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ABSTRACT

Few*me(bods exist to analyse tungsten a£ the ppm level
in rocks. Consequently, tpe amount of data is very scarce
agé often conclusions are drawn from a very small number of
samples; In this study, a NAA radiochemical separatioﬁ me thod
was used to obtain information on tungsten contents in some
125 volcanic rocks. Besides the major oxide data, which were
in most cases obtained from the donors of the samples,
additional information was gathered with XRF methods on the
following trace elements: Rb, Sr, Ni, Y, Zr, Nb, Zn, Pb, U
and Th. Factor analysis was applied in order to process this
vast array of newly obtained data. Knowledge of the local
geology is necessary if not essential for the interpretation
of these data.

The wide variety of rocks involved in this study com-
prises predominantly basalts (alkaline and subalkaline) and
andesites, but also includes some felsic differentiates as
well as some ultramafic rocks. An attempt, although not
always succgssful, was made to obtain as fresh samples as
possiﬁle. These rocks are derived from differing tectonic
areas - (1) ocean floors an& islands, (2) island arcs and

continental margins and (3) continental areas.
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Tungsten is an incompatible element accumulating in
residual liquids together with elements such as K, Rb, 2r,
etc. hxisting tungsten estimates for both basalts and
andesites are too high. Tungsten contents for basalts and
andesites vary according to their petrotectonic environment.
Among these rocks, ocean floor basalts have the lowest values
followed Sy island arc basalts and andesites and ocean island
basalts. Tungsten contents generally are higher in alkaline
basalts and their range is wider than for subalkaline basalts.

No differences seem t0 exist between subalkaline ocean island

and continental basalts.
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"Why the devil.should | be interested

in your tungsten ? Why should anyone?"

(Denison, October 3rd, 2070)
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CHAPTER 1

TUNGSTEN ... FACTS, MYTHS AND HERESY ...!

¥
14 Introduction and purpose

In discussing recent improvements in the quality of
abundance data for many elements, Jeffery (1959) points out
that "One exception to this is the data for tunasten, which
is 3till very sparse and contradictory in character”. The

situation has not changed very much ever since. Recent

literature still starts off lamenting on the lack of available

data. This situation becores understandable when one takes
into consideration all the difficulties involved with tne
analysis of tﬁnqsten as a trace element. Analytical methods
are not abundant and attempts to make some of these work can
become a very frustrating, if not at times an impossible,
task. Personai experience (Helsen, 1970) in this respect
became eventuaily a challenge (or an obsession?) to continue
the pursuit of the unravelling of "The Secrets of Major
Tunasten®. Emphasis in this study has been put on tungsten

and its relationship with other elements in volcanic rocks,

in particular basalts and anpdesites.
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1.2 Some new information from post-1968 literature

Wiendl (1968) reviewed in a very exhaustive way the
existing literature on tungsten geochemistry and ore deposits
up to 1968. Krauskopf (1970) used this dissertation as the
basis for Chapter 74 in The Handbook of Geochemistry. It is
not the purpose of this study to review the post-1968 litera-
ture, although some of the highlights of this period will be
commented on below.

Ivanova et al. (1968) studied the trahsport of tungsten
in hydrothermal solutions. They suggested that the most
probable tungsten compound is orthotungstic acid or Hwo4'.
Complex oxyfluorotungstates may form if a hydrothermal 2
solution is rich in fluorine, e.g. in the process of greisen-
ization. On the other hand, Kozlov et al., (1974) report that
the longstanding observatieon of\extensive pneumatolytic and
hydrothermal tungsten mineralization, associated with
extensively oreisenized muscovite granites, have relatively
low (0.10%) mean fluorine contents, whereas greisen with low
muscovite but high fluorine content (0.3%) have also low
tungsten content. The former suggestion is based on a
thermodynamical study and the latter on the geochemistry of
Mesozoic plumasite leucocratic granites.

Lyakhovich et al. (1969) mention that sphene and
ilmenite act as concentrator minerals for tungsten, with

respectively 20 ppm W and 60 ppm W for granitoid rocks.
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Simon (1972) studied distribution coefficients of tungsten

in rocks and minerals (biotite, hornblende, magnetite and
sphene) of the southern California batholith, which show

more scatter (although not completely random) than would be
expected from an equilibrium situation in which tungsten is
in the mineral structure. The tungsten contents are lowgst
in hornblende and always hiqgh in sphene (mean content is

9.4 ppm W, ranging from 4.6 to 14 ppm W). Simon'also p&lieves
in the existence of tungsten in the structure (solid solution)
as well as a discrete phase., Yaroslavskiy et al. (1974)
comment on tungsten in granulites and claim plagioclase to

be the chief host mineral. Ukhanov et al. (1973), evaluating
the tungsten contents of ultramafic rocks, regard kimberlite
as a concentrator rock for dispersed elements since it has
about five times as much tungsten as peridotites (mean value
of 0.2 ppm W for pefidotites).

Experimental research (Foster, 1972) concerning the
behaviour of Kknown amounts of scheelite mixed with a granite
fraction and about 10 wt.$ water (up to 2 kbars) shows the
low solubility of tungsten (<3%) in granitic melts.

Cathro (in Garrett, 1971 and Rowe, 1973) refers to
Potato Hills in the Yukon as a porphyry tungsten pluton.
Garrett (1971) suggests the existence of other porphyry -~
tungsten deposits in the Mayo area (S.E. Yukon) and draws at
the same time attention to the eventual use of uranium as a

potential pathfinder for tungsten.



1.3 Tungsten deposits: some facts, myth ... and heresy?

Geqchemical and geological studies of the classical
tungsten ore deposits occur with a certain reqularity in
literature, particularly Russian literature. This section,
however, will deal mainly with a so far less common type of
tungsten mineralization. For a long time, taking into con-
sideration the very few exceptions (e.g. Fisher, 1951), most
tungsten ore deposits have been related in one way or another
to granitoid plutons. Krauskopf (1971), reconsidering the
Sierra Nevada batholith (California) and its associated
tungsten devosits, takes a closer look at this relationship.
In a "speculative discussion” on the source of ore metals, he
questions seriously the validity of the qranitoié rocks as’
possible concentrators for metals. On the basis of negative
evidence or unsolved problems related to these deposits,
Krauskopf (1967) in his own words "hazards a quess" that
sedimentary agents are more effective tp accomplish the early
enrichment of metals in large volumes of material, This
slight enrichment could then be followed by strong locai con-
centration during igneous activity. As an example of negative
evidence he mentions the conspicuous scarcity of feeder
channels for tungsten-bearing fluids.

éetersen {1970) wonders why in Pexru, obviously a
tungsten-rich geochemical province, no commercial scheelite

deposits have been discovered so far, inspite of the numerous

contact-metasomatic deposits (Cu, 2n, Fe) and the great

<




number of grafitic (apparently barren) intrusive-limestone

contacts with skarn. As possible causes he mentions a

possible unknown physico-chemical effect or inadequate

exploration,

The question which arises is the following: To what

extent has the often observed spatial relationship between
granitoid bodies and tungsten mineralization and, of course,
the way of thinking of a certain epoch, contributed to the
creation of a myth, if it really is one, of a close genetic
relationship between W ore deposits and granfzoid rocks?

The present author throughout this work often felt himself

\ .
to be a heretic. After @ll, who is looking for tungsten in
N

basalts ...?

And yet, could it be that the wrong questions

were asked?

Some of the enigmas related to tunasten mineralization

might be solved by the work of Maucher and his research team

at the Institut ftir allgemeine und angewandte Geologie und

Mineralogie (Munich University). 1Indeed, the discovery, during

exploration for new stibnite ore deposits in southeast

Sardinia, of strata-bound scheelite mineralization (Angermeier,
in Maucher, 1972) in'graphite-sericiﬁe schists,  established

the potential for far~-reaching scientific and economic conse-

ta-

+

quences.' The realization of the sign?ficance of the stra
bound character of stibnite, its paragenesis with scheelite

'The newly founded WOLFRAM G.m.b.H, is bringina into operation

tungsten deposits in Styria (Austria). (The Northern Miner,
1975).
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and the close connection of these syn-genetic Sardinian ores
with alternq@inq layers of submarine volcanics and sediments,
. -
and not with the granites of the area, has lead further
research into new directions. Durina a period of about ten
years ample evidence has accumulated ;or the existence
throughout the world of many other strata-bound stibnite
deposits, very often accompanied by scheelite and/or cinnabar,
and always in very similar volcanic-sedimentary series of
stratified rocks (Maucher, 1972) as, for example, in Austria
(H611, 1969; Lahusen, 1972; H811l et al., 1972), Norway
(Skaarup, 1974), and many other places such as Spain, France,
Turkey, Korea etc. (in Maucher, 1972). Maucher also realized
that most of these ore-bearing units are time-bound to the
Lower Paleozoic. 1In a particular region (Maucher et .al.,
1968) some of these rock units containing considerably higher
Sb, Hg and W contents, could be used as a geochemical-
stratigraphical marker horizon. Thus in the Alps over a
distance of more than 500 km, they (Maucher et al., 1968)
were able to narrow down the debatable ages of certain meta-
morphic rocks. They also found more than fifty previously
unknown scheelite occurrences (H611, 1969; H811l, in Maucher,
1972). Although in some cases the scheelite content is very
low and finely dispersed in the basic metavolcanics or meta-
sediments, in other cases the scheelite becomes of economic

value. It should further be mentioned that scheelite is a

primary mineral in the volcanics and sediments (Maucher, 1972)

e e . . it e i
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and the tungsten mineraloay 1s dependent on or correlates
with the metamorphic grade.

This digression on strata-bound tugqsten ore deposits
may have been lenagthy. It nevertheless is the opinion of the

author that it was needed for the reasons previously stated.

1.4 Approach of investiagation

The collection of approximately 125 samples studied in
this work was made available by many investigators throughout
the world. A detailed list of sample localities, don;fs, etc.
is given in Appendix I.

In the following chapters, the methods of investigation
(i.e, determination of tungsten, processing of data with
factor analysis) are dealt with, the geology of the various
regions of interest is described briefly, and the geochemistry
of tungsten is discussed.

Complete data information (major oxides, trace elements
and norms) is given in Appendix II.

Appendix III describes XRF methods that have been used.
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’ CHAPTER II

GEOLOGY OF THE VARIOUS AREAS UNDER INVESTIGATION

2.1 Introduction

Only a limited number of samples has been analvzed for
tungsten. Figure 2.1 shows the approximate distribution of the
samples of this study. The samples first investigated were
basalts from Hawaii and the Deep Sea Drilling Project (DSDP),
because these samples were readily available at the time.

Later samples were selected more carefully as the investigation
proceeded to end up finally with suites of rocks representing
two eruption cycles from a single volcano in the Galépagos 7
Archipelago.

A general idea of the local geclogy of the various
sampling areas will be given in the following sections of
this Chapter, while further details on the samples can be
obtained from the Appendices. In many cases very few samples
were analyzed from a single area, mainly because of the

slowness of the analytical method.

<
.

2.2 Oceanic Islands and Floor

2.2.1 Indian Ocean

The samples from the Indian Ocean area originate from

' ’
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the Crozet Archipelago (S.W. Indian Ocean) and Amsterdam
Island (S.E. Indian Ocean). The Crozet Archipelago is related
to the S.W. Indian Ridge system, which is believed not to be
actively spreading (Le Pichon, 1968). The samples (Ce-1 to
Ce-5) themselves come from section B on East Island. Very
little is known about the geology of East Island and what is
known is mentioned by Gunn et al. (1970). The Island is a
deeply dissected shield volcano (Pliocene or younger) with
alkali basalt affinities. The basement of this complex, com-
posed of many irregular dykes (90% of the outcrop in some
areas), is overlain unconformably by a thick series of flat
lying lavas. These lavas have high olivine and pyroxene
contents which gradually diminish towards the end of the
group (= cycle).

Only cursory work has been done on the geology of
Amsterdam Island and nearby St. Paul Island by earlv investiga-
tors such as Hochstetter, Vélain, Phillips and Rheinisch
(all in Gunn et al., 1971), although the importance of both
islands seems obvious being the only outcrops in an area of
several million km2 of oceanic crust. The general geology of
Amsterdam Island, an extinct shield volcano, has been taken
rmostly from Gunn et al. (1971). The island lies on the
Amsterdam fracture zone, supposedly a transform fault of the
S.E. Indian Ridgg, with a 3 cm/year spreading rate (Schlich
and Patriat, in Gunn et al., 1971). The rocks, all of

tholeiitic affinities, are part of a series of lava flows
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being the youngest flows of the Mont de la Dives, a volcano
on the rim of a central caldera and overlying partially an
older cone. The geomqgnetic polarities of these rocks belong
to the Brunhes epoch, i.e. from 0-0.69 million years ago
(Gunn et al., 1971). .

Dredged rocks from the Indian Ocean ridge system are
reported to be oceanic tholeiites (Engel and Engel,
1969; others in Gunn, 1971), whereas DSDP samples from the
ocean floor of the Southern Indian Ocean (Leg 26, sites 251

and 254) are very low in KZO and quartz normative and are

called the most typical ocean floor tholeiites by Kempe (1973).

2.2.2 Atlantic Ocean

Although in the last ten years mere information has
become available, the general geology of the Cape Verde Islands
can still be considered as of a reconnaiss%nbe character,
while the work of Bebiano as yet remains unsurpassed
(Mittchell-Thome, 1972). This group of 15 islands situated on
the continental slope some 500 km off the African coast, can be
resolved into two trends: a N.W. trend, which may be related
to a transverse fracture zone (Le Pichon and Fox, 1971), and
a N.E. trend related to a deep structure ir -he Atlantic
since Mesozoic times (Klerkx et al., in K2 x et al.,

1974). Those trends are repudiated by Mit+  ‘ell-Thome (1972)
until better evidence is gathered. The whole Archipelago

with only one active volcano (Fogo) has been built up by
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highly alkaline, very undersaturated mafic rocks, e.q.
basanites, nephelinites, carbonatites, with only minor phono-
litic rocks. Assuncao et al. (1968) and others (in Assuncao
et al., 1968) compare the Archipelago with the East African
Rift Valley.

The island Maio, interesting in many respects, is the
only island with sediments older than Miocene and defined
by Trauth (in Mitchell-Thomeé, 1972) as Neocomian. These
sedimencs are underlain by non-fossiliferous limestones,
possibly upper Jurassic or lower Cretaceous (Serralheiro, in
Mitchell-Thomé, 1972). Serralheiro also mentions the importance
of tectonism on Maio as compared to the other Islands, although
structural disturbance in the whole of the Archipelago is
only minor (Mittchell-Thome, 1972). Contrary to previous
beliefs, there is no evidence for a Paleozoic basement
(Bebiano, in Mitchell-Thomé, 1972), and the general consensus
1s that, Maio excluded, the islands did not exist before
Neogene times. Nor is there any evidence for any connection
with the African continent (Klerkx et al., 1974).

One of the conclusions drawn at the American Geophysical
Union Conference on the Deep Sea Drilling Project (DSDP)
(Christensen et al., 1973) was the existence of a still greater
chemical diversity in igneous rocks than might have been
expected from the information obtained from dredged samples.
The overwhelming majority of DSDP samples point towards a

large ion lithophile (LIL)-element depleted olivine tholeiite.
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In some cases it was suggested that these clivine tholeiites
(especially Leg 26) are less olivine normative than dredged
DSDP and Mid-Ocean Ridge basalts (MORB) {(Christensen et al.,
1973).

Because most DSDP igneous cores were taken from the very
upper part of oceanic layer 2, showing undoubtedly evidence of
sills, it is obvious that the real basement is not represented
in the DSDP cores up to Leg 34 (Nazca plate). Although drill
cores of Leg 34 showed extremely fresh basalts at a depth of
less than 60 m, penetration into layer 2 at a single hole
(Leg 37, Famous area, Atlantic MOR at latitude 37°N) going as
deep as 582 m through basaltic flows, intrusions and breccias,
found sediment intercalations to a depth of at least 450 m.
Some analogies seem to exist between basement complexes of
oceanic islands and certain deep sea series, e.g. Mayo Island
sediments and cherts from DSDP cores (Watson, in Christensen
et al., 1973; Mittchell-Thome, 1972), as well as between the
web-like basement complexes, e.g. East Island, Crozet
Archipelago (Gunn et al., 1970), and the igneous basement on
positive large abyssal areas. The DSDP samples from Legs 2
and 3 represent oceanic crust away from the Atlantic MOR, as
opposed to most dredged basalts. The samples cored at both
sides of the MCOR, range in age from 18 to about 70x106 years
(Frey et al., 1974). ]

Dredged samples come from 2 different areas in the

North Atlantic Ocean. The first one is the extensively
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studied area between latitudes 45°N and 46°N (Aumento et al.,
1971; Aumento, 1969) with samples showing a continuous varia-
tion from quartz normative tholeiites to nepheline normative
alkali-basalts. The olivine tholeiite of the 45°N area,
dredged from the Median Vvalley, is like sample D-1 not depleted
in LIL-elements (Frey et al., 1974), and has an age of less
than 100,000 years and possibly younger than the last Ice Age.
Aumento et al. (1971) suggest that the ocean floor in this area,
a test case for sea floor spreading, at least approximates the
complexities found in continental areas.

The second area, comprising the post-glacial Reykjanes
Ridge axis and its extension over the middle neo-volcanic
zones on Iceland, was studied by Schilling (1973a,b). Contrary
to most MOR tholeiites, clinopyroxene is a common mineral,
becoming more abundant towards Iceland. Other changes take
place when approaching Iceland from latitude 60°N, like for
example increases in LIL-elements. Schilling (1973a,b) relates
these changes to hot mantle plume activities. Samples of the
area include both quartz and olivine normative tholeiites with
the former more abundant than the latter. This study includes
a hawaiite from Heymay, situated on the eastern fiank of the
actively spreading rift, being the most differcntiated rock

from that suite so far (Thorarinsson et al., 1973).

2.2.3 Pacific Ocean

Hawaii Archipelago: A submarine ridge, the so-called
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Hawaiin ridge, extending N.W. over a distance of about 3000
km, from Hawaii to beyond Midway, forms the backbone for the
Hawaiian Islands (Figure 2.2). These islands emerge above
sea level in the S.E. part of this ridge system. Within
100 km the flanks of this mid-oceanic basaltic province drop
sharply to ocean floor depths of about 4500 m, called the
Hawaiian Deep. Hawaii, the most southern and larges® of all
Hawaiian islands is built up by five shield volcanoes of which
only two, Mauna Loa and Kilauea, are still active. The
islands grow older (McDougall, 1964) and more eroded following
the N.W. trend, with Hawaii being built by its five volcanoes
wit in the last 700,000 years (McDougall et al., 1972). On
Oahu subaerial activity of the Waianae volcano covers a period
of 1.2 m.y., starting some 3.6 m.y. ago and preceding the
Koolau eruptions (Doell et al.,'%ﬁ73).

The bulk of the Hawaiian Island, made up by these
shield building primitive basalts, is considered to be of a
rather uniform tholeiitic silica saturated character (Powers,
1955; McDonald et al., 1964). More recent and detailed
investigations, however, show that significant chemical and

mineralogical variation takes place, which can be correlated

with the eruption site and chronology (Murata and Richter, 1966;

Richter and Murata, 1966). Carmichael et al. (1974) conclude
that this "uniform", apparently tholeiitic bulk, making up the
great volcano shields, ranges from quartz normative tholeiitic

basalts (Mauna Loa and Kilauea) through olivine tholeiites ~
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(Mauna Kea, Hualalal, Haleakala on Maui) to even nepheline
normative alkali bagq}ts {Hualalai). They compare this
range with the combination of predominating basalt magmas of
the Western Galépagos, Ascencion and the Azores and suggest
that the uniform tholeiitic composition should be taken in
the broadest possible sense.

After building up these primitive shields, tlHe volcano
is now in a mature stage and a change in eruptive pattern
usually takes place, accompanied at the same time by a compo-
éitional change towards more alkaline rocks (predominantly
hayaiites and mugearites) (Maddonald, 1960; Mabonald et al.,
19645. These rocks may alternate with tholeiitic basalts.
After a long period of quiescence, which may take more than
one m.y. and during which strong erosion takes place, renewed
volcanism may occur as, for example, in the case of the
Honolulu series, Oahu (Funkhauser et al., and Dymond and
Hubbard, unpub. data, in Machonald et al., 1970). This flare-
up of volcanic activity leads towards a final unconformable
capping of the remnants of the volcano with even more alkaline
and undersaturated volcanics, like that on Maui, Oahu and two
other N.W. islands (MacDonald et al., 1964; Carmichael et al.,
1974). Carmichael et al. (1974) take the progressive
volcanic activity down the Hawaiian Ridge as probably the most
convincing volcanic tectonic chronological synthesis in the

field of plate tectonics, i.e. motion of the Pacific litho-

spheric plate.




wr

18

Galdpagos Archipelago: Most of the information for this
section is taken from Williams (1966,), McBirney (1967) and
McBirney et al. (1969): Williams in the Proceedings of the
Galapagos Symposia (1966) states his surprise about the little
amount of work done on the Galépagos Archipelago (Figure 2.3)
since the significant contributions by Darwin in 1846. Darwin
at that time recognized the particular (rectilinear) pattern
of the Galépagos volcanoes along a N.N.W. and an E.N.E. trend.
At the intersection of these trends occur the biggest shield
volcanoes of the Archipelago, as is shown by J-shaped Isabela
(Albemarle) island. Raff (1968) on the basis of magnetic
anomalies refers to an approximate configuration of three
radial rifting lines in the Galépagos area which would create
a pattern of large polygonal plates. At the center of this
configuration, due to upwelling of mantle material, radial
spreading woufd occur (triple junction?). Most later authors
(in Swanson et al., 1974) agree that the Galépagos Islands lie
to the south of the Galépagos rift and near the intersection
of two aseismic ridges (Cocos and Carnegie ridges). This
group of 14 islaﬁds, halfway between the coast of Ecuador and
the East Pacific Rise, constituting one of the most active
groups of oceanic volcanoes, grew from a broad shallow (1500 m)
submarine platform (Galépagos Platform) near the East Pacific
Rise. Uplifted submarine lavas with fossiliferous interbeds
(an uplift mentioned as "scanty and imperfect" by Darwin)

Jfrom a N30W trending belt in the centre of the Archipelago,

represent the oldest volcanics of the area (tholeiites,



[P

.

