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ABSTRACT 

T h e Phanerozoi c tectoni c histor y o f N e w Guine a ha s bee n influence d b y th e island' s situatio n 
between th e relativel y stabl e Austral ia n continen t t o th e south , an d a n activ e volcanic-geosyncl ina l bel t 
marginal t o th e Pacifi c Ocea n i n th e north . I n thes e tw o environment s i n th e Centra l Highland s o f 
mainland Papu a N e w Guinea , age s o f mos t o f th e majo r plutoni c bodie s an d vo lcani c units , an d o f 
some metamorphi c terrains , hav e bee n determine d b y th e K-A r an d Rb-S r methods . 

T h e earl iest-know n graniti c intrusion s ar e lat e Palaeozoi c (abou t 2 4 0 m . y . ) , and , togethe r wit h 
other smal l Mesozo i c intrusive s date d a s 19 0 m.y. , 17 2 m.y. , an d 9 0 m.y. , for m a  majo r componen t 
of th e souther n hal f o f th e island , o n t o whic h late r Mesozo i c an d Tertiar y belt s wer e accreted . 

Late Ol igocen e t o earl y M i o c e n e age s o f 2 0 t o 2 6 m.y . fo r granodiorites , diorites , an d greenschis t 
metamorphic rock s reflec t th e beginning s o f Tertiar y tectoni c activit y i n th e N e w Guine a Mobi l e Belt . 
K-Ar results , confirme d b y Rb-S r minera l an d whole-roc k isochro n data , sho w tha t thi s activit y reache d 
a c l imax , wit h hug e outpouring s o f andesiti c vo lcani c rock s an d th e intrusio n o f associate d diorite s 
and granodiorite s ( s o m e associate d wit h porphyr y copper ) , betwee n 1 2 an d 1 5 m.y . ag o i n th e mid -
Miocene . Dat in g o f volcani c rock s interbedde d wit h foraminifera l sediment s ha s define d mor e precisel y 
the Eas t Indie s lette r stag e t im e scale . Uni for m initia l S r 8 7 / S r 8 6 ratio s (0 .704 1 ±  0 .0002 ) fo r al l th e 
igneous rock s sugges t tha t th e m a g m a wa s derive d fro m th e mantle , wit h littl e o r n o crusta l con -
tamination. Thi s short-live d bu t dramati c mid-Miocen e upsurg e o f igneou s activit y i s associate d wit h 
major faultin g an d foldin g i n a  curvilinea r mounta i n bel t ove r 60 0 k m long , an d plat e tectoni c con -
siderations sugges t tha t interactio n an d coll is io n betwee n th e Australia n an d Pacifi c Plate s wer e likel y 
triggering mechanism s o f thi s importan t tectoni c regime . 
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SUMMARY 

T h e islan d o f N e w Guine a lie s i n a n are a o f comple x tectoni c interactio n betwee n th e relativel y 
stable Australia n continenta l landmas s an d th e geological l y activ e circum-Pacifi c Belt . Thu s th e Palaeo -
zo ic -Mesozo ic histor y o f th e souther n hal f o f th e islan d i s c lose l y relate d t o th e Pa laeozo ic -Mesozo i c 
deve lopment o f northeaster n Australia , wherea s i n th e norther n hal f o f th e islan d ther e ar e Cainozoi c 
geosyncl inal an d vo lcani c belt s whic h cross-cu t th e Pa laeozo ic -Mesozo i c basemen t an d ar e paralle l t o 
the circum-Pacifi c margi n i n thi s region . 

In mainlan d Papu a N e w Guinea , intrusiv e igneou s activit y befor e Tertiar y tim e wa s restricte d t o 
the souther n par t o f th e Centra l Highland s and , f r o m th e dat a available , appear s t o hav e bee n rathe r 
sporadic. Th e Uppe r Permia n Kubo r Granodiorite , date d a t abou t 2 4 0 m.y. , represent s th e larges t an d 
oldest-known igneou s massi f i n N e w Guinea . A  numbe r o f smal l Mesozo i c graniti c bodie s wer e 
emplaced i n th e Earl y Jurassi c ( 1 9 0 m . y . ) , Earl y t o Mid-Jurassi c ( 1 7 2 m . y . ) , an d mid-Cretaceou s 
(90 m . y . ) . 

Increased tectonis m i n th e mid-Tertiar y i s ev idence d b y severa l lat e Ol igocen e an d earl y Miocen e 
results (2 6 t o 2 0 m.y . range ) i n fou r metamorphi c terrain s an d i n graniti c intrusive s i n th e sout h 
Sepik area . Vo lcan i c an d plutoni c igneou s activit y reache d a  c l ima x i n th e mid-Miocene , betwee n 
12 an d 1 5 m.y . ago . K-A r datin g o n som e o f thes e volcani c rock s i n c los e strat i graphic relationshi p wit h 
palaeontological ly control le d sedimentar y rock s provide d th e basi s fo r constructin g a  physica l t im e scal e 
for th e Eas t Indie s lette r stages . 

T h e 12-1 5 m.y . (mid-Miocene ) puls e o f plutoni c activit y continue d t o a  lesse r degre e i n th e lat e 
Miocene an d Pl iocene . Thes e Miocene-Pl iocen e bodie s li e i n a n arcuat e northwest-trendin g bel t ( N e w 
Guinea Mobi l e Belt ) ove r 7 0 0 k m long . Porphyr y coppe r an d gol d mineral izat io n event s ar e temporal l y 
and spatiall y associate d wit h th e middl e Miocen e an d Pliocen e high-leve l intrusive s i n thi s belt . 

A l l th e vo lcani c an d plutoni c rock s hav e lo w initia l S r 8 7 / S r 8 6 ratios , suggestin g tha t the y wer e 
derived fro m mant l e source s wit h littl e o r n o contaminat io n b y crusta l material . 

A c los e relatio n betwee n th e majo r tectoni c processe s o f faulting , volcanism , an d plutonis m i n th e 
N e w Guine a Mobi l e Belt , ove r a  relativel y shor t t im e spa n o f a  f e w mi l l io n year s i n th e mid-Miocene , 
corresponds t o th e wanin g stage s o f th e Papua n Geosync l in e sedimentar y histor y an d th e beginnin g o f 
the mai n mountain-bui ldin g processe s i n th e N e w Guine a highlands . I t i s hypothesize d tha t thi s cl imacti c 
upsurge i n th e tectoni c histor y o f N e w Guine a wa s triggere d i n th e earl y t o mid-Miocen e b y inter -
action an d col l is io n betwee n th e Pacifi c Plat e an d th e northward-movin g Australia n Plate , whic h ha s 
N e w Guine a a t it s leadin g edge . 
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1. INTRODUCTIO N 

New Guinea lies in the equatorial south­
west Pacific immediately north of Australia 
and east of the Indonesian Archipelago 
(Fig. 1). New geological data presented in 
this Bulletin are restricted to part of Papua 
New Guinea, which comprises the eastern 
half of the main island (east of longitude 
141 °E), New Britain, Bougainville, and New 
Ireland, and smaller islands offshore from 
all four. 

The most conspicious physiographic pro­
vince in mainland New Guinea is the central 
mountain chain, or Main Cordillera (Carey, 
1938), part of which forms the area of the 
detailed geochronological study. This chain 
(Fig. 2) , which is the backbone of New 
Guinea, runs continuously for over 2500 km 
from the Vogelkop (the 'bird's head' of 
Irian Jaya) through the Snow Mountains, 
the Star Mountains, and the southeast-
trending highland ranges to the Owen 
Stanley Range as far as eastern Papua. The 
southeast-trending ranges between longitude 
142°E and 146°40'E, which are referred to 
in the text as the Central Highlands, con­
stitute the study area. Another distinct pro­
vince, the North Coast Range (north New 
Guinea coastal mountain range), is separ­
ated from the Main Cordillera by the 
Meervlakte Depression in Irian Jaya and the 
Sepik-Ramu-Markham Depression in east­
ern and north-central New Guinea. South of 
the Main Cordillera, and marginal to the 
Australian continent, is the Coastal Plains 
province. These three provinces, which are 
closely related to gross structural elements, 
came into existence at quite a late stage in 
geological history; they occupy an area that 
was mostly open sea from at least Jurassic 
to Miocene times, and their comparative 
youth is evident from Upper Tertiary marine 
limestone cappings which occur in many 
places over 3000 m above sea level. Parts 
of both the New Britain Arc and the Solo­
mon Islands, which are separated from the 
mainland by the deep New Britain Trench 
in the Solomon Sea, are active volcanic 
regions. 

The first geological reports of areas of 
mineral potential in the New Guinea high­
lands were made in the 1930s, shortly after 
the first white man had crossed the rather 
unwelcome terrain. Most of the geological 
information in western Papua has been pro­
vided by oil exploration results since about 
1911. In 1950, a general account of the 
geology of 'Australian New Guinea' was 
published as Chapter XIV of Sir Edgeworth 
David's 'Geology of the Commonwealth of 
Australia', edited by W. R. Browne. Later, 
Visser & Hermes (1962) summarized the 
geology of what was then known as 'Nether­
lands New Guinea', and they attempted a 
tectonic synthesis of the whole region. 

Systematic mapping of the mountain 
ranges of mainland Papua New Guinea was 
begun in the 1950s by the Bureau of 
Mineral Resources and the Territory of 
Papua and New Guinea Department of 
Lands, Surveys, and Mines. Since 1960, 
with improved communications, transport 
facilities, and aerial-photograph coverage, 
the momentum of this task has considerably 
increased. The author participated in the 
mapping program during 1967 and 1968, 
and also collected suitable material for the 
New Guinea geochronological study. The 
interesting tectonic position of the island as 
part stable continent, part active orogenic 
belt, and part volcanic island arc, together 
with our increased knowledge of the regional 
geology, clearly warranted such a study. 

Aims 
This geochronological study is directed at 

the following objectives: 
(i) To relate the physical time scale with 

the Tertiary biostratigraphic time scale 
used in New Guinea and throughout 
the East Indies. The establishment of 
a convincing link between the relative 
and physical time scales would provide 
a more precise subdivision of the East 
Indies Tertiary stages, and would en­
able better correlations with Tertiary 
stages dated elsewhere in the world. 
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(ii) To determine the chronology of igneous 
activity and metamorphism throughout 
the Central Highlands of New Guinea. 

(iii) To investigate time factors for such 
processes as the cooling of igneous 
intrusions, metamorphism, and the rates 
of uplift in the relatively juvenile 
terrain. 

(iv) To investigate the strontium-isotope 
geochemistry of the Central Highlands 
igneous rocks. 

(v) To investigate models for the geological 
evolution of New Guinea in terms of 
the geochronological, geological, and 
geophysical data put forward. 

Fieldwork 
Sampling was carried out intermittently 

for six months betwen July 1967 and Febru­
ary 1970. A preliminary study, early in 
1967, of 36 samples collected from a num­
ber of localities throughout the New Guinea 
Highlands by D. B. Dow and R. R. Harding 
helped in planning the main sampling pro­

gram from July to November 1967 in the 
Central Highlands and Sepik regions (Fig. 
2, Plate 1). Two other field trips were made, 
in mid-1968 and early 1970, during which 
more areas of the Central Highlands were 
sampled. A few of the samples came from 
other sources, including BMR regional map­
ping parties in New Guinea and BP Petro­
leum Development Australia Pty Ltd. 

Sampling was carried out mainly with a 
view to K-Ar dating; it was necessary to 
collect massive fresh samples of holocrystal-
line volcanic rock (for whole-rock studies) 
and fresh samples of biotite-bearing or horn­
blende-bearing plutonic rock. From the 
larger intrusions a spectrum of several acid 
and basic igneous rocks was sampled for 
possible Rb-Sr whole-rock work. Over 350 
samples were collected, covering the 
majority of the igneous rocks so far mapped 
in the Central Highlands (Fig. 2, Plate 1). 

The logistics in each area and hence the 
methods of collection varied considerably. 



Over much of the Central Highlands, con­
ventional methods could be employed: 
selected outcrops were reached by road, and 
either drilled and blasted or shattered with 
a sledge-hammer to obtain fresh samples. 
However, many samples from the south 
Sepik region and some collected in the 
Western Highlands were not in situ. Much 
of the south Sepik region is rugged jungle 
and is virtually uninhabited, and there are 
no roads or walking tracks; jet-boats and 
helicopters provided the means to collect 
adequate samples. In most of New Guinea, 
much of the geological information is 
obtained in stream and river sections, which 
present a few somewhat weathered outcrops 
in the mountainous areas. Hence in many 
places the only samples available were 
boulders in creek beds. Streams with a re­
stricted watershed provided the most repre­
sentative samples, and enabled the limits of 
the area sampled to be defined by the stream 
boulders. The locality of each sample is 
shown in the various text-figures, and the 
samples themselves are listed in Appendix 
2. 
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2. A N OUTLINE O F NEW GUINEA GEOLOG Y 
2.1 TECTONIC SETTING 

The island of New Guinea occupies a 
complex structural position between two 
continents (Australia and Asia) and two 
oceans (the Pacific and Indian). This com­
plexity is particularly evident in the western 
part of the island, where structure is influ­
enced by the structural trends of the East 
Indies. Papua New Guinea, however, 
occupies a structural position between the 
continent of Australia in the south and the 
geologically active circum-Pacific Belt in the 
north: its southern part has close affinities 
to the Palaeozoic-Mesozoic development of 
eastern Australia, whereas in its northern 
part there are Cainozoic geosynclinal and 
volcanic belts which cross-cut the Palaeo­
zoic-Mesozoic basement and are parallel to 
the circum-Pacific margin in this region. The 
close relation between physiography and 
geology in New Guinea reflects the youth-
fulness of the area, and frequent earthquakes 
and numerous active volcanoes testify to 
continuing instability. These juvenile, so-
called mobile belts are the most prominent 
features of circum-Pacific geology, and 
since they have been historically the most 

active major features of the Earth's crust 
their manner of development might hold 
the key to the origin, growth, and real nature 
of continents. 

As previously stated, New Guinea con­
tains elements of a relatively stable platform, 
as well as a Tertiary to present-day active 
tectonic belt in the north. Such history 
recorded on the one landmass assumes some 
importance in terms of the now widely 
accepted plate tectonic model (Isacks, 
Oliver, & Sykes, 1968; Heirtzler, Dickson, 
Herron, Pitman, & Le Pichon, 1968; Le 
Pichon, 1968), incorporating the ideas of 
continental drift and seafloor spreading. The 
plate tectonic model postulates that the outer 
50 to 100 km of the Earth consists of a 
number of rigid plates in relative motion. 
Where plates interact, earthquakes occur, 
and the foci of the shallow earthquakes 
represent boundaries between two (or more) 
plates. Most earthquakes in oceanic regions 
occur in narrow belts associated with deep 
trenches, ridges, and fracture zones, which 
are the surface features of the plate bound­
aries. The world seismicity map (Fig. 3) 
reveals that the New Guinea region is associ-
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Fig. 3 . Seismicit y o f th e Earth , 1961-1967 , depth s 0-70 0 km . 
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ated with a plate boundary, which, for 
Papua New Guinea at least, can be con­
sidered as the juncture between the Austra­
lian and the Pacific Plates 

In many areas of the circum-Pacific, the 
plate margins are marked by present-day 
volcanism (e.g. New Hebrides arc, New 
Britain arc, Phillipines arc), but this does 
not apply on the north coast of New Guinea 
(west of 144°E, Fig. 1), although seismi-
cally it is a plate margin. Hess (1948) sug­
gested that this apparently anomalous 
circum-Pacific segment may represent an 
advanced stage in the tectonic development 
of the circum-Pacific. By examining the dis­
tribution and chronology of igneous activity 
and metamorphism in New Guinea, it may 
be possible to recognize past or fossilized 
plate margins. 

2.2 CRUSTAL STUDIES 

2.21 Seismology 
Since 1965 much geophysical information 

has been obtained in the New Guinea/Solo­
mon Islands region about crustal and upper 
mantle structures. Early seismicity studies 
by Gutenberg & Richter (1954) provided a 
general description of the area, as did the 

Rayleigh-wave studies by Santo (1963), 
who assigned the whole of the New Guinea/ 
Bismarck Sea area to the same 'Continental' 
subdivision as Australia. The seismicity 
patterns now recognized (Fig. 4) result from 
the detailed analyses by Denham (1969), 
and have since been substantiated by John­
son (1970) and Santo (1970). In the New 
Britain/Bougainville area, a well defined 
zone of earthquakes (Benioff zone) dips 
steeply to the north or northeast under these 
islands. Although the earthquake pattern 
under mainland New Guinea is diffuse most 
workers have suggested that the Benioff zone 
probably dips to the south (Denham, 1969; 
Johnson & Molnar, 1971; Isacks & Molnar, 
1971; see also Curtis, 1973a, b; Finlayson & 
Cull, 1973; Connelly, 1974). 

Two other seismic belts in Figure 4 are 
worth noting. One is an east-west line of 
shallow earthquakes stretching across the 
Bismarck Sea from the Gazelle Peninsula of 
New Britain to the Torricelli Mountains of 
New Guinea. Denham (1969) referred to 
this as the Bismark Sea seimic lineation and 
suggested that it is either an embryo mid-
oceanic ridge, an embryo trench, or a simple 
fault zone; it does not, however, correlate 

132° 138° 144° 150" 162° 

L E G E N D 

h 7 0 km 

h <  7 0 km 
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Fig . 4 . Earthquake s wit h magnitude s ^  5  i n N e w Guinea , 1958-1966 . 
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with any known bathymetric features. The 
other seismic belt is an arc of shallow earth­
quakes cutting across the Solomon Sea be­
tween New Georgia and eastern Papua. This 
lineation is not continuous, but its east-west 
trend corresponds fairly well to that of the 
topographic high between 8°S to 9°S and 
150"E to 156°E near Woodlark and Tro-
briand Islands (cf. Figs 1 and 4) . Denham's 
(1969) suggestion of an embryonic ridge in 
the Bismarck Sea may equally well apply to 
the Solomon Sea feature. Further implaca-
tions of the distribution of earthquakes in 
the New Guinea/Solomon Islands region are 
discussed later in relation to the geological 
and geochronological evidence. 

2.22 Crustal  thickness  determinations 
There are now several independent esti­

mates of depth to the M-discontinuity in the 
New Guinea region. Brooks & Ripper 
(1966), in a study of group velocities of 
Rayleigh waves recorded at Port Moresby, 
found that the crust is 'normal continental' 
(—35 km) under most of the Arafura Sea 
and western Papua, and generally thicker 
under the central mountain chain of New 
Guinea and Irian Jaya. Brooks (1969b) 
estimated an 'average' crustal thickness, also 
based on Rayleigh-wave group velocities, of 
33 km beneath the Main Cordillera of New 
Guinea. Denham (1968) deduced a crustal 
thickness of about 31 km at Port Moresby 
from spectral studies of deep earthquake P 
waves, and Doyle & Webb (1963) reached 
a similar conclusion from a study of arrivals 
from Bikini and Eniwetok nuclear explo­
sions. The shear velocity Rayleigh-wave 
profiles of Brooks (1969a) covered much 
of western Papua and southern Irian Jaya, 
and from them he inferred an average 
crustal thickness of 33 ± 1 km, without 
any pronounced crustal discontinuities. All 
these studies are therefore concordant and 
suggest a crustal thickness of 30 to 33 km 
for the southern and central New Guinea 
region. In the Gulf of Papua a crustal thick­
ness of 'greater than 24 km' was determined 
from the gravity measurements of Solomon 
& Biehler (1969). 

Below the North Coast Range, Brooks 
(1969b) reported a tentative continental 

crustal thickness based on the shear velocity 
Rayleigh-wave profiles of about 37 km. This 
is consistent with St John's (1967) gravity 
data interpretations (using a density contrast 
of 0.5 g /cm 3 at the M-discontinuity), which 
also suggested continental crust characteris­
tics in this region. 

Immediately north of New Guinea, in the 
Bismarck Sea, the independent gravity data 
obtained by St John (1967) indicate a 
fairly rapid crustal thinning to about 20 km. 
Thus the Bismarck Sea is not a typical con­
tinental area as suggested by Visser & 
Hermes (1962) and Santo (1963), but the 
inferred crustal thickness of about 20 km 
suggests that it is intermediate between 
oceanic and continental crust. 

St John's (1967) regional gravity survey 
over much of Papua New Guinea showed 
that the Southern Stable Platform (see 2.31) 
and Main Cordillera are broadly compen­
sated, whereas the north New Guinea area 
is still isostatically unstable. In a qualitative 
manner, St John (1967) also concluded that 
the gravimetric crust (usually assumed as 
equal to continental 'seismic' crust) is much 
thicker in some areas (e.g. the Bismarck, 
Kubor, and Owen Stanley Ranges) than 
elsewhere on the island. A similar crustal 
thickening under the central ranges of Irian 
Jaya was also found from reconnaissance 
gravity profiling in that area (Visser & 
Hermes, 1962). 

Crustal studies are currently being made 
in the Solomon Sea/New Britain region by 
BMR and the Hawaiian Institute of Geo­
physics. Earlier magnetic and gravity 
measurements reported by Rose, Woollard, 
& Malahoff (1968) enabled them to make 
provisional estimates for depths to the M-
discontinuity of 12 to 15 km beneath the 
Solomon Sea southwest of Bougainville 
Island. Furumoto, Hussong, Campbell, Sut­
ton, Mallahoff, Rose, & Woollard (1970) 
have recently confirmed the results by seis­
mic refraction studies. Recent work farther 
south in the Solomon Sea (Furumoto et al., 
1970) reveals a far more complicated pic­
ture in which the crust thickens to the south 
before thinning again to an oceanic type 
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beneath 'The Slot' (New Georgia Sound), 
which separates the Solomon Islands. 

Results from seismic crustal studies in 
the east Bismarck Sea/New Britain and New 
Ireland areas show a number of sharp 
breaks in crustal thickness between these 
two areas (Furmoto et al., 1970; Wiebenga, 
1973). The crust of the Bismarck Sea north 
of New Britain is typically oceanic (12 to 
15 km thick), whereas the crust under part 

of New Ireland and the Ontong-Java 
Plateau (Fig. 1) is unexpectedly thick, 
exceeding 35 km. 

2.3 REGIONAL GEOLOGICAL FRAMEWORK 

Analyses of the regional geology of all or 
parts of New Guinea have been made by 
David & Browne (1950), Glaessner (1950), 
APC (1961), Visser & Hermes (1962), 
Thompson & Fisher (1965), Osborne 
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(1966), Thompson (1967), St John 
(1967), Rickwood (1968), Harrison 
(1969), Marchant (1969), and Bain 
(1973). In this section relevant parts of 
these papers are collated, together with some 
recent regional mapping by BMR. 

During much of the Mesozoic and Ter­
tiary, up to the Pliocene, the area occupied 
by New Guinea was, in general, open sea, 
beneath which the crust was gradually sub­
siding northward and northeastward from 
the edge of the Australian continent. Thus 
the southern part of New Guinea has acted 
as a relatively stable platform, north and 
northeast of which a complex en echelon 
geosynclinal system began to form in the 
early Mesozoic. This geological framework 
is now briefly summarized. The Southern 
Stable Platform and Papuan Basin relate 
directly to the areas of this geochronological 
study. The other main structural units of 
Papua New Guinea have only minor rele­
vance to the study, and the reader is referred 
to a recent summary by Bain (1973). 

2.31 Southern  Stable  Platform 
The Southern Stable Platform (Fig. 5) is 

the area under which 'crystalline basement' 
lies at a shallow depth, and the overlying 
strata are unfolded or perhaps affected only 
by gentle warping and faulting (APC, 1961; 
Glaessner, 1950). Because of the sparseness 
of exposure, information about the basement 
has been derived mainly from geophysical 
surveys and the logs of scattered drill holes, 
which indicate that the granitic basement 
continues north and northwest in western 
Papua as a basement swell termed the 
Oriomo Spur (Fig. 5) . The basement crops 
out at Mabaduan, the southernmost point 
of western Papua, and forms the northerly 
exposure of a spur of granitic rock extending 
across Torres Strait from Cape York. 
Richards & Willmott (1970) obtained K-Ar 
ages of 286 to 302 m.y. for granite samples 
from this area, which suggest a Late Car­
boniferous age. A biotite K-Ar age of 236 
m.y. was determined on granite cored in 
Aramia No. 1 well, 170 km northwest of 
Mabaduan (J. R. Richards, in Harding, 
1969). The Southern Stable Platform, 
whose northern boundary has not been 

accurately determined, is thus interpreted as 
an upper Palaeozoic granitic landmass which 
underlies much of the southern part of New 
Guinea and is probably coextensive with the 
granitic rocks of Cape York. 

The limit of the Australian continent, 
including the active marginal areas, extends 
much farther north than the Southern Stable 
Platform. Thompson (1967) believes that 
the Australian continental basement under­
lies all New Guinea except the North Coast 
Range. Earlier, southern New Guinea was 
shown to have a crustal thickness of con­
tinental proportions (—32 km), and initial 
estimates indicated the presence of a thick 
crust north of here too. The dotted line in 
Figure 5 is close to that which Thompson 
(1967) interpreted as representing the 
northern limit of the continental part of New 
Guinea. The area south of this line is some­
what arbitrarily taken to include all the 
known pre-Mesozoic to lower Mesozoic 
rocks in New Guinea. In Irian Jaya it would 
include the few lower to upper Palaeozoic 
rocks which straddle the southern side of the 
Central Ranges (Visser & Hermes, 1962). In 
Papua New Guinea the line is extrapolated 
from the known basement outcrops in the 
Strickland Gorge and 250 km to the east in 
the Kubor Range (see 4.2 and 4.3). Some 
authors (McMillan & Malone, 1960; Smith, 
1965; Pitt, 1966; Brooks, 1969a) have 
inferred that the Bismarck massif is also 
part of the pre-Mesozoic basement platform, 
but, as stressed by APC (1961), its age 
cannot be determined with reference to fos-
siliferous rocks. Results presented later 
(5.3) show that this mass is indeed quite 
young (Late Tertiary). 

The possible relations between southern 
New Guinea and the principal geological 
units of northern Australia (the Precambrian 
Shield, the Great Artesian Basin, and the 
Tasman Geosyncline) have been discussed 
by Glaessner (1950) and Visser & Hermes 
(1962), who suggested that the south-
westernmost part of New Guinea may be an 
extension of the Precambrian Shield (cf. Fig. 
5) . They also suggested that the east Austra­
lian Tasman Geosyncline may have extended 
north and be partly represented in the Irian 
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Jaya ranges. Osborne (1966) and Glaessner 
(1950) also drew attention to the possibility 
that Mesozoic sediments of the Great 
Artesian Basin extended to New Guinea. 
The limited geochronological data on the 
granites of Torres Strait (Richards & Will-
mott, 1970) and southwest Papua 
(Richards, in Harding, 1969) indicate 
periods of emplacement from at least the 
Late Carboniferous to Late Permian, and 
this may be regarded as support for the idea 
that the Tasman Geosyncline extended into 
southern New Guinea. 

2.32 Papuan  Basin 
The Papuan Basin postdates, and to a 

large extent is developed on top of, the 
Southern Stable Platform. Like the major 
physiographic features in New Guinea, the 
marine basins which form this geosynclinal 
system are arranged in arcuate fashion round 
north Australia. The fundamental subdivi­
sions of the Papuan Basin (after Osborne, 
1966) are the Papuan Geosyncline-Aure 
Trough, the Omati Basin, and the Morehead 
Basin; these are schematically shown in 
Figure 6. 

Sedimentation in Papua New Guinea had 
a sporadic beginning in Permian and Triassic 
times (Rickwood, 1955; Dow & Dekker, 
1964), but the continuously dated record 

does not begin until the Jurassic. Visser & 
Hermes (1962) divided the Irian Jaya 
sector into three stratigraphic provinces 
(Fig. 6) in which the continuous sedi­
mentary record began in the Permo-Car-
boniferous. Geographically, the northern 
part of Visser & Hermes's (1962) Central 
New Guinea Province and the southern 
part of their North New Guinea Province 
more or less correspond to the Papuan Geo­
syncline. The following generalized history 
of the Papuan Basin draws mainly from 
examples in Papua New Guinea. 

