF
CALCIUM CRTIOSILICATE

OLIVINF 0,0 VAGNFTITE

PYROXENE 0 .04 2 HEMATITE
FELDPAR ,358ILMENITE -FELDSPAR,09e SHN

SPHENE
PEROVSKIT
PUTILE
APATITE
FlUORITE
-PYRITE
CALCTTE
CHROMITE

22.253
1.*182?
0.0

21.826
37.948
10.375
0.0
0.0
0.0
0.0
0.0

00

0.0
0 .0
0.0
0.0
,0.0
3.077
0 .0
C .0
2.537
0.0
0 .722
0.0
0.0
0.c
0.0C
0.0
0.c
0.c
0.0

0.271
(-) 0.0

0.266
0.463

(-C)
0.0
0 .0

0.0
0.0

SUM

OXICATION RATIO MOL(?FE2r3/2FE?03+FFO)

RATIO MGO/FFO TN HYPFRSTHFNF DIOfPSIDE AND

DIFFERENTIATION INDEX 82.026

X00= 55.752

OLTVINE = 1.336-9AE 01



CHEMICAL ANALYSIS,

ST02
AL203
FF203
FEn
MGO
CAO
N A 20
410?K205

MNO
7RO?
C02
s;03
CL2
F?2
'S
CR203
NO

8A -
SRO
I T 25n

0.0
0, .0

ORM
RCFNT)

63.100 CIPW N
16.62C (WEIGI-T PF
3.98C
3.510
1.770 SALIC GR
4.050 CUARTZ
2.680 CORUNDUM
3.37. 7IRCON
0.40 CRTHOCLASE

0,5"AL13ITE
0.070 ANORTHITF

0.0 1LEUCITF
00 K ALIOPHYL IT E

0.0 NEPHELINF
f. -THFNARnITE
0- SODIUM CAACNATE

FALITE
0.0 SUM
0.0

0.355
(-.) o0.0

0.302
0.343

85.583

FFMIC GROUP
ACMITE

sum -SODIUM MFTASILTCATE

SUM 99.990 POTASSIUM METASILICATE

QUART7 0.642 OPLLASTONITF
INEPHELINE 0.116 THFE
KALSILITF 0.172 CLIVI N

CLIVINE
CALCIUM CRTFOSTLICATE

OLIVINE . -AGNETITF
PYRXNE 0 HEMATITE
PYROXENE 0.101 ILMENITE
FELDSPAR-_ 0.895 SPHFNF

PFROVSKITE
PUTILE
APATIT .
FLUORITE
-YRITE
CALCITE
CHROMITE

OXIDATION RATIO MOL(?FE2C3/?FF?03+FFO)

RATIO MGO/FEO IN HYPERSTH4ENE PIOPSYDE AND

0.0
0.0
0.0

-0.0
0.0
6,733
0.0
0.0
5.191
0.0
1 .501
0.0
0.0
0.0
0.982
0.0
0.0
0.0
0.0

(-C)
0.0
0.0
0.0
0.0
0.0

0.0

14.408

X100= 47.861

OLIVINE = 2.5306E 00

nIFFFPFNTIATION INDEX = 65.974

-3X2-

.A.H -5

23.390
2.147
0.0

19.933
22.650
17.462

0.0
0.0
0.0
0.0
0.0
0.0

CUP
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SIO2
AL?fl3
F F 2%' (
F Fn
MGO
CAO
NA?O
K?l
T O2
P?n
MNO
7R0?
CO?
S03
CL2
F2
S
CR203
NTO
COO
BAn
SRO
L120

SUM

QUAP T 7
NEPF-ELINE
KAL SIL TTE

61.170
17.770
0.62C
5.84C
1.6?C
4.780
3.790

1.52
q. 310

0.100
0.0
0.0
0.0
0.0
0.0
0.0-
0.0
0.0
0

0.0

0.0

CIPW NORM
(WFIG-T PFRCFNT)

SALI GPRUP
CUAPT 7
CORUNDUM
71RCON
CR T HMCL AS E
ALARITE
ANORTHITE
LEUCIIF
KA.IOPHYLITE
NFPI CLINE
THENARnITF
SODTUM CARRCNATE
IFALYTE

SUM 83.61 5

FEMIC GROUP
ACMITE

100.000 SO0DIUM MFTASILICATF
POTASSIUM METASILICAT

0.578 DTOPSIDF
0.215- WOLLASTONITE
0.117 HYPERSTHENE

rLIVINE
CALCIUM ORTIOSILTCATF

OL IVINE 0.0 -- AGNETITE
PYROXENE 0.148 HEMATITE
FELSPR_..852 ILMENITE

SPHFNF
PFROVSKITE
RUTILE
APATTTE
FLUORITF
PYRITE
CALCITF
CHROMITE

Slim

14.200
0.805
0.0

14 .669
3?.032
21.909
0.0
0.0
0.C
0.0
0.0
0.0

0.0
0.C

E 0.0C
0.0
0.0
11.923
0.0
C .0
0.888
0 .C
2.888
0.0

0.0
0.677
0.0
0.0
0.0
0.0

0.233
1-) 0.0

0.?41
0.526

(-C)
0.0
0.0
0.0
0.0
0.0

0.0

16.387

OXIDATION RATIO MOL(2FE2C3/2FF203+FEO)

RATIO MGOIFFO-IN HYPFRSTHENE OIOPSiDE AN)

X100= 8.721

OLIVINE = 6.790?E-01

DIFFERENTIATION INDFX 60.901
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