GALAPAGOS ISLANDS

&

Pinto
o @
®Roca redondo Marchena Genovesa
Santiago
¥ Rdbida éacliro

Fernondina
') )

Pinzon

Isabelo

O
Santa Fe

~Tortuga
San Cristobol

-

Floreanag - Q

o 28 50 Espanole

ma— P——— .3
KM

FIG 2.3 THE GALA’PAGOS ARCHIPELAGO.(After The World Atias,Moscow,i96T)

o



¥

20

probably high-alumina basalts and alkali basalts). A maximum

age of 1.45%0.40 m.y. was determined for submarine lavas on

Santa Cruz (Indefatigable) Island and an age of less than

1 m.y. for the oldest visible subaerial lavas (Cox et al.,

1966) . McBirney et al. (1969) divide the younger basalts into

three groups:

(1)

(ii)

(iii)

Western Islands: Fernandina {(Narborough), Irabela
(Albemarle) and some smaller islands are made up
by tholeiites (all hypersthene- and most quartz-
normative) and from shield volcanoces with
calderas;

Northeastern Islands: these smaller islands on
the N.E. side of the Archipelago are more complex

in their volcanic history (and periods of

g

activity) and they include tholeiitic (mo?é olivine-
than quartz-normative) and magnesium-poor alkali-
basalts with commonly abundant plagioclase
phenocrysts;

Central Islands: southern part consists of
magnesium—richAalkali—basalts which built up large
mature volcanoes, without calderas so far;

northern part including the islands Santiago (James),
Pinzon (Duncan) ang Rabida (Jervis). These islands
also have a complex history of volcanic activity

but they are particularly interesting because they

contain lavas showing the greatest variety in
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composition and also the most strongly differen-
tiated end-produats (less than 1% of the total
mass). Two successive series of very differentiated
lavas from Pinzon Island, the geolbg§ of which has
been studied in detail by Baitis (Ph.D. thesis in
prég;;ss), form the object of this saudy.

Accoraing to McBirney et al. (1966) the tholeiites are
nearly }dentical in chemical composition to sea floor samples
dredgea.on the East Pacific Rise. These authors also draw\
atteatigh to noticeable differences that exist between thole-
iites from Hawaii and Galabagos.

Whether or not these islands have always been isolated
from each other and from the continent is a matter of ;ontro-
versy and subject to more intensive study. Darwin (1846)
believed they'always were, but Wilson (1963) and 6thers after
him suggested a drifting of newly-formed islands away from
their origin, i.e. the Mid-Ocean ridges. These islands,
therefore, grow older away from the ridges. Swanson et al.
z1974), ﬁowever, etate that the correlation betaeen age and
: dlstance from the rldge, i. e. the Galapagos ridge, is weak.

’

More 1nvestxgat10n is. also needed on the character of
the underlying crust (Williams, 1966), although McBirney et
al; (1969) state there is no evidence for an underlying sialic
contlnental crust (Shumway et al., 1961). Such investigation,
now underway for the Nazca plate {Supko et al., 1975) has been
suggested for the Panama basin as well l@hriséensen et al.,

. | (

!

A ahas sadada  dh an

a0 g desnma eieiess




"

22

1973).
The only DSDP sample available from the Pacific is D-6
(Leg 5-36) just north of the Mendocino fracture zone. The

sanple is probably Middle Eocene in age (McManus et al.,11970).

2.3 1Island Arcs and Continental Margins

) Samples originating from island arc systems in the
western Pacific Ocean, from the Lesser Antilles in the Atlantic
Ocean and from continental margins from Central America
(Guatemala), South America (Chile) and Sardinia, .were analyzed

in order to study the calc-alkaline volcanic rocks. The

¥

samples will be treated according to their area, in the follow-

ing paragraphs.

2.3.1 1Island arcs of the western Pacific Ocean

&otwithstanding the existing chemicél and physical

differences between the various islands and/or volcanoes under

\

investigation, one major factor they all have in common is the

completé lack of continental crust in the area.

‘The gé¢ology of the Mariama island arc is dgscribed by

. Cloud et al. (1956) and Schmidt (1957).. The arc lies to the

west of the Mariana ﬁrenéh, which dips away from the western
Pacific basin. »Sézban, the second largest island, consists of
a volcanic core, which has been enveloped by younger limestones.

The oldest rocks are andesitic xenoliths in subaerial dacites
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(Sanka Kuyama formation), probably of Eocene age or older.
These dacites are subsequently overlain by andesites (Hagman
formation) and derived sediments and limestones of Eocene
age. Oligocene (?) apdesitic flows and submarine tuffs
(Fina Sisu formation) form with the Eocene rocks the core.
o£ Saipan, which is succeeded by sediments ranging from Miocene,
probably Pliocene (?) to Recent.

The dacites are generally glassy, whereas the andesites
are comparatively crystalline. The Saipan volcanics in general
show high Sioz, Al

03, low KZO' Ti.O. and P 05 (Schmidt, 1957).

2 2°5 2
The andesites are extremely calcic. The islands more to the

north of Saipan (Agrihan, Pagan, Alamagan) as well as northern

Saipan are more basaltic in character.

Further to the south, yhegg the Pacific and Australian
plates meet, the island arc and trench systems become more
intricate, exemplified ﬁ§ the two-component down-wharp of the
Solomon Sea plate to the north under New Britain, and to the
east under Bougainville, i.e. diéping 85° toward the Pacific
basin (annual spreading rate of 10 cm; Le Pichon, 1968;
Johgson et al., 1972). The baqkbone'of Bougainville, the
largest and northern most island of the Solomons, is made up
by 17 -volcanoes of post-Miocene age, of which Bagaﬁa is the
only active ong {Blake, l96§). The oldest roqks are basaltip
and andesitic volcanics and derived sediments (Upper
Oligocene?), overlain by Lower Miocene sediments aﬂd'by ?liocene

to Recent andesites (minor dacites). The Bagana basaltic
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andesites , and andesites with many pyroxene and plagioglase
phenocrysts in glassy or fine crystalline matrix, are more
alkaline than equivalents in similar regions (Blake, 196é;
Carmjchael et al., 1974). There is little or no evidence of
strong folding or major faulting (Blake, 1968).

The Fiji islands lie halfway between the New Hebrides
and the Tonga islands. The Australian plate is underthrusting
steeply the New Hebrides island arc in a northeastern direction,
and the Pacific¢ plate dips toward the west under the Tonga
island arc (Johnson et al., 1972). Chase (1971) calls the
tectonic setting of the Fiji islands, which are flanked by
three active sea floor spreading centres “probably unigue"” and
"wonderfully complex". The Fiji islands, whose geology is
mostly based on Rodda (1967) and Chase (1971), consists of
two major islands and seveéal smaller ones, and rise from.the-
shallow, flat and hot Fiji plateau. Gravity data and the

\\Ezésence of plutons (particularly tonalites) on -Viti Levu
suggest a continental crust under the Fiji platform within the
ocean basin, although Gill (1970) believes in the evolution of
Viti Levu as part of an island arc system. -Tq§ oldest. rocks of
Viti Levu are andesites with limestoﬁe léﬁses, ranging from
Eocene to Barly Oligocene, succeeded by thick series of basaltic.
to aﬂdesitic material on the top (probably Early to Middle
Mioéene). with increasing amounts qf marine sediments: These
two sequences, tectonically affected'in the south, are

" unconformably overlain by Upper Miocene to Lower Pliocene
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calc-alkaline andesitic volcanics and limestones, and are
succeeded by basaltic shield accumulations. The complexity
of the area between the Tonga and New Hebrides trenches,

where crust is consumed from opposite directions (Karig, 1971;

k2
~

Chase, 1971) is obvious.

2.3.2 Lesser Antilles island arc

Samples of the Lesser Antilles (Figure 2.4) for this

study originate from the islands of St. Lucia and St. Vincent.

| N These samples were donated by Dr. Tomblin, who did extensive

field work on these islands. The general geology as described

v Ry here is taken from summaries of Tomblin's work by Pushkar
(1968, 1973).
The Lesser Antilles island arc, which forms the boundary

‘;" between the Atlantjic and the Caribbean plate, extends from

Grenada island to Guadeloupe island, where it branches out into
eastern and western arms. The eastern arm is composed of
islands made up of sediments overlying a Tertiary volcanich
basement. These islands do not show signs of any recent
volcanism. The western arm and the island south of Guadeloupe
axe built up by volcanic gocks, ranging in age from Eocene to.
Recent with several activé volcanoes.

The Puerto Rico trench parallels the arc system to the

north and curves slightly to the southeast to be replaced by

the Barbados ridge. Fisher and Hess (in Pushkar, 1968)

suggest that the Barbados ridge system was formed by the
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7
i

filling of the previous southern part of EBg.Puerto Rico
trench by debris carried by the .vast Orinoco River system.
These sediments were then buckled up to form tﬁg-Barbados
ridge. Baker (1968) and Pushkar (1973) both mention Tomblin
as stating the overwhelming predominance of andesitic material,
invariably porphyritic, in the Lesser Antilles. For this
reason the composition of St. Vincent, built up exclusively
of basalts and basaltic andesites, is all the more interesting.
Plagioclase-rich ultramafic cumulate nodules occur frequently
as tephra on the slopes of the Soufriére volcano.
Although basalts predominate in the northern ﬁart,-
St. Lucia on the other hand may be considered as being more
felsic in general. The island is built up by andesites and
dagites. Tomblin observed several ghéses of volcanic activity,
which are of importance, in the S.W. part, including Qualibou
volcano. These phases are: .
(1) Aphyric and porphyxitic basalt lavas erupt during
Barly Pliocene, followed by a long period of
subaerial erosion. ’

(1i) Andesite strato-volcanoes build up during EQEI;ﬂfﬁﬂﬁ-
Pleistocene. There is no compositional gradation
between phasgs (i) and (dii).

(iii) Felsic andesiﬁe pyroclasts erupt, followed by
caldera collaps (more than 0.5 m.y. ago) .

- (iv) Andesite and dacite dome lavas and pumice

eruptions take place within the caldera (younger

PRPIP N
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eruption +40,000 years ago). Present day

activity is solfataze.
A vast source of ihformation on the geology of the

J Antilles in general is available in Weyl (1966).

2.3.3 Central America

s

The geology of Central America (Figure 2.4) in generél,
as described here, is based on compilations by Dengo (1973)
and Weyl (1961). Central America can be divided into two
‘ distinctive areas, i.e. a northern and a southern province,
2 because of differences in character of the basement under-

Y lying the volcanic series. Both provinces, however, have

i AELr
5

fﬁ% much in common as well, especially in their later geological
evo{&?ion as shown by Tertiary and Quaternary volcanism and

tectonism. Common to both provinces is the underthrusting

Cocos plate, which seems to change its dip angle (Stoiber and

carr, 1974).~ZThe Middle American trench is separated from the.

chain ef‘ﬁﬁétérna?y voicances by a flat coastal area (at its
widest in Guatemala), and thought to be underlain by a granitic

complex (de Cserna, in bengo, 1973). Dengo (1973) considers

this trench system, theashallowest in existence, to be more
similar to the Chile-Peru trench than to a real island arc
system. ’ |

The boundary between the two provinces seems slightly‘
south of the Nicaragua~H6nduras border. The basement of the

southern province (Meridional) is made up by mafic igneous

-
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rocks and Upper Cretaceous marine sediments and is believed to ‘
be part of the Pacific Ocean {(Dengo, 1973). The northern
province (Septentrional) is underlain by a continental crust

of igneous granites and metamorpﬁic rocks of Paleozoic and

s s R Lty e At et T

possibly Precambrian age (Gomberg et al., 1968) . There has been
\/’} ’
volcanic activity during Paleozoic and Mesozoic times, but

extensive volcanism did not happen until the Upper Tertiary.

-

In Central Guatemala rhyolite and dacite pumice were laid

3 ' ’
down in vast amounts by "Nuees ardentes" from fractures,

whereas basaltic to rhyolitic lavas and tuffs erupted in

S.E. Guatemala -Williams et al., 1964a) as well as ignimbrites.

3 Quaternary vdlcanism in Central America was extensively
..‘.‘) q
Y , studied for more than twenty years by Williams and associates.

In N.W. Guatemala most volcanoes emit_pyroxene andesites and

r Srge
T
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few have parasitic cones on their flanks which erupt basaltic

cinders (Williams et al., 1964b). In later stages many of

S e T W PR R IIR R VRSP
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these volcanoes discharge large volumes of dacite pumice. In
S.E. Guatemala most volcanoes are mainly or wholly basaltic
(Williams et al., 1964a). The calc-alkaline lavas of "the
Quaternary volcanic chain are more siliceous hypersthene-

andesites in Guatemala to become more mafic pigeonite-bearing

|
%

basaltic andesites in Nicaragua, which seems to reflect the
difference in underlying basement complexes (McBirney, 1969).
This chain of Quaternary volcanoes, in fact, is segmented

by offset-faults along which many so-called double-volcanoes

occur (Stoiber and Carr, 1974).
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2.3.4 Chile

The geology of the Quebrada Paipote, descxibed by
Segersholm (in Zeil, 1964) is part of an area in the Atacama
desert, which can be divided roughly into three units (Zeil,
1964} . To the west 1152 the Cordillera de la Costa, a
Precambrian to Paleozoic, stﬁpngly folded and metamorphosed
basement, with many Cretaceous batholiths and with a thick
cover of sediments and volcanics of Jurassic and Cretaceous
age ("Porphyry formation"). The inner part is a depression
(Pliozene graben system) which is not always congihuous over
£he whole of Chile. To the edst lies the Cordillera de los
Andes which in northern Chile is predominantly volcanic
(Miocene and Pliocene) with igninbrites (Rhyolite formation)
and, in about equal proportions, rocks of the. "Andesite
formation". Volcanic activity is meagre compared to the
highly explosive situation more to the south (Pichler and
Zeil, 1969, %972) and subduction occurs at about 6 cm/year
{Le Pichon, 1968), with deep trenches in the north without
sediments (Hayes, 1966).

The few samples collected by Dr. Zentilli along a geo-

traverse at latitude 27°S through Chile well into Argentina,

30

will not be emphasized too strongly in this study. An attempt

was made throughout this study to obtain fresh and young
(Tertiary and Quaternary) samples. These "Chilean" samples,
the youngest of which is Eocene in age (250 m.y.) although

they might very well be much older due to incorrect dating

~
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v

because of argon loss, underwent extensive metasomatism
(zentf1li, 1974, pers. comm.). Zentilli also mentioned that
only the Neogene rocks (<20 m.y.) are free (?) of alteration-
contamination by intrusives. Tungsten is associated with all
Tertiary intrusive episodes and lavas were taken from the
vicinity of coeval plutons, but the samples used for this
research were chosen and analyzed before all this information
became available. The data, therefore, should be considered

keeping all this in mind.

2.3.5 Sardinia

Both Sardinia and Corsica (Figure 2.5) formed a single
complex already in existence in Cambrian times (Gignoux, 1955).
In tracinq the position of western Mediterranean microplates,
Alvarez (1972), Alvarez et al. (1974) and,others (Westphal et
al., 1973; De Jong et al., 1973) came to the conclusion that
evidence exists for the rotation away from France of the Corsica-
\Sardinia-Calabria microplate in Oligocene times, that is after‘
the Cretaceous-Eocene Alpine orogeny and before the Apennine-
Maghrebian deformations of Miocene time;. The rotation of this
one single plate creates a type of localized subduction zone,
similar to the Recent Calabrian arc (Barberi et al., 1973),
which cannot be compared with the western Pacific general
subduétion of the Pacific plate (Alvarez et al., 1974). At
the same time, the Ligurian Sea began to form and andesitic

volcanism started, to last from Late Oligocene to Middle

-
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Miocene accompanied by Graben formation in Oligocene (Le Pichon
et al., 1971). In subsequent episodes, of less interest here,
this microplate rotated further anticlockwise and moved down

in a southeastern direction, while breaking up into several parts
(Alvarez et al.,1974; Auzende et al., 1974). The Oligocene
graben in Sardinia runs roughly north-south and is flanked by
an eastern and less well developed western horst. The graben

is filled with Cenozoic and Quaternary volcanics and sediments.
These volcanics can be divided into Pliocene and Quaternary
predominantly alkali-basalts and associated rocks. Of interest
for this study are the more abundant "Andesite series" of
Oligocene and Miocenre age from the Logudoro and Bosano areas in
N.W. Sardinia. Coulon et al. (1973), from whom most of the
geological data on Sardinia were gaken, divide the calc-
aikaline volcanics, which they relate to a continental margin,
into a:

high-aluminum Lower Andesite series, of Oligocene to Lower
Miocene age;

_Upper Andesite series, composed of mainly andesites and
later associated dacites;

Final Andesite series of Middle Miocene age. This series,
although less voluminous, shows much greater diversifi-
cation. ¢

The bulk of the Andesite series, each series having
distinctive evolutive chemical properties, is represented by

about 30% basalts, 65% andgsites and only 5% dacites and
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rhyolites. ‘these rocks are relatively enriched in K20 content
towards the north, suggesting a deepening of the aforementioned
Benioff zone (Coulon et al., 1975). The rocks of Logudoro and
Bosano have a mineralogy which is typically calc-alkaline
(Coulon et al., 1973) and made up mainly by zoned plagioclase
phenocryst. Other phenocrysts are olivine (basalts and
basaltic andesites), clinopyroxene and orthopyroxene (andesites
and dacites). Amphibole and biotite occur occasionally

except in the "Final Series" where hornblende is oﬁnipresent.
Amphibcole also occurs in the andesites of southern Sardiﬁia.
Coulon et al. (1973, 1975) emphasize the fact that the miner-
aloyy of the andesitic lavas of the Qhole island is rather

constant, which contrasts strongly with their varying

chemistry.

2.4 Continental Regions

Samples from southern France, northeastern Spain, as
well as the southwestern United States of America, which are
believed to be continental in their origin, will be considered
in the next few paragraphs. Some kimberlites from Africa and
Quebec are shortlyldealt with as well.

14

2.4.1 PFrance and Spaiﬁ N
A

Seéveral authors (Rutten, 1969; Géze, 1962) see the

. Pliocene and Quaternary volcanic activity in southern France

(Figure 2.5) as outer-Alpine and therefore only controlled by
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blockfaulting. Geze (1962) mentions some 200 small lava out-
flows in the Causses and Bas-Languedoc along a north-south
trend of some 150 km. The Heérault valley forms one of the
several nd&th—south alignments of volcanic activity (Géze,
1955), along which the size of the lava out-pourings increases
from small mafic to ultramafic eruption spots through Mesozoic
sediments (Causses) to impressive volcanoes (e.g. Agde),

built up by true basalts rich in olivine, upon the Cenozoic
sedimentary plain of Bas-Languedoc (Géze, 1955), These
basalts are considered to be alkali-basalts, although some of
them are hypersthene normpative (Lefévre et al., 1972).
Peridotite nodules seem to be abundant.

Rutten (1969) extended this north-south line of volcanic
activity from the Massif Central via the Agde'volcano down to
southeastern Spain, mentioning on the way down the small, but
volcanically intensive, area of Olot (Geroma, N.E. Spain),
Despite the very early work of Washington (Johannsen, in .
Tournon, 19%969) not very much research has.been done until
recently. The composition of the'Olot volcanics can be
divided according to their mineralogy into alkali-basalts,
analcitefbgsanites (abwidant among Tertia;y lavas) and even
leucite-gasanites (abundant among Quaternary effusives)
(Tournon, 1969). These rocks show close similarities"with
the lavas from the Causses (Gdze, 1962).

De Roever et al. (1975) speculate that these leucite-

bearing rocks aré related to Cenozoic subduction zones in
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France and Spain. ( .

The volcanic area of OlotAis situated in the Tertiary
Ampurdén basiﬂ, framed to the north by the Paleozoic and
Mesozoic easterg Pyrenees, to the southeast by the Paleozoic
Catalan coastal range and to the southwest by the Tertiary
Ebro-basin. The Middle and Upper Pleistocene basalt cones of
Olot, which in several(cases are remarkably well-preserved,
protrude the Eocene sediments of the afdrementioned basin
(Wagner et al., 1971). The areﬁ_is now proclaimed a volcano-

“~

logical museum and directed by Solé-Sabar{s of the University

of Barcelona.