Permian to  Cretaceous.  During the late 
Palaeozoic to early Mesozoic the Southern 
Stable Platform was an area of shallow 
sedimentation. By the Cretaceous, both the 
central area of New Guinea and the 
Southern Stable Platform had been com­
pletely invaded by a marine transgression 
from the north with sediment being derived 
mainly from the uplifted Australian shield. 
The sedimentary environment remained 
much the same throughout the Mesozoic: 
north from the shore of the Australian land-
mass a shallow sea opened into a subsiding 
deep-water trough. Thick marine basic vol­
canics and volcanic-derived greywackes were 
deposited in a flanked trough during the 
Jurassic (Mongum Volcanics of Dow & 
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Dekker, 1964; Dow, Smit, Bain, & Ryburn, 
1972) and Cretaceous (Kondaku Tuff and 
Kumbruf Volcanics of Dow & Dekker, 
1964), in marked contrast to the quartz-
rich elastics of the shallower-water, miogeo-
synclinal environment to the south (APC, 
1961). 

Thus, by the latter part of the Mesozoic 
an arcuate geosynclinal complex was 
initiated; in its northern part, there was a 
deep eugeosynclinal trough known as the 
Papuan Geosyncline (Osborne, 1966). An 
active basement high known as the Erave-
Wana Swell separated the eugeosyncline 
from the miogeosynclinal facies of the Omati 
Basin. Farther south, and separated by 
another basement high (the Oriomo Spur), 
was the third basin (Morehead Basin), 
which formed on the stable shelf bordering 
the north Australian continent. Rickwood 
(1968) estimated that, by the end of the 
Late Cretaceous, between 6000 and 9000 m 
of sediment had been deposited in the 
Papuan Geosyncline. 

Eocene. At the end of the Mesozoic, much 
of southwest Papua emerged and underwent 
a period of erosion which continued into 
Early Tertiary time. To the north, however, 
deep geosynclinal sedimentation continued 
during the Eocene, and the area now occu­
pied by the Western Highlands of New 
Guinea received thick terrigenous sediment 
and intercalated volcanic debris (e.g. Lagaip 
Beds, Salumei Formation of Dekker & 
Faulks, 1964; Dow et al., 1972) from Late 
Cretaceous to Eocene time. There appears 
to have been no break in sedimentation to 
the southeast too, near Port Moresby, where 
about 1500 m of Lower Tertiary sediments 
are developed (Glaessner, 1952; Osborne, 
1966). 

Oligocene. The Oligocene in the Central 
Highlands region was probably a period of 
general emergence, as the only known de­
posits of this age are small isolated outcrops 
of Nummulites  limestone (McMillan & 
Malone, 1960). 

Miocene. At the end of the Oligocene and 
in the early Miocene, active geosynclinal 
development recommenced, and a pattern 

similar to that of the late Mesozoic was 
established. From this time on, however, the 
sediment supply came not from the Austra­
lian continent, but from the rising land-
masses (e.g. the Owen Stanley and Central 
Ranges) within the New Guinea region 
itself. A deepening eugeosyncline called the 
Aure Trough (Fig. 6) received more than 
9000 m of greywacke and shale throughout 
the Miocene and Pliocene (Osborne, 1966). 
In the early to middle Miocene, sedimenta­
tion was accompanied by the most wide­
spread volcanic activity found in the New 
Guinea geological record (Dow, 1969; Dow 
et al., 1972). This volcanism was an import­
ant feature in the tectonically unstable belt 
named by Dow et al. (1972) the New 
Guinea Mobile Belt. The time and space 
relations between this Miocene volcanism 
and an arcuate front of deep magmatic 
activity which extended over the whole 
length of what are now the highlands of 
Papua New Guinea are discussed later. 

Throughout the Miocene, the miogeo­
synclinal facies of the Omati and Morehead 
Basins continued to develop as a limestone 
shelf upon the northern extension of the 
Australian continental mass. Deposition of 
the Miocene sediments may be summarized 
by a traverse northwards from the Central 
Range of present-day New Guinea: on the 
southern slopes of the Central Range, middle 
Miocene reef limestone forms peaks over 
3000 m above sea level; farther north in the 
Western Highlands, the lower to middle 
Miocene sediments are pelagic limestone, 
sandstone, and foraminiferal claystone 
(Dekker & Faulks, 1964); and still farther 
north, on the Sepik fall, the Miocene sedi­
ments are tuffaceous elastics and, in places, 
conglomerate. Most of the Central Range 
became emergent during the late middle 
Miocene, and the resultant landmasses along 
the centre of New Guinea and Papua were 
the dominant features by the end of the 
Miocene and throughout the Pliocene. This 
uplift was associated with many west-north­
west-trending faults in the New Guinea 
Mobile Belt, and was accompanied by large-
scale intrusive activity, folding of the sedi­
ments, and very rapid erosion (cf. Plate 1). 
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Pliocene, In the Pliocene, thick sediments 
and tuffaceous material accumulated in 
restricted, partly terrestrial basins: the iso­
lated Strickland Basin in northwestern 
Papua, and the Delta and Lakekamu Embay-
ments in southern Papua (APC, 1961). 
Uplift, faulting, and intrusive activity con­
tinued. 

Quaternary. Restricted Pleistocene to Recent 
sediments and volcanic accumulations are 
evident in many areas of New Guinea. In 
the Papuan Basin area, by far the most 
striking products of the present time are the 
great volcanic cones which dominate the 
landscape of extensive areas of western 
Papua and adjacent parts of New Guinea. 
APC (1961) has summarized the geo-
morphological features of these thirteen 
volcanoes, all of which rest on folded Plio­
cene and older strata and are now evidently 
extinct. Jakes & White (1969) and Mac­
kenzie & Chappell (1972) gave penological 
and chemical data for some of these vol­
canoes and concluded that the lavas are of 
the shoshonitic (i.e. high-potassium) rock 
association. 

General. Many of the sediments in the 
Papuan Basin geosynclinal complex exhibit 
diagenetic metamorphic effects as a result of 
deep burial and subsequent tectonic pro­
cesses. Higher-grade rocks of the glauco-
phane-schist, greenschist, and amphibolite 
facies (McMillan & Malone, 1960; Dow et 
al., 1972) characterize some isolated pockets 
in the Eastern Highlands (Goroka Forma­
tion) and the Sepik Districts (Ambunti and 
Salumei Metamorphics). The geological set­
ting, and the history of metamorphism and 
its relation to the emplacement of many 
granitic batholiths and ultramafic bodies 
throughout the Central Range, are further 
discussed in sections 4 to 6. 

2.33 Owen  Stanley  Range/Cape  Vogel  Basin 
area 

The region considered here is the south­
eastern peninsula of mainland Papua New 
Guinea (Fig. 6) . Although this area is of 
only minor relevance to the present New 
Guinea geochronological study, it is import­
ant in the later discussion of the complete 

geological development of the island. From 
west to east, the Owen Stanley Meta­
morphics, the Papuan Ultramafic Belt, and 
the Cape Vogel Basin are the major geo­
logical units. The structural trends are 
dominated by the Owen Stanley Fault, which 
separates the Owen Stanley Metamorphics 
from the Papuan Ultramafic Belt (cf. Plate 
1). This fault can be traced along two-thirds 
of the length (450 km) of the peninsula, 
and crosses the coast south of Lae. 

The Owen Stanley Metamorphics com­
prise the Cretaceous or pre-Cretaceous 
Kaindi Metamorphics as well as definite 
Cretaceous metasediments, and are the 
oldest rocks in the area (Dow & Davies, 
1964). As post-Cretaceous sediments do 
not occur in the metamorphic belt it is con­
sidered that the greater part of the unit was 
an emergent landmass, probably an island, 
throughout the Tertiary (Thompson & 
Fisher, 1965; Thompson, 1967). This 
raises an important distinction between the 
development of the Papuan Basin of central 
New Guinea and that of the Owen Stanley 
area. On the one hand, throughout most of 
the Tertiary, particularly the latter half, 
central New Guinea was linked to northern 
Australia by a broad platform which was 
the site of mainly miogeosynclinal limestone 
deposition. On the other hand, the Owen 
Stanley area was apparently separated from 
northeastern Australia throughout the Ter­
tiary by the deep sea which occupied the 
Aure Trough/Coral Sea depression. 

The Papuan Ultramafic Belt is an elon­
gated complex (more than 400 km long and 
up to 40 km wide) of ultrabasic, basic, and 
intermediate intrusive and extrusive rocks 
extending from the New Guinea coast south 
of Lae to beyond the Musa River in eastern 
Papua (Plate 1). Thompson (1957) was 
the first to describe the complex; subsequent 
detailed mapping by Davies (1968), and 
gravity work by St John (1967) and Milsom 
{in Davies, 1971) gave support to the hypo­
thesis that the Ultramafic Belt is a segment 
of oceanic upper mantle and crust which 
has been thrust westward over the sialic 
core of eastern Papua, the Owen Stanley 
metamorphic block, since the Cretaceous. 
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The Ultramafic Belt has a regional easterly 
dip and consists mainly of ultramafics 
(dunite, peridotite, pyroxenite, and serpen-
tinite) grading upwards into gabbroic and 
noritic rocks, which are overlain by a 
basaltic layer. 

Palaeontological control on sediments in­
tercalated with the basalts in the Ultramafic 
Belt tentatively suggests a Cretaceous age 
(Davies, 1971). Two tentative K-Ar age 
determinations on very low-potassium gab­
broic rocks (H. L. Davies & R. W. Kistler, 
pers. comm., 1970) from the Ultramafic 
Belt give ages of about 150 m.y., indicating 
crystallization and cooling in the Late Juras­
sic. Tonalites which intrude the gabbros and 
basalts of the Ultramafic Belt have also been 
dated, by myself and A. W. Webb, again 
using the K-Ar method; age determinations 
of one hornblende and three plagioclase sam­
ples of the tonalites are in the range 50 to 
55 m.y. (early Eocene), and provide an 
upper limit for the time of cooling of the 
Papuan Ultramafic Belt. 

Implicit in the discussion is the possibility 
that the metamorphism of the Owen Stanley 
rocks was related to the emplacement of the 
Papuan Ultramafic Belt. If the Belt does 
represent a slice of the upper mantle and 
oceanic crust thrust up over the meta­
morphics, as interpreted by Davies (1968), 
then the intervening region of the Owen 
Stanley Fault and adjacent metamorphics 
can be regarded as the boundary of two 
lithospheric plates which converged and 
overlapped one on the other. This relation 
is consistent with the sedimentary record, 
which clearly indicates that the Owen Stanley 
area began to emerge after the Cretaceous. 

The Cape Vogel Basin was discussed by 
Carey (1938), Paterson & Kicinski (1956), 
Thompson & Fisher (1965), and Davies & 
Smith (1971). It is a structurally and topo­
graphically depressed coastal zone to the 
northeast of the Papuan Ultramafic Belt. 
Coastal sections reveal a 4000-m-thick 
sequence of Miocene to Pliocene clastic 
sediments. These sediments were probably 
derived from erosion of the emergent Owen 
Stanley metamorphic block, and occupy an 
analogous position to the Upper Tertiary 
elastics of north New Guinea. The Cape 
Vogel Basin probably extends offshore to 
the east, where present-day sedimentation 
is occurring in the region of the Trobriand 
and D'Entrecasteaux Islands. 

2.34 North  New  Guinea  area 
The North New Guinea area (Fig. 6) 

consists of a predominantly volcanic base­
ment on which has developed an elongate 
series of geosynclinal basins of Neogene age. 
As pointed out by Bain (1973), little is 
known about the ages of and relations 
between the 'basement' igneous and meta­
morphic rocks and the overlying Neogene 
sediments. Recent reconnaissance K-Ar data 
(Page, unpubl.) show that a complex 
plutonic history is present; ages range from 
Mid-Jurassic, through Cretaceous, to Mio­
cene. Additional K-Ar measurements 
(AMDEL Report AN3101/73) and map­
ping now in progress (Hutchison & Norvick, 
pers. comm.) indicate that a good deal of 
the plutonic activity in the Torricelli and 
Bewani Mountains area is early Oligocene 
(35-40 m.y.). 

3. TH E EAST INDIE S TERTIAR Y TIM E SCAL E 
3.1 INTRODUCTION 

Because the Tertiary in different parts of 
the world has been subdivided into units 
based on a variety of criteria, correlations 
between regions still remain the subject of 
much discussion. Isotopic dating in conjunc­
tion with stratigraphic methods can assist in 
clarifying the numerous difficulties of world­
wide biostratigraphic correlations which are 

especially recognizable in the Tertiary. The 
subdivisions of the New Guinea Tertiary are 
based on the East Indies letter stages. The 
literature contains few or no physical dates 
associated with the East Indies letter stages, 
and, in the past, physical age boundaries 
have had to be extrapolated from dated 
stratigraphic equivalents elsewhere. Such 
extrapolations depend upon accurate strati-
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Fig. 7 . Locat io n ma p o f Tertiar y lowe r f-stag e volcanic s studied . 

graphic correlations between the East Indies 
stages and the stages physically dated in 
other areas of the world. 

In an attempt to (i) provide further con­
trol for the physical time scale of the East 
Indies letter stages, (ii) enable worldwide 
correlations to be made with greater preci­
sion, and (iii) determine the relative strati­
graphic position of other physically dated 
rocks upon which there may be no, or little, 
stratigraphic control, K-Ar ages were 
measured for several lavas from the Central 
Highlands. Sedimentary rocks interbedded 
with the lavas contain foraminifera which 
give excellent stratigraphic control and limit 
the period of volcanism to the Tertiary lower 
/ stage. 

3.2 GEOLOGY OF THE NEW GUINEA LOWER 
/-STAGE VOLCANICS 

The rocks studied were basalts, andesites, 
and trachytes from both the Burgers Forma­
tion (Tarua Volcanic Member) and the 
Karawari Conglomerate in the Western 
Highlands, and the Yaveufa Formation 
(Daulo volcanic member) in the Eastern 

Highlands of New Guinea (Fig. 7) . These 
rocks are part of the most widespread vol­
canic activity found in the New Guinea 
geological record (Dow, 1969; Dow et al., 
1972). They are interpreted as part of the 
large belt of volcanism and tectonism (the 
New Guinea Mobile Belt) which extends for 
several hundred kilometres along the high­
lands of New Guinea and into central 
Papua. 

The Tarua Volcanic Member (Figs. 8 and 
9) is mapped at the base of the Burgers 
Formation and crops out on the northern 
limb of the Lai Syncline in a northwest-
trending belt about 70 km long (Dow et al., 
1972). The member consists of intermediate 
to basic volcanic rocks in a marine sequence 
(conglomerate, sandstone, and siltstone), 
which is mainly reworked volcanic material. 
The maximum thickness developed is about 
2750 m. It is underlain by the Pundugum 
Formation, which contains a Tertiary e-stage 
fauna (Dow et al., 1972). Foraminifera 
from impure coralline limestones near the 
base of the Tarua Volcanic Member include 
the following: Lepidocyclina  (Nephrolepi-
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Fig. 8 . Simplifie d geologica l ma p o f th e Taru a Volcani c Membe r an d Karawar i Conglomerate . 

dina) ferreroi,  Lepidocyclina  (A/.) sp., Mio-
gypsina sp., Elphidium  sp. Belford (in Dow 
et al., 1972) places this assemblage in the 
Tertiary lower / stage, and, as the base of 
the overlying part of the Burgers Formation 
is of the same age, the Tarua Volcanic 
Member must lie wholly within this stage. 

The basic to intermediate volcanics which 
constitute the base of the Karawari Con­
glomerate (Figs. 8 and 9) also overlie Ter­
tiary e-stage sediments, and are generally 
similar to the Tarua Volcanic Member 19 

km south (Dow et al., 1972). There are no 
fossils in the Karawari Conglomerate, but 
the basal volcanics are regarded as the same 
age (Tertiary lower / stage) as the Tarua 
Volcanic Member. 

The Daulo volcanic member (Figs. 9 and 
10) of the Yaveufa Formation lies 190 km 
southeast of the Tarua-Karawari sequence. 
It consists of basic and intermediate lavas 
and agglomerates, many of which are 
amygdaloidal and deuterically altered. Bain, 
Mackenzie, & Ryburn (in press) mapped the 
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Fig. 9 . General ize d stratigraphi c relation s an d K-A r age s o f Tertiar y lowe r f-stag e volcanics . 

Yaveufa Formation in a broad syncline 
65 km long. The Daulo volcanic member 
overlies a thick sequence of foraminiferal 
shale, mudstone, and limestone, which, in 
the Watabung area, contain the following 
assemblage reported as Tertiary lower / 
stage by Crespin & Belford (1957): Lepido-
cyclina (Nephrolepidina)  angulosa,  L.  (A/.) 
sumatrensis, L.  (A/.) parva, L.  (Trybliolepi-
dina) verrucosa,  Miogypsina  kotoi,  M. 
polymorpha, M.  mammillata, and Katacyclo-
clypeus annulatus.  Also in the sediments 
underlying the volcanics, Belford (pers. 
comm.) identified certain planktonic fora­
minifera which include Orbulina  universa 
and specimens of keeled Globorotalia, 
approximating to zones N . l l to N.  12 of 
Banner & Blow (1965) and Clarke & Blow 
(1969). As the Daulo volcanic member 
also interfingers with the lower /-stage Asaro 
conglomerate member, its age is restricted 
to the lower / stage. 

3.3 K-Ar DATING RESULTS 
3.31 Tarua  Volcanic  Member 

Samples were collected near the Sau River 
and the road section west of Kompiam pat­
rol post (Fig. 8). The volcanics are part of a 
continuous marine succession which dips to 

the southwest. This is a typical section of 
olivine basalts of the Tarua Volcanic Mem­
ber, and one in which there is unequalled 
stratigraphic control that limits the period 
of volcanism to the lower / stage. The 
measured ages of seven whole rocks and one 
pyroxene separate from the Tarua Volcanic 
Member are listed in Table 1. Agreement 
between replicate measurements is excellent. 

The results generally show good internal 
consistency with the stratigraphy, as the 
samples (5630 and 5631) that yield the 
oldest ages (about 14 m.y.) occur towards 
the bottom of the member. The lower part 
of the Tarua Volcanic Member is separated 
from the e-stage sediments by a thin lower /-
stage limestone bed, and, therefore, the 
14 m.y. age may be close to the lower age 
limit of the lower / stage. A pyroxene 
(5630) age of 13.9 ± 3.4 m.y. is con­
cordant with the whole-rock age, but it has 
a large error because of the high atmospheric 
argon contamination. The agreement be­
tween the whole-rock and pyroxene ages 
indicates that they are minimum ages. A 
mean age of 13.3 ± 0.3 m.y. for a slightly 
more altered basalt (5636) from the Sau 
River is slightly younger than the other 
samples from the lowest part of the member, 
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TABLE 1 . K-A R AGE S FO R TH E TERTIAR Y LOWE R /-STAG E VOLCANIC S 

M r 4 0 

xlO-G cm 3 Ar40 Calculated 
No. Sample K % NTP/g % age (m.y.) Rock type and locality 

Tarua Volcanic Member 

5630 Whol e roc k 0.760 | 
0.758 [ 0.759 0.419 

0.411 
35.8 
36.9 

13.8 
13.5 

0.5 1 
0.5 

5630 Pyroxene 0.0398 ) 
0.0410 ) 0.0404 0.023 2.4 13.9 3.4 Olivine basalts , road-cuttin g 

"6.4 k m W  o f Kompia m 

5631 Whole roc k 0.774 ) 
0.772 ] 0.773 

0.421 
0.438 

19.3 
22.9 

13.6 
14.1 

0.6 
0.6 

5633 Whole roc k 1.007 ) 
1.010 ) 1.009 

0.509 
0.534 

36.9 
35.4 

12.8 
13.2 

0.4 
0.4 

Olivine basalt , 8  k m W  o f 
Kompiam 

5634 Whole roc k 0.913 ) 
0.922 \ 0.918 0.475 

0.481 
40.9 
21.2 

13.0 
13.1 

Hh 0.4 
0.6 

Olivine basalt , 1 3 k m W  o f 
Kompiam 

5635 Whole roc k 0.784 ) 
0.782 f 0.783 0.427 36.6 13.6 ± 0.4 Olivine basalt , Sa u River , 9. 5 k m 

W o f Kompia m 

5636 Whole roc k 1.277 \ 
1.282 J 1.280 0.671 

0.684 
50.1 
42.3 

13.1 
13.4 

0.3 
0.4 

Basalt, Sa u River , 4. 8 k m W  o f 
Kompiam 

5637 Whole roc k 
1.634 ] 
1.637 ] 1.636 0.877 61.9 13.4 0.3 Dolerite boulde r fro m volcani c 

conglomerate, 1 3 k m W  o f 
Kompiam 

Karawari Conglomerate 

5648 Whol e roc k 

volcanics 
1.681 ) 
1.678 ) 1.680 0.973 79.8 14.5 0.4 Pyroxene andesite , 8  k m S  o f 

Imboin 

5654 Whole roc k 1.103 } 
1.113 ] 1.108 0.590 

0.616 
60.6 
43.4 

13.4 
13.9 

0.4 ] 
0.4 

5654 Hornblende 0.270 } 
0.272 J 0.271 0.187 

0.186 
38.7 
30.6 

17.2 
17.1 

0.6 
0.8 

Hornblende andesite , 5  k m S  o f 
" Imboin 

5654 Hornblende 0.268 ) 
0.267 J 

0.268 0.303 54.2 28.2 1.0 

Daulo volcanic member 

5639 Whol e roc k 5.700 ) 
5.723 ] 5.712 2.917 56.3 12.4 0.4 Brecciated 

lava 

5640 Whole roc k 6.128 \ 
6.114 J 6.121 2.911 

2.991 
63.0 
58.0 

11.9 
12.2 

0.4 - | 
0.5 

5640 

5641 

Analcite 

Whole roc k 

3,566 ) 
3.536 ] 

3.742 I 
3.759 \ 

3.551 

3.751 

1.630 
1.467 
1.723 
2.272 
1.962 

64.4 
40.5 
44.9 
63.7 
54.6 

11.5 
10.3 
12.1 
15.1 
13.1 

0.4 
0.4 
0.4 
0.4 
0.4 

^Analcite 
basanite 

- Daul o Pas s sectio n 

5641 Pyroxene 0.0813 ) 
0.0834 \ 

0.0824 0.042 11.2 12.8 0.7 , 

5642 Whole roc k 2.445 \ 
2.454 \ 2.450 1.110 

1.046 
75.0 
55.4 

11.4 
10.7 

0.3 1 
0.3 

5643 Whole roc k 1.136 ) 
1.131 ] 1.134 

0.478 
0.377 
0.395 
0.422 

37.7 
41.7 
34.4 
39.7 

10.5 
8.3 
8.7 
9.1 

0.3 
0.2 
0.3 
0.3 j 

Analcite 
^basalt 

5645 Whole roc k 3.286 ) 
3.276 ( 3.281 1.960 

1.940 
84.2 
80.3 

14.9 
14.8 

0.4 
0.5 

Trachyte, 3. 2 k m S W o f 
Kenangi 

5870 Whole roc k 1.801 I 
1.791 ) 1.796 1.048 35.5 14.6 0.6 Pyroxene andesite , 9  k m S  o f 

Oliguti 

5872 Whole roc k 1.875 ) 
1.876 \ 

1.876 1.128 86.3 15.0 ±2 0.5 Andesite, 2 0 k m N W o f Oligut i 

but the rock may have lost some radiogenic olivine basalts in the middle to upper parts 
argon because of slight alteration. The of the member. A dolerite boulder (5637) 
youngest mean ages of 13.0 ± 0.4 (5633) from a conglomerate at the base of the 
and 13.1 ± 0.5 (5634) were obtained for overlying part of the Burgers Formation 
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gave an age of 13.4 ± 0.3 m.y., confirming 
that detritus from the Tarua Volcanic Mem­
ber was the source material for the upper 
part of the Burgers Formation. Hence the 
Tarua Volcanic Member shows a spread in 
age from 13.0 to 13.9 m.y. It is possible that 
this spread covers the entire period of 
volcanism. 

3.32 Karawari  Conglomerate  volcanics 
Of 20 samples collected and examined 

from the Karawari Conglomerate volcanics, 
only two andesite samples were fresh enough 
for dating. Their localities, in the upper 
reaches of the Arafundi River, are shown in 
Figure 8, and results are given in Table 1 ; 
whole-rock mean ages are 14.5 ± 0.4 m.y. 
and 13.7 ± 0.4 m.y. The duplicate measure­
ments agree to within experimental error, but 
there is no independent stratigraphic check 
on the dates. The agreement between the 
ages of the Tarua Volcanic Member and 
Karawari Conglomerate volcanics, and their 
inferred geological correlation, suggests that 
the latter have yielded reliable minimum 
ages. The apparent ages from the two 
separations of 5654 hornblende, however, 
are inconsistent, and are 20 to 100 percent 
higher than the whole-rock ages; the horn­
blende occurs in the rock as phenocrysts 
ranging from 1 to 20 mm in size. The poor 
reproducibility and the high apparent ages 
may be a result of the incorporation of 
various amounts of extraneous radiogenic 
argon from the environment into the horn­
blende phenocrysts when they crystallized at 
some depth before the magma erupted, but 
petrographic examination raises the possi­
bility that some of the larger hornblende 
crystals may be xenocrysts rather than 
phenocrysts. 

3.33 Daulo  volcanic  member 
Samples of the Daulo volcanic member 

were collected from four widely spaced areas 
(Fig. 10), but, as the relation between most 
of the flows is not known, there is no super-
positional control on the ages. Analyses of 
the volcanics were performed on a variety 
of rock types, and they show an apparent 
age spread of 7 m.y. (Table 1). However, 
only the oldest dates, from 14.5 to 15.0 m.y., 

are regarded as reliable ages. These include 
a trachyte sample (5645) dated at 14.9 -± 
0.4 m.y., which probably marks the earliest 
outpourings of the Daulo volcanics; it comes 
from a flow ( 1 0 m thick) within the lower /-
stage sediments and below the base of the 
defined Yaveufa Formation. The andesite 
(5870) was collected in the southern part of 
the formation, and its age (14.6 ± 0.6 m.y.) 
is close to that (15.0 ± 0.5) of a fresh 
andesite cobble (5872) from a conglomerate 
interbedded in the volcanics; the age of this 
cobble provides a possible maximum age for 
the conglomeratic sediments which are in the 
lower /-stage Asaro conglomerate member. 

Most of the age determinations of samples 
near Daulo Pass (Fig. 10), however, are 
rejected as being too young to represent 
dates within the lower / stage in New 
Guinea. These samples, all of which contain 
analcite, alkali feldspar, and some devitrified 
glass, have apparent ages which range from 
8.3 to 15.1 m.y. and probably reflect dif­
ferent degrees of argon leakage. Petrographi-
cally, all the Daulo Pass rocks are inferior 
for dating purposes, and they were analysed 
mainly on an experimental basis. Although 
these rocks are thought to be the youngest 
exposed of the Daulo lavas it is doubtful 
that the younger ages are meaningful. 
Results of replicate argon runs on several of 
them are poorly reproducible, apparently 
because the nature of the rocks led to sam­
pling difficulties. Except for 5639, which is 
somewhat brecciated, the five Daulo Pass 
samples are petrographically similar to each 
other. They contain various proportions of 
phenocrysts of clinopyroxene, olivine, anal­
cite, and plagioclase in a groundmass of 
interlocking potash feldspar, analcite, clino­
pyroxene, opaque oxide, needles of apatite, 
interstitial chlorite, sporadic amygdalar anal­
cite, and interstitial patches of dusty brown 
devitrified glass. It is unlikely that ail the 
argon loss can be attributed to the presence 
of devitrified glass, of which there are only 
small percentages in the samples analysed. 
McDougall, Allsopp, & Chamalaun (1966) 
reported little or no argon loss from basalts 
containing appreciable amounts of devitrified 
glass in Victoria, Australia. The alkali feld-
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spar and analcite are primary minerals, and 
analcite has been found to be reliable else­
where (McDougall & Wilkinson, 1967; 
Dasch, Armstrong, & Clabaugh, 1969); com­
parison of the whole-rock and mineral ages 
from 5640 (Table 1) does not point to 
argon loss from analcite as a plausible 
explanation. Argon leakage from alkali feld­
spar is probably the chief cause of the dis­
crepancies found in the Daulo Pass samples. 
The young apparent ages and poor replica­
tion may also be related to potassium 
inhomogeneity between groundmass analcite 
and amygdalar analcite. Wilkinson (1962) 
has shown that amygdalar analcite is 
depleted in potassium with respect to anal­
cite which occurs elsewhere in a rock. If this 
inhomogeneity can be generally applied to 
analcite basalts, then the potassium and 
radiogenic argon content of amygdalar anal­
cite must be treated as a distinct phase, and 
rocks containing large amygdales could in­
troduce serious sampling problems. 