2.4.2 New Mexico and Arizona

On a contdnental scale Cenozoic volcanisn in the
western U.S.A. has been correlated with tectonic setting, i.e.
plate tectonics (e.g. Lipman et al., 1972; Christiansen
et al., 1972). In a first stage voluminous andesites and
%elated rocks erupted during Eocene times in the N.ﬁ. U.S.A.
This volcanism, shifting southward during the Oligocene, has
,been linked to the evolution 6f a supﬁuction zon% (Farallon \
plate) under the continental margin.’ with a change in tectonic
pattern .occurring at the end of the Oligocene, there coincidqs_
a‘major changé in volcanic associations. The late Cenozoic
volcano-tectonic transition, which takes place in a regiqn
characteiized by tectonic extension, starts in southern New

Mexico and Arizona and moves northwestward through Miocene,

D 15y - -
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Pliocene and Quaternary times. The predominantly andesitic
volcanism is now replaced by "fundamentally basaltic
volcanism" (Christiansen et al., 1972) caused this time by the
collision of the East Pacific Rise with a mid-Tertiary conti-
nental margin trench, which in turn causes direct contact
between the American and Pacific plates.

On a more local scale the Bandera lava f{gld {(western
New Mexico) and the Arizona volcanics, should consequently be
related to this "fundamentally basaltit volcanism". %he
Arizona volcanics {samples WL-6,7) are probably from the same
fl9w, although collected several miles apart (Laughlin, pers.
comm.). The Bandera lava field is situated on the Colorado
plateau (about 40 km thick) and consists of both tholeiitic
and alkalic basalts, which erupted within a short time span.
ihe Laguna flow, considered to be one of the oldest flows of
the Bandera lava field, probably erupted during the last normal
magnetic epoch (%10 x 106 years B.P.). The lava field
apparently lies on the intersection of two major structural

lineaments, i.e. one trending SE-NW and a less conspicuous

‘\\\\\\\\\NE—SW one trending into Arizona (Laughlin et al., 1972a,b).

(4

2.4.3 Kimberlites

Only 4 kimberlites were analyzed. The Ile Bizard

kimberlite (XB-1) originates from the Monteregian province

.

(Québec) - and is situated close to the Oka carbonatite complex

and lies in analnoitic region (Clark, in Marchand, 1970).
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The other kimberlites are all from South Africa, though not
from the same area. The following information was given to

M. Marchand by D. Gold in a written communication (1973).

RN

KB-2 (1750 m.y.) is a mica-poor agglomeratic kimberlite from
near Pretoria. KXB-3 is a late basaltic kimberlite, intruded
into an éarly agglomeratic kimberlité, from the Kimberley area,
} and KB-4 is a ‘kimberlite', consisting of fine-grained
&\phlogopite, carbonate ~and olivine phenocrysts, from the
Bellsbank Main Fissure some 100 km northwest of Kimberley.
These kimberlites are 'exotic' ultramafic rock% and do
not f£it in very well with the basalts and intermediate rocks

under investigation in this study. Despite the very few

analyses which preclude. any significant conclusion, they

MY I 1
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nevertheless are of interest because of the scarcity of such

data.

2.5 Sumnary

X .world-wide sampling of volcanic rocks was made, but
felatively few samples could be analyzed from each region,
because of the laborious analytical procedure. The provenance

R of the samples is summarized in TaSle 2.1 and Figure 2.1.

For further details reference is made to Appendix I.
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Table 2.1 Summary of the provenance of the samples analyzed
in this study ‘
+ No. of
Region Locality Code No. samples
ROCKS FROM OCEAN ISLANDS AND FLOORS
Indian Ocean Crozet Archipelago Ce 5
Amsterdam Island Na 4
Atlantic Ocean Cape Verde Archipelago VM, VS 5
Heymay, Iceland IC-1 1
DSDP, Legs 2 & 3 D-1 to 5 5
' MORB, 45°N AU 1
Reykjanes ridge IC~-2 & 3 2
Pacific Ocean Mendocino fracture D-6 1
Hawaii Island Ha 6
Galdpagos Archipelago BH 12
ROCKS FROM SUBDUCTION. ZONES
Pacific Plate Margin Fiji Islands G 3
Bougainville T-1 to 5 5
Marianas T™~6, US 6
Cocos Plate Margin Guatemala M 4
Lesser Antilles St. Lucia TL 5
St. Vincent TV 6
Mediterranean Sea Sardinia S 6
ROCKS FROM CONTINENTAL AREAS
France Herault He 14
Spain Olot H 2
S.W. U.S.A. - New Mexico & Arizona WL, WF 12
Canada Québec KB-1 1
S. Africa Kimberley, Pratoria KB-2 to 4 3

*These code numbers are used throughout the text to indicate
the var;ous groups of samples

R T T
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CHAPTER III
DETERMINATION OF TUNGSTEN

3.1 Introduction

In Chapter I the scarcity of available data on tungsten
in rocks was explained as being a consequence of the lack of
good analytical methods. As a matter of fact previous exper-
ience (Helsen, 1970) shows that several methods, such as
spectrographic and colorimetric analysis, were found to be
neither accuratée nor sensitive enough for the study of small
amounts of tungsten in volcé%ic rocks. Consequently attention
was focussed upon a more suitable approach by applying the
neutron activation analysis (NAA) radiochemical method
developed by Atkins and Smales (1960). This method has been
changed only slightly in a few steps.

When this study was well under way, the existence of a

newly developed NAA was mentioned by Simon (written comm.).

" In spite of some potential improvements, this new method,

however, was neverx tested, not to mention used, because of

the advanced stage of this study.

4
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3.2 Sample and standard preparation

Prior to irradiation the samples, if not already
available as a powder from the donor, were wrapped in a
cotton mailbag, broken into small chips with a hammer and
then crushed with a pulverizer with aluminum oxide discs
and the resulting powder split. One sample split was
further ground in an agate mortar until the whole passed

through a 200 mesh sieve. Amounts of this rock powder,

ranging from 50-150 mg were weighed into a silica ampoule

(3 mm O.D. ng‘4.5 cm long) and heat sealed.
e

- For the preparation of the standard solutions a

"specpure" (Johnson, Matthey ané Mallory Co.) tungsten tri-
oxide powder was ;sed: An adequate amount of this powder
was dissolved in about 1 N ammonia (warm) and kept on a hot
plate until completely dissolved. This solution was then
diluted to 500 ml. A 100 ml aligquot, taken from this solu-
tion was then further diluted to 500 ml. This final solution
represents the flux monitor standard solution with a tungsten
concentration of 0.03203%0.00011 mg W/ml.! The density of
this standard solution was determined subsequently.)

A certain amount (abGut 0.040 ml) of this standard
solution was transferred by a capillary glass pipet into a
thoroughly cleaned and weighed silica ampoule containing

quartz powder (100<mesh powder<50 mesh). The weight of the

'It is realized that the %0.000llvalue is the sum of all
possible errors and therefore is probably too high.

i 2 o e SRt et i =
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sﬁéghard solution was determined by difference. The éuartz
powder, prepared from crushed high purity quartz tubing, was
used to absorb the tungsten standard solution and to fill up
the ampoules to the same height as the rock samples. The
ampoules and contents were dried overnight at 65-70°C and
sealed with polyethylenewplugs. It was customary to prepare
a large number of ampoules containing the standard solution
ready for irradiation weli in advance, to avoid any possible
contamination of samples, as well as to obtain uniformity
among the standards used in different irradiations. Whenev?r
a new standard solution was made up it was compared with the

previous one.!

3.3 Irradiation

The determination of tungsten by NAA is based on the

following reaction:

186 187

28.41 W (n,y) W

('I‘l/2 = 24 hrs)

B
0.63,1.32,0.34 Mev

Y
0.48,0.69, ... Mev

—_—
Re187

the thermal neutron capture cross-section (o) is 40 barns

1No significant differences were observed to exist among the
different standard solutions. ¥
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Details concerning irradiation theory, i.e. activity,

etc., are treated by Chyi (1972) and many others (e.g.

: De Soete et al., 1972). Characteristics of the McMaster

. University Nuclear Reactor are given by Tong (in Chyi, 19%72),

and nuclear data for tungsten are compiled by Heath (1968).
Due to the long chemical separation period required to

obtain a radiochemical pure tungsten compound, only .four

-~

samples were irradiated at a time. Four standards usually
accompanied the samples. Sample and standard ampoules were
arranged alternatively and put into an aluminum can and

irradiated for 12 hours at an approximate neutron flux of l.leO13

13

neutrons/cmz/sec or 3.5 hours at 5x10 neutrons/cmz/sec,

¢ |

followed by a cooling period of about 20 hours.'

The flux variation within a group of adjacent samples

was reported to be no greater than 5% (Dostal, 1973; Chyi,

LY

1972).

%

A

3.4 Chemical separation procedure

3.4.1 Samples

l1.* Cover the bottom of a 35 ml zirconium crucible with a

layer of sodium peroxide. Transfer the irradiated
sample into the zirconium crucible. '
2.* Sinter the samples for 20 minutes in a furnace maintained

at 570x20°C.

“ﬂ INecessary because of Na4 activity. ;
91 Steps marked * indicate slight changes have been made, as
e < compared with the procedure of Atkins et al. (1960)

U2 P
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Remove the crucibles and cool quickly in water.
Transfer the cake to a 400 ml beaker and carefully add
a previously prepared mixture containing exactly 5 ml

sodium tungsgsie (7 mg W/ml), 10 ml of 20% tartaric

.acid (wt/v) and 70 ml of distilled water containing

5 g ammonium chloride. Rinse thoroughly both crucible
and carrier beaker with distilled water:

Acidify with 10% (v/v) sulphuric acid until all solids
dissolve and then boil this solution.

Add ammonia dropwise until the solution is just
alkaline, followed by 50% (v/v) hydrochloric acid
until the solution is acidic and then add two drops in
excess. . '

Add slowly and with constant stitring 70 ml hot 2%
(wt/v) tannin solution. Boil gently ta coaéulate the

precipitate. Remove from the hot plate and add, again
slowly and with constant stirring, 10 ml of S% (wt/v)

cinchonine in 25% (v/v) hydrochloric acid to the hot

solution. Digest for at least 30 minutes.

Filter through an 11 cm Whatman No.541 filter paper

and wash the precipitate with hot 2% (wt/v) ammonium
chloride solution. Discard the washings.

Transfer the washed tannin-cinchonine precipitate to a
250 ml beaker and add 20 ml concentrated (conc.) nitric
acid and 5 ml conc.sulphuric acid. Heat on a hot plate

until all the organic material is destroyed. Add more

.
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10.

11.

12.*

13.
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nitric acid if necessary. Fume off any excess nitric
acidg.

Cool and add 50 ml demineralized water to precipitate
the hydrated .tungsten oxide.

Add 5 ml. conc. hydrochloric acid and boil. Transfer
both liquid and precipitate to a polyethylene tube and
centrifuge. Discard the supernate.

Slurry the precipitate with 20 ml of a 0.4 M hydro-
fluoric acid-6 M sulphuric acid mixture into a teflon
crucible containing another 30 ml of this mixture,
previously heated on a sandbath. Cover and heat the
whole for about 15 minutes or until the mixture just
starts to boil.

Cool the mixture and transfer to a 100 ml separatory
funnel containing 15 ml methyl iso-butyl ketone
(hexone), previously treated with the 0.4 M hydro-
fluoric acid-6 M sulphuric acid mixture. Shake for

2 minutes. Bring the tungstén-containing phase over
into another 100 ml separatory funnel. Repeat the
same process and let stand for about 20 minutes.

Transfer the aqueous phase to a 250 ml beaker. Add

"15 ml conc. nitric acid and digest on a hot plate.

Cool, transfer the liquid to glass tubes and centri-

fuge. Discard the supernatant liquid.
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15. Wash the tungsten oxide precipitate, with hot conc.

nitric acid, centrifuge and discard the washings.

16. Dissolve the tungsten oxide in 15 ml 0.88 M ammonia
solution. Centrifuge and discard the residue, if any.
17. Add 5 ml conc. nitric acid and digest on a waterbath

to precipitate the tungsten oxide and centrifuge.

18. The cycle consisting of steps 15, 16 and 17 should
be repeated at least once.

19. Dissolve the tungsten oxide in a minimum volume of
0.88 M ammonia solution. Heat the solution to boiling
(on a waterbath) and then add very slowly 1 ml 5%

i“ (wt/v) 8—hydroxy-quinolfne solution in 2 N acetic
acid to precipitate tungsten oxinate. Acidify with
acetic acid. Centrifuge and discard the supernatant
liquid.

20. wash the precipitate first with water, then with
alcohol and slurry the precipitate with a™little
alcohol onto a weighed counting tray. Dry carefully
with an infra-red heating lamp, weigh for chemical

yield determination and count.

3.4.2 Standards
1. Clean the ampoules with acetone and then with distilled

water, dry and open.

\
2. Empty the quartz powder into a 150 ml beaker and leave

the silica ampoules as well.

P " — - - N , S e o mm——— . e S S ————
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3. Add exactly 5 ml sodium tungstate carrier solution,

5 ml 25% (v/v) ammonia solution and 20 ml distilled
water. Heat the beaker and its coritents gently on a
hotplate. Stir frequently and rinse (with a capillary
pipet) the empty émpoule thoroughly. Pass the

solution through a Whatman filter No. 541 into a 400 ml
ibﬁaker.

4. 'ﬁith the exception of carrier addition, repeat step 3

. . twice with 5 ml 25% ammonia and 20 ml distilled water,
and twice more with 25 ml distilled water only to
ensure complete remoyal of the absorbed acﬁivity.

5. Add 20 ml conc: nitric acid and digest on a hotplate.
Cool, discardefhe greater part of the supernatant_
liquid and centrifuge the rest.

6. Go to step 15 (sample proceaedure) and treat the standards
from now on in the same way as the samples and count.

# | \

3.5 Counting and calculation N

3.5.1 Instrumentation

The counting equipment used in this research includes a

Nuclear-Chicagoc gamma countinéisystem consisting of a well~

type 3"x3" Nal (Tl) scintillation detector (or a 25 cm>

Ge (Li1) diode), an analog to digital converter, a 1600 channel
memory and a teletype paper printout.

187

Interference from isotopes other than W was ‘expected

when this study started. For this reason the samples of

LU
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earlier irradiations were counted on the Ge (Li) detector

because of its higher resolution. When it was realized, however,

that the tungsten oxinates were radiochemically pure, the use
of the Ge (L1l) detector was discontinued in favour of the NalI(Tl)
detector because of its higher sensitivity (Yule, 1970).

%

3.5.2 Peak evaluation and calculation

The radiochemical purity of the final tungsten compound
was examined by following closely the decay curve, by comparing
the obtained gamma spectra with published w187 spectra (Heath,
1964) and by evaluating the energies of the different photo
peaks. No interference from other radionuclidés was detected.
Only in one case (an apatite mineral) the tuggsten oxinate
was contaminated by a foreign radionuclide (0.32 MeVv) yithout
interfering, however, with any of the tungsten peaks.

?he 0.480 Mev peak was selected for calculation of the

wi87

activity according to the classical total peak area, as
describgd by Yule (1969). The 0.686 Mev peak, bowever, was
also used as a basls of calculation to check the results
obtained with the 0.480 Mev peak. The peak ratioc variation
between samples and/or standards was small and was usually
less than 1.5%. Only in the case of very long counting periods
was a change in thils ratio observed.

Before determining the concentration of tungsten in
rocks, a possible source for error due to thae production of

)4
w187 by other than (n,y) reactions should be mentioned. ‘The
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samples in this study were irradiated in a neutron flux which
represents the total reactor neutron spectrum. The greater
part of this spectrum is composed of lower energy or thermal

neutrons which activate tungsten according to the reactlon

186(n Y)W187. This neutron spectrum, however, also contains

neutrons with higher energies, for example, epithermal, slow

and fast neutrons (Lapp et al., 1963: Steinnes, 1970).

187

Some of these high energy neutrons can produce W according

to reactions given in Table 3,1.

Table 3.1 Fast neutron irradiation (14 Mev) reactions .
producing Wl87 from Rel87 and 05190, cross-
sections ¢ ({in mle;bgrn) and natural
abundances (%) of Rel®7 and 0s190 and Re

and O0s contents in BCR-} L
| * Natural* rew
Reagtion . o} abundance Abundance in BCR-1*
187 1, w8l P39 T 62.9 0.00085 ppm
O m.w'® o6 26.4 <0.000095 ppn -
. -

* De Soote-et al. (1972)

**Schindler (pers. comm.): the Re content of BCR-1 is the nean
value of 25 analyses

T

N &0
As pointed out earlier by Atkins.et al. (1960), the very

low abundances of Re and Os, aa well as the Qery small cross-

gections for both elements in a fast neutron flux make it

i8

indeed very unlikely that W will be producod at significant

levqla by any reaction other than Wlas(n y)w187. (For further
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%
information on the neutron spectrum of the McMaster Nuclear
Reactor see Tong, 1971).’

Using the»raw data obtafnég during counting, after
cof;eéting for background, counter deadtime and decay during
counting (Wright, 1971), the concentration. of tungsten present
in the sample was calculated (in ppm) using tho following

egquation:
6

X Yo X x 10
c, = By X Xg X Mg opm

% o Ag X Yg. X My

[

whero

= concentration
= activity s

chomical yield

-

Z < X O
|

= vaignt

[+:]
]

saméid_

gstandard

w
P

W = motal (tungston)

3.5.3 Accuracy and procision .

Somo idea of tho procision of tho matth may bo acquired
fgom ého rosulta obtained during multiple analysis of soma
atandard ‘vrocks (Table 3.2). |

With roforonce to the tungston cpntont of BCR-1,
Stoinneg (poxs. comm., 1973) notaed that the BCR-=1 values of 7
1971 aro an improvomant over the 1970 valuos, whoreaa an )

ogtinated valua only of about 0.48 ppm W could ba cbtainey

>




- S el

51

Yy

from Wdnke (1975, Figure 4, p.269).

Table 3.2 Mean tungsten content and standard deviation
(ppm) in four U.S.G.S. standard rocks obtained
in this work and from the literature

Rock This work 1 2 3

AGV=-1 0.891:0.21 (7) 1.1 0.5710.07 (5) 0.45:0.06(3)

BCR-1 0.5120.05 (18) 0.7 0.3510.06 (5) 0.24:0.06(3)
: 0.38:0.02(¢)"

PCC-1 0.009,<0.009(2) 0.2 0.00720.002(5) -

DTS*l 0\01830\002 (3) 052 0001630‘002(5) -
Eg{ ‘Values in parcntheses indicate number of analyses done
k2 1. Chan and Riley (1967) 3. Johanson & Steinnes (1970) NAA
colorimotry :

2. Simon (1972, 1975) NAA 4. Brunfelt & Steinnes (1971) Naa

W-1l was also analyzed for tungusten. The firét value
obtained was 0.51 ppm. Because of ;ho known inhomogeneity of
W-1 (Flanagan, 1969) an attempt was made to homogenize the
sample. This attompt, howevor, resulted in an_even greagér““
inhonogeneity haecause too small a ganple was uged in too
large a containor, with tho subsequent legs of the finer
fraction of this sample on the containor wall due to'&tatic

oloatricity. This fact may be reflected in thae aerronoous

rogults wp to abeut three times tho firat va%ua. congoquently
W=l was discarded and §CR-1 wag usoed throughéut thig rosearch
to catimate pracision and acouracy. BCR=) w&b analyzod twanty ‘
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times in total, but two results, exceeding the mean value by
more than three standard deviations, ware rejected,
Figure 3.1 shows the distribution of the eighteen accepted
values on a frequency histogram. 'The 95% confidence limits
of the true mean are given by 0.51:0.026 ppn. N
In one of the last irradiatlons performed in this study
throe different splits of BCR-1 were analyzed. The purpose
of this irradiation was to obtain an idea of the homogeneity
of the. rock as well as to see how the results of this work
compare with the values obtained by other investigators for
the game split of BCR-1. Simon (written comm.) used one
split (out of five available) for analyais of the U.S.G.S.
standard rocka, but did not notice at that time the split
number. Therefore, split 72/8 was chdsen arbitrarily among
tho five aiffexent BCR-1 splits received from Simon. Tho

results of thia irradiatiaon are giveon in Table 3.3.

Table 3.3 Tungston content (ppm) of four BCR-1 samples
ropresenting three different aplita

R Tungaton

Split _ Donox content
6/32* Crockat ‘0.488
6/32 . Crocket 0.489
18413 Stainnes 0.496
72/8 _ Simon : 0.485%

*Thia aplit was uaed.th:oudhout this roacarch

Bl At o o e s
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3.5.4 Detection limit

With reference to the sensitivity of the method,
Atkins et al. (1970) reported tungsten determinations at levels
down to 2.10"9 g but concluded that the tungsten sensitivity

1 g) under the

can be improved (i.e. possibly down to 10
correct conditions, for example, longer irradiation time, etc.
The most sensitive values of this study were obtained for the

two ultramafic rocks PCC-1 and DTS-l in two different irradia-

tions, I and II (Table 3.4).

.- A Tablo 3.4 Seonsitivity for gamma detection and some factors
. influencing this sensitivity for two ultramafic
ey . rocks, &ubjected to a neutron flux of 5x1013/cm2/
. sec 1In two'differont irradiations.