3.4 TERTIARY SUBDIVISIONS AND 
CORRELATIONS 

The precise age limits of a geological 
event cannot be determined until the event 
itself and the preceding and succeeding 
intervals have been dated. Using the avail­
able field evidence, the dating of the lower 
/-stage volcanic suites in New Guinea has 
yielded reliable ages between 13 and 15 
m.y. (Fig. 9 ) , and it is suggested that the 
approximate age limits of this stage are 12.5 
and 15 m.y. The general concordancy of the 
ages, particularly from the Tarua Volcanic 
Member, is interpreted as a date of eruption 
rather than one relating to a subsequent 
event. 

Before comparing these results with Ter­
tiary stages dated elsewhere in the world, it 
is desirable to outline the stratigraphic basis 
of Tertiary-stage nomenclature, firstly for 
the classical European sections and then for 
the East Indies. 

3.41 European  Tertiary  stages 
The basic subdivision of Lyell (1833, in 

Lyell, 1865) of the marine Tertiary of 
western Europe into Pliocene, Miocene, and 
Eocene was based on the percentage of 

living species of Mollusca found in the Ter­
tiary sequences. The term 'Oligocene' was 
later proposed by Beyrich (1854) to include 
beds that were formerly classed partly as 
upper Eocene and partly as lower Miocene. 

Since the latter part of the nineteenth 
century, the European Tertiary has been 
divided into several stages, and the present 
correlation difficulties start in the stratotype 
areas where these stages (Pontian, Tor-
tonian, Helvetian, Langhian, Burdigalian, 
Aquitanian, etc.) were first defined. 
Although some of them contain minor 
breaks, the type sections of the stages were 
originally chosen for their abundance of the 
larger fossils, particularly Mollusca and 
Echinoidea (Glaessner, 1959). Unfortun­
ately there are few continuous sections, and 
some of the sediments were deposited in 
brackish water. Hence there is a general 
paucity of planktonic fossils suitable for 
long-range correlation in the type sections 
(Drooger, 1956; Stainforth, 1960; Jenkins, 
1965). In places, overlapping type sections 
of different environments cannot be properly 
correlated (cf. Glaessner, 1953, 1960; Jen­
kins, 1965). The situation was summarized 
by van der Vlerk (1959), who referred to 
'the deplorable uncertainty surrounding 
European type localities'. 

The subdivisions of the Tertiary period 
are much smaller than other subdivisions 
in the Phanerozoic, and any errors in corre­
lation become magnified as they are applied 
to these short time divisions. Some popula­
tions of species are recognized as character­
istic of particular Lyellian epochs, and it is 
by this method that the relation between the 
European Miocene stages and the Lyellian 
concept is deduced (Glaessner, 1953; Lipps, 
1967; Clarke & Blow, 1969; Berggren, 
1971); thus the Aquitanian and Burdigalian 
are generally regarded as lower Miocene; 
the middle Miocene comprises the Helvetian 
and Tortonian, which constitute the Vindo-
bonian; and the Messinian, Sarmatian, and 
Pontian have upper Miocene affinities. 

The exact correlation of the stages,with 
the Lyellian epochs and the Oligocene is 
still much debated (Glaessner, 1953; Stain-
forth, 1960; Eames, Banner, Blow, & Clarke, 
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1962; Drooger, 1964; Banner & Eames, 
1966). Blow (1969) believe that the 'prob­
lem of deciding what stages should be 
grouped together and placed into a particular 
system' reduces to a compromise between 
the biostratigraphic and geological utilitarian 
aspects. Although it is recognized that the 
positions of many of the boundaries are 
arbitrary, the assignment of stage names to 
epochs must be approved generally in order 
that correlations can be made throughout 
the world. 

To help overcome the difficulties of Ter­
tiary correlation, and instead of rejecting the 
conventional stages in Europe altogether, 
stratigraphers now correlate rocks that con­
tain faunas more suitable for long-range 
correlation with the original stratotype. 
Hence, the admission and definitions of 
these parastratotypes, which contain fossil 
assemblages not wholly represented in the 
holostratotype, are now widely accepted; 
however, many of the relations are by no 
means unequivocal (Banner & Eames, 
1966). 

3.42 East  Indies  letter  stages 
When stratigraphers first tried to correlate 

the East Indies Tertiary sequence with the 
sequences in Europe there were no well 
defined fossil zones in existence. Conse­
quently they turned to the next higher classi­
fication, the stage, as the basic unit for 
comparing and measuring geological time 
(Glaessner, 1943). However, the European 
Tertiary stages have proved to be difficult 
to recognize outside Europe (Jenkins, 1965; 
Adams, 1970). 

Different approaches to the stratigraphic 
problems of the East Indies included the use 
of the 'percentages method' of living species 
of mollusca (Martin, 1921), which was 
analogous to that originated by Lyell in 
Europe. The present method of dividing the 
East Indies Tertiary was initiated by van der 
Vlerk & Umbgrove (1927), and was based 
solely on the assemblages of genera of 
tropical larger foraminifera and their stages 
of evolution in the local sequences. They 
introduced the letter-stages 'a"  to '/' and later 
V to 6 h\ which were then tentatively 
assigned to the Tertiary epoch (Table 2 ) . 

T A B L E 2 . T E N T A T I V E C O R R E L A T I O N S O F 
L E T T E R S T A G E S A N D T E R T I A R Y E P O C H S 

( V A N D E R V L E R K , 1931 ) 

Letter 
Epoch stage 

Pliocene h 
upper M i o c e n e upper / , g 
lower M i o c e n e e, l owe r / 
Oligocene c, d 
Eocene a, b 

This scheme is still useful for correlations 
within a limited area, but the letter stages 
are not generally applicable to long-range 
correlations (Glaessner, 1953; van der 
Vlerk, 1959). 

The East Indies letter stages are based 
solely on assemblages of tropical larger fora­
minifera without reference to type sections, 
whereas the classical European Tertiary 
stages, which are based mainly on temperate-
zone mollusca and (more recently) fora­
minifera, refer to type sequences; thus cor­
relations between the two are difficult. 
However, the palaeontological and strati­
graphic studies of Tan Sin Hok (1936, 
1939), which are summarized by Glaessner 
(1943), established the letter stages on a 
firmer base, and enabled tentative correla­
tions of these stages with the classical Euro­
pean stages. These correlations are set out 
in Table 3 (a ) ; they agree with those pre­
sented in van Bemmelen (1949) and Mohler 
(1949) except that the latter show the lower 
e stage as Aquitanian, and the uppermost 
part of the e  stage as equivalent to the lower 
part of the Burdigalian. The stage names 
lower / and upper / are synonymous with the 
terms / !_ 2 and / 3 respectively. 

During recent years the establishment of 
the planktonic foraminiferal zones has led 
to a modification of the correlations between 
the European and East Indies Tertiary stages 
(Table 3 ( b ) ) . This more refined correlation 
of Banner & Blow (1965) and Clarke & 
Blow (1969) places the lower / stage be­
tween the planktonic foraminiferal zones 
N.9 and NA2,  By comparing Table 3(b) 
with Table 3 (a) it is clear that the East 
Indies stages are now thought to be younger 
relative to the European chronology than 
they were before the establishment of the 
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European stages East Indies letter 
stages 

Pontian 
Messinian 8 

Tortonian' 
'Helvetian' 

upper /  ( / 3 ) 

Burdigalian lower /  (/i_ 2) 

Aquitanian upper e 

Oligocene stage s lower e 

Eocene stage s a, b 

European stages 
Planktonic 

foraminiferal 
zones 

East Indies 
letter 
stages 

Messinian N.18 

N.17 
N.16 

8 
Tortonian 

N.18 

N.17 
N.16 

Serravallian 

N.15 
N.14 
N.13 

upper / 
Serravallian 

N.12 
N . l l 
N.IO 
N. 9 
N. 8 
N. 7 
N. 6 

lower / 

Langhian 

N.12 
N . l l 
N.IO 
N. 9 
N. 8 
N. 7 
N. 6 

Langhian 

N.12 
N . l l 
N.IO 
N. 9 
N. 8 
N. 7 
N. 6 Burdigalian 

N.12 
N . l l 
N.IO 
N. 9 
N. 8 
N. 7 
N. 6 

Aquitanian 
N. 5 

N. 4 

upper e 

TABLE 3(a ) 
Comparison betwee n th e Eas t Indie s lette r stage s 
and th e Europea n stages—modifie d afte r Ta n Si n 
Hok (1936 , 1939) ; va n de r Vler k (1959) ; Eames , 
Banner, Blow , &  Clarke (1962) ; Belfor d (1962) ; 
Banner &  Eames (1966) ; Adam s (1968) . 

TABLE 3(b ) 
Comparison betwee n th e Eas t Indie s lette r stage s 
and th e Europea n stages—modifie d afte r Banne r 
& Blo w (1965) ; Clark e &  Blo w (1969) ; middl e 
and uppe r Miocen e Europea n stage s base d o n Cit a 
& Blo w (1969) . 

planktonic foraminiferal zones; thus the 
lower / stage is now equated with the lower 
Langhian of Clarke & Blow ( 1 9 6 9 ) or upper 
Langhian-lower Serravallian of Cita & Blow 
( 1 9 6 9 ) and Berggren ( 1 9 7 1 ) , and both the 
Aquitanian and Burdigalian are now re­
garded as being equivalent to the upper e 
stage. 

The palaeontological studies since 1 9 6 5 
(Table 3 ( b ) ) , therefore, suggest some 
important changes to the earlier stratigraphic 
correlations (Table 3 ( a ) ) between the 
European stages and the East Indies letter 
stages. The lower / stage is equated with the 
Burdigalian in Table 3 ( a ) , but with the 
Langhian-Serravallian interval in Table 
3 ( b ) . With reference to the Geological 
Society of London time scale (Funnell, 
1 9 6 4 ) , the earlier correlations shown in 
Table 3 ( a ) suggest an isotopic age of about 
1 8 to 2 5 m.y. for the lower / stage, whereas 
the more recent correlation shown in Table 
3 (b) implies an age of 1 4 to 1 8 m.y. (Blow, 
1 9 6 9 , fig. 2 0 ) . It is clear that the limits of 
the lower / stage of about 12 .5 and 1 5 m.y. 
suggested from the New Guinea data are 
considerably younger than expected on the 
basis of the presently accepted physical time 
scale. During the compilation of the Geo­

logical Society of London time scale, rela­
tively few physical age measurements were 
available on rocks in marine Tertiary 
sequences. Much reliance was placed on 
correlations of the terrestrial sequences of 
North America with worldwide marine 
sequences. These terrestrial sediments con­
tain excellent mammalian faunas, which 
have been well dated by Evernden, Savage, 
Curtis, & James ( 1 9 6 4 ) using interbedded 
lavas and tuffs. In view of the difficulties of 
correlating terrestrial and marine sequences, 
a review of the data presently available is 
necessary to determine whether the New 
Guinea results are consistent. 

3.5 ISOTOPIC CORRELATIONS OF SOME 
TERTIARY STAGES 

In this summary of the published and 
unpublished data, an attempt is made to 
convoke the age determinations on rocks 
which have good stratigraphic control. The 
relevant isotopically dated Miocene stages 
are placed against a linear scale in Figure 
1 1 and the dates themselves are listed in 
Table 4 . At first, only those ages that are 
related to marine sequences are considered. 
It is shown later that, if the accepted con­
tinental-marine corelations (Evernden et al., 
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TABLE 4 . K-A r AGE S R E L E V A N T T O TH E MIOCEN E TIM E SCAL E 

Isotopic Stratigraphic 
age (m position Material dated Reference Locality 

4.9 ± 0.4 Miocene-Plio cene 
boundary 

Whole rock , 
biotite, hornblend e 

Gill &  McDougall , 
1973 

Fiji 

6 — 7 Miocene-Pliocene Biotite Chariot e t al. , 196 7 Morocco 
boundary 

Chariot e t al. , 196 7 

9.5 Upper Miocen e Glauconite Evernden e t al. , 196 1 Kadenberge, German y 
9.8 — 11.7 Clarendonian Sanidine, whol e Evernden e t al. , 196 4 California 

rock 
Evernden e t al. , 196 4 

9.3 — 11.3 Upper /  ( / 3 ) stag e Hornblende, Rodda e t al. , 196 7 Fiji Upper /  ( / 3 ) stag e 
biotite, feldspa r 

11.4 ± 0 . 6 Mohnian Glass Dymond, 196 6 Experimental Mohole , 
Guadalupe sit e 

12.3 ± 0.4 Lower Luisia n Glass Dymond, 196 6 Experimental Mohole , 
Guadalupe sit e 

13.0 ± 0.1 Waiauan t o lowe r Whole rock , McDougall &  Coombs, Dunedin Volcanics , 
Tongaporutuan anorthoclase 1973 New Zealan d 

13.7 — 14.5 Relizian-Luisian 
boundary 

Plagioclase Turner, 197 0 California, Oregon , 
Washington 

15.3 S aucesian-Relizian 
boundary 

Plagioclase Turner, 197 0 California, Oregon , 
Washington 

12.3 — 15.6 Barstovian Whole jock , Evernden e t al. , 196 4 California 
biotite, sanidin e 

Evernden e t al. , 196 4 

12.5 — 15 Lower /  (fi-%) 
stage 

Whole rock , 
mineral 

Page, thi s Bulleti n New Guine a highland s 

15.4 ± 1.0 Hutchinsonian Glauconite Funnell, 1964—afte r 
Lipson, 1956 , 195 8 

South Island , Ne w 
Zealand 

15.3 — 15.9 Upper Burdigalia n Whole roc k McDougall &  Roch e 
(unpublished) 

Upper flow , Gergovie , 
France 

15.2 ± 0.5 Altonian Whole roc k Stipp, 196 8 Northland, Ne w 
Zealand 

16.1 ± 0.3 Otaian t o Altonia n Whole roc k Stipp, 196 8 Northland, Ne w 
Zealand 

16.0 ± 1.0 Upper Burdigalia n Whole roc k Bout e t al. , 196 6 Upper flow,  Gergovie , 
France 

16.2 Upper Burdigalia n Whole roc k McDougall &  Roch e 
(unpublished) 

Cotes d e Clermont , 
France 

"17,1 ' Hemingfordian Biotite • Evernden e t al. , 196 4 California 

19.4 ± 1.2 Waitakian Glauconite Funnell, 1964—afte r 
Lipson, 1956 , 195 8 

South Island , Ne w 
Zealand 

18.0 ± 1.0 Upper Stampia n 
to Aquitania n 

Whole roc k Bout e t al. , 196 6 Gergovie Dyke , 
France 

18.6 — 19.9 Upper Stampia n 
to Aquitania n 

Whole roc k McDougall &  Roch e 
(unpublished) 

Gergovie Dyke , 
France 

21.4 ± 0.3 Janjukian-Long-
fordian boundar y 

Whole roc k Abele &  Page , 197 4 Maude, Victoria , 
Australia 

21.3 — 25.6 Arikareean Whole rock , 
feldspar, biotit e 

Evernden e t al. , 196 4 California 

22.5 Zemorrian-Sauce-
sian boundar y 

Plagioclase Turner, 197 0 California coas t 

23.1 ± 0.7 Upper Zemorria n Plagioclase Turner, 197 0 California 

23.3 Oligocene-Miocene 
boundary 

Glassy shard s Selli &  Tongiorgi , 
1967 

Bologna, Ital y 

26.5 ± 0.5 Lower t o middl e 
Janjukian 

Whole roc k Abele &  Page , 197 4 Airey's Inlet , Victoria , 
Australia 
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1964, fig. 1) are adopted, the recent reliable 
isotopic dates from marine sequences would 
be incompatible with the physical time scale 
based on fossil mammals in western North 
America. 

3.51 Europe 
Direct age measurements from European 

marine stages are few, and most of the dates 
reviewed here were not available to von 
Koenigswald (1962) or to Funnell (1964), 
both of whom earlier summarized physical 
dates in the European Tertiary. 

The Oligocene-Miocene boundary age 
determination of 23.3 m.y. in Bologna, Italy 
(Selli & Tongiorgi, 1967) is based on the 
K-Ar dating of glassy material in a volcanic 
ash interbedded with marl. 

Stratigraphically controlled lower Miocene 
dykes and flows in Gergovie, France, have 
been dated by Bout, Frechen, & Lippolt 
(1966) and McDougall & Roche (unpub­
lished). Michel (1953) suggested an Aqui­
tanian age for the dykes, which intrude 
Stampian limestone, but according to 
Glangeaud (1957) their age is upper 
Stampian. Bout et al. (1966) determined an 
age of 18 ± 1 m.y. for the Gergovie Dyke. 
This is close to several concordant dates 
which have a mean of 19.5 m.y. (McDougall 
& Roche, unpublished). These age deter­
minations may be applied to either Michel's 
(1953) or Glangeaud's (1957) interpreta­
tions of the stratigraphic age of the dykes. 

Isotopic dating of an upper Burdigalian 
flow at Gergovie (upper flow) and another 
at Cotes de Clermont by Bout et al. (1966) 
and McDougall & Roche (unpublished) 
gave concordant ages of 15 to 16 m.y. These 
dates provide a minimum for the upper 
Burdigalian of France, and are consistent 
with the date of 19.5 m.y. for the strati­
graphically older Gergovie Dyke. 

Evernden, Curtis, Obradovich, & Kistler 
(1961) dated a glauconitic sandstone from 
a well near Kadenberge (25 km southwest 
of Stade), in West Germany, at 9.5 m.y. 
They regarded the date as being too young 
for the known upper Miocene stratigraphy 
'. . . when compared with dates for western 
USA'. From Figure 11 it is clear that 9.5 
m.y. is a reasonable estimate for the age of 

the upper Miocene. A stratigraphically con­
trolled age estimate for the Miocene-Plio­
cene boundary in Morocco is given as 6 to 
7 m.y. by Chariot, Choubert, Faure-Muret, 
Hottinger, Marcais, & Tisserant (1967). 

A few previously documented European 
dates are omitted from Table 4. They 
include a glauconite date of 25 m.y. from 
the 'Burdigalian' of the Vienna Basin, 
Austria (Evernden et al., 1961); the doubt­
ful reliability of this estimate is discussed in 
detail by Lipps (1967) and Turner (1970). 
Another age estimate, that of Lippolt, Gent-
ner, & Wimmenauer (1963) for the Burdi-
galian/Helvetian boundary as 17 m.y. in the 
Kaiserstuhl area of Germany, may be in 
accord with a 25 m.y. age for the base of the 
Burdigalian Stage, but this is too old when 
compared with more recent age data from 
elsewhere; the discrepancy may be partly 
because of some difficulties in correlating 
the Kaiserstuhl sequence, which has a verte­
brate fauna, with the marine stages, but in 
addition, as pointed out by the authors them­
selves, there are discordances between their 
K-Ar data and the field evidence. 

3.52 New Zealand 
Two K-Ar glauconite dates and three 

whole-rock dates from the marine Miocene 
of New Zealand are included in Table 4. 
Using more recent decay constants, Funnell 
(1964) recalculated the glauconite data of 
Lipson (1956, 1958) giving ages of 19.4 
m.y. for a sample within the Waitakian 
Stage and 15.4 m.y. for a sample within the 
Hutchinsonian Stage. Funnell considered the 
15.4 m.y. date for the Hutchinsonian as 
being too young because this stage was at 
that time regarded as lowermost Miocene; 
when compared with other lower Miocene 
dates then available, 15.4 m.y. was clearly 
discrepant. More recently, however, the 
Hutchsinsonian Stage has been regarded as 
late lower Miocene (Jenkins, 1966; Horni-
brook, 1968), and an age of 15.4 m.y. is in 
reasonable agreement with late early Mio­
cene ages obtained in marine successions 
elsewhere (cf. Fig. 11). Stipp (1968) 
obtained a minimum whole-rock age of 16.1 
m.y. for rocks within the Otaian-Altonian 
interval. 
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M ( S ) 3 6 0 

Fig . 1 1 . Correlatio n o f M i o c e n e stage s base d o n K - A r ages . (Earlie r correlation s betwee n th e marin e 
ages o f Europ e an d th e m a m m a l age s o f th e wester n U S A ar e indicate d b y patter n symbols . ) 

Each of the whole-rock and glauconite 
dates is based on a single age measurement. 
Therefore, until further physical dating of 
the New Zealand Miocene is undertaken, 
they must be regarded as tentative. Their 
questionable validity is highlighted by refer­
ence to two other glauconite dates (Lipson, 
1956, 1958) of 21.1 ± 1.5 m.y. in the 
Waiauan (middle Miocene) and 22.0 ± 
1.5 m.y. in the Duntroonian-Whaingaroan 
(lower to middle Oligocene); they have 
been recalculated (Funnell, 1964) as 19.9 
m.y. and 20.8 m.y. respectively. Both dates 
are anomalous whether compared with the 
time scale based on fossil mammmals (Fun­
nell, 1964) or that based on dated marine 
sequences. 

Concordant dates of 13.0 m.y. have been 
obtained for stratigraphically controlled late 
Lillburnian to Waiauan (or possibly early 
Tongaporutuan) lavas of the Initial Eruptive 
Phase of the Dunedin Volcanics (McDougall 
& Coombs, 1973). Hornibrook (in Fleming, 

1959, p. 429) points out that the New 
Zealand Waiauan Stage can be correlated 
with the East Indies upper / stage, and 
Jenkins (1966) and Hornibrook (1968) 
suggest that the Lillburnian-Waiauan inter­
val is equivalent to the latter half of the 
middle Miocene. The 13 m.y. result thus 
provides a confident date for this part of the 
New Zealand Miocene. 

3.53 Fiji 
A limited amount of data relevant to the 

Miocene time scale is available from Fiji 
(Rodda, Snelling, & Rex, 1967). Tonalites 
of the Tholo Suite (which are dated between 
9.3 and 11.3 m.y.) are overlain by probable 
upper / to early g-stage (middle to upper 
Miocene) sediments. This suggests a maxi­
mum age of 9 to 11 m.y. for the upper / 
stage in Fiji. 

A recent estimate of 4.9 ± 0.4 m.y. for 
the Miocene-Pliocene boundary in Fiji (Gill 
& McDougall, 1973) provides an additional 
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data point on the physical time scale (Fig. 
11) in this region of the world. 

3.54 Pacific  Coast,  USA 
Dating by Turner (1970) has provided a 

good check for the physical age of the 
Pacific Coast foraminiferal stages (Fig. 11). 
The isotopic ages for these Miocene stage 
boundaries are: Zemorrian-Saucesian, 22.5 
m.y.; Saucesian-Relizian, 15.3 m.y.; Reli-
zian-Luisian, 13.7 to 14.5 m.y.; and Luisian-
Mohnian, less than 13 m.y. A tentative age 
of between 11.4 and 12.3 m.y. was given by 
Dymond (1966) for the Luisian-Mohnian 
boundary from his dating of glass shards. 
Berggren (1969b) has summarized Turner's 
(1970) dating, and has interpreted the 
physical ages in terms of the established 
planktonic foraminiferal zones. Using mag­
netic stratigraphy methods, Hays, Saito, 
Opdyke, & Burckle (1969) have given esti­
mates for the ages of fossil zones in deep-sea 
cores from the equatorial Pacific. By extra­
polation they conclude that the Miocene-
Pliocene boundary in Italy has an age 
slightly greater than 4.5 m.y. Berggren 
(1969b) assigns an age of 5.5 m.y. to this 
boundary. 

3.55 Victoria,  Australia 
Recent K-Ar dating in Victoria (Abele & 

Page, 1974) was undertaken specifically to 
gain further control on the dating of strati­
graphic intervals in the lower Miocene and 
upper Oligocene. Concordant K-Ar ages 
were obtained for basalts which are strati­
graphically controlled by planktonic fora­
minifera. A mean age of 21.4 ± 0.3 m.y. is 
reported for a basalt flow lying near the 
boundary of 'faunal unit 5' and 'faunal unit 
6' of Carter (1964). Locally, this is the 
Janjukian-Longfordian Stage boundary, 
which is thought to correspond to the lower­
most lower Miocene. Another age of 26.5 to 
27 m.y. is reported for a basalt flow of early 
to mid-Janjukian (mid-Oligocene) age. 

3.56 Implications  for  East  Indies  letter  stage 
time scale 

The correlations explicit in Figure 11 are 
based only on K-Ar ages for rocks which 
occur where there is good stratigraphic con­
trol. These ages and the rejection of earlier, 

poorly controlled ages suggest several 
revisions of the age boundaries of these 
marine stages. 

In Figure 11 the relationship between the 
upper / stage dated in Fiji (Rodda et a l , 
1967) and the lower / stage dated in New 
Guinea implies that the lower //upper / 
stage boundary is about 11.5 to 12.5 m.y. 
old. Figure 11 also shows that the lower / 
stage of New Guinea is equivalent to the 
Langhian-lower Serravallian interval of 
Europe, hence substantiating the recent 
stratigraphic correlations summarized in 
Table 3(b) . The dated boundaries in Europe 
and New Guinea imply that both the Burdi­
galian and Aquitanian stages are probably 
equivalent to the upper e  stage. 

The relationship between the European 
and Californian marine stages is in accord 
with the stratigraphic interpretations of 
Lipps (1967). These correlations are dis­
cussed in more detail by Berggren (1969b). 
The correlation of the Aquitanian with the 
Saucesian gives an estimate for the base of 
the Aquitanian of 22 to 23 m.y., which cor­
responds to the Oligocene-Miocene boun­
dary (cf. Selli & Tongiorgi, 1967). This 
agrees quite closely with the Victorian esti­
mate of about 21.4 m.y. (Abele & Page, 
1974). 

3.6 COMPARISONS OF THE PHYSICAL AGES 
OF CONTINENTAL AND MARINE 
SUCCESSIONS 

The range of dates obtained by Evernden 
et al. (1964) in the non-marine succession 
of western USA provides an internally con­
sistent time scale for the mammalian 
chronology (Fig. 11). They summarized the 
vertebrate palaeontologists' provisional cor­
relations of the land-mammal stages with the 
European and Pacific Coast marine stages. 
At that time little direct dating of the Euro­
pean marine stages had been done. Turner's 
(1970) dating of the Californian marine 
stages, and Lipp's (1967, 1968) correlations 
based on planktonic foraminifera and cal­
careous nannoplankton of the same stages 
with the European successions, permit more 
reliable age estimates to be assigned to the 
European stages. Berggren (1969b) pro­
posed revisions within the Miocene which 
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are based on the Californian stage dates 
obtained by Turner (1970). The dating of 
the lower / stage of New Guinea, and the 
new dates obtained for the European Aqui­
tanian and Burdigalian, confirm the recent 
correlations of worldwide marine stages 
(Clarke & Blow, 1969; Lipps, 1967) and 
substantiate the conclusions reached by 
Berggren (1969b, 1971) that the provisional 
correlations (cf. Evernden et al., 1964, fig. 
1) of the non-marine mammalian stages with 
the European stages are discordant with the 
isotopic age data. The discordances are 
illustrated in Figure 11 by the pattern sym­
bols, which represent the earlier stratigraphic 
correlations. The western USA mammal 
'ages' are older than their supposed Euro­
pean correlatives: the base of the Aquitanian 

'equivalent' (just below the Arikareean 
base) is 4.5 m.y. older in the mammalian 
chronology, and the Burdigalian 'equivalent' 
is about 7 m.y. older. 

3.7 SUGGESTED EAST INDIES MIOCENE TIME 
SCALE 

From the literature reviewed and the 
dating carried out on the Tertiary volcanics 
in New Guinea, a time scale is postulated 
for the relevant East Indies letter stages 
(Fig. 11). The limits of the upper e  stage 
are thought to range from 2 2 S m.y. to 15 
m.y.; the lower / stage, 15 m.y. to 12.5 m.y.; 
the upper / stage, 12.5 m.y. to 9 m.y.; and 
the g stage, 9 m.y. to the top of the Miocene, 
about 5.5 m.y. 

4. LAT E PALAEOZOI C T O MESOZOIC PLUTONIC ACTIVIT Y 
4.1 INTRODUCTION 

K-Ar mineral and whole-rock ages and a 
smaller number of Rb-Sr ages have been 
measured on all the major intrusive bodies 
and some metamorphic rocks in part of the 
Main Cordillera of New Guinea (Plate 1). 
This section deals with the late Palaeozoic 
to Mesozoic plutonic activity, which occur­
red before or in the early stages of the 
development of the Papuan Geosyncline. In 
general the Tertiary plutons (see section 5) 
lie on the northeast (Pacific Ocean) side of 
the pre-Tertiary intrusive masses, but there 
is some overlapping of the younger onto the 
older intrusions. 

The isotopic age data related to the 
Palaeozoic-Mesozoic history indicate periods 
of granitic intrusions in the Late Permian, 
the Late Triassic to Early Jurassic, and the 
mid-Cretaceous. The largest exposed area is 
the Kubor massif in the Kubor Range. The 
other Mesozoic plutonic rocks (the Strick­
land Granite, the Urabagga intrusives, the in­
trusives into the Bena Bena Formation, and 
the Mount Victor Granodiorite) crop out 
over a limited area, as they are covered by 
the younger sedimentary sequences. 
4.2 KUBOR RANGE PLUTONIC ROCKS 

The oldest-known rocks in Papua New 
Guinea, the Omung Metamorphics and 

Kubor Granodiorite, occupy the core of the 
Kubor Anticline, which is over 120 km long 
and 50 km across (Fig. 12). It was first 
mapped by Rickwood (1955), who believed 
that the granitic and metamorphic rocks in 
the core are unconformably overlain by an 
incomplete marine succession of Permian, 
Upper Jurassic, Cretaceous, Eocene, Oligo­
cene, and Miocene sediments, with a maxi­
mum thickness exceeding 10 000 m. The 
region was folded in the Late Tertiary. 
Recent workers in the area (Bain et al., 
in press) confirmed the general structure as 
outlined by Rickwood (1955), and also 
mapped possible Triassic volcanics as part 
of the anticlinal sequence; Bain et al, how­
ever, believe that the Mesozoic-Cainozoic 
sediments have a maximum thickness of 
6300 m. 

The stratigraphic age of the Kubor 
Granodiorite is a matter of some debate. 
The Kubor batholith intrudes unfossiliferous 
low-grade metamorphosed sediments and 
volcanics of the Omung Metamorphics of 
unknown age. In several areas in the western 
and northeastern parts of the anticline, the 
granodiorite and metamorphics are uncon­
formably overlain by the Kuta Formation 
(calcareous arkoses grading upwards into 
limestone), which is the lowest unit of the 
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Kubor Anticline succession. The age of the 
Kuta Formation thus provides an upper 
limit to the age of the Kubor Granodiorite. 
A Permian age for the foraminifera of the 
Kuta Formation was determined by Glaess­
ner, Llewellyn, & Stanley (1950), and the 
Kubor Granodiorite has since been regarded 
as pre-Permian in age. However, the recent 
mapping and palaeontological examination 
of brachiopods from the Kuta Formation 
(K.S.W. Campbell, pers. comm.) have led 
to a review and possibly a slight modifica­
tion of the age (Bain et al., in press). The 
brachiopods have affinities to both Permian 
and Triassic types and their age is con­
sidered to be close to that of the Permian-
Triassic boundary. A full discussion is given 

by Bain et al., who conclude that the Kuta 
Formation may have rather broader age 
limits from Late Permian to Late Triassic. 

The Kubor Granodiorite was sampled in 
areas only where it intrudes the Omung 
Metamorphics, which are briefly discussed 
before proceeding to the Kubor Granodiorite 
data. 

4 . 2 1 Omung  Metamorphics 
Rickwood (1955) believed that these 

rocks represent the oldest sediments in 
Papua New Guinea, and McMillan & 
Malone (1960) subsequently correlated 
them with the metamorphics near Goroka. 
Fossils have never been found in the Omung 
Metamorphics, and, apart from a knowledge 
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of the general rock types which Rickwood 
(1955) describes as 'mainly highly folded 
argillaceous rocks', no detailed mapping has 
yet been done. A minimum age estimate for 
the Omung Metamorphics is given by the 
age of the intrusive Kubor Granodiorite and 
the overlying Permian to Triassic Kuta For­
mation. 

All the sediments and volcanics of the 
Omung Metamorphics have been regionally 
metamorphosed to greenschist facies, but this 
material was not dated. The intrusion of 

granodiorite into the Omung Metamorphics 
has produced hornfels zones from a few tens 
to several hundred metres wide (Bain et al., 
in press). A number of clusthered samples of 
the hornfelses (only two of which were 
suitable for dating) were collected within a 
few metres of the granodiorite contact in 
the Maril River area northwest of Gumine 
(Fig. 12). The two samples that were dated 
are thoroughly recrystallized pelitic horn­
felses and consist of a granoblastic aggregate 
of quartz, muscovite, plagioclase, graphite, 
and minor andalusite. Hence their ages 
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should relate to the time of the Kubor 
Granodiorite emplacement. 

The K-Ar ages (Table 5) of two mus­
covite separates (5875 and 5876) from the 
hornfelsed Omung Metamorphics are in 
broad agreement at 211 ± 3 m.y. and 217 
± 4 m.y. The potassium values differ by 13 
percent, and hence the age concordancy 
probably gives a reliable indication of the 
time when radiogenic argon began to be 
retained in the hornfelses following the 
emplacement of the Kubor Granodiorite. 

The two muscovites and their correspond­
ing whole rocks were also analysed by the 
Rb-Sr method. A plot of the data (Table 7 
and Fig. 13) gives a Model III isochron 
(MSWD = 61.10) with an age of 244 ± 
63 m.y. and initial S r 8 7 / S r 8 6 ratio of 0.714 
dt 0.012. The large uncertainties in the age 
and initial ratio are due to the small number 
of data points and (evidently) to the in-
homogeneous initial S r 8 7 / S r 8 6 ratios. It is 
possible to obtain two parallel isochrons: 
one by joining the 5875 muscovite and 
whole-rock points, the other by joining the 
5876 muscovite and whole-rock points. The 
apparent initial ratios would then be 0.714 
and 0.711, and the parallel isochron ages 
would become slightly older at 263 and 253 
m.y. respectively. 

Apart from indicating a late Palaeozoic to 
early Mesozoic event, these results do not 
permit a more precise age estimate for the 
time of the contact metamorphism. The 
results are discussed later in the light of the 
stratigraphic evidence and the isotopic data 
for the age of the Kubor Granodiorite. 

4.22 Kubor  Granodiorite 
In mapping the Kubor Granodiorite, Bain 

et al. (in press) have shown that there are 
three main areas of outcrop, in which there 
are over 20 separate exposed masses that 
extend a total distance of 80 km from north­
west to southeast (Fig. 12). Granodiorite 
and tonalite are the dominant rock types, 
but gabbro, diorite, adamellite, and dykes 
of pegmatite and aplite are present in places. 
The granodioritic rocks contain quartz, 
zoned oligoclase to andesine, perthitic alkali 
feldspar (orthoclase ± microcline), green 
hornblende, dark brown biotite, and acces­

sory sphene, zircon, and apatite. Nearly all 
the samples collected show slight alteration 
or weathering, or both, producing sericitiza-
tion of the feldspars and, in some, chloritiza-
tion of biotite and hornblende. The last two 
minerals (when fresh) were separated from 
the granodiorites, and muscovite was separ­
ated from the pegmatites. They were used 
for the K-Ar dating study, and some of 
them, together with several aplite whole 
rocks, were subsequently used in the Rb-Sr 
analyses. 

Granodiorite K-Ar  ages.  The K-Ar mineral 
ages for the Kubor Granodiorite are listed 
in Table 5, and the localities of the dated 
samples are plotted on the simplified geo­
logical map (Fig. 12). The hornblende and 
biotite ages range from 217 to 242 m.y., and 
the age histograms for both minerals (Fig. 
14) have a strong peak between 220 and 
225 m.y. The dates, which are internally 
concordant for each of the nine biotite-horn-
blende pairs, would normally be taken as 
strong evidence for the time of emplacement 
of the intrusion, with the 25 m.y. spread in 
the ages indicating a rather complex intru­
sive history. However, there is no geological 
evidence to support this, nor are the older 
dates restricted to any particular area. 

K-Ar data for one plagioclase and two 
potash feldspar separates are also given in 
Table 5. One of the potash feldspar results 
(5809, 233 m.y.) agrees to within experi­
mental error with the hornblende and bio­
tite ages from the same rock, but 5809 
plagioclase is clearly discrepant at 142 m.y. 
and must have lost some radiogenic argon. 
The anomalously young age of 170 m.y. for 
5801 potash feldspar is probably the result 
of loss of argon, the diffusion of which may 
have been aided by the strongly perthitic 
nature of this sample. In reviewing the 
literature of diffusion of argon, Mussett 
(1969) concluded that lattice imperfections 
are the prime cause of argon escape in feld­
spars, but that the degree of perthitization 
(involving lattice imperfection) may or may 
not be related to the degree of argon loss. 
Both 5809 (233 m.y.) and 5801 (170 m.y.) 
potash feldspar are perthitic in the thin sec­
tions examined, and hence in these examples 
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T A B L E 5 . K-A r A G E S F O R T H E K U B O R R A N G E P L U T O N I C R O C K S 

No. Sample K % 

*Ar*<> 
x 10—cm3 

NTP/g 
*Ar4Q 

% 
Calculated 
age (m.y.) 

Omung Metamorphics hornfelses 

5875 Muscovi t e 

5876 Muscovi t e 

Kubor Granodiorite 

5458 Biotit e 

Hornblende 

5466 Biotit e 

Hornblende 

5801 Biotit e 

Hornblende 

Potash 
feldspar 

5802 Hornblend e 

5805 Biotit e 

Hornblende 

5807 Biotit e 

Hornblende 

5808 Biotit e 

Hornblende 

5809 Biotit e 

Hornblende 

Potash 
feldspar 

Plagioclase 

5811 Biotit e 

Hornblende 

5813 Biotit e 

Hornblende 

5 8 1 4 Biotit e 

5817 Hornblend e 

6026 Biotit e 

7 .425 
7 . 4 3 0 
8 .396 
8 .328 

4 .571 
4 . 6 0 4 
0 .462 
0 .465 
6 .898 
6 .866 
0 .400 
0 .400 
5 .318 
5.267 
0 .496 
0 .497 

11 .589 
11 .690 
0 .658 
0 .658 
6 .267 
6 .264 
0 .495 
0 .490 
6 .722 
6 .676 
0 .637 
0 .628 
5 .330 
5 .351 
0 .492 
0 .496 
5 .726 
5 .769 
0 . 6 3 4 
0 .628 

10.906 
10 .992 

1.118 
1.126 
4 . 6 9 0 
4 . 6 6 4 
0 .522 
0 .527 
6.417 
6 .439 
0 .613 
0 .609 
6.241 
6 .280 
0 .277 
0 .279 
6 .486 
6.446 

7.428 

8.362 

4.588 

0 .464 

6 .882 

0.400 

5.293 

0.497 

11.640 

0.658 

6.266 

0.493 

6.699 

0.633 

5.342 

0 .494 

5.748 

0.631 

10.949 

1.122 

4.677 

0.525 

6.428 

0.611 

6.261 

0.278 

6.466 

66 .119 

76 .811 

42 .173 

4.358 

65 .635 

3.775 

50.317 

4.687 

82 .600 

6.132 

58 .794 

4 .720 

62.751 

5 .944 

53.305 

5.056 

59 .167 

6.365 

108.111 

6.597 

43 .479 

4.867 

59.667 

5.976 

59 .464 

2.556 

65.433 

95.8 

96 .6 

96.9 

89.7 

96 .4 

88.1 

96.6 

86.7 

98.7 

82.2 

96 .4 

91.8 

97 .9 

93 .4 

96 .2 

75 .0 

97.1 

83 .4 

99 .4 

73.3 

95 .4 

78 .7 

98 .2 

94 .0 

97.9 

41 .3 

97.7 

211 ±  3 

217 ±  4 

217 ±  4 

222 ± 4 

225 z t 4 

223 ±  4 

224 r ± 6 

223 ±  6 

170 ± 4 

2 2 0 ±  6 

222 ±  6 

2 2 6 ± 6 

221 ±  6 

222 = t 6 

235 ±  6 

241 ±  6 

242 ±  6 

237 ±  9 

233 ±  9 

142 ±  4 

220 ±  6 

219 ±  9 

219 ± 9 

230 ± 9 

224 ± 6 

217 ±  1 1 

238 ±  4 
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T A B L E 5 . K-A r A G E S F O R T H E K U B O R R A N G E P L U T O N I C R O C K S — ( c o n t . ) 

Kubor Granodiorite pegmatites 

5843 Muscovit e 

5844 

8.612 

Muscovite 8  51 3 } 

5845 Muscovit e j 

5846 Muscovit e j j ' j ^ \ 

5847 Muscovit e | ^ | 

5848 Muscovit e j 

5849 Muscovit e j 

5 8 5 0 Muscovit e 8.43 5 ) 
8.487 J 

8.633 80 .322 97.0 220 ± 9 

8.562 80.841 90.6 223 ± 9 

8.667 80 .582 97.7 220 ± 9 

8.525 81.398 94.3 225 ± 9 

8.497 79.125 97.8 220 ± 9 

8.537 85.795 91.7 236 ± 9 

8.421 79 .104 89.7 222 ± 9 

8.461 80.448 90.7 224 ± 9 

there is no direct correlation between degree 
of perthitization and percentage argon loss. 

All the biotite and hornblende data for 
the Kubor Granodiorite were plotted on 
initial argon and isochron-type diagrams to 
see if any further information could be 
obtained. These graphical techniques will 
give the same ages as the normal K-Ar age 
calculations if the conventional assumptions 
(see Appendix 1) used to make the latter 
are valid for the particular set of data. If 
these assumptions do not hold, the graphical 
plot may result in a different pooled age, 
and may also give information on such 
values as the extraneous argon concentration 
and the initial A r 4 0 / A r 3 6 ratio. 

Data from 11 of the biotites of the Kubor 
Granodiorites are plotted on an initial argon 
diagram (Fig. 15) and isochron diagram 
(Fig. 16). Results of each regression analy­
sis are given in the respective graphical plots, 
with the errors quoted at the 95 percent 
confidence level. The initial argon plot gives 
a pooled age of 223 ± 20 m.y. (MSWD = 
5.01); the intercept of the y axis is not 
statistically distinguishable from zero, and 
the pooled age is thus in agreement with the 
ages given by the conventional calculations. 
The argon isochron plot (Fig. 16) gives an 
age of 222 ± 10 m.y., with an initial A r 4 0 / 
A r 3 6 ratio of 429 ± 387, which is indis­
tinguishable from that in atmospheric argon. 

The initial argon and argon isochron plots 
for the hornblende samples are shown in 

Figures 17 and 18, and all the graphical 
results are summarized in Table 6. Although 
the scatter of the data is outside experi­
mental error, the pooled ages of the biotite 
and hornblende data are concordant at 
about 230 m.y. The ages from the initial 
argon plots, although marginally higher, are 
not significantly different from those of the 
argon isochron plot. The scatter of the data 
points in both hornblende and biotite regres­
sions, as shown by the MSWD values greater 
than unity, may indicate various concentra­
tions or isotopic compositions of any initial 
argon, or it may be a result of differential 
losses of radiogenic argon or, indeed, a 
spread in age of the intrusion. These factors 
are considered at the end of this section. 

The rather low potassium contents of the 
Kubor biotites, especially 5458 and 5811, 
are indicative of their partly chloritized 
nature, and it is perhaps surprising that the 
points fall anywhere near an isochron which 
shows an age that is in perfect agreement 
with the pooled hornblende age. Although 
the two most chloritized biotite samples 
(5458 and 5811) do give the youngest, 
conventionally calculated K-Ar ages, neither 
the biotites nor the hornblendes in general 
show any correlation between age and 
degree of chloritization. This finding is in 
agreement with the laboratory investigations 
by Kulp & Bassett (1961) and Kulp & 
Engels (1963), who found that the A r 4 0 / 
K 4 0 ratio for biotite decreased by only 15 
percent after a reduction (due to exchange 
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T A B L E 6 . G R A P H I C A L L Y O B T A I N E D K-A r A G E S FO R M I N E R A L S F R O M T H E K U B O R 
G R A N O D I O R I T E 

Pooled age (m.y.) Pooled age (m.y.) 
from initial from argon 

Mineral argon plot isochron plot 

Biotite 223 ±  2 0 222 ±  1 0 
Hornblende 2 3 4 ±  1 4 226 ±  4 
Muscovite — 219 ±  7 

with calcium or magnesium) of 85 percent 
in the potassium content. 

Granodiorite Rb-Sr  ages.  Three of the 
Kubor Granodiorite biotites were analysed 
by the Rb-Sr method, and the analytical data 
and ages are given in Table 7. An initial 
S r 8 7 / S r 8 6 value of 0.704 (based on two 
whole-rock granodiorite unspiked S r 8 7 / S r 8 6 

measurements) was used to calculate the 
ages. (Further whole-rock Rb-Sr age studies 
were not warranted because of the uni­
formly low Rb/Sr ratios ranging from 
about 0.05 to 1.0.) 5805 biotite has a Rb-Sr 
age of 243 m.y., which is virtually indepen­
dent of choice of initial S r 8 7 / S r 8 6 . The age 
of 5808 is in close agreement with 5805, 
whereas the corresponding K-Ar dates are 
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Fig . 17 . Initia l argo n plo t fo r th e Kubo r horn - Fig . 18 . A r g o n isochro n fo r th e Kubo r horn -
blendes, blendes . 
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T A B L E 7 . Rb-S r D A T A FO R T H E K U B O R R A N G E P L U T O N I C A N D M E T A M O R P H I C ROCK S 

Rb-Sr K-Ar 
Rb Sr ** age age 

No. Sample (ppm) (ppm) Rb*VSr^ S r « / 5 > K ( i (m.y.) {m.y.) 

5875 Whole roc k 122.5 62.3 5.695 0.7345 
Muscovite 226.1 60.1 10.922 0.7538 211 

5876 Whole roc k 125.5 52.8 6 .886 0.7348 
Muscovite 282.5 36.2 22.693 0.7908 217 

Granodiorites 
5458 Biotite 196.5 29.6 19.276 0.7638 225 217 
5805 Biotite 355.8 6.5 167.608 1.2712 243 222 
5808 Biotite 245.2 19.5 36.778 0.8289 244 235 
2135 Whole roc k 3.9* 231 .4* 0 .7044 
2191 Whole roc k 11.2* 513 .6* 0 .7034 

Pegmatites 
5846 Muscovite 979.3 3.0 1401.319 5 .4764 244 225 
5848 Muscovite 1390.7 3.4 1973.157 7.3035 240 236 
5849 Muscovite 1152.9 3.5 1404.526 5.3999 240 222 

A plites 
B 5 5 / Whole roc k 50.3 59.2 2.450 0.7098 0.7068 
5 / 1 5 0 .7069 
2130 Whole roc k 87.9 152.7 1.662 0.7088 
2168 Whole roc k 6.6 67.5 0 .2818 0.7056 0 .7056 
5683 Whole roc k 34.1 37.7 2.755 0 .7134 0.7127 
5684 Whole roc k 8.3 107.6 2.183 0.7106 
5685 Whole roc k 93.8 65.1 4 .166 0.7158 0.7154 
5686 Whole roc k 123.2 286.8 1.241 0.7083 
5687 Whole roc k 99.6 47.9 6.011 0.7186 0 .7184 

* Approximat e X R F measuremen t 
** Measure d value , unspike d ru n 

significantly lower and are internally dis­
cordant. The sample with the lowest K-Ar 
age (5458) also has a lower Rb-Sr age than 
the others; it is quite chloritized, as indicated 
by the low potassium value of 4.6 percent. 
The differences between the K-Ar and Rb-
Sr ages may be partly related to uncertainties 
in the R b 8 7 decay constant; this problem is 
discussed later. 

Pegmatite K-Ar  ages.  Muscovite pegmatite 
dykes (0.3 to 4 m wide) intrude the eastern 
part of the Kubor Granodiorite within an 
area of 2 km 2 near the Maril River (Fig. 
12). The K-Ar age data of eight muscovite 
separates are given in Table 5 and are sum­
marized in the histogram (Fig. 14); their 
ages of 220 to 236 m.y. are close to the 
K-Ar ages determined on biotites and horn­
blendes from the granodiorite in other parts 
of the Kubor mass. 

An initial argon plot of the muscovite 
data is not particularly useful because there 
is very little spread in the potassium con­
tents. In an argon isochron plot (Fig. 19) 

the pooled age is 219 ± 7 m.y. and the 
indicated initial A r 4 0 / A r 3 6 is 401 ± 122. 
This age derived from the isochron is 
younger than the conventionally calculated 
ages because the A r 4 0 / A r 3 G intercept 
obtained in the plot is marginally higher 
than, but statistically indistinguishable from, 
that of atmospheric argon, 295.5. The 16 
m.y. total spread of the muscovite pegmatite 
ages, and the pooled age of 219 ± 7 m.y. 
obtained by the isochron method, present an 
analogous situation to that of the biotite and 
hornblende data for the granodiorites. 
Because of the concordancy of the biotite 
/hornblende-pair ages, it was reasonable to 
interpret the age spread (from 217 to 242 
m.y.) in terms of a complex intrusive his­
tory. The pegmatites, however, were col­
lected from one restricted area, and on 
geological grounds it is unlikely that em­
placement lasted for the 16 m.y. duration 
indicated by the data. It could be argued 
that the oldest age (236 m.y. for 5848) is 
the best minimum estimate for the date of 
emplacement, and that the younger dates are 
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Fig. 19 . Argo n isochro n fo r th e Kubo r muscovites . 

reflecting a subsequent geological event 
during which there was partial loss of radio­
genic argon from some of the muscovites. 
This would necessarily imply a similar 
explanation for the biotite and hornblende 
results. 

Pegmatite Rb-Sr  ages.  The Rb-Sr ages of 
three muscovites from the Maril River 
pegmatites (Table 7) are consistent at 240 
to 244 m.y. It will be remembered that Rb-
Sr ages of 243 and 244 m.y. were obtained 
for two biotite samples from the granodiorite 
(cf. Fig. 14) and that an age of 244 ± 63 
m.y. was obtained for the isochron regres­
sion of the hornfelses from the Omung 
Metamorphics. The consistency of the Rb-Sr 
ages provides strong evidence that this is the 
date of emplacement of the Kubor rocks. 
The Rb-Sr muscovite ages are clearly older 
than the discordant K-Ar ages measured on 
the same samples. This situation is again 

analogous to that found in the earlier com­
parison of the K-Ar and Rb-Sr biotite 
results. 

Aplite whole-rock  age  data.  That the history 
of intrusion of the Kubor Granodiorite may 
be even more complex is indicated by the 
Rb-Sr isochron results for several aplites. 
The aplites intrude the granodiorite in iso­
lated veins and dykes throughout the body. 
They have a medium-grained granular tex­
ture and contain quartz, plagioclase, and 
potash feldspar, with rare biotite, chlorite, 
and opaque minerals. The aplite data (Table 
7) are plotted on a Rb-Sr isochron (Fig. 20) 
and show considerable scatter about the 
straight line. The regression of seven data 
points (excluding B55/5/15) gives a Model 
II isochron (MSWD — 4.29) with an age 
of 177 ± 27 m.y. and an initial S r 8 7 / S r 8 f i 

ratio of 0.7051 ± 0.0007. The inclusion of 
B55/5/15 sharply increases the MSWD to 
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Fig . 20 . Rb-S r isochro n fo r th e Kubo r aplites . 

28.17 and a Model IV isochron (age 163 
± 76 m.y., initial ratio 0.705 ± 0.003) is 
obtained. For the Model II isochron, the 
scatter of results can be explained by either 
a complex aplite intrusive history or a sub­
sequent loss of radiogenic strontium. The 
aplites were collected from widely separated 
areas throughout the Kubor Granodiorite, 
and, since the whole region was folded in 
the latter part of the Tertiary, either of the 
two explanations for the aplite Rb-Sr scatter 
is reasonable. It is perhaps significant that 
the regression of five aplite data points 
(excluding 5687, 5685, and B55/5/15) 
gives a Model I fit with an age of 201 ± 
38 m.y. and initial S r 8 7 / S r 8 6 of 0.7047 ± 
0.0009. This means that the errors can be 
wholly ascribed to experimental uncertain­
ties, and that the five samples are probably 
cogenetic. The 201 ± 3 8 m.y. age is also 
not significantly different from either the 
K-Ar or Rb-Sr mineral ages for the grano­
diorites and pegmatites. The three points 
that do not fit the 201 m.y. isochron all give 
younger ages of 90, 170, and 180 m.y. 
(assuming the same initial S r 8 7 / S r 8 6 ) . 
Since selective updating of the whole rocks 

is unlikely, the younger ages could represent 
later pulses of aplite intrusion. 

The initial S r 8 7 / S r 8 6 ratio of 0.7051 ± 
0.0007 for the seven Kubor aplites is clearly 
controlled by the point 2168, which gave 
identical values for both spiked and unspiked 
runs (Table 7) . The present-day S r 8 7 / S r 8 6 

ratios were also measured for two of the 
granodiorites (2135 and 2191) with low 
Rb/Sr ratios (Table 7) and, with correc­
tions made for the small S r 8 7 enrichment, 
initial S r 8 7 / S r 8 6 ratios of 0.7042 and 
0.7032 were obtained. These values are 
lower than the graphically obtained value of 
0.7051 ± 0.0007 for the aplites, but, be­
cause of the previously mentioned uncer­
tainties surrounding the aplite data, it is not 
clear whether the initial S r 8 7 / S r 8 6 values 
are significantly different. 

4.23 Discussion  of  the  Kubor Granodiorite 
ages 

Table 8 summarizes all the age determina­
tions made on the Kubor Granodiorite and 
associated hornfelses of the Omung Meta­
morphics. If the dates are regarded as those 
of emplacement, all but the Rb-Sr mica ages 
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T A B L E 8 . S U M M A R Y O F T H E A G E S F O R T H E K U B O R R A N G E P L U T O N I C R O C K S 

Pooled or Pooled or 
average average 

K-Ar age Rb-Sr age 
Unit Sample (m.y.) (m.y.) 

Omung Metamorphic s Muscovite , 2 1 4 2 4 4 ± 63 
hornfelses whole roc k 

Kubor Granodiorit e Biotite 
Hornblende 
Potash feldspa r 

222 
226 
233 

± 1 0 
± 4 

244 

Pegmatites Muscovite 219 ± 7 242 
Aplites 7 whol e rock s 177 27 Aplites 

(5 whol e rocks ) (201 38) 

are inconsistent with (younger than) the 
stratigraphic control, which according to 
Rickwood (1955) determines that the 
granodiorites must be pre-Triassic (i.e. older 
than 235 m.y.). The stratigraphy of the 
area as outlined by Bain et al. (in press), 
however, allows more latitude and indicates 
that the Kubor Granodiorite may be as 
young as the Triassic; all the mineral ages 
would then be consistent with the strati­
graphic interpretation. 

From the internal concordance of the 
K-Ar biotite/hornblende-pair dates, and 
from the excellent agreement of the pooled 
K-Ar mineral data of 219 to 234 m.y., it 
would have been reasonable to conclude that 
this was the time of emplacement of the 
Kubor Granodiorite and, as noted above, 
this age would be consistent with the field 
evidence of Bain et al. (in press). However, 
the Rb-Sr mica ages of 244 m.y. and the 
Rb-Sr isochron age (244 m.y.) for the 
Omung Metamorphics suggest that there has 
been leakage of radiogenic argon from these 
rocks. The 244 m.y. Rb-Sr ages are believed 
to be the best estimates for the age of em­
placement of the Kubor Granodiorite and, 
if the Permian-Triassic boundary is taken as 
230 to 235 m.y. (Webb & McDougall, 
1967), this emplacement can be regarded as 
Late Permian. 