Rock name ° PCC-1 , " pPs-1 .
Irradiation * I N I I I

( Timo (‘_h!‘ﬂ.) N 3-5 ) . 5 PO 3‘5 5
Chemical ‘ . - ‘ ‘ - .
yiold (%) 36.16 45,53 52,21 . 35,39
samplo Ty .
amount (ng) r 128 115 116
Poak (Mov) 0.480-0.686 0.480-0.686 0.480-0.686 0.480=0,686
Background (apm) 90 - 46 90 46 93 47 03 47
Paak/background 1.54 1.82 1,80 2.48 2,55 3.55 2,38 4.70
Anount W . ) o
counted 4,12 4,19 5.29 5.38  9.49 9.78. .6.86 6.91

\ (ugWx10=4) -~ | -
Anount W in

. aamplo (ppm) 0087 . .0089 .00895 .0091 .0159 .0163 .0169 3.0170
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By irradiating, for example, for a slightly longer
period or by using more sample, the peak to background ratio
could be improved and reach a ratlo of 2.0 as suggested as
the minimum detection limit, according to Crocket (1970).
According to these suggested limits, some of the results

for PCC-1 are apparently below the detection limit. The

results within a single irradiation (i.e:‘for both peaks)

agree with each other, as well as the results of the two

irradiations. 1t should be kept in mind that the results

for PCC-1 were the most sensitive of this investigation.
~ o

3.6 summary

Tungsten was determined by a NAA radiochemical method
187

following the roaction wlas(n,y)w
Precigion of the method averages 10% (standard
deviation) of tho amount present for mafic lgneous rocks.
The dotection limit is about 0.9 x 1072 g W on a 100 mg
nampla, ‘or 0.009 ppm W,
Accuracy wag inveatigated by analyzing international

‘standard referonce yock powdera. The valuos obtained include

o - 0.51 ppm (BCR-1)’, 0.89 ppm (AGV~1), 0.009 ppm (PCC-1), -
o 0.018 ppm (DTS-1) and)2.12 ppm (BR). The accuracy appoara

. satiafactory, but few other roliably established roaults
y%{ { " axist for ¢ mparison, ‘ '
gfﬁ ‘ ' The m thod 1o tadioua bocauna of tha vory long chemical

A o aepar&tion poriod (about thirteon houra).
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CHAPTER IV

FACTOR ANALYSIS AND IT'S APPLICATION

4,1 Introduction

A large number of data has been accumulated since the

start of this research project. 1In order to process these

data factor analysils (heroafter F.A.) was used as a tdol, to
help find the re;atfsnship that exists within a set of a
cortain number of variables (m) and which is regarded to
roflect the correlations of cach of the variables with a

certain number (p) of mutually uncorrelated underlying factors,

Jassuming p<m (Davis, 1973).

Much has boen written on F.A. sinco its dovelopment in
1904, ascribed to Charles Spearman (in Harman, 1970). For a
nere infdopth,study of F.A., referance should be made to
Qarman (1970) and many otﬁera.'but for the purpoéo of inter=-
proting the reosults of thia‘étudy the wark of Davié (1973)
waé found to be both very holpful and olucidating.

4.2 Conditions undor which factor analyais was appliod

R-modc‘F.A. was porformad by using tho program BMDOSM
(Foxrmor BMDX72) of Sampson and Jennrich (1972). Seovoral

options are available in thia program, for example oblimin .or

oS B by g e e i M 87
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orthogonal rotation, i1.e. quartimax or varimax, etc. The
options as used in this study are stipulated below:

- A correlation matrix was used without aitering the
dliagonal elements -and because of the standardization of the
variables the estimated communalities will be egqual to 1.000,

- Elgenvectors are computed prior to rotation in a
normalized form, which means that they define a vector of
unit length. FEvery element of the normalized eigenvector lis
then multiplied with the square root of its corresponding
elgenvalue which producqa the factor, {.e. a vector welghted
proportionally to the amount of the total variance it repre=-
sents. The number of factors that will be rotated is determined
by the smaller of the two‘following numbers: lm/2, whera m
is the number oflthe variables and the number of eilgenvalues
greatexr than a (chosen) constant C. C=0.500 in most casea in

this research.

- Kalser's varimax (orthogonal) rotation simplifies the

columns, or factors, of the factor matrix in an attempt to

meet the reguirements for gimple structure (Kaisor, in Harman,
1970). No othaer rotation than Kaisar's varimax was- applied,
although it ia the boliof of Sponcer (1966) that the orthogonal
rotation (varimax) is not ideally sulted for geochemical data.
This ia in oontradispinctiop with th6 noed to keep tho under-
lying factora mutually uncoxrelatod. In chooaiﬂg to rolax the
raatrio;ion on orthogonality the introduced intercorrelationas

botwean factora is going to make the rolationship botween




P

-~

O res wr i e %

A e o ok

58

factors and eriginal variables much more complex (Davis, 1973).
According to Davis (1973) non-orthogonal rotation schemes
allow the factors to be expressed in terms of tﬁp original
variables. Thus if no pattern emerges in the factor loadings,
reality should be faced instead of coming full circle from
variablesmto factors (to reduce the size of the problem) back
to variables needed to interpret the factors, since in such a
case the same information could have been obtained altogether
from the original correlation matrix.

After parforming the mentioned rotation the obtained

factor loadings are then plotted in a circular coordinate

- gyatem, wheore each axis represents a factor lying between

extrome limits of +1 and -1l.

An attempt 1s made to use factors 1 and 2 as often as
possible because these factors carry &lways the largest
proportion of theo total variance, and consequently have more

significance. In cases where the original variablos soom to

_ba well correlatod, fow factota are nooded to ropreaont a

large proportion of the total variance of the data set. In
cases, hOWOVQr. where the original data show littlo or no
corrolation, many more factors will bo neaded to reprosont the
samg amount of the total variance, i.0. the fower factors the
botter corralation one can oxpoct generally. In such a case of
gaod corrolation high communalitiea might bo oxpoctod as well.

As montioned carliex, the uuq\of a gorrelation matrix implies

~ostimated communalitics equal to 1.000 for each variable. -

§ SN 3, i A, W ¥ e
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Subsequently the final (obtained) communal%ty should be near
this value of 1.000 as much as possible. The difference
between the estimated and final communality for each variable
is called the uniqueness, and the amount of uniqueness
indicates the extent to which the common factors fail to
account for the total unit variance of the variable, which

may include errors due to unreliability in measurement (Harman,
1570). According to bavis (1973) the communali%y can provide
an index to¢tho efficiency of the reduced set of factors,

i.e. the appropriateness of the factor modol.

In conclusion, whan intorproting F.A. the degree of
importance of cach factor should be kept in mind. Also, if
gtrange correlations do.occur it might be ady}sable to take
into consideration the communality of the variables involved.
Choosing a set of data that is going to be subjected to F.A.
might turn out to be the most important asset. Throughoué
this resocarch the same exporienco was obtained concerning the
salcctiqn of sots of rocks as mentionod by Spencor (1966, p.l3):
"For instance, it has beon the author's oxpérienco that if
factor analya;a is applied indiscriminately to data from
aodimonts of divorsa origin, the rosults can be chaotic and
unintorprotable. Howover, by separating heteroganoous data
into 10910&1 groups bofore the factor analysis, order can be
rostored. Factor analysis is not a acroen at which one can
throw garbage and axpoat to aleve out aignificant rosultas",

Before proceeding with a casoc hiastoxy, i£ should bo
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“axcoption of Kzo/Nazo.
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pointed out that R-mode F.A. was performed on a set of variables
which included major oxides, trace elements and to some_degroe
ratios. For the sake of consistency, the major oxidés_weré
normalized on a HZO and Coz-free basis and total iron was
expressed as F9203. The major qxides, however, that appear -
in. the various tables in this Chapter (seo Tables 4.2 and 4.?)
and in Cﬁuptor V are taken from Appqqdix 11, without any

normalization involved as yet.

Where no data were availabla for PZOS a content of

0.1% was assigned, which is more in agreement with reality

than a ‘pravious aasumﬁtion of 0.01% (Shaw ot al., 1974).

The trace elements involved are Li, Rb, Sr, Ba, Cr, Co, Ni,
Cu, Y, 2r, Nb, 2n, Pb, U, Th and@ W. This does not moan that
valuea’for all those elomonts are always avallable. Whero
aome of the rocks within a particular set of samplos have
valuas below tha doteoction limit for a cortain tr&co'olement,

this oloment Qaa genarally omitted rather than asauming an
3

A
. Elomont ratios were included with tho raw data to form

tha correolation matrix to be usad in F.A. The rosaults
obtainod by including ratios addeégiittlo to the interpretation
and uso of theso ratios was gradually reduced, with the

Chayes (1971) rofors to such ratioa as "dogonorato"
ratios and oxcmplifica the comploxity of their use with a

K/Rb and K corralatioﬁ in two amats of submarine basalta. In

-
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one set this correlation is strongly positive, whereas in the
other set it is strongly neggtive, a shift ascribed mainly to
the vulnerability of correlation estimates to sample size.

Major‘oxides will be indic?ted by the cation only, thus
SiO2 becomes ‘81 in both text and F.A. plogg.

For reasons of space the ratios (Appendix II) will be
designated by the first lettor of the element (or oxide)
anbol (formula) }nvolvedx thus K/N ropreosents Kzo/Nazo,

whereas K/R atands for K/Rb, 8/8 for Sr87/8r86, otc.

4.3 Case history of Pinzon Island

4.3.1 Introduction ’

In |rder to illustrate the aforemontionad, a case atudy
of a singlo volcano will ba considorogd. Pinzén Island
(Duncan) in the Galépagba Archipalago has boon studied by
Swanbon ot al. (1974).. 6n ono of the sea cliffas (Plate 4.1{
within a-stratigraphic section of moré‘than 300 m thickneossa, a
succosalon of at loaat 7 oruption oycles can be observed.-
Theae cyclosa show in gonoral an‘hpaaction that starts at the
baso with slliceous trachyte or icolandite tuffas, ovorlaig by
aphanitic and oftaen qlaa;y icelanditoa. Thosa are goenorally ’
phonooryat-froo. Then follow the prodominant phenocryst=-rich
tholaiitos and olivine tholeiites which contain u§ ;o 50% or
mEra plagloclase mogacrysts in somo flowa. Acocording to

Swanson ot al., (1974) each sequonca of flowa sampled ropro-

santas a magma chambor that was compositionally zonoa. TPairly
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Plate 4.2  Sea oliff oy the southwostorn oido of Pinzdn

laland, Galdpagos, from which the rocks of
aultos A and B wore samplad
(Courteosy Hart Baltia)
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extensive crystal fractionation occurred in the magma chamber.

During each eruptive cycle subsequent (deeper) levels of, the

- hagma chamber were tapped. so that the nord felsic layex at

the bottom of each cycle representa qptually the uppermost
zone of the magma chamber below.

il A detailed atratigraphic ﬂtudy of the auccession of the

layar within the van&oua cyclea waa done by Badtis’ (uhpub.,

data)  who also provided the samples for the twe cycles under
inveatigation here (Plate 4.2). Suite A represonts a lower

cycle (8 samples BH-BO); whereaa suite B ropresonte the

~ averlying: cycle (4 aamplea BP=BT).

F.A Qaa applied to the two aultea A and B combined and

then-to eqoh awite eeparately. Table 4.1 shows the rotated
» [N N . . N

faotor (loading) matrix for thase suiteas!

4@3.2..C6mbinad guites A and B

"Some information on the chomistry and petrography of
the prqviously montioned aultea A and B ig nqeaaaary for the
intergrat§tiqg\g§\gaqtien 4.3 and ia the:efore qiven {a
Tablea 4.2, 4.3 and 4.4 {additional d@ta are availabla in
Appendix IT). - 4 \ | T

f Only ﬁqur faqtcra were neaded *ta aeccunt for more than
234 Qf the total varianca. ~0£ thia tctal varianec €72 ia
ropreadntod by Fagtox l (P-l)./whnneaa Bl rqpnoaoata 184 Qﬁ ,

the total vartancg.. CQnaequantly only 11& et the total
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conaiderably leas algnificant. In Figure 4.1A almoat all the
varlables have aignificantly high lecadinga and only Al, Pb
and K/Rb are inslgnificant. '

W&gg doos all this mean in gooiogical or petrographical
_torms? Becauso the samples can be éeacribed ag membera of
g&%& differentigtion suites (Swanaon et ai., 1974 Daitisa,

perg. comm.), the oluatering of cortain elementsg at both
the +1 and =1 enda of =l can vaery well be recognized as

early and late stage elementa., The relationehip between Ni
and Mg, i1.0. olivine, and Si'and Ca, 1.0, élagioolaaa, goems

to show the influence of the eattling of theme minerals (earl;
gtage) on cortaln trace elements.

By the aame token the cluatering of incompatible elements
like Rb, Y, &r, Nb and Th at the oppoaite end of FJi;’with
;a;e atago mineral-forming oclemontas 81, K and N&a, aeeme to
,refleot thelr accumulation in the late stage of the diffaron=
tiation préceaa.' W obvioualy‘can be accepted ag an incompa-
tiblé elanant as wall. Conaequantly F~1 oould be called the
fagtox governing ﬁhe olomenta which take paxt in an obvicua
way in the difforentiation process. Tho fact that Fo and T4
correlata. wall, soame normal, but one wquld‘alaé axpact to ace
Mn ‘togother with Fo. In any caaq, both Fe and T4 and oven _
more. a0 Mn, ahow aﬁ inoreasing dependence on F=2. Tho chemiocal
analfuea for both 740, and Fo 0, (Table 4.2 and Appondix II)
ahg@ 1ittle variation throwghout the éuite A samplée, and the

same. can b said for the nagnetite and ilmenita norme,. a8 wall

\



I'lgure 4.1

Factor analysis for varioua aets of rocka.
the loadings on factors 1 and 2 lie between
the extrema limita 1.0 and =1.0 as shown

in A. The sulto of samples and number
invelved in a partioular F.A. plot ig as
indicated. These remarks are valid for

all ewbsequent I'A. plata. '
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aa for the petrography (Table 4.4). Those implicationa, however,
are much lesa true for the uampias of suite B (Table 4.3 and
Appendix 11), which show a gradual decrease in amounts of T102
and total F0203, ag well ag in magnetite and ilmenite norma.

The nmoat mafic ‘member of auite B ahowa abundant ilmenite,

acoor.ding to Baitia. \

4.3.3 Suite A
A slight inorcase in total variance of F-1 to the datri-

ment of the other faotora ia obaerved (Table 4,1), but the
overall pattern emerging now ia not vory differcnt from the
pravious pa}tcrn (Figure 4.1A,B). fThe slight differonce
could be called a slight improvem@nﬁ, gince the late atage
clomonte 84, Na, K, P, Rb, Y, 2x, Nb and aleo W show an evon
tightor olustering at one and of'F-l.‘while the early atage
elcmanta‘ara located at tho opposite end. Thia confirmg F=l
as the diffgrontiation fac£or\ The prodictione concerning
tho stability of Fe and T4, as. made from chemical and patxo-
graphdcal pbaervéhioha. are confirmed as woell, and ahowﬁrby

their strong depondence upon F«2,

4:3.,4 Buita d
Thie suite conalsts of only fowr samplos. -The overall

,' pattorn romaine ona in which the carly atago (oéﬁpqeib;u)

olomonte are very woll separated from tho late stage
(inngmpatiblo) onoe (Fiqu;c 4.1¢)¢ Ieo and T this -time elustoer

'S
b
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togethor with the early atage elewents which actually confirma
the chemical and petrographical observations. Indeed aamples
BS and BT‘ara farrobagsaltsa, and BT contains abundant ilmenite
(Baitia, pera. comm.), i.e. e and 'l do not ahow the atabllity
ag obsorved in auite A. W thie time does not aasociate ao
obviougly aas before with the late atage (incompatilile) elamentas
and takes up a more indapendent position. It is known,howaver,
that sample BR haa a very low w-content for much a felaic iock,
which ia daiffioult to explain unleas asome deplotion mechanism,
but more probably an error in chomicai analysls, la invoked.
Admnittedly, it can be argued that four aamples ia a very

emall number. to make up a population; Nevaertheleas from the

_geclogy, petrography and chemistry of this suito certain

agsociations of eloments, and maybe the abnormal behaviour of
aomo of them, can be expected, oxpectations which were confirmed
by the application of F.A. In order to illuatrate thiam furtier
a camﬂgflaon ia dcrawn from thé application of F.A. on four
kimberlitea from widely daifferent areas (Appendices I'aﬁd II)...

The chemistry dces not auggest the oxistence of any eignificant

-alemant aasociation, to tho contrary. Thie was confirmed by

the laock éﬂ.any aignigicant paptérn in Plgure 4.1D. .

4,3.3 Buppary \)- _
only twe factors Wera noodad to explain the correlatlen
of alitoet avery variable. Whonaver & variablo had vary low
faotor loadinge for -1 and P=2 it almost invariably formed a
%

‘\
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factor on its own, which may be ekplaincd oither by an irregular
distribution throughout the soquence or by a lony reliable
chomical anélyaia. F-1 represented a factpr governing differ-
ontiation throughout tﬁ@ aultea, whereas F=2, uncorrelated to
=1, roprogented olements which did not vary very much. W
oatablished itself aa an incompatible element among the other

oneod.

4.4 Conclugiona on the application of factor analysala

Information on the: geology and petrography of a sot of

rocks muat be avallable in orxder to understand and interérec

the F.A. olroular plota. Such was the case of the strati-

n
graphdc section of lavas represonting twa differontiation
!

suites within a single volcanc on Pinzon Ialand, ‘Mcaningful

trande could have bhoon dotactad by othor meana, for -example,

bivariate graphs, as shown in Flgure 4.2, whiqh raprogenta tho

relationahipa botween W and eight othor elamanta ;n the

twalve samples from Pinadn Ialéﬁd. This ie, howeval, a rathex

tedious and time conauming prodess, partioularly @hen many data

are available. F.A. proved to bo a quick tool in ordor to

process this vaat array of dntq. -Cortain éathosna omoxged

which confirmed: trarnde alroady notdcod ox guspeatod. E
| 1f a cortain number of gamplea eongtitute é eoheréqt,' :

‘logdoal got, auch as suite A, then tha ﬂfrdtffaqepr will bo

vary strong, i.e. it wiilrtake up a large portion of tho: -

¥



‘e

v (ppm)

Wipp=)

w fppm)

w {zpm}

w (ppm)

) o 0" "
60, W

" (1]

" Weopem

wippm)

\A‘ 1"
Kq0/Nag0

72

1.
|
' /
/
[ ]
L
L ]
% 10 m 10 40 %
Rbippm)
[ )
. ) . .
) 100 %90 10 %0
Telppm) .
.
4k
Ak
]
' N " A "
) ® 1) TN
LITETY |
[
%
[ ]
l-
4§
3
. . "
W W 1] W\
tntpam)

Flg. 4.2 Scattor diagrams of tunqugn vs. other elomonts



73

needed to cover most of the total vardance. In such casos

F g

most of the time a plot of factor loadings like Figure 4.1A
] can give as much information aa Pigure 4.2, although the .

information of course is not the same. In other words, the
anomalous bahaviour of W showa up in the bivarviate graphs of
Plgura 4.2, which it doosa not in tha F.A. plot involving all

- 12 samploa. However Iigure 4.2 was drawn aftor finding with

which elemente W asgoclates, as la ahown in Mgure 4.1A.

One Arawback of very strong faétor@. such asa ?-l in auite A

antd/or suite B, ia their strongth, i.e. atroﬁg factors can

bear auch an influenco on an enlarged set of samples, &o that

Légﬁ thoy bring forward correlations or associations which actually

AN ~ do not oxist, and consoquontly mask existing assoclations or

correlationa. Buch a case for example occurs (Figure 5.6.D)

whon gubmitting all subalkalic rocke of oceanic ilslands to F.A.:
If tho sot of samplos doos not oonstitute such a

coharent ontity, then eﬁg factors becoma lasa atrong, that

ia each carry amallor portions of tha total variance and con=

soguontly more factors Qill*ba needed to explain the samo

‘;=f amount of the total varianco. The firat two factors, however,

[, ' ' romain the moet important cnce and oxparienco has shown that
L T=3 and F=4 genorally represont the variables which had very
low factor loadings in F-l and PF-2.

In the following Chaptox F.A. application will be vead
firot ae a tool dn order to roveal coxraelations Qr.aaeéoiatiohs

N . :
of cloments, and gocond as a graphical way to illugtrate theae
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asaoclationa. A notation like F=1,2 (7%,13) will be used to
indicate that faoctors one and two roprosent respectively 758

and 13% of the total variance.
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GHAPTER V

GLOCHEMIBTRY O “I'UNGSTLN IN RELATION 170 .
MAJOR OXIDHS AND TRACE ELEMENTH

5.1  Gonoral consideyations

s Tho scarcity of available data on tungaten contents in
‘ r ‘ - rocks in gondral has led to certaln suggestions, as well ae
‘§< & oétimgcea, whioh obvioualy need more investigation.

V'g ( Vinogradov ot al. (1988), for example, pr&poae that there is

i«? " a tendency®toward higher tungeten ocontents in baaalué.and

diabasee than {in gabbros., It should be mentioned, however,

that thelr study le based on a set of samplaos which is rather

< ‘ o small and, at the Bgme time, vory diveraé in space, chamiatry

|  and time. This gonaraliszation for mafio rocke i¢ based on

“# throe basalts (Kamahatka), four diabases (Caucasus and
ﬁaaikal), of which ono is a metamorphosed Archean diabasa and.
anaéhep is‘conaiéared young (Archean age given), and féur'

4 . gabbros, Those awthores aléo suggest a parallel inoreace of

‘ tungaton with sllica. Wiend} (1960), besides roiterating the

aforomentionad tenaongy,éowarde'highg: tungatan canﬁanta.iﬁ‘

‘ma£$¢ pxﬁrugivaa, oxpanded this general Ldea by &mpl@qéting

o ' moxa folede rocks. In faot, Wigndl oftime.that thie disoros’

1Y

pancy botwaon oxtrusives and intrusivos bagemas oven bigger

-

)
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in ‘more felsic rocks.