For the determination of the Rb-Sr dates, 
the R b 8 7 half-life of 5.0 x 1 0 1 0 yr ( A = 
1.39 x 1 0 - H y r - 1 ; Aldrich, Wetherill, Tilton, 
& Davis, 1956) was employed. The Rb-Sr 
ages are lowered by about 14 m.y. if the 4.7 
x 1 0 1 0 yr half-life ((A = 1.47 x 1 0 - H y r 1 ; 

Kulp & Engels, 1963) is used, thus bringing 
the Rb-Sr ages closer to the K-Ar results. 

From a comparison of K-Ar and Rb-Sr 
dates on undisturbed upper Palaeozoic 
granites in eastern Queensland, Webb 
(1967) concluded that the 1.47 x l O - H y r 1 

R b 8 7 decay constant was the more approp­
riate 'geological' constant. Although the 
1.47 x 1 0 _ 1 1 y r _ 1 value produces better con-
cordancy for the Kubor Granodiorite results 
by reducing the average Rb-Sr-versus-K-Ar 
age difference from about 9 percent to 3 
percent, other factors indicate updating of 
the K-Ar ages. This area has been folded 
since the granodiorite was emplaced, and 
any comparisons of the K-Ar and Rb-Sr 
ages would be biased towards accepting the 
shorter half-life of R b 8 7 because of the 
greater sensitivity of argon diffusion in re­
sponse to geological events. It is, therefore, 
not appropriate to argue for either R b 8 7 

half-life on the basis of the Kubor data, and 
the value of 5.0 x 1 0 1 0 yr currently em­
ployed in this laboratory is adhered to. 

The pooled biotite, hornblende, and mus­
covite K-Ar isochron ages are in the range 
219 to 226 m.y., but, on the basis of the 
older Rb-Sr ages, the K-Ar ages do not 
reflect the Kubor Granodiorite emplacement. 
The few older K-Ar dates (5808, 5809, and 
5848) of 235 to 242 m.y. are closer to the 
Rb-Sr mica ages of 244 m.y., but the general 
K-Ar age distribution tends to be smeared 
out either side of the 220 to 225 m.y. peak 
for the mineral separates (Fig. 14). The 
updated K-Ar age pattern may have occur­
red during one or more of the following 
events: 

(i) Late Tertiary folding, which resulted in 
the Kubor Anticline; 

(ii) Subsequent intrusion of the aplites; 
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(iii) Slow differential raising or lowering of 
the thermal gradients of the region, in 
such a manner as to delay cooling to 
below the threshold temperature for 
argon diffusion; 

(iv) Burial metamorphism below the Meso­
zoic geosynclinal sediments. 

The first explanation is realistic enough in 
terms of the observed geology, but one 
would perhaps expect to find far greater age 
discordance. Later aplite intrusion cannot be 
seriously considered for two reasons: firstly, 
the age derived from the Rb-Sr isochron 
for the aplites (Fig. 20) is somewhat ambi­
guous, and secondly, on the basis of field 
and laboratory argon retention studies 
(Hart, 1964; Hanson & Gast, 1967; Gerling, 
Leviskiy, & Morozova, 1963), the horn­
blendes from the updated granodiorites 
should have been more retentive than the 
biotites and, consequently, would have 
shown consistently older ages; this, however, 
is not so. 

For the third possible explanation, slow 
raising of the regional thermal gradients 
after the Rb-Sr clock had been set at 244 
m.y. would involve a delay of about 20 m.y. 
before temperatures were low enough for the 
radiogenic argon to be retained. For this 
model to be valid, the ages of the horn­
blendes would have to be older than those of 
the biotites. However, the K-Ar ages of each 
biotite-hornblende pair are indistinguishable 
at the 95 percent confidence level; this sug­
gests that uplift was relatively rapid. An­
other reason for assuming that uplift was 
rapid is that, after the Kubor Granodiorite 
was emplaced in the Late Permian (244 
m.y.), there was sufficient time for it and the 
Omung Metamorphics to be eroded before 
the Permian (Rickwood, 1955) or Permian/ 
Triassic (Bain et al., in press) Kuta Forma­
tion was deposited. If 244 m.y. is the age of 
emplacement and if the overlying Kuta 
Formation is Permian, then an interval of 
only a few million years is allowed for the 
ensuing processes of uplift, erosion, and 
deposition. The epeirogenic history of the 
Kubor region is far more complex than here 
suggested, as the mapping of Rickwood 
(1955) and Bain et al. (in press) shows; the 

entire Kubor Granodiorite is not unpon-
formably overlain by the Kuta Formation, 
but in places the time gaps, which are indi­
cated by unconformity, extend to the Upper 
Jurassic (Maril Shale) and even to the 
Lower Cretaceous (Kondaku Tuffs). 

The fourth and preferred alternative to 
explain the younger K-Ar dates of the bio­
tites, hornblendes, and muscovites invokes 
differential heating of parts of the grano­
diorite and Omung Metamorphics; this 
could have been caused by burial metamor­
phism beneath the Mesozoic sediments, 
which have a maximum thickness of 5500 m 
(Bain et al., in press) on the northern flank 
of the Kubor Range near Kundiawa but are 
thinner in the Kubor Range itself. Both 
Edwards & Glaessner (1953) and Rickwood 
(1955) recorded diagenetic minerals such 
as laumontite, chlorite, calcite, and zeolites 
from the lower Cretaceous Kondaku Tuff. 
These minerals are characteristic of low-
grade burial metamorphism and require 
temperatures of perhaps 200-300°C 
(Turner & Verhoogen, 1960) for their for­
mation. Such temperatures must have been 
present also in the underlying Kubor plu­
tonic rocks, and may have been sufficient to 
cause partial loss of radiogenic argon from 
the minerals without upsetting the Rb-Sr 
clock. Again the argument could be 
advanced that the hornblendes would be 
expected to have consistently higher ages 
than the biotites, as predicted from the con­
tact metamorphic studies of Hart (1964), 
who found that hornblende was markedly 
more retentive under these conditions. How­
ever, low-grade regional metamorphism as 
here invoked probably acts for a far longer 
time (for example, over 10 m.y.) than the 
effects of a high-level intrusion (less than 
2 m.y.), and the diffusion parameters of 
argon in hornblende and in biotite may not 
be significantly different over the longer 
period. This possibility was earlier raised by 
Kulp & Engels (1963) and Webb & 
McDougall (1968). The latter concluded a 
similar effect to explain the concordant K-Ar 
ages of their hornblende-biotite pairs, which 
they thought had probably lost argon be­
cause the ages were incompatible with inde-



4 0 

pendent Rb-Sr ages. In addition, they 
stressed, and these points are relevant to 
the present study, that care is needed in the 
interpretation of K-Ar ages, and that a better 
understanding of the geological history of a 
region can be given when the K-Ar method 
is used in conjunction with the Rb-Sr 
method. 

4 . 3 STRICKLAND GRANITE 
In the headwaters of the Strickland River 

in northwest Papua (Plate 1) there are a 
few small outcrops of stratigraphically con­
trolled Mesozoic granitic bodies. Oil com­
panies who have mapped in this area (APC, 
1 9 6 1 ) believe that this granitic basement 
also underlies much of the region to the 
west. This is evidenced in a number of 
places in the Jurassic sequence by gritty 
arkoses and granitic conglomerate debris up 
to 2 5 0 m thick (Osborne, 1 9 4 5 ) . 

In the Strickland Gorge the eroded sur­
face of the granite is unconformably over­
lain by a thin basal conglomerate and 
ammonite-bearing sandstone sequence (BP 
Petroleum Development Australia Pty Ltd, 
pers. comm., 1 9 7 0 ) , which is Early to Mid­
dle Jurassic in age. One specimen of biotite 
granodiorite from this locality has been 
dated by the K-Ar method; the result is 
given in Table 9 . The single boitite age of 
2 2 2 z b 4 m.y. must be regarded as a mini­
mum age of emplacement, and it is tempting 
to correlate this with the similar K-Ar biotite 
ages obtained for the Kubor Granodiorite. 
The overlying Mesozoic sediments are well 

over 2 0 0 0 m thick (Osborne, 1 9 4 5 ) , and it 
is therefore possible that the 2 2 2 m.y. K-Ar 
age has been updated as suggested for the 
Kubor Granodiorite K-Ar ages. It was 
pointed out earlier ( 2 . 3 ) that several oil-
exploratory boreholes have bottomed in 
granitic rocks elsewhere in western Papua. 
A biotite separate from granite recovered 
from the Aramia No. 1 well was dated (by 
the K-Ar method) by J. R. Richards (in 
Harding, 1 9 6 9 ) as 2 3 6 m.y., and it would 
not seem unreasonable to also provisionally 
correlate this occurrence with the Strickland 
River 'basement'. It is worth noting, how­
ever, that the granite outcrops farther south 
at Mabaduan (Plate 1 ) appear to be older 
at about 3 0 0 m.y. (Richards & Willmott, 
1 9 7 0 ) . 

4 . 4 URABAGGA INTRUSIVES 
The Urabagga intrusives is the informal 

name for a number of small granodiorite-
diorite bodies which range in size from 0 .5 
to 2 km across, and which have a restricted 
outcrop in the region west of Asaro (see 
Fig. 3 2 ) . McMillan & Malone ( 1 9 6 0 ) map­
ped these rocks as outliers of the 'Bismarck 
Granodiorite' (now referred to as the Bis­
marck Intrusive Complex) in the Goroka 
Formation. As mentioned earlier and dis­
cussed more fully in section 5 , the age of the 
Bismarck Intrusive Complex has been a 
matter of much debate (Rickwood, 1 9 5 5 ; 
McMillan & Malone, 1 9 6 0 ; Dow & Dekker, 
1 9 6 4 ) , but extensive isotopic dating (see 
5 . 3 3 ) now shows it to be no older than mid-

TAfcLE 9 . K-A r A G E S F O R T H E S T R I C K L A N D G R A N I T E , T H E U R A B A G G A I N T R U S I V E S , 
A N D T H E I N T R U S I V E S I N T O T H E B E N A B E N A F O R M A T I O N 

No. Sample K% 
xlCH] cm3 

NTP/g 
*Ar*<> Calculated 

age (m.y.) 

Strickland Granite 

5998 Biotit e 

Urabagga intrusives 

5897 Hornblend e 

5899 W h o l e roc k 

6.436 ) 
6 .476 C 

0 .125 ? 
0 .127 ] 
0 .224 \ 
0 .222 f 

Intrusives into the Bena Bena Formation 
7.742 ) 
7 .770 S 5836 Muscovi te 

6.456 

0 .126 

0.223 

7.756 

60 .806 

0.981 

1.271 
1.199 

7 .100 
7.167 

98.9 

60.3 

80.2 
77.1 

71 .9 
76 .5 

2 2 2 

186 ±  8 

138 
130 

22.8 ±  0. 9 
23 .0 ±  0 . 4 



T A B L E 10 . Rb-S r D A T A FO R T H E U R A B A G G A I N T R U S I V E S 

Rb Sr * 
No. Sample (ppm) (ppm) Rb»ySr»o Sr^/Sr™ 

5887 Whole roc k 140.3 3.7 112.440 1.0031 1.0010 
5888 Whole roc k 80.7 31.6 7.378 0.7362 0.7215 

0.7208 
5973 Whole roc k 12.1 30.3 1.148 0.7061 
5 9 7 4 Whole roc k 17.3 31.7 1.571 0.7063 
5975 Whole roc k 5.5 311.8 0.051 0.7041 
5976 Whole roc k 4.7 93.2 0.144 0.7038 
5977 Whole roc k 15.9 70.3 0.655 0.7046 

* Measure d value , unspike d ru n 

Miocene. The Miocene ages, however, are 
in conflict with McMillan & Malone's 
(1960) stratigraphic evidence for the age of 
the Bismarck Intrusive Complex, viz. at 
Urabagga Hill (2 km west of Asaro), where 
granitic rocks (Urabagga intrusives) are 
unconformably overlain by Oligocene e-stage 
limestone. These restricted Oligocene sedi­
ments provide the only unequivocal strati­
graphic control of any intrusive rocks in the 
region. The author sampled the granitic 
rocks underlying the Oligocene limestone at 
Urabagga Hill, but because of poor outcrop 
and deep weathering none was fresh enough 
for dating purposes. Another of the Ura­
bagga intrusive bodies, 4 km to the north­
west, provided several fresh samples ( Fig. 
32). This body intrudes low-grade meta­
morphics of the Goroka Formation (un­
known age, but Palaeozoic according to 
McMillan & Malone, 1960) and is overlain 
by e-stage limestone. It contains a variable 
suite of rocks ranging from diorite to chlori­
tized leucogranite, and is intruded by a 
number of dolerite and aplite dykes. 

A hornblende from one of the diorites, and 
the mean of two whole-rock dolerites, gave 
discordant K-Ar ages of 186 m.y. and 134 
m.y. respectively (Table 9) . Rb-Sr analyses 
(Table 10) on 7 whole-rock samples from 
the mass have indicated a Model III isochron 
age of 190± 3 m.y., and an initial S r s 7 / 
Sr s« ratio of 0.7029 ± 0.0009 (Fig. 21). 
The slope of the line is controlled by the 
very enriched aplite sample 5887, but a 
separate regression made without this data 
point also gives a Model III isochron with 
the age (176 ± 18 m.y.) and initial S r s 7 / 

S r S 6 (0.7033 ± 0.0008) identical to within 
experimental error. 

It would appear from the isotopic evidence 
that the Urabagga intrusives are not related 
to the Bismarck Intrusive Complex, but were 
emplaced between 180 and 190 m.y. ago 
in the Early Jurassic. The discordant K-Ar 
ages appear to have been updated by a 
subsequent event. The apparent age dis­
crepancy (alluded to above) with the 
stratigraphic control at Urabagga Hill is 
rationalized if the plutonic rocks underlying 
the e-stage limestone are regarded as the 
same age as the intrusion 4 km to the north­
west, here dated as Early Jurassic. 

4.5 GNEISSIC GRANITIC ROCKS INTRUDING 
THE BENA BENA FORMATION 

The Bena Bena Formation, east of 
Goroka, was first mapped by McMillan & 
Malone (1960), and was subsequently 
extended by Dow & Plane (1965). Pitt 
(1966) informally referred to the rocks as 
the 'Bismarck Metamorphics'. The formation 
consists of a variety of greenschist-facies 
metasediments (quartz-muscovite schist, 
green actinolite schist, and quartzite) 
occupying at least 600 km 2 in the Bismarck 
Ranges northwest of Kainantu. Dow & Plane 
(1965) suggested that the Bena Bena For­
mation might be correlated with the pre-
Permian Omung Metamorphics (discussed 
in 4.21), which occur 100 km to the west. 
However, both formations are unfossili-
ferous, and the only stratigraphic control is 
for the parts of the Bena Bena Formation 
that are unconformably overlain by the Ter­
tiary e-stage (lower Miocene) Nasananka 
Conglomerate (Dow & Plane, 1965). No 
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isotopic data have been obtained on the 
Bena Bena Formation. 

Two rather distinctive gneissic granite 
bodies which intrude the Bena Bena Forma­
tion were mapped by McMillan & Malone 
(1960) and Dow & Plane (1965) in the 
region of the Karmantina River (Fig. 22). 
McMillan & Malone (1960) stated that 
these bodies are texturally and composi-
tionally similar to other gneissic rocks which 
form small isolated outcrops elsewhere 
within the Bena Bena Formation. They 
interpreted these masses (the largest of 
which is 4 km across) as having intruded 
the Bena Bena Formation in the Palaeozoic 
and been subsequently affected in the 
regional metamorphism of the area. Dow & 
Plane (1965) regarded the gneissic granites 
as sills 'belonging to the Bismarck Grano­
diorite'; this, however, is a massive biotite-
hornblende granodiorite and is distinct from 
these gnessic rocks. I remapped the largest 
gneissic granite body in the Karmantina 
River, and collected a suite of rocks (Fig. 
22) for isotopic dating. The sampling was 
hampered by the weathered and crumbly 

nature of most outcrops, and some samples 
were collected as boulders from restricted 
stream drainages. 

Rb-Sr analyses were made on the gneissic 
granites and on one of the segregated biotite-
rich schlieren (5690) from the mass (Table 
11). The regression of the 13 gneissic 
granite whole-rock analyses indicates a large 
residual variance which cannot be attributed 
to experimental error. The geological scatter 
of points produces a Model IV isochron 
which has an age of 172 ± 27 m.y. and 
initial S r 8 V S r 8 6 of 0.712 ± 0.002 (Fig. 
23). Further regression results were ob­
tained using (i) only the eight samples 
collected in situ (173 ± 23 m.y.) and (ii) 
four samples collected close to each other 
(178 ± 40 m.y.). These regressions make 
little difference to the original isochron age 
of 172 ± 27 m.y. It does not seem unreason­
able to regard this as the age of emplace­
ment of the granitic body, which therefore 
provides a minimum estimate of Early 
Jurassic for the age of the Bena Bena 
Formation. Alternatively, the indicated 
Jurassic age may reflect a strong meta-
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Fig. 2 2 . Simplifie d geologica l map—Kainant u area . 

morphic event. The large uncertainties in 
age and initial S r 8 7 / S r s o are due to partial 
updating of some of the whole rocks and to 
incomplete isotopic homogenization. An­
other interpretation for the isochron plot 
would be a line passing through the sample 
points 5693 and 5697 and the four points 
near the origin; this would give an age, 
probably of emplacement, of about 220 m.y. 
(Early Triassic), and indicate that the re­
maining samples had been severely updated. 
However, there are no geological or petro-
graphic grounds for rejecting these, for most 
of the samples are texturally and minera-

logically similar. Quartz (30%) , and 
plagioclase (albite-oligoclase) and coarsely 
perthitic alkali feldspar (total, 50-70%), 
are the dominant minerals of the gneissic 
granites; epidote, andalusite, and fine­
grained muscovite and biotite are also pre­
sent. The micas have a rough preferred 
orientation and are most common in veins 
and cracks. The quartz and feldspars also 
show deformational features such as partial 
recrystallization at grain boundaries, strong 
undulose extinction, and kinked twin-planes. 
The texture of the fine-grained micas sug­
gests that they recrystallized during the 



44 

T A B L E 11 . Rb-S r D A T A F O R T H E G N E I S S I C G R A N I T I C R O C K S I N T R U D I N G T H E B E N A 
B E N A F O R M A T I O N 

Rb Sr * 
No. Sample (ppm) (ppm) RbM/SrM £ , - 8 7 / 5 , 8 6 

5689 W h o l e roc k 43 .9 45.3 2.806 0 .7188 0 .7186 
5 6 9 0 Whole roc k 424 .5 54.7 22 .424 0 .7228 
5692 Whole roc k 136.6 24.5 16.161 0 .7455 0.7445 
5693 Whole roc k 181.1 8.6 61 .768 0 .8990 

180.8 8.7 61 .334 0 .8999 
5694 Whole roc k 140.3 11.4 35 .926 0 .7878 0.7867 
5695 Whole roc k 14.7 65 .0 0 .654 0 .7155 
5696 W h o l e roc k 56.3 18.0 9.077 0 .7340 
5697 Whole roc k 141.3 27 .0 15.195 0 .7575 0 .7563 
5836 Whole roc k 27.1 64.6 1.211 0.7121 

Muscovite 246 .9 32.2 22 .205 0.7251 
2 1 0 0 Whole roc k 177.3 11.1 46 .864 0 .8253 
2101 W h o l e roc k 99.5 17.7 16.284 0 .7534 
2 1 0 4 W h o l e roc k 100.3 17.1 16.953 0 .7437 
2108 W h o l e roc k 26.9 74 .0 1.049 0 .7153 
2109 Whole roc k 114.8 18.5 17.951 0 .7527 

* Measure d value , unspike d ru n 

10 2 0 3 0 4 0 5 0 6 0 
M(Pt) 21 7 

Fig. 2 3 . Rb-S r isochro n fo r gneissi c granite s intrudin g th e Ben a Ben a Format ion . 

regional metamorphism, and this is substan­
tiated by the following Rb-Sr and K-Ar data 
for the mica phases. 

The Rb-Sr analyses of the muscovite 
separate from 5836 and of the almost pure 
biotite-chlorite-tremolite rock (5690), which 
occurs as schlieren cutting the gneissic 
granite, show that the ages have clearly been 

updated with respect to the other whole-rock 
ages, and an 'event' about 45 m.y. ago is 
indicated (Fig. 23). Duplicate K-Ar analyses 
of the muscovite (Table 9) give an even 
younger age of 23 m.y. These limited data 
do not allow us to talk of an 'age of meta­
morphism', as the process is probably pro­
gressive and retrogressive over a period of 
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millions of years (cf. Armstrong, 1 9 6 6 ) . 
The discordance of the K-Ar and Rb-Sr 
muscovite ages for the Bena Bena intrusives 
contrasts with concordant K-Ar and Rb-Sr 
ages determined by Armstrong, Jager, & 
Eberhardt ( 1 9 6 6 ) . Working on Alpine bio­
tites, these authors were able to conclude 
either that there was a rapid cooling rate 
or that the temperature at which biotite 
changes from an open to a closed system is 
similar for Rb-Sr and K-Ar systems. In the 
present study, the closure of the Rb-Sr clock 
at about 4 5 m.y. can be regarded only as 
a minimum estimate for the metamorphism, 
whereas the younger K-Ar date indicates 
that the rock system remained at the depths 
where it was metamorphosed, or at least 
below the critical isotherm or 'metamorphic 
veil' (Armstrong, 1 9 6 6 ) of argon diffusion, 
until about 2 3 m.y. ago. The K-Ar muscovite 
age may then be reflecting uplift of the 
region in the early Miocene. This is con­
sistent with the geological evidence 
(McMillan & Malone, 1 9 6 0 ; Dow & Plane, 
1 9 6 5 ) , which indicates that in the early 
Miocene the Bena Bena Formation was a 
land surface, to the south of which was a 
shore-line and shallow-water deposition of 
the lower Miocene Nasananka Con­
glomerate. 

In summary, the Rb-Sr and K-Ar data on 
one of the metamorphosed granitic bodies 
intruding the Bena Bena Formation indicates 
that the latter is at least as old as Early 
Jurassic, but that metamorphism may not 
have occurred until Tertiary time. It is 
unlikely that the Bena Bena Formation 
metamorphic rocks ('Bismarck Metamor­
phics' of Pitt, 1 9 6 6 ) and the Omung Meta­
morphics are correlatives because the latter 
gives minimum ages related to the emplace­
ment of the Kubor Granodiorite in the Late 
Permian. The Kubor Granodiorite is not 
metamorphosed (apart, perhaps, from burial 
effects), so it is clear that the Omung 
Metamorphics did not have a Tertiary meta­
morphic history. However, the age data do 
not preclude the possiblity that the Bena 
Bena Formation was regionally metamor­
phosed twice (i.e. at the same time as the 
Omung Metamorphics and then again in the 

Early Tertiary), but more work would be 
needed to test this alternative. 

4 . 6 MOUNT VICTOR GRANODIORITE 

This mass crops out southeast of Kainantu 
(Fig. 2 2 ) and was first mapped by Mackay 
( 1 9 5 5 ) , who considered it, together with 
most granitic rocks in the region, as Palaeo­
zoic in age. Dow & Plane ( 1 9 6 5 ) mapped 
the area in detail and showed that the Mount 
Victor Granodiorite is unconformably over­
lain by the Tertiary e-stage Nasananka 
Conglomerate, and is exposed in the core of 
an east-plunging anticline. The stratigraphy 
thus provides a definite pre-Miocene younger 
limit on the age of the Mount Victor Grano­
diorite, but there is no older limit. Dow & 
Plane ( 1 9 6 5 ) suggested the mass might be 
correlated with the Morobe Granodiorite, 
8 0 km to the southeast, or with the Bis­
marck Intrusive Complex, exposed 1 0 0 km 
to the northwest (see Plate 1 ) . The Mount 
Victor Granodiorite and the two intrusives 
mentioned are petrographically similar, the 
dominant rock type being a biotite-horn-
blende granodiorite. 

The K-Ar results for five biotites and four 
hornblendes from the Mount Victor Grano­
diorite are given in Table 12 . Apart from 
5 4 6 1 , the ages range from 8 9 to 9 5 m.y. 
All the rocks that were measured are 
granodiorites, except for 5 8 6 6 , which is a 
hornblende dolerite dyke intruding the 
granodiorite only 2 m away from sample 
5 8 6 5 . The general concordance of the biotite 
and hornblende K-Ar dates at about 9 0 m.y. 
suggests that this (i.e. middle to Late Creta­
ceous) is the time of emplacement of the 
granodiorite. The two areas of Mount Victor 
Granodiorite represented by the samples 
dated are about 1 0 km apart (Fig. 2 2 ) , and 
there is no difference in the ages. 

The younger dates for 5 4 6 1 of 7 7 and 
8 0 m.y. (hornblende), and 8 8 m.y. (bio­
tite), are not readily explained: a near-
surface apophysis of the late Miocene Elen-
dora Porphyry intrusion (see 5 . 3 2 ) may 
have updated the ages by reheating the 
sample. The Elendora Porphyry has intruded 
the Mount Victor Granodiorite and pro­
duced obvious contact metasomatic effects 
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T A B L E 12 . K-A r A G E S F O R T H E M O U N T V I C T O R G R A N O D I O R I T E 

No. Sample K% 
xlO-6 cm3 

NTP/g % 
Calculated 
age (m.y.) 

5461 Biotite 

Hornblende 

7 .127 
7 .184 
0 .610 
0.611 

i 7.156 

0.611 

25 .632 

1.917 
1.998 

95.7 

38.5 
60 .2 

88 ± 2 

11 ± 2 
8 0 ±  3 

5 8 6 2 Biotite 5 .537 
5.551 \ 5 .544 21 .003 93.7 93 ± 4 

Hornblende 0 ,439 
0 .439 

i 
\ 

0.439 1.601 80.9 89 ±  4 

5863 Biotite 6.461 
6 .412 5 

i 

6.437 25 .005 95 .4 95 ±  4 

5 8 6 4 Biotite 6 .943 
6.958 

5 
i 

6.951 25 .172 92 .0 89 ±  4 

5865 Biotite 7 .120 
7 .099 } 7 .110 26 .899 96 .9 93 ± 4 

Hornblende 0 .683 
0 .675 } 0.679 2 .550 59 .0 92 ±  4 

5866 Hornblende 0 .809 
0.805 } 0.807 2 .992 60.8 91 ±  4 

close to the Mount Victor Gold Prospect to 
the west of sample 5461. If local reheating 
by the younger intrusion was responsible for 
argon loss from 5461 biotite and hornblende, 
the ages obtained do not conform to the well 
documented pattern found by Hart (1964). 
He made several K-Ar and Rb-Sr age deter­
minations on different minerals as a function 
of distance from a Tertiary intrusion in a 
Precambrian region, and showed that horn­
blende was always far more argon-retentive 
than biotite. Perhaps the argon loss from 
5461 resulted from local reheating during 

the deformation that resulted in the anti­
clinal structure of the area, but even so, one 
would expect the hornblende to have been 
more retentive. The area around 5461 would 
need to be dated in detail before any firm 
conclusions could be made. 

The K-Ar evidence indicates the Mount 
Victor Granodiorite was emplaced 90 to 
95 m.y. ago in the middle to Late Creta­
ceous. This age is consistent with the field 
evidence and so far represents the only 
known occurrence of Cretaceous plutonic 
activity in New Guinea. 

TERTIARY PLUTONI C ACTIVIT Y AN D METAMORPHISM I N 
THE NEW GUINE A MOBIL E BEL T 

5.1 INTRODUCTION 
The isotopic age data presented in the 

previous section indicate that emplacement 
of granites in the Central Highlands during 
the Mesozoic Era was only local and rather 
sporadic. Before discussing the geochrono-
logy of Tertiary plutonism and metamor­
phism, it is worthwhile recalling the 
sedimentary history of the developing 
Papuan Geosyncline. Sedimentation in the 
geosyncline during the Early Tertiary was 
the same as that during the late Mesozoic, 
but in the Oligocene there was emergence 

and local deposition of relatively shallow-
water limestones. At the end of the Oligocene 
and in the early Miocene, widespread sedi­
mentation recommenced, and the Papuan 
Geosyncline and Aure Trough were supplied 
with sediment derived from the rising land-
masses within the New Guinea region. There 
was widespread volcanic activity throughout 
most of the Miocene, and some of these 
basic to andesitic lavas—where they are 
intercalated with fossiliferous sedimentary 
rocks—provide a basis for direct physical 
dating of part of the East Indies letter stage 
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time-scale (see 3 . 3 ) . During the Miocene, 
and concomitant with the development of 
the Papuan Geosyncline, the region of the 
present-day Central Highlands became an 
elongate tectonically unstable belt, called by 
Dow et al. ( 1 9 7 2 ) the New Guinea Mobile 
Belt. In this belt there is a complex system 
of faults and fault zones, many of which 
have vertical and horizontal displacements 
of thousands of metres (Dow et al., ( 1 9 7 2 ) . 
The Miocene Epoch was the climax to the 
tectonic development of the Main Cordillera 
of New Guinea, and the volcanism and 
major faulting of this time were accompanied 
at depth by widespread metamorphism and 
plutonic igneous activity. 

The remainder of this chapter deals with 
the geological interpretation of the K-Ar and 
Rb-Sr dating results on several of the grano-
dioritic to gabbroic intrusives and a smaller 
number of the metamorphic rocks from the 
New Guinea Mobile Belt. Plate 1 shows the 
general distribution of all the intrusive rocks. 
The oldest plutonic rocks (late Oligocene 
to early Miocene) in the belt are discussed 
first, and then the mid-Miocene belt of plu­
tonic activity is described. The bulk of the 

geochronological work was carried out on 
the latter, and it is recorded in some detail. 

5.2 LATE OLIGOCENE TO EARLY MIOCENE 
ACTIVITY 

The few K-Ar results indicating late 
Oligocene to early Miocene ages were deter­
mined for plutonic and metamorphic rocks 
from miscellaneous localities in the south 
Sepik and Ramu regions. Except for the 
Ambunti Metamorphics and the Kaindi 
Metamorphics, only one date has been 
determined for each mass, so the results 
should be regarded as tentative. 
5 . 2 1 Intrusive  rocks 

Samples ( 5 6 4 9 and 5 9 7 0 , Fig. 4 2 ) that 
were taken from two small unnamed horn­
blende diorite intrusions about 1 5 km apart 
in the lower Frieda River give concordant 
whole-rock and hornblende K-Ar ages of 2 2 
to 2 5 m.y. (Table 1 3 ) . At both localities 
lower /-stage (mid-Miocene) Wogamush 
Beds overlie the plutonic rocks, and hence 
the ages are consistent with the field evi­
dence. The April Ultramafics appear to 
intrude or be faulted against the southern 
diorite mass in the Frieda River section (Fig. 

T A B L E 13 . K-A r A G E S F O R I N T R U S I V E S A N D M E T A M O R P H I C S I N T H E S O U T H S E P I K 
R E G I O N 

No. Sample K % 

* A r 4 0 

xl(hQ cm3 

NTP/g 
Calculated 
age (m.y.) 

Lower Frieda River intrusives 

5649 Whol e roc k 

5970 Hornblend e 

Chambri Diorite 

5867 Biotit e 

Ambunti Metamorphics 

5 9 6 0 Muscovi t e 

5 9 6 2 A 

5967 

5968 

Muscovi te 

Biotite 

Hornblende 

Gwin Metamorphics 

71-898 Hornblend e 

1.265 
1.259 
0 .440 
0.441 

7 .944 
7 .920 

7.753 
7 .708 
7.557 
7 .571 
7.206 
7 .259 
0 .300 
0.301 

0 .0595 
0 .0602 

1.263 

0.441 

7.932 

7.731 

7 .564 

7.233 

0.301 

0.0599 

1.249 

0.396 

6.519 

8.305 

8.092 

6.555 

0 .320 

0.056 

32.8 

61 .4 

76 .8 

82 .4 

71 .6 

84.5 

40 .9 

10.6 

24.6 ±  0. 8 

22 .4 ±  0. 4 

20.5 0.8 

26.7 ±  0. 5 

26.6 ±  0. 5 

22.6 ±  0. 4 

26.5 ±  0. 6 

23 .2 2.8 
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42) ; thus the 22 to 25 m.y. diorite age, if 
accepted at face value, provides a maximum 
older estimate for the emplacement of this 
part of the April Ultramaflcs. The age of 
the highlands ultramafic rocks in general is 
considered later in 5.4. It is noted that the 
22 to 25 m.y. hornblende diorite ages are 
distinctly older than the Frieda Porphyry 
intrusions (Page & McDougall, 1972a), 
which crop out about 20 km to the west. 

The Chambri Diorite crops out in the 
Sepik swamps east of Ambunti. It intrudes 
the Ambunti Metamorphics, which are about 
25 m.y. old (see later), and is overlain by 
Recent alluvium. The rocks have a definite 
flow foliation, shown by the alignment of 
plagioclase crystals. A single biotite K-Ar 
age of 20.5 ± 0 . 8 m.y. was determined for 
the Chambri Diorite, and this early Miocene 
date can be regarded as a tentative minimum 
for the emplacement of the mass. It will be 
seen later that the respective ages of the 
Ambunti Metamorphics (about 25 m.y.) 
and the intruding Chambri Diorite (about 
20 m.y.) are internally consistent with the 
geologically mapped relations between the 
two masses. 

Another late Oligocene to early Miocene 
K-Ar age was determined by Isotopes In­
corporated (Continental Oil Company of 
Australia Pty Ltd, pers. comm., 1970) for 
a small microsyenite mass (at 144°38'E, 4° 
54'S) near Annenberg Mission Station, on 
the Ramu River. There is no stratigraphic 
control on the intrusion, from which a 
whole-rock sample was dated as 22.7 ± 
0.3 m.y. 

5.22 Metamorphic  rocks 
Ambunti Metamorphics.  Mapping of the 
sporadic outcrops over the Sepik River 
plains (Fig. 42) showed that much of this 
vast area is underlain by rocks known as the 
Ambunti Metamorphics (Dow et al., 1972). 
East of the April River* the metamorphics 
are greenschist-facies slates and phyllites; to 
the west, amphibolite-facies rocks (including 
quartz-garnet-muscovite gneiss, with or 
without kyanite and staurolite; biotite-
staurolite schist; hornblende-diopside amphi-
bolite; quartz-albite-muscovite schist, etc.) 
are developed. The stratigraphic age of the 

Ambunti Metamorphics is not known, but a 
younger limit is given by lower /-stage (mid-
Miocene) sediments which unconformably 
overlie the metamorphic rocks in several 
places. Dow et al. (1972) suggested a prob­
able Mesozoic age, and tentatively corre­
lated the Ambunti Metamorphics with the 
Gwin Metamorphics, which crop out about 
50 km to the west and have a supposed pre-
Late Cretaceous age (Paterson & Perry, 
1964). As pointed out by Dow et al. 
(1972), the stratigraphic relations for the 
Gwin Metamorphics indicated by Paterson 
& Perry (1964) are by no means unequi­
vocal, and hence the younger age limit of 
Late Cretaceous is somewhat uncertain. 

In this study only a few results were 
obtained for the Ambunti Metamorphics 
because of very limited outcrop and strong 
weathering. One area in the upper part of 
the May River was chosen for study (Fig. 
42), and the K-Ar results are listed in Table 
13; the mineral separates are from two mus-
covite-garnet schists (5960 and 5962A), a 
biotite-garnet-amphibole schist (5967), and 
an amphibolite (5968). The two muscovite 
samples and the hornblende give virtually 
identical ages of just over 26 m.y. (late 
Oligocene), and the apparent biotite age is 
22.6 z b 0.4 m.y. One hornblende from an 
amphibolite in the Gwin Metamorphics 
(sample 71-898; lat. 4°28'S, long. 141° 
14'E) gives a similar age of 23.2 m.y., thus 
helping to confirm the supposed correlation. 

The three micas and the whole-rock 
schists from which they were separated were 
also analysed by the Rb-Sr method; the 
analyses are given in Table 14 and are plot­
ted on a Rb-Sr isochron diagram (Fig. 24) 
in which the sample points are widely scat­
tered and may reflect incomplete isotopic 
homogenization at the time of metamor­
phism. These differences between the initial 
S r S 7 / S r 8 6 ratios are not unexpected, since 
the samples are from widely separated 
localities. If the minerals have remained 
closed systems since the last metamorphic 
event, one can extrapolate the mineral/ 
whole-rock join for each sample, in order to 
find the respective initial S r S 7 / S r 8 6 ratios, 
and hence calculate the Rb-Sr mica ages. 
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T A B L E 14 . Rb-S r D A T A FO R T H E A M B U N T I M E T A M O R P H I C S A N D K A I N D I 
M E T A M O R P H I C S 

Rb Sr 
No. Sample (ppm) (ppm) RbsySrM 5 , 8 7 / 5 , 8 6 

Ambunti Metamorphics 
5 9 6 0 Whole roc k 77.0 75.6 2.939 0.7077 

Muscovite 326.2 275.9 3.415 0 .7080 
5 9 6 2 A Whole roc k 119.0 159.0 2.160 0.7083 

Muscovite 383.1 268.1 4.127 0.7087 
5967 Whole roc k 39.0 179.3 0.628 0 .7044 

Biotite 226.5 37.9 17.269 0.7101 

Kaindi Metamorphics 
71-274 Whole roc k 150.9 81.6 5.347 0.7206 
71-275 Whole roc k 32.4 183.0 0.512 0.7182 

0 .7183* 
71-276 Whole roc k 163.3 42.9 10.999 0 .7214 
71-277 Whole roc k 160.6 51.3 9.045 0.7209 
71-278 Whole roc k 145.1 38.4 10.936 0.7215 
71-279 Whole roc k 166.4 71.5 6.731 0.7207 
71-280 Whole roc k 172.1 51.0 9.751 0.7213 
71-281 Whole roc k 187.8 48.1 11.279 0 .7220 

S r 8 7 / S r 8 G measure d directly , unspike d analysis . 

S r 8 7 / S r 8 6 

0 - 7 1 5 -

0 - 7 1 0 -

0 7 0 5 -

5 9 6 2 A  T R 5 9 6 2 A  M u s e 

5 9 6 7 B i o 

R b 8 7 / S r 8 6 

0 - 7 0 0 
16 12 

M ( P t ) 2 l 8 

Fig. 24 . Rb-S r isochro n fo r th e Ambunt i Metamorphics . 

The resultant age from the two-point iso­
chron for 5967 is 24.6 m.y. with an indi­
cated initial Sr* 7 /Sr S ( i ratio of 0.7042. 
Although two lines approximately parallel to 
this isochron can be drawn through each 
muscovite/whole-rock pair, there are insuf­
ficient data to allow adequate interpretation. 

Taken at face value, however, the isochrons 
in Figure 24 imply that the metamorphic 
rocks began their post-metamorphic history 
with different initial S r s 7 / S r 8 G ratios; these 
range from 0.7042 (for 5967) to 0.7075 
(for 5962A). It is stressed that this inter­
pretation is tentative, and that further 
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71-274 

_ o 
— Q 71-279 

71-277 7 1 - 2 7 8 , 

71-280 
-05 ' 

0 7 , - 2 8 , 

71-276 

Age- 210  ± 4 0 m.y. 

Initial Sr 87/Sr860-7l85±0 0005 

MSWD =2-40 

R b / S r 

10 

Fig. 25 . Rb-S r isochro n fo r th e Kaind i Metamorphics . 

analyses of related samples of the schists 
would be necessary to obtain a reliable Rb-
Sr isochron. 

Even though the Ambunti Metamorphics 
are of variable rock type and may have had 
a complex metamorphic history, it is possible 
to make some conclusions about the prob­
able meaning of the apparent ages. The 
excellent agreement between the K-Ar ages 
of the muscovites and hornblende suggests 
that the 26 m.y. age is significant, particu­
larly as the potassium contents of the two 
minerals differ by a factor of 25. This age 
is interpreted as a minimum estimate for 
uplift of the area after regional metamor­
phism of the Ambunti Metamorphics. The 
K-Ar biotite age (5967) is 4 m.y. younger 
than the other K-Ar mineral ages; these data 
would be in accordance with a slow uplift 
in which the rocks were gradually raised to 
a cooler level in the crust where radiogenic 
argon began to accumulate simultaneously 
in the muscovite and hornblende, which 
formed closed systems at higher tempera­
tures (about 4 m.y. earlier) than the biotite. 

The difference between the K-Ar and Rb-
Sr ages of 22.6 m.y. and 24.6 m.y. is 
negligible considering the uncertainties in 
the ages. Armstrong et al. (1966) found a 
similar pattern in 16 out of 18 comparisons 

of K-Ar and Rb-Sr biotite ages from meta­
morphic rocks of the southern and central 
Alps. From independent data the authors 
concluded that the biotites were reflecting 
cooling (uplift) ages, and that the Rb-Sr 
versus-K-Ar concordancy was due to similar 
transition temperatures of biotite from an 
open to a closed system for both isotopic 
clocks. As stated above, the data, although 
limited, from the Ambunti Metamorphics 
would be consistent with such an interpreta­
tion. 

The credibility of the youthful late Oligo­
cene to early Miocene ages obtained for the 
Ambunti and Gwin Metamorphics is en­
hanced by the slightly younger ages that are 
obtained on the plutonic rocks (Chambri 
Diorite, 5.21; Frieda Porphyry, Page & 
McDougall, 1972a) which are known to 
intrude the metamorphics. 

Kaindi Metamorphics.  As part of the 
regional geochronological investigations in 
New Guinea, a suite of samples from the 
Cretaceous? Kaindi Metamorphics was sam­
pled about 4 km west-northwest of Wau 
(Fig. 26). The geological background and 
structure of this metamorphic belt are dis­
cussed by Dow & Davies (1964) and Dow, 
Smit, & Page (1974). In the area sampled, 
the Kaindi Metamorphics are mainly quartz-
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sericite-graphite schists and phyllites. Al­
though later Pliocene porphyries intrude the 
metamorphics a few kilometres to the east 
and west of the area sampled, there are no 
apparent signs of contact metamorphism in 
the rocks studied. In thin section, the delicate 
micaceous schistosity is undisturbed. Be­
cause of their fine grainsize, K-Ar work on 
the minerals was not feasible, and a clus­
tered group of samples for Rb-Sr whole-rock 
analysis was collected from across the entire 
area of one outcrop (10 m diameter), which 
was quite foliated with obvious slaty 
cleavage but had no recognizable primary 
bedding. 

The 8 samples analysed (Table 14, Fig. 
25) show a desirable dispersion in R b 8 7 / 
S r 8 0 ratios, and the isochron regression 
yields an age of 21.0 ± 4.0 m.y. and initial 
Sr 8 VSr« 6 ratio of 0.7185 ± 0.0005. This is 
a Model I isochron as the MSWD is not sig­
nificantly greater than unity at the 5 precent 
level (using the statistical F test). 

The age of 21 m.y. and the indicated high 
initial ratio must be reflecting the main 
metamorphic imprint on the rocks, because 
fossiliferous control elsewhere in the forma­
tion indicates that deposition took place at 
least as early as the Cretaceous. The 21 m.y. 
'metamorphic age' corresponds to a time in 
the early Miocene, and is virtually indis­
tinguishable from the K-Ar ages recorded 
on the Ambunti and Gwin Metamorphics 
in the south Sepik area. 

The present Rb-Sr data do not provide 
any information about the number of 
episodes of metamorphism. The Model I 
isochron suggests that the 21 m.y. meta­
morphism was the major and probably the 
final metamorphic event, but it does not 
preclude the possibility that there was an 
earlier metamorphic history. Field evidence 
elsewhere in the metamorphic belt (Dow et 
al., 1974) suggests the presence of a mid-
Early Tertiary (pre-e stage) metamorphism. 

The early Miocene age of metamorphism 
for the Kaindi Metamorphics determined in 
this study is clearly a minimum value 
because of the possibility of updating by the 
nearby Pliocene intrusives in the Edie Creek 
area. However, if later updating had affected 

the isotopic system, one would not expect the 
samples to define a Model I isochron. If the 
early Miocene age is confined on metamor­
phic rocks elsewhere in the Owen Stanley 
Ranges, it will provide a more precise esti­
mate, not only of the age of metamorphism, 
but also of the age of emplacement of the 
Papuan Ultramafic Belt. The two processes 
are thought to be closely related by Davies 
& Smith (1971), who have, in fact, sug­
gested an early Eocene age. 

5.3 MIDDLE AND LATE MIOCENE PLUTONIC 
ACTIVITY 

The preceding discussion (5.2) based on 
reconnaissance dating in the south Sepik 
and Ramu regions demonstrated that Ter­
tiary plutonic igneous and metamorphic 
activity was initiated in New Guinea in the 
late Oligocene to early Miocene. Rocks of 
this age were evidently the forerunners of 
widespread middle to late Miocene plutonic 
igneous activity, volcanism, and faulting of 
great magnitude. These plutonic and volcanic 
igneous rocks form a major part of the 
Main Cordillera. 

Because of the rather limited stratigraphic 
evidence for the age of the widespread 
batholiths, most observers in the Central 
Highlands believed (until recently) that they 
constituted the basement complex upon 
which the Tertiary geosynclinal sediments 
developed. It is true that there are a few 
small 'basement' intrusives of late Palaeozoic 
to Mesozoic age in the Highlands, as demon­
strated by the stratigraphic evidence and iso­
topic dates outlined in section 4. In the 
absence of stratigraphic restraints on plutonic 
rocks elsewhere, the ages of many intrusives 
were extrapolated from the known age of 
the nearest 'basement' intrusives. This led to 
the general misconception that much of the 
plutonic igneous activity in New Guinea 
took place in Mesozoic or Palaeozoic times. 

A large number of KAr and Rb-Sr age 
measurements were made on the individual 
granodiorite, diorite, and minor gabbro 
plutons of the New Guinea Mobile Belt in 
an attempt to elucidate the intrusive history. 
The granitic belt is over 700 km long in 
Papua New Guinea alone (Plate 1). and 
since the intrusions are completely massive 
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T A B L E 15 . K-A r A G E S FO R T H E M O R O B E G R A N O D I O R I T E 

No. Sample K % * 1 0 - « c m 3 
NTP/g 

* A r w 
% 

Calculated 
age (m.y.) 

5426 Biotite 7.597 1 
7 .632 [ 7.615 3.939 80.1 12.9 ± 0. 2 

Hornblende 0.588 \ 
0 .588 | 

0.588 0.343 26.5 14.6 ± 0. 5 

5427 Biotite 7.551 \ 
7 .555 i 7.553 4.044 

3.932 
62.4 
70.1 

13.4 
13.0 

± 0. 3 
± 0. 2 

Hornblende 0.783 I 
0.777 f 0 .780 0.465 58.7 14.9 ± 0. 3 

5428 Biotite 7 .512 ) 
7 .544 S 

7.528 3.267 87.6 11.0 ± 0. 2 

Hornblende 1.064 ) 
1.056 J 

1.060 0.523 51.7 12.3 ± 0. 3 

5 4 6 0 Hornblende 0 .554 ) 
0 .559 j 

0.557 0.281 50.5 12.6 ± 0. 3 

5453 Biotite 7 .854 ) 
7 .833 J 7 .844 4.209 53.7 13.4 ± 0. 2 

5454 Biotite 7.555 ) 
7.548 j 7.552 4.027 68.7 13.3 ± 0. 2 

Hornblende 0 .474 ] 
0 .478 ( 0 .476 0.256 37.0 13.5 ± 0. 6 

5459 Biotite 7.511 \ 
7 .552 S 

7.532 4.079 80.2 13.5 ± 0. 2 

Hornblende 0.605 \ 
0 .600 J 0.603 0.353 47.8 14.6 ± 0. 3 

and transgressive bodies (except where 
emplacement was fault-controlled) it is 
reasonable to assume they are of high-level, 
post-tectonic origin. Various names have 
been applied to the plutonic rocks by BMR 
regional mapping parties, and it is found 
convenient to discuss the isotopic age data 
in five sections that correspond to major 
areas from east to west in the Central High­
lands intrusive belt. 

5.31 Morobe  Granodiorite 
The Morobe Granodiorite is the name 

given by Fisher (1944) to a number of 
large and several small granodiorite plutons 
in the Morobe District southwest of Lae 
(Fig. 26). Noakes (1938), Fisher (1944), 
and Mackay (1955) stated that the rocks 
are mainly granodiorite and adamellite with 
differentiates of monzonite, diorite, horn-
blendite, and pegmatite developed at the 
margins. The Morobe Granodiorite intrudes 
the Kaindi Metamorphics and the Cretaceous 
Snake River Greywacke (Dow & Davies, 
1964), and a separate intrusion farther west 
is overlain by the Miocene Langimar Beds 
(Fisher, 1944; Dow, 1967); the exact age 

of the Langimar Beds is uncertain as the 
Miocene microfauna are not distinctive 
enough for further definition. Lake beds of 
the Pliocene Otibanda Formation (Plane, 
1967) also overlie the Morobe Granodiorite 
in many areas. 

Biotite and hornblende K-Ar ages (Table 
15) have been measured on some of the 
granodiorite intrusions, and the sample 
localities are shown in Figure 26. The intru­
sion surrounding Gurukar village, and the 
two small bodies sampled just west of Sun­
shine and in the Watut River, give a con­
sistent pattern with five biotite ages at about 
13 m.y., and all hornblende ages at about 
14 m.y. One sampled dated from each of 
the Ekuti Range and Kuper Range masses 
(5428 and 5460) gives hornblende and 
biotite ages 2 m.y. younger than the other 
bodies. 

K-Ar data for the Morobe Granodiorite 
are plotted on initial argon and argon iso­
chron diagrams in Figures 27 to 29. The 
data points from the Ekuti and Kuper 
Range masses were not considered in the 
regressions, because both K-Ar and Rb-Sr 
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ages (see later) indicate that these are 
slightly younger masses. Results of each 
regression analysis are given in the respec­
tive graphical plots with the errors quoted 
at the 95-percent confidence level. The ages 
from the initial argon and isochron plots are 
not distinguishable from the conventionally 
calculated ages, and, within the uncertainties 
quoted, no extraneous argon appears to be 
present in the hornblendes or biotites. 

Table 16 gives Rb-Sr data for three bio­
tites and whole rocks from the Morobe 
Granodiorite. The granodiorites have rather 
low Rb/Sr ratios and hence are not amen­
able to independent age determination. 
Their present-day S r 8 7 / S r 8 6 values (equal 
to initial S r 8 7 / S r 8 6 ) provide a basis for cal­
culating the Rb-Sr biotite ages, which are 
shown and also compared with the K-Ar 
ages in the right-hand column in Table 16. 
The three Rb-Sr biotite ages are 0.9 to 1.7 
m.y. older than the respective K-Ar ages, 
and such differences cannot be accounted for 

by any experimental or R b 8 7 half-life uncer­
tainties. The Rb-Sr biotite results confirm 
the relative K-Ar ages on the individual in­
trusions. In each of 5426, 5427, and 5428 
the Rb-Sr biotite and K-Ar hornblende ages 
are close. This consistency is good evidence 
that the Gurukar, Sunshine, and Watut 
bodies were emplaced between 14 and 14.5 
m.y. ago (i.e. in the mid-Miocene) and the 
other two masses (Ekuti and Kuper Range) 
about 12 to 13 m.y. ago. 

The constant age difference of 1 to 2 m.y. 
between the K-Ar and Rb-Sr biotite results 
can be interpreted probably in terms of the 
uplift and cooling history of the stocks after 
they were emplaced. The 1 to 2 m.y. gap 
may be the time interval during which the 
rocks crystallized (when radiogenic argon 
began to accumulate in the hornblende, and 
radiogenic strontium began to accumulate in 
the biotite) and were raised to cooler levels 
in the crust (when radiogenic argon began to 
accumulate in the biotite). Such an inter­
pretation is more or less in accordance with 
Hart's (1964) findings in his study of 
mineral age variations across a plutonic con­
tact zone. He demonstrated that for a given 
distance from the pluton, the order of argon 
and strontium retentivity was: hornblende 
(K-Ar), biotite (Rb-Sr), and the least reten­
tive was biotite (K-Ar). As pointed out by 
Hart (1964), this order may change under 
different environmental conditions, and, for 
the Morobe Granodiorite, it would appear 
that hornblende (K-Ar) and biotite (Rb-
Sr) became closed systems at about the same 
temperature. 

T A B L E 16 . Rb-Sr D A T A F O R T H E M O R O B E G R A N O D I O R I T E 

Rb-Sr K-Ar 
Rb Sr age age 

No. Sample (ppm) (ppm) Rb^/Sr** S r S ' / S r 8 6 (m.y.) (m.y.) 

5426 Whole roc k 73.3 678.3 0.312 0.7048 
Biotite 503.2 21 .0 69 .244 0.7181 13.8 12.9 
Hornblende 14.6 

5427 Whole roc k 44.9 602.9 0.215 0.7043 
Biotite 462.9 17.2 77 .654 0.7199 14.5 13.2 
Hornblende 14.9 

5428 Whole roc k 49.3 897.2 0.159 0.7047 
Biotite 462.5 9.7 137.543 0.7289 12.7 11.0 
Hornblende 12.3 
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It was noted earlier that Armstrong et al. 
(1966) observed concordant biotite Rb-Sr 
and K-Ar ages on regionally metamorphosed 
rocks in the southern and central Alps, and 
that a similar situation existed in the 
Ambunti Metamorphics (5.22). From these 
results it would seem that argon and stron­
tium behave similarly under conditions of 
regional metamorphism, but in terms of the 
emplacement of granites and contact meta­
morphism the Rb-Sr system in biotite is 
closed earlier (at higher temperatures) than 
the K-Ar system. The well documented con­
clusion that hornblende is more argon-
retentive than biotite is also demonstrated 
by the Morobe Granodiorite data and, as 
will be seen later, this is a common phenom­
enon in most of the New Guinea Miocene 
intrusives. 

5.32 Intrusives  in  the  Kainantu  and  Mount 
Michael areas 

For convenience, the intrusives in the 
Kainantu and Mount Michael areas are in­
formally grouped to include over 25 large 
and small Tertiary masses (Plate 1). In the 
past, the intrusions have been assigned 
various names based on locality, mineralogy, 
and texture, but there is very little strati­
graphic control on their ages, and so it is 
considered best to discuss these bodies in 
relation to the isotopic dating results. 

Akuna Intrusive  Complex.  Formerly the 
Akuna Dolerite of Dow & Plane (1965), 
the Akuna Intrusive Complex (Grainger & 
Tingey, 1976) includes several gabbroic 
intrusives up to 10 km across in the area 
east of Kainantu (Fig. 22). Dow & Plane 
(1965) described the rocks as porphyritic 
dolerites containing phenocrysts of augite 
and plagioclase in a groundmass of augite, 
plagioclase, and iron minerals, with or with­
out biotite and olivine. Mackay (1955) and 
McMillan & Malone (1960) noted inter­
mediate differentiates in the Yonki Dome 
mass, and Read (1967) mapped a grano­
diorite mass, which is here included in the 
Akuna Intrusive Complex, near the Ramu 
River Gorge. Mackay (1955) stated that 
gabbroic rocks intrude the granodiorite north 
of Yonki Dome. I noted doleritic rocks 

similar to the Akuna Intrusive Complex 
about 8 km southwest of Kainantu (5668 
and 5669). Dow & Plane (1965) mapped 
this body as part of the Aifunka Volcanics, 
which they assumed were Pliocene in age; 
but there was no fossil evidence or any 
strong stratigraphic argument for such an 
age. The Akuna Intrusive Complex intrudes 
Tertiary e-stage (lower Miocene) Omaura 
Greywacke, and is intruded by the Elendora 
Porphyry (see later), thus providing a 
younger age limit for the Akuna Intrusive 
Complex. Dow & Plane (1965) suggested 
that the Akuna Intrusive Complex is the 
intrusive counterpart of volcanics in the 
Tertiary lower /-stage (mid-Miocene) 
Lamari conglomerate member of the 
Yaveufa Formation, and therefore inferred 
that it was probablv also lower /-stage in 
age. 