It i _obvious that the few available data on tungsten
contents alsoill leave an imprint on suggested average
values for basaltsh(and andesites) on a world-wide scale.
Indeed, Wiendl (1968) suggested an average world value for

1

basalts of 1.17 ppm W, whereas Vinogradov (1962) probosed a
value of 1.1 ppm W for andesites. -

Some 125 rocks are under znvestigation in this study.
The ﬁistribution'of these samples on both an alkali versus
silica.and an AFM diagram is shown in Figure 5.1, with the
exclu;ion of sample VS-3 from Figure 5.1A/g;g;;;; of its very
high (16.58%) alkali content. 1In order to detect possible
cérrelations between tungsten and any of the major oxides,

F.A. was performed on all these rocks. In this F.A. tungsten

did not show any association but forms a factor on its own,

i.e. F-4(8). The corfelation coefficient (r) of W with si,

for example; has a value r = -0.04, thus being insignificant.
This complete lack of'correlation is probably due to the great
diversity of the samples involved. Consequently, in order to
study tungsten abundances and possible associations with other
elements, the vast array of samples will be broken down into
smaller groups according to their tectonic environment, and
will be studied separately in various sectioqs below. These
tectonic environments are:

(1) oceaniq environment, which includes samples

from both theé- ocean floors and islands:

.
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(11) subduction zone environment, which includes
samples from both island arcs and continental
margins (either active or foss{l);

(111) continental environments.

5.2 Oceanic environment

Before looking into the various groups which constitute
the oceanic environment, an appraisal will first be given on

the distribution of tungsten in all such rocks, 42 in total,

which represent both the ocean ﬁloof\(9) and islands (33).

Figure 5.2A,B shows the distribution of these rocks of an

$

alkali versus silica diagram, excluding VS-3 because of its
, : o N .

very high alkali content, and on an AFM diagram (D-1 not

recalculated, see below). Only a small fraqtion of these-

samples represent late stage differentigﬁion products, which

* may reflect the actual bdlk composition of oceanic environments.

A histogram (Figure 5.3) for W in all oceanic rocks shows
that out of 42’analyses only 3 rocks have tungstén contents
greater than 1 ppm, and of these 3 rocks 2 are late stage

differentiation products, i.e. VS-3 (phonolite) and BP

(trachyte), whereas VM-2 has a high nephéline norm. -Numerical

data from this histogram are given in Table 5.1. The first
5 . ,

line contains data on the whole set of samples, whereas late

stage differentiation products V$-3, BH, BI, BP and BR are

excluded in the second line of values in order to get a value

o ,
more representative for basalts (s.l.) in an oceanic environment.
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Table 5.1 Mean, median, mode apd range of tungsten
distribution in oceanic rocks (ppm)
’ Mean Median Mode Range
42 samples 0.43 0.32 0.20 (6x) 0.05 - 1.81
37 samples* 0.36 0.25 0.20(6x) 0.05 - 1.13

-

*5 gsamples omitted (see text)

From these data it becomes obvious that the mean and
median are not strongly affected by leaving out late stage
differentiation products. It also becomes obvious, if a
value of 0.36 ppm W may be considered representative for oceanic
basalts (s.l.), that this value lies well below other suggested
values (see above). This will be discussed in more detail

later on. ~

5.2.1 The ocean floor

The ocean floor is represented by 9 samples in total.
Six of these come from the Deep Sea Drilling Project (DSDP)
involving cores from Legs 2, 3 and 5. Similar samples from .
Legs 2 and 3 have been exhaustively studied by Frey et al.
(1974). The two IC samples belong to a suite of fresh pillow'b
basalts and crusts dredged along the Reykjanes Ridge axis
(Schilling, 1973), and AU comes from the Median Valley in the

n e

anomalous 45°N latitude area (Muir et al., 1964: Aumento et él.,

1971; Aumento, 1973). Somg data of particular use for this section

N

3
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Table 5.2 Bome major oxides (%), trace elements (ppm) and ratios for

nine oceap floor sahples
S8amples D--1+° D=2 D=3 D44 D=5 D=6 IC-2 IC-3 AU

2-10 2-11A 3=15 3-18 3-19 5~36

Variables

8102 49,50 49,39 48,71 46,98 46,65 47.72 49.50 47,60 50.69

T102 1.76 1,40 1.86 .67 1.20 .81 1.00 1,80 1.20

Naao 2,72 2.?9 2.76 1.91 2.61 1.92 1,80 1.80 2.46

K20 1.51 039 '65 '19 1002 '17 006 o25 015

on5 .28 A3 .18 04 .29 .05 .12 .22 .11

B,0%* 1.25 1.33 1,78 2.7% 3,29 1.26 SH 0 32 oS4

14 12 6 8 1 12 11 - - 6

Ba 216 45 36 27 92 45 - - 66

Cr 331 301 " 212 397 390 376 224 282 -

W ‘s .29 009 011 005 025 011 015 .22 .M

K,0/Na,0 A48 .15 .24 100,39 .09  ,03 .13 .05

”~
Fezoa/Pe .90 .88 1.38 1.12 4.26 . .41 +05 .14 .17

* The values of D-1 are the recalculated values after subtracting an

equivalent amount of calcite for 9,13 ¢ 002

-] «
D,5.D.P. identification system: e.g. 2 = Leg and 10 = Hole
++ 520 is total water excepting the IC samples vhere water is E’ZO+
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are illustrated in Table 5.2. For further information -see

Appendices I and II.

v

A first feature to be considered‘is the distribution

of W in these rocks (Table 533).

;jTable 5.3 Mean, median and range of W distribution
(ppm) in ocean floor basalts with and
without sample AU* !

Mean Median Range
With AU 0.23 0.15 0.05 - 0.84
Without AU 0.16 0.13 0.05 - 0.29

*The recalculated value of D-1 was used (see text below)

All rocks show low values except AU, which has a very
high W content. This high value coincides with the fact that
the area is known as anomalous, since Muir et al. (1964) and
Aumento (1973) reported that 6 in-situ basalt drill cores from
the Median Valley have a chemistry typical of gng incompatible
element enriched compositions characteristic of 45°N area. \\

In order to find possible correlations existing between
W and any other variable, i.e. major oxide or trace element,
F.A. was perfgrmed on three groups of samples. Data for these

F.A.'s are given in Table 5.4, and the F.A. plots are shown

in Figure 5.4.
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Table 5.4 Various correlation coefficients (r) for W
with some other variables {x) and th
proportion of the total variance for factors

l\and 2
Group of r».90 r3.80 r».70 F-1 F=2
samples
D(6) K,P,K/N - Ba . 46 " 30
i .
I;e(g;lgfl?;tep-c_ll K,P,K/N Ba - 50 25

D and IC (8)*%* - P K,K/N 45 28

*AU omitted because of its high W content
From both Table 5.4 and Figure 5.4A,B it is obvious that
a strong association is noticeable between W, P and K and K/Na.
&
It is also obvious that after recalculating D-1 by subtracting

calcite equivalent to #9.13% CO, some elements rearrange

2
themselves into a more logical péttern, i.e. Si is now among
the late stage elements and Ca among early stage elements.

Nevertheless the correlation between Li and Cr is puzzling.

The recalculation of D-1 can be justified by the fact that

this sample is known to contain carbonate veins and disseminated

fine-grained crystals (Frey et al., 1974; Peterson et al.,
1970), as well ‘as by personal experience of the present author.

For this recalculation of D-~1 it was assumed that the

carbonate was rather pure, i.e. very little or no contamination

caused by other elements. This assumption will certainly be

more valid for certain elements than for others. In the case

N

P S

-
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be difficult to compare these data with the data as obtained
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of W, which is of major concern heré, this assumption may be
accepted because of low reported W-values for oceanic
carbonates’ (Horn et al., 1966; Krauskopf, 1970).
Before proceeding with the interpretation of the strong .
correlat?ons existing between W and K or é, a few facts will
be pointed out or a few comments made, regarding the samples
involved, either as a population or an individual:
- When referring to analyses of Frey et al. (1974) the
DSDP identification will be used, e.g. sample 2-10, other-
wise samples will be indicated by D-l,netc. (see also Table 5.2).
~-Admittedly a population of 6 samples, even when
enldrged with the 2 IC samples and AU, is a small one.
- Major and trace element analyses for the D samples ;
reflect the cémposition of the whole rock, i.e. includiﬁg
crystalline and glass fractions, which explains the high K,0,

HZO and Fe203/FeO‘values for some of the samples. It would

by Frey et al. (1974), because these authors obtained their
major oxide data by analyzing exclusively fresh glasses
(Table 3, p.5513). The picture is slightly more favourable

for the trace element data, because Frey et al. (1974) analyzed

both glasses and altered crystalline rocks containing glass
(Table 6, pp.5516-5517), although it should not be forgotten *
that in most cases the analyses are not performed on the same k

part of the drillcore section. - For exatple, Frey et al.

(1974) analyzed part 60-61 cm of section 1 for sample 3-19,
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whereas the part analyzed for this study was 80-82 cm (D-1)

of the same section. Nevertheless it can be said that the

4 )
trace elements are comparable within a range much less than
an order of magnitude. Table 5.5. illustrates this

comparison.

‘Table 5.5 Comparison of trace elements in one DSDP
core by two different authong\(PPm)

Element
Sample Cr Ni Sr Ba Y 7T
D-2 (this work) 301 97 115 45 30 82
o Site 2-11A* 310 100 105 11 35 85

(Frey et al., 1974)

*Table 6, pp.5516-5517

- The K20 contents of fresh glasées of the DSDP samples

are low when compared to the crystalline basalt of site 2-10
" (Table 3, Frey et al., 1974) and this sample has about the
same amount of X20 (1.13%) as the recalculated value for D-1

(1.31%). Site 2-10 (D-1) reprgﬁents an oceanic tholeiite

(Engel et al., 1966) but it is not depleted in large ion

.
GRS T MO WA i L kN g

lithophile elements (LIL-elements) and is therefore more

similar to island tholedites and Mid-Atlantic Ridge basalts

?

(MAR basalts) dredged near oceanic islands, which suggests a E

different mantle source than the LIL-elements depleted

tholeiites (Frey et al., 1974). With respect to the similarity
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of D-1 with MAR basalts.such as those dredged in the 45°N .
area, sample AU is in a peculiar position'with its very high
W-content (about three times higher than in D-1),

~ When considering the samples IC-2 and IC-3, which
according to Schilling (1973) show a regular anﬁ)érogressive
increase inQLIL—eréments as well as Ti and P and Na relative
to Ca along the MAR axis up to Iceland, it is obvious that
these samples resemble the low Kzo, LIL-element depleted
oceanic tholeiites (Engel et al., 1966; Kay et al., 1970).
This seems to be true for W as well, <in a way.

The;;trong correlation between W and K (or P), as
mentioned earlier is clearly illustrated in Figure 5.5. The
question now arising is whether this correlation is real or
apparent, primary or secondary. In order to evaluate this
question several possible causes or mechanisms should be ‘
considered, as follows:

(1) regional heterogeneity;

(11) differentiation;

(11i) alteration and/or weathering.
These possibilities will now be Qiscussed, in turn:-

’ (1) Heterogeneity due to regional variation should not
be dismissed lightly. Amplg evidence for this heterogeézity
is given by sample AU, and may be to a lesser extent by
sample D-~1. To which extent the étroné correlation between

W and K is caused by regional heterogeneity, and as such

. )
this correlation would be purely coincidental, is difficult
\
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Fig. 5.5 Scatter diagram of tungsten vs potash for
eight ocean-floor basalts
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to assess unless many more rocyé are analyzed. Interesting
in this respect is the fact that when adding the two IC
samples to the D sample population, the correlation coeffi-
cients drop (Table 5.4). !

(ii) Differentiation: Frey et al. (1974) attempted to
estébllsh q fractional crystallization msdel (i.e. a least
squaresﬁpéérologlc mixing programme of Bryan et al., in
Frey\ét'al., 1974) in order to account for elemental abundance
trends, using glasses of Leg 3 basalts. The basalts of concern
here were 3-14 (least differentiated), 3-15 (most differen-
tiated) and 3-19. 3-18 (b-4) is very similar to 3-14, which
was not available to the present author. These authors
report that qualitatively the model works for all elemental
abundance trends, a statement which, however,:is not aéplicable

to W (Table 5.2). Quantitatively the model accounts for most

major and trace element abundances, but there are a few

significant exceptions precluding the possibility that the

Leg 3 basalts are related to each other by simple fractional
crystallization. These exceptions are reflected %ﬂ’the factors
by which La, Ce, Y, Zr and Hf are enriched (2-3 E&mes) in 3-19
basalts in comparison with 3-14 basalts (Table 9, 9.55225,
whereas removal of solids (olivine, plagiociase ané chromite),
required by the major elements, leads to a much lower enrich-
ment factor, i.e. 1.5: hence a big discrepancy between
observed and calculated enrichment factors. The conclusions

of Frey et al. (1974) were that, despite the fact that the Leg 3
. @

R P

S e T e

T A

520D e Dt e

o .
- o et

Pty eraste eray

| . .

b

i aar s ek




Coo Ty
N [ “
e A )
P A N .
SN T I "

o

91

©

Sasalts are not related to each other by simple fractional
crystallization, fractionation of olivine and plagioclase is
important and that 3-14 and 3-18 (D-4) may be examples of
primary magma. This last conclusion is of interest with
respect to W which, in sample D-4, reaches the lowest content
of all basalts analyzed in this work. Another interesting
fact is that W is enriched in D-5 (3-19) 5 times, in comparison
to D—é, which is significantly higher than the reported 2-3
factor qf Frey et al. (1974). This high enrichment factor
may be éartly due to fractionation, as.pointed out in this
section, but another mechanism, i.e. alteration, might have
played a role as well‘(see below).

(iii) Alteratiop: very recently it was pointed out that
no element seems to escape unaffected from sea water interaction
(Aumento et al., 1975; Dostal, pers. comm.), this in contra-
diction to suggestions (Frey et al.; 1974; Hart, 1973) that
certain elements, for example Ti, Al, Y, Zr, Hf, Ta, etc.,
do not change markedly. When comparing the hajor element
chemistry of the whole rock analyses of the D samples
(Table 5.2) with their fresh glass counterparts (Frey et al.,
1974, Table 3, p.5513) it is obvious that the D sa%ples, as
previously hinted at, have been altered. Evidence for their
¢ K

alteration, for example, is their SioO 0, total H.O

2 2 2

content, Fe203/FeO ratio, etc. (Hart, 1973; Aumento, in
o

Keen, 1975). This alteration may be due to either a geo-

thermal sub-seafloor process (high temperature) as suggested
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by Spooner et al. (1973), or to low temperature sea water-
layer II interaction (weathering) or both. The circulation

of the sea water that comes in contact with the hot rocks

of the seafloor spreading ridges, would strip‘these rocks of
certain eléments, which can precipitate elsewhere, thus
creating a possible enrichment in overlying sediments.

Spooner et al. (in press), for example, propose a variable
depletion, based on a study of E. Ligurian metabasic rocks,

in Au, Ag, W, Ni and Co, rgiative to the contents of unaltered
deep sea basalts. This W deéletion, however, would be in
contradiction with the observed positive correlation between
W and K, which is known to be taken up by the ocean floor
basalts from the sea water (Hart, 1973). Sea water, however,
would not be a good source for W, sigce sea water is strongly
undersaturated in W (Krauskopf, 1956) with W aburidances of
less than 0.1 ppb (Ishibashi, in Krauskopf, 1956, 1970).
However, plenty of evidence exists now (Maucher,.l972;

H811 et al., 1972) on time and stratabound deposits of stibnite
(+ cinnabar) and scheelite related genetically to submarine
voleanism. It is‘not implied that the enrichment here is due
to such volcanism; it is only hinted at that a possible source

for W enrichment can exist within the ocean basins.

5.2.2 Summary

Eight ocean floor basalts contain about 0.16 ppm W, but

one anomalously high value of 0.84 ppm was found. Tungsten
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correlates positively with K, P, Ba, and this behaviour may
indicate processes of eiéher frgctional'crystallisation leading
to accumulation of these and other elements in residual

liquids or sea water alteration.

5.2.3 The ocean islands

Before studying the ocean island samples in detail, an
overall picture should be given first. Some 33 samples
including both suba%kaline and alkaline rocks represent these
ocean islands. Twenty two of these samples are subalkaline
rocks from Hawaii (Ha), Amsterdam Island’(Na) and ?inzdn
Island (B), whereas the rest are alkaline rocks from the
Crozet (Ce) and Cape Verde (VM, VS) Archipelagos, and oné
sample from Heymay (IC-1). The distribution of thes; samp%es
on an alkali versus silica and an AFM diagram was shown
earlier (Figure 5.2A,B). As with ocean floor basalts, no data

outside this study seem to be available for W abundances.

o
o

Consequently the distribution pattern of W in oceanic rocks
OQ§?ined in this study will be given in Table 5.6. Various
groups are mentioned and in two cases sOme very obvious
differentiation products will be left out in order to obtain
a better estimate for W 'contents in ocean islanas basalts

(s.1.).
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Table 5.6 Distribution of W (ppm) in various groups
of ocean island rocks, with and without
differentiation products
Group of ‘No. Samples .
samples samples omitted Mean Median Range
All
samples 33 - 0s.48 0.42 0.08 - 1.81
Alkaline 11 - 0.71 0.64 0.18 - 1.81
10 vs-3 0.60 0.60 0.18 - 1.13"
Subalkaline 22 - 0.36 0.32 0.08 - 1.05
BH,BI _
18 BP,BR 0.30 0.28 0.08 0.54

.
The value for subalkaline ocean island basalts is twice as low
as the average value for alkaline equivalents, which in turn
are about half the value suggested by Wiendl (1968), i.e.
1.17 ppm W.

In a first exploratory appraisal for possible correlations
between W and any other element, F.A. was performed, without
any discrimination, on the three groups of samples mentioned
in Table 5.7 (Figure 5.6 and Appendix II). W, when it
aséociates with any element, invariably does so with late
stage elements (e.g. Na, K, Rb, Nb, etc.) to some degree.
Similarly, W invariably forms negative correlations with‘

coﬁpatible elements (e.g. Ni, Cr, Mg, etc.).
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Table 5.7 Some correlation coefficients (r) for W
with other variables (x) and proportion of
the total variance of several factors in
ocean island samples

Factor % of

Group of Correlation coefficjent r* tot. var.
samples r>.90 r>.80 r».70 ¥5.60 1 2 3
. All

samples - K,Rb,Th Na,Nb K/N 41 21 13
Alkaline Th Al,Na,K,Rb,Zrxr Pb Nb 51 22 16
Subalkaline - - Rb,K/N K,Nb 51 17 8

*r of W with Si is respectively 0.18, 0.56, 0.54

Si behaves independently from most late stage elements

(Figure 5.6A). This behaviour is probably due to the mixing

of both alkaline and subalkaline samples. When subdividing the

ocean island samples into these two subgroups the correlation

G
of W with Si improves (Footnote Table 5.7).

5.2.3.1 The subalkalic ocean island samples

Galégagos: In order to expose the possibilities and’
limitations of F.A., extensi&e use was made of the Galépagos
’samples as a case history (Chapter IV). To summarize,
Figure 4.1A,B.C shows thé importance of.F~l,2. These factors,
with the help of the known geology, chemistry and petrography
of the samples involved, were considered to reflect fractional
crystallization (F-1) with the incompatible elements accumu-

lating in the residual liquid, and stability (F-2) with
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elements remainind rather stable throughout the whole differ-
entiation sequence. As such, the described pattern confirms
very well the suggested crystal fractionation (Swanson et al.,
1974). In Figure 4.1A,B both Si and W accumulate, along with
many other incompatible elements, in the residual liquid. The
strong correlation betyeen Si and W (r = 0.98) in sequence A
is in accordance with the suggestion made by Vinogradov et al.
(1958). This strong correlation is, after all, not surprising
within a single differentiation sequence just because of the
mere interrelation of the samples involved. It will be
investigated below if the strong correlation between Si and

W will be upheld in less ideél sets of samples.

Reference was made to the very low W content qf a very
felsic rock (BR with 0.29 ppm W). Both BP and BR are very
similar rocks within suite B, especially with regard to the
major oxides. The trace elements may differ but not substan-
tially. It is therefore surprising to find such a low W
content (about 3 times less W in BR than in BP) in a similar
felsic rock. Possible explanations for this depletion are:

(1) an knknown differentiation mechanism. Such a
mechanism would then suggest the enrichment of W in both an
endmember (felsic) and an intermediate stage at the same time
within the same suite, which is not very likely.

(ii) analytical<;rror, although no information was ?»J
recorded in the logbook on anything that went wrong durigé the

radiochemical separation procedure for this particular batch
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of samples.
Taking into consideration these reflections, the dis-
tribution of W in basalts in the Galépagos samples may be
seen in Table 5.8.
Table 5.8 Distribut%on of tungsten (ppm) in basalts*
from Pinzon Island
Sample No. s
group samples Mean Median Range
Suite A+B 8 0.25 0.20 0.14 - 0.54
Suite A 6 0.21 0.195 0.14 - 0.32
Suite B 2 0.37 - 0‘20 - 0.54

*differentiation products BH, BI, BP, BR left out &

\

Hawaii: Some data for the Hawaiian samples are given in
Table 5.9. For more data see Appendices I and II.

The Hawaiian samplés, due to their diversity in sample
location (Figure 2.2), ?gn not really be combined into a
coherent set. Neverth7&ess strong correlations exigt between
W and various late stage elements (Table 5.9) expressed
graphically by F.A. (Figure 5.7). The correlation with Si,
however, is negative. The W abundances span a range from

0.08-0.52 ppm with a mean of 0.28 ppm. Sample Ha-6 seems to

be enriched in W when compared with the other samples, but it
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Tadble 5.9 Bome msjor oxides (%), traoce cleoents (ppm) end correlstion
coefficlents (r) of tungsten with cach of these variasbles
in six rocks from Bawail

Banples Ha~l Ha=2 Ha=3 Ha=b Ba-5 Ha~6 r

Variadles

810, 50,08 52,65 47.32 49.65 36.7%4 48,00 -.86

10, 3.08 3.52 » 2.52 2.8 2.7 3.31 .19

nzo 3.05 2,25 2,10 2.00 1.61 3.29 478

K50 .62 35 - .38 «20 «59 .81

P,05 .33 .25 .26 .25 .20 .56 .86

18 6 A A 3 A ? 79

13 6 r 6 2 6 .39

8r 392 288 a6k 3439 296 568 .9

Ba 367 179 305 305 206 564 + 96wy

Y 29 20 20 26 20 36, .82

2r 203 105 157 130 133 300 .95

).1-] 21 3 16 9 5 32 .98

) £8 159 109 289 119 258 87 ~.26

Ccr 20 376 582 408 575 89 ~-.63

v 36 .08 .32 .22 .18 52 1,00

F-1

HAWAIL (6)

Fig 5.7

Factor analysis for samples from Hawais
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also has higher contents of Na, Li, Sr, Ba, Y, Zr, Nb. This
rock is a border case. On the alkali vs. silica diagram
(Figure 5.2A) it falls above the McDonald and Katsura (1964)
dividing line, but below the Irvine and Baragar (1971) divid-
ing line. The sample was treated as a subalkaline one.
Sample Ha-2 has the lowest W content of all Hawaiian rocks,
but it also shows lower values for Sr, Ba, Y, Zr, Nb. It

cannot be called pure coincidence that the rocks with the

lowest and highest W contents also show lower and higher
contents for elements which normally accumulate in residual

liquids. The ranges of distribution of W in the basalts of

i

the Galépagos and Hawaii sample§ are simjlar .as are their
I mean values (0.25 and 0.28 ppm, respec%ively), deépite notice- i
able differences between the two pefrogenetic provinces.
Indeed, the Hawaiian rocks in general are richer in Cr;, Ni and
Sr (McBirney et al., 1969). The Hawaiian samples are also
known for a preponderance of lavas containing various amounts

of phenocrystic olivine (e.g. McDonald, 1944, 1949, in MacDonald

et al., 1964; Powers, 1955), whereas plagioclase fractiona-
;ﬁ tion is more common in the Galépagos samples, an observation

already made by Darwin (in Williams, 1966).

) -

Amsterdam Island: Some data on the Amsterdam Islands

are given in Table 5.10. Further details are in Appendices

I and II.

e

]‘{

Both Amsterdam and St. Paul Islands, which form part of

o
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Table 5,10 Some major oxides (%) and trace elements (ppm)
for four samples from fmsterdam island

Samples Na-1* Na-2**  Na-3 Na~4
Variables
# 510, 48,75 49,12 49.73 49.97
T10, 1.21 1.60 .. 2.07 1.67
Na,0 1.89 2.57 2.45 2.44
] . K0 \\45 .67 W71 .65
gg P,05 a2 .19 .22 .17
| Rb 12 18 17 17
Ba 152 210 218 oY
Cr 143 40 51 " 69
Ni 88 46 38 49
Y 17 20 26 22
Zr 81 110 143 121
Nb 18 23 29 2
W 032 42 T 46 45

* Na-1 and Na-3 are aphyricjolivine basalts
** Na-2 and Na-4 are feldsparphyric basalts
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a unique volcanic province (Gunn et al., 1971, 1975) in the
Ip@}an Ocean, are made up by lavas of mainly tholeiitic
affinities. The four samples from Amsterdam Island all belong
to the youngest lava flows of the Mont de la Dives voléﬁno,
and can be divided into the two groups men£ioneé by Gunn et al.
(1971), i.e. plagioclase’basalts with bytownite phenocrysts of
up to 1 cm and aphjric olivine basalts. It is obvious that
plagioclase control is important (Gunn et al., 1971). No
correlation coefficients were computed nor F.A. performed on
this small set of samples, particularly because very little
variation occurs among them. It can be mentioned, however,
that the lowest W content occurs in the more mafic sample
Na-1, which coincides with higher values for compatible
elements (Mg, Ni, Cr) and lower values for incompatible
elements (Na, K, Rb, Ba, Y, 2r, Nb, W) than for the other
rocks. W contents range from 0.32-0.46 ppm, with a mean

value of 0.41 ppm. Although these values fall within the
ranges of W distribution for Galépagos and Hawaiian samples
the mean value is slightly higher. A comparison of these

values is given for the three provinces in Table 5.11.
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Table 5.11 Mean and range of W distribution in
the subalkaline ocean %fland basalts

(ppm)

Province No. Mean Median Range
samples
Galdpagos 8 0.25 0.20 0.14 - 0.54
Hawaii 6 0.28 0.27 0.08 - 0.52
Amsterdam / 4 0.41 0.44 0.32 - 0.46
All 18 rocks: 18 0.30 0.28 0.08 - 0.54
“

5.2.3.2 Summary

It can be concluded that the W contents for subalkaline
basalts from oceanic islands may vary, but only slightly and
lie well below 1 ppm. Furthermore, whenever lower values -
were obtained for W within a particular area, these iower
values coiﬁcided Qith a decrease in the abundances of several

incompatibled elements such as K, Rb, Zr, etc.

5.2.3.4 The alkaline scean island samples

Reporting on the application of Q—mode\F.A., Shaw et
al. (1973) state that the alkaliq’basalts form a much more
homogeneous group than the subalkalic ones. With .respect t6
W as for many other elements, ;he alkaline basalts are very

different, and will now be considered according to petro-

genetic province.
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Crozet Afchipelago: The samples (Ce) under investiga-

tion here all come from section B (east of Shipwreck Bay on
East Island). Some data concerning these rocks are given in
Table 5.12, but more information can also be obtained from
Appendices I éhd II. \

Gunn et al. (1970) interpreted some 30 lavas of
section B. This section is, like the Pinzdn Island sea cliff
(Plates 4.1 and 4.2), made up by several cycles of lavas, but
the sampling was less systematic. In other words, the five
Crozet samples do not belong to one and the same cycle of
eruption. The first lavas of each cycle contain high amounts
of olivine and pyroxene, but these amounts detrease gradually
upward. The lavas are slightl? nepheline normative and their
composition varies from pyroxene- and olivine-rich oceanites
anid ankaramites to aphyric and feldspathic ‘basalts. .

F.A. was performed on this admittedly small sample
because it was believed that the correlation coefficients
were significant enough, at the 0.05 level (Table 5.12). The
pattern (Figure 5.8) shows the 'ferromagnesian' elements
(Mg, Ni, Cr) clustering together and opposite to this
cluster the elements that nérmally accumulate in residua%
liguids. Gumnet al. (1970) believe in the existence of a
remarka?ly uniform parental alkaline magma. They favour
crystal fractionation over partial melting as a mechanism for

generating these magmas, particularly'bécause of the parallel

MW‘W .

e

increase of Al and Ti (r = 0.98) with other late stage elements.
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é Tadle 5.12 8Bome major oxides (), trace elenents (p-a) and correlation
; coefficients (r) for tunrsten with ecch of these vuriadles
[F for five senples from the Crozet archipelago
Bamples Ce-1 Ce-2 Ce-3 Ce-s Ce=5 ™ -
i Yariadles
. 8102 47,35 47,09 37,31 45,81 36,80 97
10, 3.38 3.03 2.5 1.88 2.85 _ .79 )
ln?O 3.26 2.7% . 2.58 1.66 2.37 .9
x0 1.50 1.32 T1.2a .70 1.19 .90
. d
. ?,05 .55 S .48 .26 a1 o
‘ by »
- 1 4 - 36 b 3a 18 31 .3 4
gr 630 M2 509 317 a72 .91
2a 326 255 29 186 272 .69
er 52 200 3% 1028 159 .76 s
.\ x4 65 106 238 551 109 -+76
" Y s ' = 17 2 .92 N
| “
\ I 278 7 E24] 135 216 .95 4
i n 62 50 59 28 as .90 !
e -7 5
v 82 83 77 .18 A2 1.00
. - £
- Yalues for r 3.878 are significant to very sirnificant on a .05 level (ace. !
'.3“ Brooks, 1972) 4
4 M 1
- i
4 '
e ie
East sl (Crozet)(5s) H
. ¥
f §
Y

Fig. 5.8 Factor analysis for the Crozet archipelogo
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In partial melting Ti would have been enriched in the more
mafic magma (MacGregor, 1969) and the Al-Ti correlation would
have been negative. The behaviour of W in this set of rocks
does not contradict its accumulation in residual liquids.

W rang;; in this set of rocks from 0.18-0.83 ppm, with

a mean of 0.60 ppm, which is considerably higher than in

subalkaline rocks.

Cape Verde Archipelago: Little information is available

even today on these islands. Five samples represent this
soda alkaline province. These islands are known to have a
petrologic succession similar to other Atlantic islands,
but also to the East African Rift system (Mitchell—Thomg, 1972).
This succession (Assuncao, 1968) consists of (i) basaltic
lavas, (ii) strongly alkaline mafic and phonolitic lavas, and
(iii) later basaltic lavas which are still operative at
present. Bebiani (in Mitchell—Thopé, 1972)/estimated the
islands to be made up by some 83% of basic volcanics and
tephra (the highest SiO2 content recorded on any of the islands
was 59.16%). Unfortunately no estimates exist on the amaﬁnts
of each rock type. 1In Table 5.13 some data concerning the
Cape'Verde Islands Maio and Sal (VM and VS) can be found,
but for further details reference is made to Appendices I and
II.

Klerkx et al. (1974), on the basis of a constant Sr

isotopic ratio with increasing K content, consider that all
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Table 5.13 Some major oxides (%), trace elements (ppm),
. correlation coefficients (r) of tungsten
with each of these variables, differentiation
index (D.I.) and normative nepheline (Ne) for
five samples from the Cape Verde Archipelago
Variables VM-1 » VM-2 VsS-1 vVs-2 VS-3 r*
SiO2 45.85 41.95 39.00 45.36 54.53 0.68
TiO2 4.42 4.90 3.43 2.45 0.56 -.45
A1203 15.12 13.13 9.60 13.47 22.20 0.82
NaZO 3.26 3.65 2.87 2.31 10.52 0.92
K20 1.17 1.39 1.23 0.91 + 6,06 0.89
P205 0.84 0.80 0.78 0.30 0.06 -.46
18 42 34 20 197 0.89
Sr 1141 1011 992 508 1091 0.56
Ba 837 660 476 253 624 0.46
cr 28 47 554 327 6 -.69
Ni 38 . 63 425 189 nd -.64
Y 28 26 25 21 19 ~.45
Zr 434 411 244 f72 593 0.92
Nb 130 114 95 43 117 0.58
W 0.64 1.13 0.43 0.25 l1.81 1.00
D.I 35.5 29.8 20.8 23.9 86.9 -
Ne 2.0 17.4 15.2 3.0 40.3 -

=}
ol
i

|
]

not determined

not detécted; 6 ppm Ni were assumed for F.A.

* r values > 0.878 are 'significant at the 0.05 level (Brooks, 1972)
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rocks are deriveq\from the same parental magma by differen-

tiation. They suggest that this primary magm% is nephelinitic

[ 4
and that it has been produced by partial melting of a
phlogopite-peridotite, since it has such low K/Rb ratios.

These low K/Rb ratios, in the opinion of this author however,

are based on incorrect computations (i.e. the wrong conversion

factor for K20 to Ky.

Whereas Klerkx et al. (1974) imply that the rocks with
higher K content are different%atigp products derived at
shallow levels from nephelinitic mégmas, Wright (1971) points
out the possibility of producing, under the right ccnditions,
the full range of alkaline magmas from the upper mantle. 1In
this respect, it is interesting to observe the behaviour of
various elements in the VS group from the more mafic sample
towards the more felsic one, i.e. from VS-1 to VS-3. Here a
consistent decrease in Ti, Fe, Mn, Mg, éa, P, Cr, Ni, Cu and
Y occurs towards. VS~3. This decreése of mostly compatible
elements is accompanied first by a decrease of the incompa-
tible elements, i.e. Na, K, Rb, Sr, Ba, Zr, Nb, Pb, U, Th, W
towards VS-2, followed ?y a sharp increase towards VS-3.

Such a pattern is diffié&lt to reconcile with a normal

differentiation process fxom nephelinitic magmas. The VM

samples show a similar trend as the one from VS-1 to VS-2

(or vice-versa?), though lesg clear. That partial melting
plays an important role in order to produce such alkaline

magmas leaves no doubt, although much more information is
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needed before firm conclusions can pe drawn on the origin
and evolution of the volcanics of the Cape Verde Islands and
the behaviour of W in these rocks.

F.A. wag performed but was discarded because only 5
samples from two different islands were involved, but also
because of the few significant correlation coefficients
(0.05 level). Significant correlations, however, exist
between W and Na, K, Rb, Zr (Table 5.13). These elements
either accumulate in residual liquids or appear very early in
partial melts (Gast, 1968). Considering the enrichment of

these elements in the Cape Verde samples, W invariably lies

between K and Rb (Table 5.14). ,

o~

Table 5;14 Enrichment factors for various elements
in the samples of the Cape Verde

Islands
Sequence Na K Rb 2xr W
VS-2 to Vs-1 1.2 1.4 1.8 1.4 1.7
VS-2 to VS-3 4.6 6.7 10.0 3.5 7.2
VM-1 to VM-2 1.1 1.2 2.4 0.9 1.7

N
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The distribution of W in alkaline ocean island basalts
(excluding phonolite VS-3 from the computations) is given in

Table 5.15.

Table 5.15 Distribution of tungsten in alkaline
ocean islands basalts (ppm)

Samples (No.) . Mean Median Range

All basalts* (10) 0.60 0.60 0.18 - 1.13
Crozet Islands (5) 0.60 0.77 0.18 - 0.83
Cape Verde** (4) 0.61 0.54 0.25 - 1.13

* VS-3 excluded but IC-1 included
**yS-3 excluded )

5.2.4 Summary

To summarize the findings on W in ocean island basalts

the following can be said:

1. 18 subalkallke basalts contain about 0.30 ppm W, whereas
10 alkalihe’gasalts contain about 0.60 ppm W, i.e. twice
as much. These values are about two and four times the
W content in ocean floor basalts; ¥

2. the range of W distribution is wider in alkaline than
in subalkaline bzgalts; ‘

3. in both alkaline and subalkaline basalts, W correlates

positively with several of the late stage elements (K,

SR s,
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Na, Rb, Sr, Y, 2r, Nb, etc.) depending on the set of
samples involved. It correlates negatively with early
stage elements such as Mg, Cr, Ni. The positive
correlations can be ascribed to either fractional
crystallization, during which these elements accumulate
in residual liquids, or to partial melting in which

104 resembles the behaviour of K and Rb.

5.3 Subduction zone environment

For the same reason as for the oceanic rocks (section
5.2) a first general appraisal will be given on the distribu-
tion of tungsten in all rocks from subduction zone areas.
The term 'subduction zone' is used here in its widest sense
(section 5.1), without attempting to differentiate between
islands arcs or continental margins, either fossil or active.

Some 44 samples in total arefrepresentative for such sub-

" duction zone areas. Figure 5.9A,B shows the distribution of

aforementioned rocks on an alkali versus silica diagram and
an AFM diagram, whereas Figure 5.10 illustrates the frequency
distribution of tungsten in all but one of the subduction
zone samples. Sample S-2 was left out of this histogram
because of its anomalously high W content (24 ppm). Some 9
rocks have W contents greater or equal to 1 ppm. Some of
these 9 rocks are intermediate rocks in composition (e.qg.
TL-1l, TL-2, M-1, M-2), others are very altered (e.g. 2-7,

Z-5), and others have rather high alkali contents (e.g. S-1,

.
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5-5). These rocks will be dealt with in more detail when
discussing the samples according to their area. Table 5.16

gives numerical data from the W distribution histogram.

Table 5.16 Mean, median and range of tungsten
distribution in rocks* from subducticn
zone areas (ppm)

Mean Median Range

0.52 0.27 0.09 - 1.85

*43 samples in total, excluding sample S-2

In an earlier section (5.2) dealing with the distribution
of W in gceanic rocks, certain high values were left out under
the pretext that these high values occurred in rocks, repre-
senting only a very small fraction éf the total bulk of
oceanic rocks, i.e. more felsic differentiation products.
Although soﬁe samples here could also be excluded (e.g. S-2,

23 ppm W, and 2~9, 1.85 ppm W), it certainly would not be
justifiable to exclude several other rocks with high W con-
tents on the same grounds as the oceanic rocks. Indeed,

several of these samples with higher W contents often, in

fact, comprise the bulk of the rocks occurring in subduction

- Zone areas.

»
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5.3.1 1Island arc systems

Before proceeding with a more detailed discussion on
the various island arc samples, some general characteristics
concerning these rocks should be pointed out. Some 25 samples
in total represent either the western Pacific Ocean (samples
G, T and US), or the Lesser Antilles island arc systems
(samples TL and TV). More information about the localities
of these rocks and their chemistry can be found in Appendices
I and II. .

Characteristic for all island arc samples is their very
low Nb content. Only two samples,.i.e. TL-1 and TL~2 have
detectable amouffts of Nb (2.9 and 4.0 ppm Nb, respectively),
whereas the other samples .show Nb contents below the
detection limit (2~§pm Nb). These data will be dealt wia&
below. .

An exploratory .F.A. (F-1,2 [44, 17], Figure 5.11) on

all but 2 samples - US-2 and T-4 were excluded because no trace

[

element data-were available - shows W associating with some
late stage elements (e.g. Th, Pb, Rb, 2r,)., but at the same
time its complete independence from others (e.g. K, Na). %
The correlation coefficients of W with these elements are,
respectively, 0.93, 0.88, 0.74, 0.57, 0.14, -0.17. The most
that can be said about W in this F.A. is that, as pointed

out in previous sections, it does nﬁt associate with early
stage elements (e.g. Mg, Ni, Ca, etc:

The distribution of W in the islan c samples is
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given in Table 5.17. In this table all island arc samples

are treated as a whole and subsequeqtly are divided up into
- P
basalts and andesites. \

Table 5.17 Distribution of tungsten in samples of
island arcs (ppm)

.
Group of No. of .
samples samples Mean Median Range
/)All samples 25 0.35 0.20 0.09 - 1.49
Andesites 13 0.43  0.23 0.10 - 1.49
Basalts 12 0.27 0.19 * 0.09 - 0.67

-

.The first area to be investigated includes some 14
samples from the border of the western Pacific Plate

(Chapter II). Some data concerning these samples are shown

"in Table 5.18, but more complete information is available in

Appendices I ;;d I,

Figure 5.12 show§ a F.a. (F-1,2 [52, 18]) for these
island arc samples, excluding T-4 and US-2, because no trace
element data were available. From this F.A. it becomes
obvious once more that W associates closely with other late
stage elements such as Na, K, RBT Sr, 2r, and to a lesser
degree with Si. With reference'to séme of these rocks

(andesites T and US-1), Taylor et al.- (1966, 1969) reported
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low concentrations of large cations (Cs, Rb, Ba, Tl1l, Pb),

rare earths and the highly charged cations (e.g. 2r, Hf, Th,
U, Nb, Sn). These authors also mention that the concentration
levels of these elements are reminiscent of concentrations

in tholeiitic basalts, i.e. they are not 'intermediate'

values between basalts and acidic rocks. These observations

are confirmed by the low concentrations of W in these rocks

(Table 5.19).

Table 5.19 Distribution of tungsten in samples of
island arcs along the western Pacific
Plate (ppm)

No. of '
Samples samples Mean Median Mode Range
>
All samples 14 0.21 0.17 0.15 0.09 - 0.75
Andesites 9 e 0.24 0.17 0.15 0.10 - 0.75
Basalts 5 0.15 -0.16 0.15 0.09 - 0.21

The values obtained for W in the island arc samples are
very similar to oceanic subalkaline basalts (section 5.2).
These low Wacontenps for both andesites and basalts of island
arcs too contrast strongly with the high suggested values

mentioned earlier (section 5.1). . v

Since the high K andesites are known to show parallel
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increases in large and large highly charged cati?ns (Taylor

et al., 1969) as well as the -rare earths, it is not surprising
to see the high value for W in sample T-4 (0.75 ppm). By

the same token, however, one would expect a similar améunt

in Sample G-3, also a high K andesite, unless regional differ-

ences can be invoked, as well as higher contents of other

trace elements of T-4, when comparing both rocks. Despite the

faét/;bat no Sr87/Sr86 values were available for the island
arc andesites (samples T), the general absence of any crustal
rocks in the area, as well as the low initial Sr87/Sr86
values (0.704 or less) as reported by Pushkar (1968) for
Saipan and the northern Marianas or Gill (written comm.) for
Fiji, do not support any involvement of crustal contqmination.
Wanke (1975), aware of the different conditions of
formation, points out the very good correlation that exists

between La3+ and W in lunar samples. W was plotted versus

the few available La3+

data (Figure 5.13). It certainly would
be desirable, in order to evaluate better the correlation
between La and W, to obtain more data on both elements and
this in a more varying set of rocks.