Seventeen mineral and whole-rock K-Ar 
measurements were made on samples from 
various localities (Fig. 22) within the 
Akuna Intrusive Complex and related rocks. 
The data and ages are listed in Table 17. 
Four of the eight whole rocks (5660, 5851, 
5854, and 5855) were dolerites sampled 
near Akuna and Omaura villages, and ages 
of between 14 and 16.5 m.y. are indicated. 
The two dolerite ages from the Yonki Dome 
mass (5852 and 5853) are 15.5 ± 0.6 m.y. 
and 13.2 ± 0.6 m.y. The latter sample is 
somewhat altered, and the young age may 
indicate some loss of radiogenic argon. The 
dolerites (5668 and 5669) mapped as part 
of the Aifunka Volcanics by Dow & Plane 
(1965) show an age spread of 14.2 to 16.7 
m.y., similar to that for the main Akuna 
Intrusive Complex. 

The K-Ar mineral ages for the Akuna 
Intrusive Complex (Table 17) were mea­
sured on the basic, intermediate, and acidic 
rocks that occur towards the margins of the 
Yonki Dome intrusion. The Ramu Gorge 
samples (5860 and 5861) are granodiorites 
from near the intrusive contact with the 
Omaura Greywacke. In general the mineral 
ages cannot be distinguished from the 
dolerite whole-rock ages and (with the 
exception of 5861 hornblende) both show a 
similar spread. Four of the biotite ages are 
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No. Sample K % 
xl0-i c m 3 

NTP/g 
*Ar*» 

% 
Calculated 
age (m.y.) 

Akuna Intrusive Complex 

5 6 6 0 Whole roc k 1.562 
1.570 X 1.56 6 0 .930 26.3 14.8 ±  0. 5 

5668 Whole roc k 0.659 
0 .654 I 0.65 7 0 .440 48.4 16.7 ±  0. 7 

5669 

5851 

Whole roc k 

Whole roc k 

0.713 
0 .709 
1.200 
1.195 

X 0.71 1 

] 1.19 8 

0.405 

0.802 
0.799 

50 .4 

35.7 
25 .0 

14.2 ±  0. 6 

16.7 ±  0. 7 
16.6 ±  0. 3 

5852 Whole roc k 0 .390 
0.385 | 0.38 8 0.241 49.3 15.5 ±  0. 6 

5853 Whole roc k 0 .474 
0.478 X 0.47 6 0.252 51.2 13.2 ±  0. 6 

5854 Whole roc k 1.361 
1.373 X 1.36 7 0.799 61.2 14.6 ±  0. 6 

5855 Whole roc k 1.381 
1.391 X 1.38 6 0.828 50.7 14.9 ±  0. 3 

5467 Biotite 6.434 
6 .494 X 6 .46 4 3.450 78.3 13.5 ±  0. 2 

Hornblende 0.552 
0 .550 | 0.55 1 0 .360 13.3 16.3 ±  0. 8 

5468 Biotite 7.616 
7.612 X 7 .61 4 4.707 85.0 15.4 ±  0. 6 

5469 Biotite 7 .740 
7.718 | 7.72 9 4.138 73 .0 13.4 ±  0. 2 

5856 Biotite 7.750 
7.748 I 7.74 9 4.605 62.8 14.8 ±  0. 6 

5860 Biotite 7.566 
7.628 X 7.59 7 4.022 81.2 13.2 ±  0. 5 

5861 Biotite 6.996 
6.967 X 6.98 2 3.786 72.5 13.5 ±  0. 5 

Hornblende 0.676 
0 .670 X 0.67 3 0.259 25 .0 9.6 ±  0. 5 

Elendora Porphyry 

5837 Hornblende 1.278 
1.278 X 1.27 8 0.509 40.1 10.0 ±  0. 4 

5858 

5873 

5874 

Hornblende 

Hornblende 

Hornblende 

0 .674 
0.676 
0.577 
0.572 
0.607 
0.611 

I 0.67 5 

X 0.57 5 

X 0.60 9 

0.215 

0.169 
0.172 
0.236 
0.248 

40 .9 

26.1 
23 .0 
43.1 
18.3 

8.0 ±  0. 3 

7.4 ±  0. 3 
7.5 ±  0. 4 
9.7 ±  0. 4 

10.1 ±  0. 5 

Intrusives near Sonofi village 
0.527 
0.529 5470 Hornblende 0.527 
0.529 ] 0.52 8 0.261 36.5 12.4 ±  0. 5 

5655 Whole roc k 0.637 
0.627 | 0.63 2 0.230 21.0 9.1 ±  0. 3 

5656 Whole roc k 1.029 
1.028 I 1.02 9 0.333 44.3 8.1 ±  0. 2 

5657 Whole roc k 0.765 
0.758 I 0.76 2 0.249 41.8 8.2 ±  0. 2 

Hornblende 0.392 
0.395 | 0 .39 4 0.125 34.1 7.9 ±  0. 2 

Clinopyroxene 0.0401 
0 .0396 X 0 .039 9 0 .034 7.4 21.1 ±  2. 6 

T A B L E 17 . K-A r A G E S F O R I N T R U S I V E S I N T H E K A I N A N T U - M O U N T M I C H A E L 
A R E A 
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T A B L E 17 . K-A r A G E S F O R I N T R U S I V E S I N T H E K A I N A N T U - M O U N T M I C H A E L 
A R E A — ( c o n t . ) 

*Ar«> 
xlO-s cm3 *AiA0 Calculated 

So. Sample K % NTP/g % age (m.y.) 

5658 Whol e roc k 

Hornblende 

5659 Whol e roc k 

Michael Diorite 
5879 Hornblend e 

5 8 8 0 Hornblend e 

1.087 \  .  0 8 7 

1.087 \  1 0 8 7 

0-392 I  r. i n n 
0.387 J 
0 .937 
0 .923 0 .930 

0.311 

0 .129 

0.267 

31.3 

12.8 

22.8 

7.2 ±  0. 2 

8.2 ±  0. 5 

7.2 ±  0. 3 

0 .635 
0 .412 )  Q 

0 .416 J  u 414 

0 .182 
0 .105 
0 .122 

20.6 
23.3 
15.7 

7.2 ±  0. 2 
6.3 ±  0. 3 
7.4 ±  0. 2 

Fig. 30 . Initia l argo n plo t fo r Akun a whol e rocks . 

i 1  1  1  r 

10 20 30 40 50 
Fig. 3 1 . Argo n isochro n fo r Akun a whol e rocks . 

about 13.5 m.y. and two others, from local­
ities about 8 km apart, are about 15 m.y. 
The hornblende age for 5861 is 4 m.y. lower 
than the biotite age; the reason for the 
general discordancy of the results is not 
immediately explicable. 

Graphical plots of the Akuna Intrusive 
Complex whole-rock data (Figs. 30 and 31) 
suggest that there may be two separate ages 
of about 15 and 17 m.y. The points show 
considerable scatter about the straight lines 

and, within the uncertainties quoted, there 
is no indication of extraneous argon in the 
samples. It is possible that the ages repre­
sent a somewhat complex intrusive history 
in the area, but there is no apparent correla­
tion between age and rock type. Perhaps 
the spread is due to partial updating of 
some of the rocks. The southern Akuna 
Intrusive Complex mass is intruded by the 
Elendora Porphyry; it is conceivable that 
the latter is more widespread beneath the 
Akuna Intrusive Complex, and that its 
heating effects have been the cause for loss 
of argon from parts of the mass. 

Elendora Porphyry.  Intrusives grouped in 
the Elendora Porphyry crop out in many 
places in the Kainantu area (Fig. 22). These 
hornblende microdiorite bodies were shown 
to be later than the Tertiary lower /-stage 
'Lamari Conglomerate' (now part of the 
Yaveufa Formation) by Dow & Plane 
(1965), who regarded them as Pliocene in 
age. The Elendora Porphyry corresponds to 
the 'late Tertiary hypabyssal rocks' mapped 
by McMillan & Malone (1960). 

The K-Ar ages for the Elendora Por­
phyry are listed in Table 17. The horn­
blende sample dated from north of Mount 
Elendora (5858) has a K-Ar age of 8.0 ± 
0.3 m.y. The samples from Mount Mune-
finka (5873 and 5874) give discordant 
duplicated ages of about 7.5 and 10 m.y., 
and the fourth hornblende date of 10.0 ± 
0.4 m.y. is from a dyke (5837) that intrudes 
the gneissic granite of the Bena Bena 
Formation. 
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About 8 km west of Sonofi, a hornblende 
microdiorite body (5470) shown as Aifunka 
Volcanics by Dow & Plane (1965) intrudes 
the Tertiary e-stage sediments, and a horn­
blende age of 12.4 ± 0.5 m.y. was deter­
mined. A number of K-Ar measurements 
were made on another small porphyritic 
hornblende microdiorite mass which intrudes 
the Tertiary lower /-stage Lamari conglo­
merate member of the Yaveufa Formation 
in the Faiantina River 6 km southwest of 
Sonofi village, and these results (5655 to 
5659) are also given in Table 17. The five 
whole-rock and two hornblende results form 
a fairly consistent age group of about 7 to 
9 m.y., which is good evidence that this is the 
probable age of emplacement of the mass. 
The anomalously high age of 5657 clino-
pyroxene is probably due to the presence of 
extraneous radiogenic argon, whose effect is 
emphasized by the low potassium content 
(0 .04%). As with the other dated horn­
blende microdiorites in the Kainantu region, 
the measured ages of this mass are com­
pletely consistent with the field observations. 

Taken at face value the hornblende and 
whole-rock ages indicate that most of the 
Elendora Porphyry microdiorites were em­
placed between 7 and 9 m.y. ago, during 
the late Miocene. This was well after the 
time of Akuna Intrusive Complex emplace­
ment, and, as previously suggested, the 
younger intrusions may have been respon­
sible for updating and causing the observed 
age spread in the Akuna Intrusive Complex. 

Michael Diorite.  The Michael Diorite (Bain 
et al., in press) forms a prominent mountain 
peak at the eastern end of the Kubor Range 
about 60 km west-southwest of Kainantu. It 
is a hypabyssal intrusive body consisting of 
several bosses and sills described as 'micro-
porphyritic hornblende diorites'. Rickwood 
& Kent (1956) believed that the rocks in­
truded Cretaceous sediments, but Bain et al. 
(in press) demonstrated that the mass in­
trudes sediments as young as Tertiary lower 
/ stage (middle Miocene). Hornblende was 
dated from two microdiorites (Table 17) 
that were sampled along the road southeast 
of Lufa patrol post (Fig. 10). It would 
appear that these rocks were emplaced 6 to 

7 m.y. ago in the late Miocene, and that the 
Michael Diorite belongs to the same age 
group as the several microdiorite masses 
near Kainantu. 

5.33 Bismarck  Intrusive  Complex 
The Bismarck Intrusive Complex (Bain 

et al., in press) is the amended name of the 
Bismarck Granodiorite, an elongate north­
west-trending batholith (65 km by 25 km) 
with a number of smaller bodies around its 
eastern margin (Fig. 32). It is composed 
predominantly of granodiorite with minor 
gabbro and diorite, and crops out over a 
considerable area of the rugged Bismarck 
Range. Many of the peaks are over 3000 m 
above sea level and some, such as Mount 
Wilhelm (4510 m above sea level), show 
evidence of Pleistocene glaciation (Peterson, 
1970). 

Rickwood (1955) and McMillan & 
Malone (1960) mapped part of the Bis­
marck mass and, because of its lithological 
similarity to the Kubor Granodiorite about 
50 km to the southwest, they considered 
that it was also of Palaeozoic age. With 
further mapping of the area, however, Dow 
& Dekker (1964) showed that the Bismarck 
mass intrudes the Upper Triassic Kana 
Formation (renamed Kana Volcanics by 
Dow et al., 1972). On the basis of question­
able stratigraphic evidence, Dow & Dekker 
(1964) believed that the batholith was over­
lain by Jurassic sediments, and hence they 
concluded that the mass was emplaced in the 
latest Triassic or earliest Jurassic. However, 
the only unequivocal stratigraphic control on 
the age was beyond the southeast end of the 
main Bismarck mass, at Urabagga Hill, 
where a small outcrop of granitic rock is 
unconformably overlain by Oligocene Num-
mulites limestone (Fig. 32). McMillan & 
Malone (1960) extrapolated the undisputed 
unconformable relationship at Urabagga Hill 
and stated that the whole of the Bismarck 
'batholith is certainly older than the Oligo­
cene'. Such an extrapolation clearly depends 
on the assumption that the main Bismarck 
mass and the outcrop at Urabagga Hill are 
the same age. It was shown in 4.4 that the 
Urabagga Hill intrusion is most probably 
the same age as the nearby intrusion (4 km 
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P / A / 5 0 2 Modified from  McMillan  a Molone,  !960;Dow  0 Dlkkw,  1964 

Fig . 3 2 . Simplifie d geologica l map—Bismarc k Rang e area . 

northwest of Urabagga Hill), which was 
dated as Early Jurassic (180 to 190 m.y.). 
It is reiterated that the only unquestionable 
stratigraphic control on the age of the main 
mass of the Bismarck Intrusive Complex is 
that it intrudes, and is therefore younger 
than, the Upper Triassic Kana Volcanics 
(Dow & Dekker, 1964); there is no con­
clusive younger limit for the age. 

Previous Rb-Sr  age  for the  Bismarck  Intru-
sive Complex.  A Rb-Sr biotite age of 194 
m.y. for a sample of the Bismarck Intrusive 
Complex (981) from Yanderra village was 
determined by V. M. Bofinger and acknow­
ledged by Dow & Dekker (1964). As 
stressed by Bofinger (in Dow & Dekker, 
1964) the 194 m.y. age was quite prelim­

inary. The single age determination was 
consistent with, and used as substantive 
evidence for, the Mesozoic stratigraphic age 
of the batholith interpreted by Dow & 
Dekker(1964). 

After the results of several more K-Ar 
and Rb-Sr determinations (all giving ages 
of the order of 10 to 15 m.y., i.e. mid-
Miocene) on minerals from further samples 
of the Bismarck Intrusive Complex by the 
present author (see below), it became clear 
that the preliminary 194 m.y. age was quite 
anomalous. An analysis of the same biotite 
separate (981) was repeated, and the 194 
m.y. age duplicated perfectly, but no K-Ar 
analysis of the same biotite was possible 
because all of it was consumed. However, 
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T A B L E 18 . K-A r A G E S F O R T H E B I S M A R C K I N T R U S I V E C O M P L E X 

*Ar*° 
xlO-«cmZ *Ar*° Calculated 

No. Sample K % NTP/g % age (m.y.) 

Wilhelm-Marum area 

5456 Biotite 7.492 ? 
7.493 7.493 3.042 60.0 10.1 ;£ 0.2 

Hornblende 0.540 ( 
0.545 j 0.543 0.283 36.0 13.1 0.4 

Plagioclase 0.552 ] 
0.545 j 0.549 0.243 23.1 11.1 ± 0.6 

5457 Biotite 7.753 ; 
7.753 7.753 3.683 82.5 11.9 0.2 

Hornblende o.748 ; 
0.749 

0.749 0.375 49.4 12.5 -± 0.3 

5463 Biotite 7.706 | 
7.713 7.710 3.950 73.3 12.8 0.4 

Hornblende 0.513 1 
0.513 0.513 0.270 38.3 13.1 0.5 

5464 Biotite 7.608 ] 
7.665 7.637 3.592 82.9 11.8 0.2 

Hornblende 0.683 1 
0.683 0.683 0.340 26.5 12.4 0.5 

5465 Hornblende 0.378 ) 
0.382 0.380 

0.166 
0.149 
0.137 

30.6 
25.2 
28.0 

10.9 
9.8 
9.0 

0.4] 
0.4 \  9.9 ±  0. 4 
0.4 J 

5497 Biotite 6.658 1 
6.669 6.664 3.163 79.0 11.9 -+- 0.3 

Potash 
feldspar 

10.384 ' 
10.349 10.367 4.243 57.1 10.2 -ir- 0.3 

Plagioclase 0.0210 
0.0230 

0.0220 0.614 49.5 595 ± 29 

5498 Hornblende 0.301 
0.302 0.302 0.171 28.1 14.1 0.5 

5499 Biotite 7.410 1 
7.413 7.412 3.405 66.2 11.5 0.3 

5500 Biotite 7.319 ) 
7.357 7.338 3.514 76.3 11.9 0.3 

5670 Biotite 7.575 ' 
7.589 7.582 3.654 77.0 12.0 0.3 

Hornblende 0.580 0.297 15.7 12.8 0.7 

5671 Biotite 7.349 ] 
7.376 7.363 3.549 58.6 12.0 0.3 

Hornblende 0.599 } 
0.599 0.599 0.297 55.9 12.4 0.3 

5676 Biotite 7.240 1 
7.244 7.242 3.599 

3.572 
66.3 
63.7 

12.4 
12.3 

0.3 
0.5 

Hornblende 0.479 ] 
0.480 0.480 0.289 31.6 15.1 0.4 

5677 Hornblende 0.477 ' 
0.476 0.477 0.333 46.1 17.4 - t - 0.5 

5680 Hornblende 0.491 
0.496 0.494 0.244 30.3 12.3 ± 0.5 

5681 Biotite 7.650 ' 
7.729 - 7.69 0 3.652 87.5 11.9 0.5 

Hornblende 0.676 1 
0.670 0.673 0.302 

0.314 
52.2 
49.2 

11.2 
11.6 

0.5 
0.2 

5682 Biotite 7.600 ' 
7.546 • 7.57 3 3.367 73.8 11.1 0.3 

Hornblende 0.397 ' 
0.398 

0.398 0.214 19.8 13.5 -+- 0.6 
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T A B L E 18 . K-A r A G E S F O R T H E B I S M A R C K I N T R U S I V E C O M P L E X — ( c o n t . ) 

*Ar*<> 
xlO-*cm* *Ari,< Calculated 

No. Sample K % NTP/g % age (m.y.) 

Goroka/Mount Otto area 

5455 Biotite 5 .880 ' 
5.786 5.833 2.545 57.4 10.9 0.2 

Hornblende 0 .566 ) 
0 .574 0 .570 0.257 27.6 11.3 0.3 

5462 Biotite 7 .092 ' 
7.057 - 7.07 5 2.499 72.7 8.8 0.2 

Hornblende 0 .492 ' 
0 .492 0.492 0.213 21.2 10.8 -f- 0.5 

5957 Biotite 5.788 ' 
5.777 5.783 1.973 47.8 8.5 0.1 

41 
10 ii 12 13 

—| Hornblendes 

. , n p 

I W I L H E L M -  M A R U M 

Biotites 

n 
, Hornblendes 

m , . , , 

H G 0 R 0 K A - M T OTT O 

a io 12 I * 

Biotites 

n 
Hornblendes 

"h n ,, 
Biotites 

n 
Hornblendes 

. .  .  .  n.n .  .  . 
• a 10 12 14 

M 1 LLlON S OF YEARS 

E I NORT H Y A N D E R R A 

I ¥ S O U T H W E S T Y A N D E R R A 
( mineral izat ion ) 

Fig. 3 3 . Histogram s o f Bismarc k Intrusiv e C o m -
plex ages . 

K-Ar ages were determined in duplicate on 
hornblende and potash feldspar from sample 
981, and, in addition, two more separate 
crushings (981A and 981B) of the original 

granodiorite (involving mineral separations 
of biotite, hornblende, and potash feldspar) 
were made in an attempt to clarify the 
anomalies. These and other anomalous age 
results, all from the area north of Yanderra 
village, are discussed later ( see pp. 71-74). 
In short, it has been concluded that the 
original single age determination of 194 m.y. 
quoted by Dow & Dekker (1964) was 
analytically reliable but quite anomalous. 

Because of the controversy regarding the 
age of the Bismarck Intrusive Complex, this 
body was studied in considerably more detail 
than any of the other intrusives in the New 
Guinea Mobile Belt. It was hoped that the 
interpretations of the Bismarck Intrusive 
Complex K-Ar and Rb-Sr mineral and 
whole-rock ages would enable a better 
understanding of the young ages determined 
on other masses in this apparently very 
juvenile intrusive belt. 

K-Ar ages  in  the  Wilhelm-Marum  area. 
Hornblendes, biotites, and feldspars separ­
ated from both granodiorites and diorites 
were sampled from many localities within 
the Bismarck body (Fig. 32). Results from 
the main mass of the Bismarck Intrusive 
Complex between Mount Wilhelm and the 
Marum River (the Wilhelm-Marum area) 
are discussed first. These have ages (Table 
18) in the range 10 to 15 m.y., and the age 
histograms (Fig. 33) show a strong peak at 
about 12 m.y. For most samples, biotite and 
hornblende pairs were measured, and, of the 
nine pairs, six show a consistent age dif-
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Fig. 34 . Argon isochro n fo r the Bismarck biotites . 

Ar n  10 c m NTP/g 

Aft =  II6t0 6my  54 i 

Y intercept  =  0 023±0  013x10  cm 3NTP/g 5 6 7 ^ v 7 1 ^ 

* S W 0 = ̂ J 7 ! l " 8 . ( 3 ^ „ 

5457q^ 

Fig. 35 . Initia l argo n plo t fo r th e Bismarc k 
hornblendes. 

Age-12 OtO  4m  y 
600 -I ^ intercept  ±303 1 4 

MSWD =23  98 

\ 5 ' 5676. \ 

5457 G ,Q' 
5681 

' 6 8 2 „ ^ r S ) 0 U ° S M S - 3 , , . 0 ' M W 5465- 2 

Fig. 3 6 . Argo n isochro n fo r th e Bismarc k horn -
blendes. 

ference of less than 1 m.y.; with one excep­
tion, the biotite gives the younger age. This 
is also reflected in the histogram peaks (Fig. 
33) and in the calculated mean ages of 11.78 
± 0.26 m.y. for 12 biotites, compared with 
12.72 ± 0.78 m.y. for 12 hornblendes (ex­
cluding 5677); the errors quoted are 2 SD of 
the mean. The 1 m.y. age difference might 
reflect slow cooling of the Bismarck intru­
sion such that radiogenic argon began to 
accumulate in hornblende about 1 m.y. 
before biotite became a closed system. The 
mean hornblende age of 12.7 m.y. is 

regarded as the best minimum estimate for 
the time of emplacement of the body. The 
higher age of the hornblende 5677 is not 
considered in the pooled ages, for the sample 
was a xenolith in the granodiorite. Another 
discrepant age is given by 5497 plagioclase; 
it may result from incorporation of 
extraneous radiogenic argon at the time of 
crystallization; note the low potassium con­
tent (0.02%). 

Initial argon and argon isochron diagrams 
of the Wilhelm-Marum data were drawn up 
to investigate further the use of such plots 
and to see if any additional information 
could be derived. Figure 34 is an isochron 
diagram for the Wilhelm-Marum biotites. 
The regression analysis result is given with 
the errors quoted at the 95-percent con­
fidence limits. Replicate argon data are 
plotted individually but only a mean value 
was used in the regression analyses. The 
graphically obtained age of 12.1 ± 0.3 m.y. 
is in good agreement with the mean of 11.8 
m.y. from the conventionally calculated ages, 
and, as the A r 4 0 / A r 3 6 intercept is not dis­
tinguishable from 295.5, no extraneous 
argon is indicated. No initial argon plot of 
the biotite data is given because of the small 
spread in the potassium values. The initial 
argon and isochron plots for the hornblendes 
(Figs. 35 and 36) give indicated ages of 11.6 
± 0.6 and 12.0 ± 0.4 m.y. respectively. 
The graphically obtained ages are slightly 
less than the mean of the conventional ages 
of 12.7 m.y., and result from the positive 
intercept in the initial argon plot and the 
high initial A r 4 0 / A r 3 0 in the isochron plot. 
These intercepts suggest the presence of 
extraneous argon in the hornblendes. 

The approximate concentration of the 
indicated initial argon in the hornblendes 
can be calculated using the intercepts from 
both graphs (cf. Roddick & Farrar, 1971). 
From equation (9) (see Appendix 1, p. 
107), the radiogenic A r 4 0 intercept on the 
initial argon diagram can be expressed as: 
Arf 6 (I—295.5), where I is equal to the 

initial A r 4 0 / A r 3 6 . Then, from Figure 35: 
A r 8 « (1—295.5) = 0.23 x 10-e cm 3 

NTP/g 
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and from the isochron diagram (Fig. 36): 
I = 303 

Thus 
A r 3 6 = 0.023 x 10" 6 = 3.1 x 10"° cm 3 

(303 — 295.5) NTP/g 
and 

A r 4 0 - A r 3 6 I = 0.939 x 10" 6 cm 3 

NTP/g 
Taken at face value, the graphical plots, 
therefore, indicate that each hornblende had 
an initial A r 4 0 concentration of about 0.9 x 
10" 6 cm 3 NTP/g. However, this estimate is 
quite unrealistic, for in only three of the 
hornblende measurements did the total A r 4 0 

exceed 1.0 x 1 0 - 6 cm 3 NTP/g. The conclu­
sion must be that one or both of the 
graphical plots of the argon data cannot be 
applied to the Bismarck hornblendes, be­
cause some of the underlying assumptions 
are not fulfilled; the possible reasons for this 
will be discussed further below. 

For the K-Ar dating of young rocks and 
minerals, such as the Bismarck Intrusive 
Complex, a limiting factor in the use of the 
isochron plot will be contamination by 
atmospheric argon after the system was 
closed (see Appendix 1, p. 104). As pointed 
out by McDougall et al. (1969) and by 
Hayatsu & Carmichael (1970), the addition 
of such atmospheric argon to the samples 
will result in a scatter on the isochron plot, 
unless the initial ratio is equal to the present 
atmospheric A r 4 0 / A r 3 6 ratio (cf. Appendix 
1, Fig. B) . Hayatsu & Carmichael (1970) 
concluded that, in their series of measure­
ments on very low-grade metamorphosed 
Palaeozoic rocks from Nova Scotia, Canada, 
more than 90 percent of the A r 3 6 came 
from the samples themselves. For the Bis­
marck Intrusive Complex, an estimate of 
the contamination from the laboratory or 
extraction line, or both, can be made by 
comparing the total volume of atmospheric 
A r 4 0 in the runs with the volume obtained 
in blank runs. Under normal operating con­
ditions in this laboratory the argon extrac­
tion blank in terms of total atmospheric 
A r 4 " is about 1 x 10~7 cm 3 NTP/g (I. 
McDougall, pers. comm.); when special pre­
cautions are employed the average blank 
obtained is 5 x 10" 8 cm 3 NTP/g. On the 

basis of a blank of 1 x 10" 7 cm 3 NTP/g, the 
present measurements on the 12 Bismarck 
hornblendes show that the proportions of 
non-radiogenic A r 4 0 resulting from labora­
tory contamination is of the order of 10 per­
cent, but three samples (5456, 5457, and 
5671) may have 20 to 30 percent con­
tamination. For the 12 analysed Bismarck 
biotites, the proportion of non-radiogenic 
A r 4 0 from laboratory contamination was 
generally about 20 percent, with only three 
samples (5456, 5499, and 5671) between 
10 and 15 percent. In the isochron plot, 
such contamination causes smearing of the 
points towards 295.5 on the A r 4 0 / A r 3 6 

axis, if the initial A r 4 0 / A r 3 6 is not equal 
to that of present-day atmospheric argon. 
The extent of the smearing of the data 
points depends on the amount of con­
tamination, and the scatter will cause the 
MSWD in the regression analysis to be 
greater than unity, as observed in the Bis­
marck hornblende and biotite results. If any 
of the other assumptions, such as constant 
initial argon concentration (for the initial 
argon plot) and constant A r 4 0 / A r 3 6 (in 
both initial argon and isochron plot), are 
not met, then the scatter introduced will be 
reflected in an MSWD value greater than 
unity, and it becomes difficult to interpret 
the results meaningfully or with any con­
fidence. Also, a real age spread or variable 
loss of radiogenic A r 4 0 will upset the iso­
chron model, and it is felt that these may be 
significant for the Bismarck hornblende data. 
For the biotites, however, all except one of 
the conventionally calculated ages are in the 
narrow range 11.0 to 12.8 m.y., and hence 
the isochron plot (with no indicated extra­
neous argon) gives a figure in the same 
range. Even for the biotites, the high MSWD 
of 10.95 indicates that probably not all 
assumptions of the model are met, and the 
graphically obtained age could be fortuitous. 