The Lesser Antilles island arc forms a much smaller

system than the previously discussed isiand arcs of the
western Pacific Plate. Some 1l rocks originating from only
two islanés, i.e. St. Lucia and St. Vincent, wili be discussed
below. Data needed for this discussion are given in

Table 5.20, although ﬁore information is available in
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Appendices I and IXI. Nb data are not given since only two
samples, i.e. TL-1l and TL-2 (3 and 4 ppm, respectively) had
detectable contents. ‘

! F.A. (F-1,2 [57, 21]) performed on these rocks (Fig. 5.14)
illustrates a close association between K, Rb, Pb, Th, W and

Sr87/Sr86

, and to a lesser degree with Si and 2rx. Puzzling,
however, is the position of Na, which is probably due to the
apparent increase of Na towards the more mafic members of the

TL samples. Nevertheless, W forms an association with late

£ VRN

stage elements.

AL

The distribution of W in the Lesser Antilles' samples

ohostaan

is given in Table 5.21.

e o

e <L

ATy
it Al

-

Table 5.21 Distribution of tungsten in samples

of the Lesser Antilles island arxc (ppm) 3

No. of %

Samples samples Mean Median Range :
- TL + TV 11 0.53 0.31 0.12 - 1.49

TL 5 0.90 0.67 0.31 - 1.4¢9 |

N TL basalts 3 0.54 0.63 0.31 - 0.67_ 5
: TV 6 0.22 0.22 0.12 - 0.34

. TV basalts 4 0.21 0.19 0.12 - 0.34

K2, A N 8 K. P L I, 3 It T b BN 0

SR AV, Ty NI St 8 W et

E gy



IR UL

o R T e T LN

S
‘1; 124
Y
i
{
3
F-1
K/NO
k Th « o LESSER
) ANTILLES (1)
Sr -
PO
t, OAl

oY

OFe

Fig. 5.14 Factor analysis for Lesser Antilles samples




pertier NP

A i = s et ot = e [ U R T "I it

125

The distribution of W in the St. Vincent samples (TV)
is very similar to values obtained for west Pacific Plate
boundary islands. The high values obtained for both andesites
and basalts of St. Lucia require further explamation. As
mentioned earlier (Chapter II), the two islands are very
different im“composition. St. Vincent, conéisting exclusively
of basalt and basaltic andesite, takes up a unique position
among the larger islands of tﬁe Lesser Aﬁtilles, whereas

St. Lucia. 1s much more representative for the Lesser Antilles

~ in general with its more felsic composition of andesites and

\aacites (Tomblin, in Pushkar et al., 1973).

6

Pushkar (1968) studied the initial Sr87/Sr8 ratios

in several non-ignimbritegcalc-alkaline volcanic rocks from
. "

these island arcs, i.e. the western Pacific Ocean, Central @

hom -

America and the Lesser Antilles. With only two exceptions, ®=

values for initial Sr87/Sr86

ratios lie in the range
0.703-0.705, with an average very close to 0.704. Similar
ratios were found for tholeiitic lavas from the northern
Marianas. Pushkar (1968) suggests a source area for formation‘
of these rocks in the upper mantle or possibly in basaltic
rocks of the oceanic crust, although the high initial

86

Sr87/Sr ratios cannot be explained in this way. In order

to explain these high values (Table 5.20) Pushkar et al.
(1973) focussed their attention on both St. Vincent and
St. Lucia. With reference to St. Vincent these authors mention

the tight clustering of the new initial Sr87/Sr86

-

ratio values
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around 0.7040; which make them very similar to values of other
island arcs (Pushkar, 1968). The same observation can be made
for the W contents, i.e. little variation occUrs and, as
mentioned earlier, the W contents do not differ very much from
other island axe samples (Tables 5.18 and 5.20). If the
suggestion that no continenggl material is involved in the
production of the andesites (Hedge et al., in Pushkar et al.,
1973), a suggestion supported by isotopic evidence, is
correct,‘then the andesites may be derived from the basalts

which, in turn, probably originated in the mantle. This

would explain the low W contents of St. Vincent rocks. The

lowest W content occurs in sample TV-3 (0.12 ppm), the most

mafic rock analyzed here. This coincides with the lowest Rb
content and the highest Ni content. Although a grédual
increase of Si, Na and K in a set of samples from a single
volcano (Soufriére) suggests a differentiation sequence,
this suggestion, however, is not substantiated by the trace
elements. ,

With reference to St. Lucia, it is obvious that the
W contents (Table 5.20) are considerably higher than those
of many samples from oceanic and island arc environments.
This increase in W goes hand in hand with an ingrease in

initial Sr87/Sr86

ratios (Pushkar, 1968; Pushkar et al., 1973).
In order to explain these high initial Sr87/Sr86 ratios
(particularly TL-1,2,3) Pushkar et al. (1973) examined four

possibilities, which are:
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(a) the mantle locally contains high Sr87/Sr86

ratios;

(b) the felsic volcanics with high Sr isotopic
ratios are, largely or entirely, produced from
crustal materiél; /”\\

(¢) exchange of Sr isotopes between sea water and
the magmas;

(d) melting of crustal material dragged down along
the Benioff zone (e.g. Tomblin, 1974).

Pushkar et al. (1973) favour the fourth possibility,
pointing out that the crustal material can be either marine
sediments or debris from the Guyana shield, carried by the
Orinoco River into the Puerto Rico trench to form later the
Barbados ridge (Fiéher et al., in Pushkar, 1968). Initial
Sr isotopic ratios, however, of pélagic sediments cored
to the east of the Lesser Antilles - 0.7083 and 0,7086
(Pushkar, 1968) - as well as additional geglogical and petro-
logical evidence from the Qualibouvolcano‘kTomblin, in
Pushkar et al., 1973) support the possibility of magma forma-
tion by melting of crustal material, i.e. pelagié sediment;. ’
Assuming the hypothesis concerning tﬁe involvement of sedi-
ments is correct, the next step to be considered is thes
availability of W from sediments. Again{ data an W contents
are rather scarce, and believed to be similar to those in
igneous rocks (1-2 ppmf. Nevertheless, as mentioned earlier,

there is plenty of evidence (e.g. Mauchér, 1972 and many
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others, see Chapter I) of the existence of ;ime— and strata-
bound deposits of stibnite and scheelite on a world-wide
scale, related to Ordovician and Silurian metavolcanics,

and it is difficult to accept that this_ process would not go
on nowadays. In fact, abnormal amounts of W (up to 70 ppm)
have been reported for various types aof pelagic sediments
(e.g. Amiruddin et al., 1962; Isayeva, Petelin et al., in
Krauskopf, 1970). These anOmalou£~c0ntents are believed to
be rather localized and related to nearby volcanic activity.
In other words, the involvement of sediments is supported
by isotopic evidence and to say the least, the W data do
not contradict this view. Moreover, sediments that would
be able to céncentrate to some degree W (e.g. shales) have

»
been recognized in the Barbados zone (Tomblin, 1974).

5.3.2 Summary

It can be said that andesites of island arcs contain
about 0.43 ppm W and basalts about 0.27 ppm. These values
are obtained for island arcs without any further discrimina-
tion. The possibility of contamination by pelagic sediments,
however, is-real for the St. Lucia samples. Consequently
the W contents for both island arc andesites and basalts
will be reduced when the St. Lucia samples are omitted
(Table 5.22). Thus, andesites will contain aboht 0.24 ppm W
and basalts about 0.17 ppm W. These values are below the

mean value of subalkaline ocean island basalts. In fact, the
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Table 5.22 Distribution of tungsten (ppm) in
rocks from island arcs, excluding
St. Lucia

Samples (No.) Mean Median Range

All rocks (20) 0.21 0.17 0.09 - 0.75
Andesites (11) 0.24 0.20 0.10 - 0.75
Basalts (9) 0.17 0.17 0.09 - 0.34

W contents of island arc basalts is almost identical to oceah
floor basalts (0.16 ppm W). Further, the range within which

W varies is very small, except for a few cases, i.e. St.

Lucia and T-4 (high K andesite). Lastly, W again correlates -

with several late stage elements such as Na, K, Rb, 2r, Th,

'Pb, etc., though not all at the same time, and conversely

never with any of the early stage elements.

s

5.3.3 Continental margins

Some 19 samples were available for continental margins,
comprising rocks from Guatemala (M), Sardinia (S) and Chile

(2). F.A. (F-1,2 [40, 19]) was performed on 18 of these

samples excluding S-2 because of its anomalous W content

(24 ppm). No significant correlation between W and any other
variable emerges from this F.A. (Figure 5.15). As a matter
of fact, W forms a factor on its own (F-5 [9]). This general

lack of any significant association is probably due to
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CONTINENTAL
] MARGINS (i18)
Fig 515 Factor analysis for continental margin samples
Table 5.8 Soae msjor oxides (%), trace elements (ppa), corre-
- lation coefficients (r) of tungsten with each of
thess variables and injtial strontium isotopic ra-
tios for four samples fronm Guatenala
Samples K=l K2 N3 | rt
Yariables
B840, 63.31 59.40 52.33 50.86 .99
* ™0, w6 73 1.39 1,20 -.9?
Mgo 1.75 2,99 6.08 3.85 -7
Cs0 ,.66 6.18 9.09 9.69 -.99
¥a 0 AN 3.75 3.07 3.83 .95
K0 1,59 1.98 1,25 83 70
- o 32 53 7 - - -
. & ‘ a7 a6l - - -
R § 15 19 - - -
w Ve 0 - - -
v 1.7% 1.05 22 .18 1.00
8:%7 /556 7038 9082 7037 L7039 -

* velues of r)> .95 are significant at the ,05 level ( Brooks, 1972)
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alteration in many of the samples.involved, particularly the
Chilean ones. The Nb contents, when available, are eithef '
low or below the detection limit, a feature alreédy mentioned
for the island arc sémples;“The distribution of W in all

continental margin samples is given in Table 5.23.

b

Table 5.23 Distribution of tungsten (ppm) in samples
from continental margins

Samples Mean ' Median Range -
Excluding S-2 ¢ 0.75 0.54 0.18 - 1.85
Including S-2 1.87 T 0.55 0.18 - 23.7

3.

Central Guatemala is represented by only four samples,

of which only two were analyzed for all trace elementst Tq§se
restrictions will make interpretation difficult and rather
speculative. Some data.on thésé rocks are givén‘in Table 5.24.
For more information see Appendices I and II.

’ ?he distribution of tungsﬁén in th? Guatemala rocks is
giQen in Table 5.25. W increases strongly in the more felsic
rocks, pgrticularly M-1, whereas the two basaltic ‘samples
show W contents similar to the low contents fourd in iéland
arc and oceanic basalts. Despite the und?r;ying Paleozoic

crystalline basement, Pushkar (1968), using the low initial
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6 ratios for both felsic and mafic rocks as

Sr87/Sr8
evidence (Table 5.24),'rejects the involvement of signifi-
cant amounts of crustal rocks. As such the increase of

W in more felsic rocks must be ascribe@ to fractional

differentiation.

“

Table 5.25 Distribution of tdngsten.(ppm) in
four rocks.from Guatemala

Samples Mean Median Range

All "~ 0.80 ’ 0.64 0.18 - 1.74
Basalts 0.20 - 0.18 = 0.22
}”““‘\“ —1
R \NY\k“‘“WNN\N\N;Nhhhwwms~%*ﬂ~
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Sardinia: Full data on Sardinia are available in
Appendices I and II, whereas the data of particular use

for this section are given in Table 5.26.

A gradual increase of K, Li, Rb and Sr towards the

’

north accompanying the change in .major elements, is

noticeable on armore regional scale. Ba remains constant,
however, throughout all zones on Sardinia. This regional
increase is taken as evidence for a magmatic zépation
within the Cenozoic andesitic volcanism of Sardinia, which.
evolved froﬁ the south to the north (Coulon et al., 1975).
Dupuy et al. (1975) report additional RE data which bring
forth the similarityvthat exists between these element
abundances of Sardinia and island arc rocks, particularly )
andesites from Bougainville and New Guinea. None of z>
}hese features can be attributed to W, which does not
show any significant correlation with any 6ther element.
The distribution offW is glven in Table 5.27.

The W valugs of sardinia have not the same low averagé
value as for maﬂy iéland arc samples. Even when excluding

§-2 the mean W content is more than twice as high (0.74 ppm)

as the mean value for all island‘arc samples (0.35 ppm)

although the range is similar. The very.high W content of
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Table 5.27 Distribution of tungsten (ppm) in six
. samples from Sardinia

Samples ‘ Mean Median - Range
With §-2 4.62 . 0.95 0.19 - 24.0

Without S§-2 0.74 0.90 0.19 - 1.30

§-2, a basalt, is difficult to explain, especially when con-

86 ratio and K content. Contamiﬂation

sidering the low Sr87/Sr
during crushing of the rocks is excluded (Dupuy, pers. comm.)
and the saﬁe can be said for the processing of the samples
in the laboratory. For these reasons it is suggested to
look for geological reasons, for example local W enrichment.
Some scheelite 6ccurrencesteem to exist in northwestern
Sardinia (H811, written comm.). Equally enigmatic is the very
low W content of S-4, becausé this sample 1s the most felsic
of all samples from Sardinia with rather high K and Rb
contents as well as Sr87/Sr86 ratio.

So far no explanation can be given for the often contra-
dictory behaviour of W within this set of samples. It should
be kept in mind, however, that the geologic history of the

western Mediterranean is highly complex and controversial.

In this context cone only has to refer te the suggested
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direction of the subduction zone, i.e. Coulor et al. (1975)
propose a south-north dip direction on geochemical grounds,
whereas Bocaletti et al. (in Coulon et al., 1975) on
geological grounds suggest a dip towards the west.
| Chile: Table 5.28 gives some data needed for the

interpretation of the 9 rocks of Chile and Argentina (2).
hore details are available in Apbendices I and II.

Figure 5.16 shows the graphic result of F.A. on these
9 rocks. Some correlation exists between W and P, both of
which are governed by both F-1,2 (30,20). Factor one
regulates the uncommon association of ii, Zr, Y and, to a
lesser degree, Mg. Other uncommon associations are Na, Al
and Mn. The extensive metasomatism that took place in these
Chilean rocks (2-1 through 2-7)* may very well be the main

reason for the uncommon element association pattern of

Figure 5.16. This metasomatism is reflected by the mineralogy

of these rocks as obtained from Zentilli (written comm.).
McNutt et al. (1975) studied a set. of rocks originating from
the same geotraverse. This set of samples was much larger and
generally much fresher as well, and included both volcanic and

plutonic rocks. Only the Neogene samples (i.e..younger than

20 m.y.) 2-9 and possibly 2-8 (because of the same sampling

'area) seem to be free of alteration-contamination from

intrusives (Zentilli, written comm.).

*Egtimated modal analyses vary from 40-70% very altered
plagioclase, 10-50% chlorite, 10-25% iron oxides and T
only minor pyroxene.

e
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Table 5,28 BSone major oxides (¥), trace slements (ppa) and initial strontium
isotopic ratios for nine camples from Chile and Argentina

Sanples 21 32 -3 A -5 -6 z-? 3-8 2-9*
Yariadles
810, $2.08 53,92 52.63 S53.81 52.9% 47,67 53.49 54,62 50,67
™0, 1,22 95 1,10 1,12 1,01 1,10 1,44 1,38 1,25
Nay0 3.27 2.92 A% 4,52 3,90 4,61 2.29 3,5 2.6
X0 .90 1,22 2,25 1,52 1,15 22 1.02 .61 2.38
Py0 38 a2 a9 L Jd6 0 13 .23 .20 82
1) 16 18 61 -] 13 5 LY 11 7n
8r 690 958 820 506 458 467 328 327 569
Y 23 13 18 15 13 1% 30 28 2
o 172 89 102 8? 72 a4 209 12 126
v 33 25 % 56 39 .96 1.26 A1 1,88
827 /5,86 - - 2036 - 7037 - 7035 - 7060

* 2.9 11 the only acaple with detectable Nb content (7ppm)

F-l

Fig. 5.16 Factor analysis for South American samples

(9)
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High K and Rb contents of sample Z-9 coincide with a
high W content, whereas sample Z-8 has low K, Rb and W
contents, although Z-8 on the other hand is more felsic
than Z-9. This generalization does not apply to the other
(metasomatized) rocks. It is difficult to evaluate the
behavjiour of W with regard to any other element or even

initial Sr87/Sr86

ratios. It is also difficult, if not
impossible, to say in which way the aforementioned metasoma-
tism has affected these rocks with fégard to their W content.
This question arises here since it is known that W is alwéys
assoclated in this area with Tertiary intrusive episodes.

The most that can be said is that the mean value of W in

the;e rocks is considerably higher than any other value for

similar areas (Table 5.29).

Table 5.29 Distribution of tungsten (ppm) in
nine samples from Chile and Argentina

Samples ‘ Mean Median Range

All 9 0073 0054 0025 = 1-85
When combining all continental margin rocks and .

discriminating between andesites and basalts, keeping in mind

that several of those robksvunderwent alteration to some
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degree, the follo&ing valués should be considered (Table 5.30).

Table 5.30 Distribution of tungsten (ppm) in
nineteen rocks from continental margins

éamples Mean Median Range
All rocks (19) 0.72 0.54 0.18 - 1.85
Basalts (12) 0.58 0.40 0.18 - 1.85
Andesites (7) 0.96 1.05 0.19 - 1.74

iﬁ@

| 5.3.4 Summary

1. To summarize, the W contents of -both basalts and

andesiltes are considerably higher, i.e. respectively 0.58 ppm
and 0.96 ppm, than for their island arc equivalents, even
when including the St. Lucia samples. In fact, the continen-
tal margin rocks seem to be more comparable, in both W
content and range of distribution of W, to the St. Lucia

rocks., Alteration probably may account for these higher

values. Alteration may also explain, to some degree, the
less conspicuous or even lack of significant correlation

existing between W and other late stage elements.
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5.4 Continental environment

Before dealing with rocks from continental areas in
detall, some general information will first be given.
Beside the six standard rocks, i.e. five U.S.G.S. and one
C.R.P.G. sample (see Appendix I), some 32 other rocks were
analyzed. These include alkaline basalts from France and
Spain (He and H), alkaline and subalkaline basalts from the
southwestern U.S.A. (WL and WF), as well as four kimberlites
(KB) . Figure 5.17 shows the distribution of these rocks on
an alkali versus silica diagram (KB-3 not included) and on
an AFM diagram (samples KB not included). Table 5.31 illu-
strates the distribution of tungsten in these basalés (s.l.)
and kimberlites. A histogram of the distribution of W
(Figure 5.18) in these continental rocks does not show the
skewness as expressed by histograms of samples from the ocean

and subduction zone environments.

Table 5.31 Distribution of tungsten (ppm) in
rocks from continental areas

Samples Mean Madian Range

All 38 rocks* C 0.97 0.85 0.01 - 2,65
24 alk. basalts 1.29 1.35  0.17 - 2.65
6 subalk. basalts 0.3&:) 0.30 0.23 - 0.53
Alk.+subalk. (30)basalts - 1.11 1,09 0.17 -\éxggj

*includes standard rocks and kimberlites

PN
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TUNGSTEN (PPM)
Fig 5.18 Oistribution of tungsten in continental rocks (38 somples)

0

CONTINENTAL
BASALTS (30)

Fig. 819 Factor anolysis for conhinental bosalts. The symbol % re-
presents loadings on factors 3and 4
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Figure 5.19 shows the result of a F.A. (F-1,2 (42,23])
performed on the alkaline and subalkaline basalts of Table 5.31.
The negative correlation or total lack of any correlation
between Si and all the other elements is the main pattern of
this F.A. which will be discussed below. W shows some
coxrelation with P (r = 0.79), but only in F-3 (12). The
absence of any significant correlation may probably be
ascribed to the mixing of both alkaline and subalkaline samples.

These rocks will be dealt with in detail below according

to‘théir area of origin or type.

k.

wid ’ 5.4.1 Alkaline basalts from France and Spain

Some 17 samples (He, H and BR-1l), all of which are
alkaline basalts,QFBpresent the continental areas from France
and Spain. Some data of interest for this section are given
in Table 5.32. For more information see Appendices I and II.
Sample BR-1 from the northeastern part of France has no
geographiéal connection with the other French basalts, and
as such is of interest only with respect to the general dis-

tribution pattern of W in these alkaline continental rocks.

- With respect to the basalts of Herault (He), Dupuy et
4 al. (1972) claim, on the Dasis of geochemical evidence (see

below), that these rocks can be divided into three groups,

. of which only groups I and III were investigated here. This
subdivision coincides with their éoographical position, 1i.e.

i group IIXI in the noxthern part and group 1 in the southern
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\ .
part. This subdivision into more coherent sets of samples
considerably improves the correlation between certain elements

(Table 5.33).

'

-

2

Table 5.33 Correlation coefficlients (r) of K20 and
W with several other elements in
Hérault samples '

Samples si0, Ti0, Mg0 Ca0 Na,0O K,0% Li Ba W
All -.14 .22 =.51 =.25 .24 1.00 .73 .57 .78
Group I "c63 070 --41 . '28 '92 - 1-00 -93 ‘92 044\ .
Group III 021 "017 -153\ -049 --04 1-00 .78 069 -96
o
. CALL -.49 .41 -.22 .14 .25 .78 56 .71 1.00
| Group I -.85  .50° .54 .81 .32 .44 .31 .73 1,00
-.003 =.48 =.34 =.13 .96 .78 .74 1.00

. Group III
X

.06

‘*qu and Rb have valuwos of r = .98 and =.51 for
group III, reapectively.

qéoup I and

(3

Q.

Dupuy &t al. (1972) use Sr and Ni as indicators &f
fractional cryatalliaationﬂ(f.e. plagioclasc and olivine) and
}h? congept tﬁa; Sr contonts change in functlon. of {no dograo
of partial fuaion (invorsaly), whoreas Ni reﬁaina conatant
(Gaat, 1968). Ccnaoqpcntly.thoy auggbat th? ﬂollowingbpro-

\v

cogses to havo taken placoi -

7

~
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Ni)+ Intorasting in this 'difforantiation‘ pattern is tho ?

’atrong.corrolation botwoan W and K, which is almost indepcn-
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(1) Pa{tial fusion at variable degrees in the upper mantle
should explain the fraé%lonatién of Sr. Confirmation of this
hypothesis will be qbtained”by sfudying element; such as Rb,
Ba, etc.;'which behave in the same way asverduring partial

fusion. This partial fusion seems to have been more important

® in tho south (group I) than in the north (group III).

(2) Cryatallidqtion and separation of olivine, accounting
for the variation of Ni,‘seems to have béen more important
in She north,

Whon‘applying F.A. to bo;h groups, it becomes obvious
that the two patterns are baaica%ly diffcrent (Figure 5,20
A,B). In the F. A. of grouﬁ I sampleos (F-1,2-[66, 21]) tha
oloments - that normally accumulate in residual liquids asso-
clate heré with K, includ{hg Na, Li, Rb, Sr, Nb, and to a
loasor extant Th angd’ w, otc. Tho fact that aeveral of these
clomonts atrongly opposa si may woll c;nfirm tho suggosted
importanco of partial fusion. ) ,

*  As opposqd to group I, F.X. (F-1,2 [50,32])) of the
samplos -of group\III,gpow'a soomingly more familiar " |
'difforcntiahion"pattorn in which Si doos not dissoclate
.3taolf from the iatn gtage olcmaﬁts. and whara those olomonts

aro moro clnarly opposito to oarly stago alomonta (o.4. Mg.

dont from 8i. Difficult to oxplain is tho negative correlation
batween K and Rb.
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HERAULT
(He-3t0 He-8)

HERAULY
(He<9 to He <14}

Fig. 8.20 Factor analysis for sauthern groupl (A) and northern group I (8)
4 ‘* . .
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The Spanish samples are ?rom an aroa known for its
a&kalinity (alkali basalts, analcime-basanites and even
leucige-basanites). These rocks also are from a geographi-
cally different area and therofore difficult to integrate
with the samples from Hérault. Nevertheless, they are of
interost for the distribution pattern o6f W in continental

alkaline basalts. This distribution pattern is given in
Tabla 5.34.

Tablo 5.34 Distribution %f tungsten (ppm) din
, continantal alkaling basalts from
France and Spain

Samplos . Maan ﬁedian Rango

ALL AN+ 1.62 1.57 0.96 = 2.65
Group I (8) 1,53 1.59 0.96 = 2,09
Group ' III (6) e 1.9 1.34 - 2,65

)

*includos BR-1

Thosa rocks contain tho highast W contonts so far |
oncountarod. These high contanta acour in rocks with high
nopholino norms, o.g. Ho=9 and Ho-14 with about 17% and-lst.
:oapqctivnly. normative nopholina and 2.65 and 2.40 ppm W.

Tho lowor valuos for W ocour in aamplas Ho-5,7,8, which
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have no nepheline in their norm and with 1.08, 1.35 and 0.96
ppit W, respactively,

-~ —
——

5.4.2 ‘S W. #nd western United\§Eate&\of America

The wastexrn U.S;A. are reprasaented by some Ii\ai&g}ine

.

and subalkaline basalts (WL, WF and BCR). Most of these -
7 T

rocka are from the Bande?a lava ficld in NeQ-Moxico, but two
are from Arxizona (WL-6,7). “Somo data of interest for tﬁisv‘
section ara given in Table 5.35. For mora information seo
Appendices I and II.

The distribution of W in thoso continental basalts 1s

givon in Table 5.36.
L )

-Tablo 5.36 Distribution of tungatén (ppm) in
bagalts from the southwostern U.S.A. .

Samplas ‘ Mean Modian Range ;
All bagalts* (13) 0.43 T 0.3 0.17 = 0.99
Subalk. baaalta* (6) 0.36 0.30. 0.23 ~ 0.53
Alk. basalts (7) 0,50 0.47 0.17 = 0.99

*inoluding BCR-1

{ . -

_A comparison with subalkaline océan'ialané basalts ghows :

that thoro is hardly any aifferonce to ba noticed (Table $.11).

| |
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The alkaline continental basalts of the western U.S.A. show

W contents slightly below the W contents of the alkaline ocean
island basalts (Table 5.15), although the ranges of distribu-
-tion are similar. “

The.samples were divided into a subalkaline and an
alkaline group and subjected to F.A. In the subalkaline group
sevoral late stage elements cluster together (e.g. K, Rb,
2r, etc.), but the positive correlation between Mg and theseo
alements is difficult to explain. W does not form part of
this late stage elcmént aggociation, nor de Si or Na. The

)p@ttern of the alkalino rocks secems loss enigmatic in general.
W, howover, behaves indepandently of any of the othof .
oloments (Figure 5.21). The strange behaviour of W, and for
that matter Si and Na also, is difficuit to oxplain unless
the following facts aro taken into considoration. Tho samplo
populations Aro small and, although tho sanplas with the
oxcaption of two -ara from the sama lava field, thaore is quite
a varioty in .tho sample locations (i.0. difforont lava flows).
This aéma'criticiam is valid for tha nocho;tinantal areas

.. as woll, daspite tho‘conapipuipy of the pdtrochemical and

initial strontium ratio Qariapiona within a ainglo'bnaalt<
flow, i.a. tho“NcCariye flow (Bxockins et al., 1975; Carden
at al., 1974 Laughlin ot al.. 1972h). A dotailed study

»'Atovoalod tho gradunl chanqo ‘£rom a qnartz-normativo tholeiite

‘ wlth plagioclase phonocxyata into an olivinc-normativo tholoiito

"with olivina phonocxyats. Laughlin ot al. (1972b)on the basis

v
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of the extremely large variations in the initial strontium
ratios (0.7040 to 0.7984) and the presence of xenoliths of
sedimentary rocks in this basalt flow, suggest a heterogeneous
near-surface crustal contamination. It ié difficult, if not
impossible, to say whether this contamination has affected

the W contents of the rocks, particularly because they are
similar to ocean island basalts. Affocting other olements

may have'had an indirect influonce upon W oxplaining its

strange bchaviour.,

5.4.3 Kimberlites

Four kimberlitos (KB) were analyzod as woll and somo
data aro presonted in Table 5.37.

It was already pointed out in Chapter IV (Figure 4.4)
that no significant correlations oxist between W and any
other late stago olemcnt. Morcover sovoral olomegt associa-
tions are very uncommon. No attompt was made to okplain the
overgll pattorn, bacause only four samplas from vori diffaront
aroas wera avallabla. Tﬁo W valuas for that reason gro of
intorost sololy to obtain an idoa of its dietributionxin
kimborlites (moan W content is 0.54 ppm; modian valuo is
0.6 ppm). Somo of tgpao valuda are bolow theo kimberlite
valuos of Ukhanov at al. (1973). In tho case of KB-4 tho W
contant is more similar to that of a poridotite. Bofore
suggoesting that kimborlitoa are concontrating diaporsod ale-

. \ ; )
monts (Ukhanov ot al., 1973) moro data should ba gathored.

o g e A st oK st sda,
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Pable 5.37 Some major oxides (%), trace elements (ppm)
and correlation cooffioienta (2) for tungsten
“ Yigh each of these variables fér four kimber-
: o8

Samples KB-1  KB=2 KB=3 KB4 1»r'

Variables
’ 510, 36,95 41,53 21.50 40,00 =45
| 40, 2,50 3.79 .87 3.5 =29
020 4,57 12,39 11,02 - 4,04 .64
Nan0 J2 1,06 .22 - .07 .6k
K0 85 .53 .09 159 -9
Rb 33 60 & 67 -\51
8r 605 257 2133 1265 = =04
NL 455 1227 376 1189 -"27
Y 2 6 21 18 =38
2p | 384 8L 60k 395 =2
M 196 89 28 35 =N
W 42 81 8L L0 1,00

* valuoo of ¥ ,950 aro significant at tho 405 lovol
(BrOOKG' 197 ) ) .
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5.4.4 Summary
The continental basalts, including 30 alkaline and

subalkaline rocks, contain about 1.1l ppm W. ‘However, when
those rocks are subdivided intdlan alkaline and a subalkaline
groﬁp the following facts must be considered:

(1) The alkalino basalts contain about 1.29 ppm W, which

i1s about twicoe tho content of oquivaleng rocks of ocaan
islands. The range of W distribution is much larger for
continoétal rocks. Whon, howovor, comparing tho alkalino
rocks from‘tho southwostoxrn U.S.A. with.the occan island
ocquivalents, those differencos almost disappoar (0.50 ppm W
and 0.60 ppm W, respactivoly).

(2) Tho subalkaline basalts contain about 0.36 ppm.w which
is similar to thb content of subalkaline ocgan islands. The
sama is true for tho range of W distribution.

(3) A corrolation batwoon W and any othor late stage olemonts,
if oxisting at all, scoms much less conspicuous than in rocks
from othor onvironmonta. The group of samplos (group I) in
which -partial fuaion anoma to have boon an important
mochanism, shows a strong negative correlation botwoon Si

and W, of which W corralates positively with the othar 'late,

otage' olomonta,
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CHAPTER VI

3

CONCLUSIONS

In this Chapter an attompt will be made to roach somo
gonoral conclusions on the bohaviour of tungsten in basalts
and andosites. ‘It will bo nocessary, therefore, to ropoat
soma of the conclusions drawn in provious sections. It
always has beoon thehfcoling of this author that many more
data éhould ba gathored despite the fact, howevaer, that in
tho past so often conciusiona warxe drawn, the'importancs
(and poraistonce) of which was invorsely ralated to the

number of available data..

-

(1) Valuos obtained in this study for the various ﬁypoa
ofnroéka aré given in Table 6.1. Thoso values aro roprosantod

graphically in Figure 6.1, Madian values wara calculatad

a8 woll, boocauso thay aroe loas affactod by tho prosonce of a

fow anomalous valuos (a.g. AU in tho ocdan £loor baéﬁlta)

in a oot of samplos and thoroforo aro boliovaed to ropresont

. bottor the roal pioture.

From those data tha following can be conoluded:
- alkalino basalts donorally have highar tungoton
contants than subalkalinae basalts. Thaoir range

of diat;ibution ia alao widar:

-
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ocoan floor basalts and lsland arc basalta have
similar tungaten contents which are among tha
lowoat recorded; ‘ ) b
{eland are andoaite@ contain leaa gﬁngaten than
aubalkaline oaean ‘ialand bagsalta, which arce india-
cernible from oontinental aquivalenta. This may
be an indiocation of the immobility of tungaton,
and horoe itp inability to contaminato: .
continental ﬁarqin andealtes soanm to have highorx

tungaton contontg than. their ialand arc~oduivalenta.

This boncldalon; howcver. ahould bo oanuiderﬁd

~with oaution because of tho involvemont of rocka

which undarwent‘hltaration‘

The average content 02 tungatén in all baaaita (91

aamplea) and andoaitoa (22 aamplea). without cunaiderinq any

furtheyr - diacrim&natien bovause af ehomiatry or onvironmont.

¢ bolow any previounly guggestod’ valuc (Tablo 6.2). : 2

The larga discrepancy butween Taan and madian valuqa;

however. _auggost -aome diacr&mination. "Such 4 dlacrinination

predueea mcdian values of a particulax qrchp ot uamploa. and -
in acma dagos thia dicﬁexanqc Qven diaappeasa‘ In this n&ndy

pxofosenqo is g&vsn to median vaxuoa bqeauon it Lo bul&avud
that thoaa vgxuoﬂ ara clcaar to ra&iicy wiﬁhouk igacrinq |
. ancmalous valuaua ' _'4 . R o f-’

L]

2@@kﬁ.

°

A canténn as o aa ppm N la aueqaatod sqr ai& acaante .
whta greup La mada up p:edam*nantly qt uubalkalﬁno

o



[OIpmner L

&9

H

Tablo 6.2 Compardson of the tungston contonts (ppm)
of this atudy. with ecarlier suggestad

160

valuas

Authora ' Moan Modian
Basalto

" This work 0.61 (%0.57) 0.36
- . J" - .
Vinoq;adcv (1962) 1.10 : -
Turokian ot al. (1961)" 0.70 _ -
Wiondl. (1968) - 1.17 g -
Andaaitoa _
Thio werk 0.60 (40.52) *- 0,29
Vinogradov (1962) 1.10 o ' -
wiondl (1968) - 1.10 .

: of vau&a&ten la amall and bath queupa avaxlap

L)

Valuoa in paronthoses axe standard daviations

o£ nove tnlaic dittoxonhiatoa and dlkalinu bnualta. Tho W
ccntonh of oeoaniu baaalta ehould l&o bntwean o 15 ppm (eqoan

fldor haaaltu) and 0 2e‘ppm (aqoaa ieland bannlta). and ia
1ikuly t¢ bo qleaor to tho lcmor limit. HQWQIE? tha. rango

]

W Valuaa of (.17 ppm.anﬂ 0« 0. ppm ara auqqoaedﬁ tar

idland arq bacaiea and §hduettqu+ rcapeqeigply. Thq valugn

\
[
. , e e N )

Y
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for oquivalont rocks from continantal margine are signifi~

cantly highor, i.o. 0.40 ppm and 1.05 ppm, respectively. It
ah&uld be kopt in nind, however, that sovoral of thasae rocks,
partioculaxly the Chilean ones, wQro oxtonsivoly altored,
wharoas N.W. Sardinia may aventually turn out to be é W=
anriched province. Ig is intaorasting th@t the W contants
of the Guatomalan basalts are sindlar to island arc basalts.
A w contont of 0.89 ppm for continontal basalte 1a '
ltkaly tc be too high, particulnrly bocause of tha strong

. influcnce of tho highly alkalina rockas with hiqh W contents
«&rom Franco. It is belicved that a valuo oﬂ Q. 30 ppm W ia

-

much closor to rcality.

(3)  Vinogradev et al. (1958) and vtnog:adov (1962) ouggontaed
and latox ravicod a cruutal avorago oz 2 ppn.W and 1. 3 ppm W,
roapoctivoly. Tho lattor figure rufcra to .a utnndqrd uruat
nada up hy two parta of folale rccka and ona paxrt of mafic

' rock, Taylor (1964) auggeata on tho basis o: a ltl mixhuro -

.of granite and bauale abundaneaa, a cruutal uontont of 1 5
ppm W Tha mach lowar -values of thia.ltudy ter mafic racks
cartainly wculd roduso draut&caliy pxoviouu aquoatnd valuqa.
Marnavor. Gimon (unpubliahed Ph D. thoa&n. 197%). in a

Q :' R ota&iod atudy o£ :ho uoutho:n Calitcxnia hatholit&. oalculqtod
' .u we&qhtod avaragé&ps 0 44 ppmkw. whieh may. doﬁpitc itu

73,

i

*Oimen (197%) vaports a moan W contont of 0 0.32 ppn tqr odven
gabb:au of ! ha uquthd:n &alearntu bnﬁhqlith. B?

'...‘-J )

¢.~ “
[
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locality, bo of significance. Until moro data are availablo

‘‘‘‘‘‘ on moxo folaic matarial, despite tho propondoranco of baealtic

rocka. to suggost now valuos for a orust, eithor continontal

nnwmw“hwor garbh'a ‘oruat, would gecam to be promaturo.

-xd) Vinogradov ot ALt 'Tleaal,mention a tondancy towards
highar tungsten contontg in mafic volaznica.‘av cumparod to
thodx plutonic equivalents. Wiendl (1968) “haszards a gueaa*\\\\\
(op. eit. Krauakepf, 1970) in nxtondinq thia .tondonoy in T
more folaic rocks including granitca and rhyoclites. Thosa
tondoncioa are not substantiatod nox rapudiatcd by this. atudy
by tho mare antathat no plutonie rocks ware investigatad.
‘It should bo.montionodi ho&pvoi,'thnt nogt of tho bébaltu Qf
this atudy hayp tungaton contonts Solow the loweat content of
' th6 intruaives of v1ncgtadev ot al. (19%8). Tho extonasion
(o hiqhor W cantuntu ‘in oxtrusives) towards mora folaic
rocks noodn no noze dimcuasion bocause of lack of data (oma
andoaito? and eno rhyQ11§o), partioularly whon considoring.
tho lew valuaa obtainod ﬁq: many andoaitos (wahle 6ely

-

‘15) Who ae-aallnd gaod corrclat&en ehgt goang to cxiat -

o botwqon tungahan and sillea’ (Vinoqradov ot al., 1958; -Bandoll,
" * 1946) hdo beon qentiamad in o fa¥ cacos, 4.0, 8 ainglo.
~d$££oront1aetcn aqquanco ox When xocka axo invclvod.which show
 large 1ntﬂ:val &ngzemcntu of atltua¢ LY srem ultxamaﬂ&e
o towarde agan&tia :oaku., On a umallu: ucalo; l.0, w;;hin a

.« e

s
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qrodp of basalta this correlation can bo non~oxistent or oven

nagative, when corrolations of tungston with othor trace

" elamonta can atill be good. A pomewhat similar obasorvation

was mado by Simon with reapoot to somo granlteos of Sandell

(Table 12, p.31 in Simon, 1972).

(6)

Concluaions drawn on a detailod socarch for posaible

corrolations that may oxist betwoon tungston and othox

olemcnta can ho aummariand as follows:

N
-

the more cohornnt a sot of gamplas, tho noroe

obvious tho close asaouiation botwaan tungaton

and a wholo serics of lato ataqc“ﬁlumnnta gueh &
ag Na, K, P, Li, Rb, 8x, Ba, ¥, &x, Nb, Pb, U

and Th-hocomas :

in casos whore sampling. has beon loas systomatic (?)
cuggeton'may 6h6@‘ggpd-to~£a$; coxrelation or oven
nene at all with somg ox all of thosa alementa,
atxiklnq. howcvor; io tho taq@ that tho nogativa

‘coxrolaeione batwoon tungoton ané\aarly stago

olomonts, auch as Mg, Ni, Co, Cx, otﬁuq\ia moro
cloar-cut that with ita late ataqq 'aaaoa tag'y
tungeton. uaems to fall ameng tha olements tha

" go ovox into tha liquid !:aetien vary oarly whon

partial mnltinq takan plado4 8omo indicationa
eaxint that ieuﬂonridhmanﬁ saetea in nudh a ;&qutdl
mny lto.hnewcen K,and Rb. Mo:o data aheuld bo \

\‘o

’
]
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gathoroh with rospect to this onrichment, bafore
this apaculation can bo subatantiated.

= alao Jdntorasting aro the low tungaton contants
for andooitosn £rom various ialand aroa, a

charactoristic coinoiding with the low Nb contonts

L4

as. woll.

Many "mythical' charactoriatics hava bean ascribed to
tungston, some rightly but often without substantiation,
othora incorreatly. Vory much romaine to ko done) novertha-
loss it is tho hope and the wish of the presont author to
hava oontribqtud. alboit an infinitesimal part, to the
unravelling cf.tho "Tungaton sta§y“.

. Krauskopf (1968) 4n hig philcaéphical xofloctiona on

' A Talo of Tén Plutons" commonted “To appoal to a randem

_ alcmont in naturo ia. ;n a sonoe, to admit dofoat" ... and

furthox, "Wo try to occe ralations that do not oxist, to find

\g:dd: in thGGQﬂgd thay ara largely randem. Furtheg atudy

'ean give us more datqiﬂmpro corwalations, mora undorstanding

of dctails, but tho contral quunt@pnu~wifﬁ,£c:9vdr oludo ua « '/
bnbnnéb gha. quhuﬁicna themaelvoa axe meaninglads. -In nuch

*.the sama way that.phyuie&ata £$nd.quusttona about tha oxact
] 1cdae£cn and epoua oé a partiaulur qloat:en maantnqlcuﬂ.

parhapu WO axe aaking tho wxq?q quaationn abqut the uopa:attcn

B “and movambnta cs the undte thnh makq up a bathaliths . "
"'Maybo' in u way. ehc nama 1& vnxid ter ﬁhn “Wunqaton Btory“

»
o . A v s / . i L B
X ~.: S Y -
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3 * not 80 much with yoferonce to tho data, since they are still
r . :
; glittoring by thoixr abseonca, but with respoct to tho questions
14 ’ QOdeI .
fl ° Tho next question? Maybo ... tungasten in groywackoa?
. . (Massay, poraonal diacuﬂsion)li B
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APPENDIX I
4 .

COMPILATION OF GENERAL NON-GEOCHEMICAL INFORMATION,

Some“lzs samples from all ove? the world are presented
in Table A.1.1. This table divides the rocks used for this,
rosearch into various subgroups according to their geographi-~
cal origin. For the sake'of simplicity new shorter
identification ﬁﬁmbers were given to the samples. The
original fieid number is shown in brackets in the table.

Bacause many samples from various donors were involved,
each donor classifying the gocks according to his own cri-
téria, a uniform system of classification was needed. For
this purpose norms were calculated and names given according
to the classification of volcanic rocks proposed by Irvine
and Baragar (1971). 1I1If the proposed new name differs markedly
f;om the donor's name the latter is given in brackets.

Table A.l.1 shows also the name of the donor and the

analyst of the samples, as well as the sample localities and

" game references for further details, if needed.
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‘Table A.l.1 Tho samples investigated ip this study.

The references refer to publications as
well as pers, or written communications,

publications in press, etc.
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