It can be concluded that the use of argon 
isochron and initial argon plots may not be 
particularly helpful in analysing mineral data 
from young rocks. The conditions of the 
plots are not fulfilled for the Bismarck 
Intrusive Complex data because the sampled 
area of about 1200 km 2 probably has finite 
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T A B L E 19 . Rb-S r D A T A F O R T H E B I S M A R C K I N T R U S I V E C O M P L E X 

Rb Sr 
Rb-Sr K-Ar 

age age 
No. Sample (ppm) (ppm) Rb*t/Sr** Sr^/Sr** Sr^/Sr** (m.y.) (m.y.) 

Granodiorites 
5455 Biotite 387.9 15.6 71 .785 0 .7138 9.7 10.9 

W h o l e roc k 3 7 * 5 0 4 * 0.7041 
5456 Biotite 245 .0 20 .3 34 .778 0 .7092 10.6 10.1 

W h o l e roc k 4 1 * 5 3 5 * 0.7041 
5497 Biotite 373.6 11.3 95.275 0.7211 13.0 11.9 

Potash 
feldspar 255.6 4 8 0 . 2 1.536 0 .7050 10.2 

W h o l e roc k 7 3 * 4 4 8 * 0 .7040 
5492 W h o l e roc k 61 .0 585.1 0.301 0 .7027 0 .7035 
5 6 7 0 W h o l e roc k 97.2 458 .4 0.612 0 .7039 
5672 W h o l e roc k 71 .2 374.1 0.549 0 .7042 0 .7042 
5 6 7 4 W h o l e roc k 112.3 239.8 1.351 0.7041 0.7041 
5675 W h o l e roc k 100.5 289 .6 1.002 0 .7042 0 .7042 
5 8 8 2 A W h o l e roc k 142.3 170.3 2 .412 0.7041 0 .7039 
5882B W h o l e roc k 49.7 412 .8 0.347 0 .7038 

9 8 1 A W h o l e roc k 42.5 880.1 0.139 0 .7036 
5493 W h o l e roc k 46.8 702.1 0.192 0 .7036 0 .7036 
5673 W h o l e roc k 30.2 378 .0 0.231 0 .7039 0 .7037 

0 .7040 

Aplites 
5482 W h o l e roc k 107.4 105.2 2.947 0 .7044 0 .7042 
5483 W h o l e roc k 208.1 35 .4 16.973 0 .7079 0.7073 
5484 W h o l e roc k 99.2 287.5 0 .996 0 .7038 0.7038 
5485 W h o l e roc k 159.2 18,2 25 .258 0 .7080 0.7079 
5486 W h o l e roc k 138.6 12.5 32 .020 0 .7086 0.7091 
5487 W h o l e roc k 100.2 33 .0 8.766 0 .7056 0.7055 
5688 W h o l e roc k 238 .0 170.7 4 .024 0 .7054 

239 .2 171.3 4.025 0 .7047 0 .7046 
5 8 8 4 W h o l e roc k 67.9 275 .6 0.711 0 .7044 0.7038 
5885 W h o l e roc k 57.9 288 .0 0 .580 0 .7036 0 .7040 
5886 W h o l e roc k 125.5 60.3 6.048 0 .7066 0.7051 
5898 W h o l e roc k 82.4 237 .9 0.999 0 .7039 0 .7040 
5 9 0 0 W h o l e roc k 81.1 28.7 8.167 0 .7046 0.7048 

0.7045 
5957 W h o l e roc k 136.0 26.5 14.799 0.7061 0 .7062 

Biotite 608.9 24 .4 71 .998 0 .7130 9.3 8.5 
599.7 24 .2 71 .706 0 .7124 9.0 

** Measure d value , unspike d ru n 
* Approximat e X R F measuremen t 

age differences, as well as inhomogeneous 
initial argon concentration and A r 4 0 / A r 3 6 

values. Where these factors exist, the two-
error regression analysis of Mclntyre et al. 
(1966) applied to the data does not neces­
sarily give the correct slope; the indicated 
uncertainties of the regression could also be 
wrong, as the variances applied to individual 
data points in the isochron plot may not be 
realistic. Because of all these difficulties, 

interpretation of the Bismarck argon data is 
best considered in the light of the conven­
tionally calculated ages as represented on 
the histograms in Figure 33. 

Rb-Sr biotite  ages  in  the  Wilhelm-Marum 
area. Several biotites from the Bismarck 
Intrusive Complex were analysed by the Rb-
Sr method; the data for two of them (5456 
and 5497) from the Wilhelm-Marum area 
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are included in Table 19; the K-Ar biotite 
ages which are 0.5 and 1.1 m.y. lower, are 
also listed for comparison. The younger 
K-Ar and Rb-Sr ages of 5456 may be a 
result of slight mineralization—veins of 
pyrite and minor chalcopyrite—of the rock 
that was sampled. The initial S r 8 7 / S r 8 6 

ratios used to calculate the Rb-Sr biotite 
ages of 5456 and 5497 are based on their 
respective whole-rock measurements of the 
present-day S r 8 7 / S r 8 6 values. 

K-Ar and  Rb-Sr  ages  of  the  Bismarck  Intru-
sive Complex  between  Goroka  and  Mount 
Otto. Two separate intrusions were mapped 
by McMillan & Malone (1960) as outliers 
at the eastern end of the main Bismarck 
mass between Goroka and Mount Otto (Fig. 
32). Two granodiorite samples (5455 and 
5462) from the southern mass give biotite 
and hornblende K-Ar ages between 8.8 and 
11.3 m.y. (Table 18); the biotites again 
give the younger apparent ages. The Rb-Sr 
age of 5455 biotite is 9.7 m.y. (Table 19), 
which is just outside the experimental un­
certainties of the K-Ar measurement. A 
biotite from an aplitic sample (5957) from 
the northern intrusion yields a K-Ar age of 
8.5 z b 0.1 m.y. (Table 18) and well dupli­
cated Rb-Sr ages of 9.0 and 9.3 m.y. (Table 
19). From these limited data it would 
appear that the intrusions between Goroka 
and Mount Otto cooled below the respective 
threshold temperatures for rentention of 
radiogenic argon and strontium about 2 to 
3 m.y. after the main mass of the Bismarck 
Intrusive Complex in the Wilhelm-Marum 
area (cf. Fig. 33). The Goroka/Mount Otto 
bodies may well be younger intrusions. 

Rb-Sr whole-rock  data.  To enable a better 
understanding of the relatively young K-Ar 
and Rb-Sr mineral ages determined on the 
Bismarck Intrusive Complex, and indeed on 
several other plutons throughout the New 
Guinea Mobile Belt, further Rb-Sr work 
was undertaken to obtain a whole-rock iso­
chron for the Bismarck Intrusive Complex, 
and thereby to establish an unequivocal age 
for the mass. Unfortunately the granodiorites 
and diorites of the mass have low and uni­
form Rb/Sr ratios and, alone, are not very 

suitable for Rb-Sr dating. The aplitic dykes 
intrusive into the granodiorites proved to 
have a wide range of Rb/Sr ratios, and 13 
samples were analysed. The assumption 
initially made, and later tested, is that the 
aplites are cogenetic with, and have about 
the same age as, the granodiorites they 
intrude. The aplites analysed came from 
many areas throughout the entire outcrop of 
the Bismarck Intrusive Complex; these are 
shown on the general locality map (Fig. 32) 
and the more detailed Yanderra map (Fig. 
41). 

The Rb-Sr analytical data for the 13 
aplites (Table 19) are plotted in Figure 37. 
The S r 8 7 / S r 8 6 ratios were determined from 
both spiked and unspiked runs, between 
which there is generally excellent agreement. 
A y  variance of 0.05 x 10~6 was used in the 
regression analysis of Figure 37, and a 
Model I isochron with an age of 12.3 ± 1 . 0 
m.y. and initial S r 8 7 / S r 8 6 of 0.7038 ± 
0.0002 fitted. The errors quoted are at the 
95 percent confidence limits. The MSWD of 
1.48 is not significantly different from unity 
at the 5 percent level (using the statistical 
F test) and indicates that all errors can be 
attributed to the experimental uncertainties. 
The Model I whole-rock aplite isochron pro­
vides good evidence that the age of 12.3 ± 
1.0 m.y. is geologically meaningful and is 
probably the time of emplacement of the 
aplite dykes. This age also provides a firm 
minimum estimate for emplacement of the 
Bismarck Intrusive Complex. 

Ten granodiorite whole-rock samples 
from widespread localities within the Bis­
marck mass were analysed (Table 19) to 
test whether the aplites and granodiorites 
can be regarded as cogenetic. As earlier 
mentioned, the granodiorites are poorly en­
riched and, as a result, the slope of the 
Model I isochron (Fig. 38) that fitted the 
data has large uncertainties. However, the 
young indicated age of 12.7 ±  11A  m.y. 
supports the other mineral and aplite data. 
The indicated initial S r 8 7 / S r 8 6 from the 
granodiorites of 0.7037 ± 0.0002 is almost 
identical with the aplite value. Thus the 
aplites and granodiorites may well be co­
genetic, and the data in the two isochrons 
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(Figs. 37 and 38) can be validly combined. 
When this is done, the 23 whole-rock sam­
ples define a Model I isochron (MSWD 
1.10) with an age of 12.4 ± 0.8 m.y. and 
initial S r 8 7 / S r 8 6 of 0.7037 ± 0.0001. This 
must be regarded as the best age estimate 
for the emplacement of the Bismarck Intru­
sive Complex and aplites, and it is noted 

that it is close to the mean K-Ar hornblende 
age for the granodiorite of 12.7 ± 0.8 m.y. 

Muscovite pegmatite  ages.  Several muscovite 
pegmatite dykes from 0.3 to 1.5 m wide 
were found in two areas about 4 km and 
6 km south of Bundi (Fig. 32). At the 
northern locality, they crop out near the 
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T A B L E 20 . K-A r A G E S F O R T H E B I S M A R C K M U S C O V I T E P E G M A T I T E S 

No. Sample K % 
xlO-v cm3 

NTP/g 
* A r i 0 

% 
Calculated 
age (m.y.) 

5819 Muscovite 7 .474 
7 .478 ! 7.476 2 .563 

2.458 
66.7 
22 .0 

8.6 ±  0. 2 
8.2 ±  0. 3 

5 8 2 0 Muscovite 7 .230 
7 .186 } 7.208 2.518 59.1 8.7 ±  0. 2 

5821 Muscovite 7 .416 
7.457 7.437 2.682 40.0 9.0 ±  0. 3 

5822 Muscovite 7 .820 
7.806 7.813 2.667 58.1 8.5 ±  0. 2 

5823 Muscovite 7 .457 
7.421 } 7.439 2.953 66.9 9.9 ±  0 . 4 

5 8 2 4 Muscovite 7 .668 
7.657 7.663 2.636 57.7 8.6 ±  0. 3 

A r 4 0 / A r 3 6 
5 8 2 3 © 
OSdi . ^ 5 8 1 9 - 1 

8 0 0 - Age =  9  5  ±0-7m.  y. 

Y intercept  =  269  ±29 5 8 2 0 „ / ^ 

7 0 0 - MSWD- 1209 
^ 5 8 2 2 

5 8 2 4 

6 0 0 -

5 0 0 -

4 0 0 -
5 8 I 9 - 2 Q 

3 0 0 -

^ 4 0 . . 3 6 , „ 4 

K / A r x  1 0 
1 I  I  1  1  1  1  1  1  1  1  1 — 

2 0 4 0 6 0 8 0 10 0 12 0 
M ( P t ) 2 2 5 

Fig . 39 . Argo n isochro n fo r th e Bismarc k muscovit e pegmatites . 

margin between the Bismarck Intrusive 
Complex and the Mesozoic to Palaeozoic 
Goroka Formation. 

The K-Ar results for six separated mus-
covites are listed in Table 20. Five of the 
ages are between 8.2 and 9.0 m.y., and the 
sixth (5823) is slightly older at 9.9 ± 0.4 
m.y. These are minimum emplacement ages 
for the pegmatites. The argon isochron plot 
of the data (Fig. 39) indicates a pooled age 
of 9.5 ± 0.7 m.y. for the six samples. 
Although the duplicate argon runs are plot­

ted individually in Figure 39, only a mean 
value was used in the regression analysis. 
The duplicate runs on 5819 indicate that the 
slope of the isochron is heavily controlled 
by variable contamination from atmospheric 
argon. The MSWD of 12.09 is also an 
indication that the assumptions of the plot 
are not fulfilled, and hence acceptance of 
the pooled age is perhaps not justified. The 
data were not plotted on an initial argon 
diagram because of the small potassium 
variation. 
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No. Sample Rb 
(ppm) 

Sr 
(ppm) RbM/SrW 5 ^ 7 / 5 , 8 6 

5 8 2 0 Whole roc k 75.9 126.1 1.737 0 .7087 
Muscovite 241.6 66.5 10.485 0 .7097 

5821 Whole roc k 38.2 43.3 2.545 0.7088 
Muscovite 213.2 68.7 8.969 0.7095 

5822 Whole roc k 45.7 38.2 3.455 0.7098 
Muscovite 267.2 69.9 11.035 0 .7112 

5823 Whole roc k 98.8 94.9 3.007 0.7085 
Muscovite 222.3 61.2 10.489 0.7098 

5 8 2 4 Whole roc k 88.9 94.0 2.673 0.7091 
Muscovite 217.9 64.4 9.765 0 .7100 

0-712 

0 71 0 

0 7 0 8 

0 -706 -

0 7 0 4 

c 8 7 / c 8 6 S r / S r 

W h o l e R o c k s 
/ 

5 8 2 2 

5 8 2 4 
5 8 2 0 

- 1

 c o „ < 5 8 2 3 

M u s c o v i t e s 

5 8 2 4 

- i — i -

5 8 2 3 

2 2 

5 8 2 1 
5 8 2 0 

5 8 2 7 Age 9  3  ±40  m .y. 

Initial Sr 87/Sr860-7085±0 0004 

MSWD 0-87  (excl.  5822  TR.,  muse) 

^ 2  standard  deviations 

R b 8 7 / S r 8 6 

n r 
10 

M ( P t ) 2 2 6 

Fig . 40 . Rb-S r isochro n fo r th e Bismarc k muscovit e pegmatites . 

Five of the pegmatites were chosen for 
Rb-Sr muscovite and whole-rock analyses, 
and data for these are given in Table 21. 
No independent muscovite ages can be 
determined from the data because of the low 
Rb/Sr ratios. The Rb-Sr data are plotted in 
Figure 40, and regression of the 10 points 
gives a Model IV isochron (MSWD = 
4.71) with an age of 10.9 ± 7.5 m.y. and 
initial S r 8 7 / S r 8 6 of 0.7085 ± 0.0006. The 
Model IV isochron suggests that the extent 
to which the analyses lie outside experi­
mental error can be attributed to a combina­
tion of variation in the initial S r 8 7 / S r 8 C and 
elemental redistribution, or real age differ­
ences. Inspection of the data on the isochron 
diagram (Fig. 40) shows that the large 

uncertainties are mainly due to the scatter 
of the muscovite and whole-rock points of 
sample 5822. When this sample is deleted 
from the regression a Model I isochron with 
an age of 9.3 ± 4.0 m.y. and initial S r 8 7 / 
S r 8 6 of 0.7085 ± 0.0004 is obtained. The 
age still has a large error because of the 
relatively low enrichments in S r 8 7 / S r 8 6 , and 
perhaps also because the muscovite and 
whole-rock points lie in two separate clusters 
on the isochron diagram. The rejection of 
5822 appears to be justified since the 
MSWD is significantly reduced from 4.71 to 
0.87. It would be possible to fit a parallel 
two-point 'isochron' through 5822 muscovite 
and whole rock, and the indicated initial 
S r 8 7 / S r 8 6 of such a line would be 0.7092. 

T A B L E 2 1 . Rb-S r D A T A F O R T H E B I S M A R C K M U S C O V I T E P E G M A T I T E S 
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5491 ,5673 ,5826® 

5 4 9 3 ® 

GOGUMBARGU V I L L A G E 
5 4 8 2 

® 5 8 8 5 

Bismarck Intrusive  Complex 

P / A / 5 0 3 

® Sample  locality 

\ Approximate  extent  of  copper 
mJ mineralized  area 

Fig. 4 1 . Yanderr a vil lag e are a an d coppe r prospect . 

Although there is a large uncertainty in 
the age determined from the Rb-Sr isochron, 
the indicated value of 9.3 m.y. is in reason­
able agreement with K-Ar muscovite ages of 
8 to 9 m.y. The general concordancy by 
both methods is strong evidence that the 
Bismarck pegmatites were intruded about 9 
m.y. ago, about 3.5 m.y. after the main em­
placement of the Bismarck Intrusive Com­

plex. Unlike the aplites, which have the same 
age and initial S r 8 7 / S r 8 6 (0.7037) as the 
granodiorite and are probably differentiates 
of it, the pegmatites have a much higher 
initial S r 8 7 / S r 8 6 of at least 0.7085. If the 
pegmatites are differentiates of the grano­
diorite magma, then they have been contam-
ated by strontium with a higher S r 8 7 / S r 8 6 

ratio. The pegmatites were found to intrude 
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T A B L E 2 2 . K-A r A G E S F O R T H E B I S M A R C K I N T R U S I V E C O M P L E X — N O R T H Y A N D E R R A 
A R E A 

No. Sample K% 
xlO-s cm* 

NTP/g % 
Calculated 
age (m.y.) 

981 

9 8 1 A 

981B 

5491 

5493 

5818 

5826 

Hornblende 

Potash 
feldspar 

Biotite 

Hornblende 

Potash 
feldspar 

Biotite 

Hornblende 

Potash 
feldspar 

Hornblende 

Biotite 

Hornblende 

Hornblende 

W h o l e roc k 

0.539 
0.535 

11 .080 
11.020 

5.859 
5.708 
0.531 
0.537 

11.425 
11.402 

8.157 
0 .546 
0 .546 

11.460 
11 .450 

0 .564 
0.565 
4.448 
0 .555 
0 .556 
0.527 
0.527 
0 .789 
0.799 

| 0 .53 7 

J 11 .05 0 

| 5 .78 4 

| 0 .53 4 

I 11 .41 4 

| 0 .54 6 

,455 

| 0.56 5 

| 0 .55 6 

| 0 .52 7 

| 0 .79 4 

0 .274 
0 .264 

12.359 
12.073 

1.949 

0.227 
0.249 

3.968 

470 .499 
0 .250 
0.253 

3.968 

0 .252 

9.919 

0.238 

0.229 

0.316 

32.2 
39 .4 
84.2 
93.8 

24.1 

20 .4 
32 .0 

62.2 

99.5 
29.8 
45.1 

79.8 

42 .6 

57.5 

33.2 

35 .4 

33 .4 

12.8 ±  0. 3 
12.3 ±  0. 5 
27 .8 ±  0. 9 
27 .2 = b 0. 9 

8.4 ±  0 . 4 

10.6 ±  0. 5 

11.7 ±  0. 5 

8.7 ±  0. 3 

1073 ±  7 6 
11.4 ±  0. 4 
11.6 ±  0. 4 

8.7 0.3 

11.2 ±  0. 3 

55 ±  1 

10.7 ±  0 . 4 

10.8 ±  0. 6 

10 .0 ±  0. 3 

the granodiorite within metres of the meta­
morphic rocks of the Palaeozoic or Mesozoic 
Goroka Formation, and it is possible that 
the metamorphic rocks were contaminants 
which had been well mixed at depth with 
the pegmatitic liquids. As the pegmatites 
have a small volume, uniform mixing could 
have taken place rapidly. Incomplete mixing, 
however, would give rise to different initial 
S r 8 7 / S r 8 6 in parts of the magma, and would 
explain the results of the analysis of sample 
5822. 

Anomalous granodiorite  ages  in  the  area 
north of  Yanderra  village.  Numerous K-Ar 
and Rb-Sr measurements were made on the 
granodiorite and feldspar porphyry intru­
sions near Yanderra village and Yanderra 
Copper Prospect, which are close to the 
northern boundary of the Bismarck Intrusive 
Complex (Figs. 32 and 41) . It was hoped 
that the anomalous 194 m.y. Rb-Sr age 
which had been reported by Dow & Dekker 
(1964) from the area north of Yanderra 
village would be resolved, and that some­
thing of the relative ages of emplacement of 

the Bismarck mass and the subsequent 
copper mineralization in the Yanderra Cop­
per Prospect would be learnt. The isotopic 
data regarding the mineralization are only 
briefly outlined here (cf. Fig. 33), but are 
more fully discussed by Page & McDougall 
(1972a). 

Plane (1965) studied the Yanderra area 
in some detail and regarded the micrograno-
diorite porphyries, generally called feldspar 
porphyries, as Pliocene in age. They clearly 
intrude the more massive Bismarck Intrusive 
Complex, and it is thought that they have 
introduced the copper and gold mineraliza­
tion into the area. Bordering the Bismarck 
Intrusive Complex 1 km to the north of 
Yanderra (Fig. 32) is a belt of metamorphic 
rocks of the Goroka Formation, which 
according to Dow & Dekker (1964), is 
probably Mesozoic or Palaeozoic in age. 
That the metamorphic rocks of this belt are 
at least as old as Early Jurassic was also 
suggested by the previously discussed (4.5) 
isotopic study in relation to the Bena Bena 
Formation to the southeast. 
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T A B L E 2 3 . Rb-S r D A T A F O R T H E B I S M A R C K I N T R U S I V E C O M P L E X — N O R T H Y A N D E R R A 
A R E A 

Rb-Sr K-Ar 
Rb Sr ** age age 

No. Sample (ppm) (ppm) Rb^/Sr™ Sr*n/Sr** Sr*i/Sr** ( m . y . ) (m.y.) 

981 Biotite 549 .0 4.8 
Biotite 567.3 10.1 
Potash 

feldspar 232.3 875.3 
W h o l e roc k 48 .0 761 .7 
Hornblende 

9 8 1 A Biotite 367.2 17.4 
Biotite 409.7 13.7 
Potash 

feldspar 233.5 885.8 
W h o l e roc k 42.5 880.1 
Hornblende 

981B Biotite 468.1 7.2 
Biotite 475 .9 7.2 
Biotite 469.7 7.3 
Potash 

feldspar 233.3 882 .5 
Chlorite 41 .4 62.1 
Chlori te ( 3 0 % 

biot i te) 285 .0 4 2 . 4 
Hornblende 

5493 Biotite 309.5 31 .0 
Biotite 308.3 29.5 
W h o l e roc k 46.8 702 .1 
Hornblende 

5673 W h o l e roc k 30.2 378 .0 

5818 Biotite 413.3 9.7 
Chlorite 106.9 28.1 
W h o l e roc k 5 4 1 * 7 4 5 . 4 * 
Hornblende 

332 .360 
169.343 

1.6039 
1.1627 

194 
195 

0.766 
0.181 

0 .7051 
0 .7018 

0 .7079 27 .6 

12.6 
60.981 
86 .375 

0 .7126 
0 .7161 

10.9 
10.5 

8.4 

0.761 
0.139 

0 .7046 
0 .7036 

8.7 

11.2 
258 .072 
266 .142 
255 .664 

4 .5500 
4 .6356 
4 .5740 

1064 
1055 
1080 

1073 

0.763 
1.921 

0 .7040 
0 .7040 

0.7067 8.7 

19.396 0 .7063 
11.5 

28 .852 
30.238 

0.192 

0 .7275 
0 .7309 
0 .7036 0 .7036 

60 
65 

55 

10.7 
0.231 0 .7039 0 .7037 

0 .7040 
123.760 

10.989 
0 .7214 
0 .7052 

10.0 
7.7 

0 .7040 
10.8 

* * Measure d value , unspike d ru n 
* Approximat e X R F analysi s 

The area of igneous rocks north of Yan­
derra village (Fig. 41) is now considered. As 
stated earlier, this is the locality of sample 
981, which gave a 194 m.y. Rb-Sr biotite 
age (Dow & Dekker, 1964). Samples 981, 
981 A, and 98IB were prepared from the 
same specimen of the Bismarck Intrusive 
Complex which had been originally collected 
by Mr M. D. Plane. Five more samples, 
including 5818 from as near possible to the 
locality from which 981 was sampled, were 
collected in the area north of Yanderra 
village. In general, this area is not min­
eralized except for occasional pyrite veining, 
but several small feldspar porphyries intrude 
the Bismarck Intrusive Complex, which is 
quite xenolithic in places. 

The K-Ar and Rb-Sr data for rocks from 
the north Yanderra area are presented and 
compared in Tables 22 and 23. It is approp­

riate to look first at sample 981 and the 
other two fractions of the original field 
sample, 981A and 981B. The 194 m.y. Rb-
Sr age of 981 is now duplicated, confirming 
the analytical reliability, but a K-Ar deter­
mination could not be made, as 981 biotite 
was used up. The K-Ar ages of 981 horn­
blende and potash feldspar are quite discor­
dant at about 12 and 27 m.y. respectively, 
but it is noted that 12 m.y. is the approxi­
mate age of the Bismarck Intrusive Complex 
determined elsewhere within this mass. Fur­
ther gross discordancy is seen in the mineral 
ages of the fraction 98IB; the Rb-Sr and 
K-Ar biotite ages of over 1000 m.y. must 
be regarded as completely unreal in terms 
of the known geology, because the Bismarck 
mass is known to intrude Upper Triassic 
sediments. Note that 98IB hornblende is 
consistent with the other hornblende K-Ar 
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ages of between 11 and 13 m.y. The third 
fraction 981A gives reasonably concordant 
dates between 8 and 11 m.y. by Rb-Sr and 
K-Ar methods on biotite, hornblende, and 
potash feldspar. 

One definite conclusion that can be made 
from these data is that the original biotite-
hornblende granodiorite collected in the field 
is extremely heterogeneous, particularly with 
regard to the biotite content. This cannot be 
seen in hand specimen, but in 98IB it 
appears possible that two generations of bio­
tite can be distinguished in thin section: one 
is a perfectly fresh biotite and the other is 
partly to completely chloritized. The thin 
section of 981 was not available, but in 
981A almost all the biotite has some degree 
of chloritization. 

Three chlorite concentrates from the Yan­
derra rocks were prepared to investigate 
the effect of rubidium depletion, through 
chloritization, on the Rb-Sr ages. The Rb-Sr 
analyses of two impure chlorites from 98IB 
and one from 5818 are given in Table 
23, and indicate that, although there has 
been alkali loss, and gain in strontium, in 
the breakdown of biotite to chlorite, no 
anomalous enrichment in S r S 7 is apparent. 
Ovchinnikov, Yunikov, & Mettikh (1961) 
investigated the composition and structure 
of naturally hydrated biotites from the 
Buldym deposit in the USSR, and found 
that, with decreasing potassium (ionic 
radius 1.33 A) due to lattice replacement 
by H 3 0 + ions (ionic radius 1.35 A) , 
rubidium was removed to such a degree that 
the potassium/rubidium ratio changed from 
90 to 450. They also showed that the A r 4 0 / 
K 4 0 ratio remained essentially constant even 
in highly altered biotites; this was confirmed 
in the laboratory alteration studies of Kulp & 
Bassett (1961) and Kulp & Engles (1963). 
For the 981 sample, preferential loss of 
potassium or rubidium, or both, cannot 
account for the huge age discordances. 
98IB is quite a pure biotite, with 8.1 per­
cent potassium, and clearly cannot have lost 
much potassium; because the K-Ar and Rb-
Sr ages are concordant, loss of rubidium as 
described by Ovchinnikov et al. (1961) is 
also most unlikely. 

Although it is highly unlikely that the 
sample became contaminated during mineral 
separation in the laboratory, it can never be 
ruled out completely. Another possible 
explanation for the anomalous biotite ages is 
that the granodiorite sampled in the field 
contained a highly radiogenic biotite-rich 
xenolith or number of xenocrysts. The 
granodiorite contains many xenoliths in 
places, and, although none was apparent in 
any part of sample 981, some may have 
been broken up and dispersed in the magma, 
which solidified before the foreign xenolithic 
materials were uniformly mixed with it. 
Lack of homogenization is invoked to 
explain the entirely different ages obtained 
for the biotite from the three fractions, and 
also the apparently normal, non-radiogenic 
S r 8 7 / S r S 6 values of the whole rocks. The 
lack of enrichment in the whole rocks is due 
to swamping of the radiogenic component 
by the high concentration of common stron­
tium in the whole rock; a calculation shows 
that the S r S 7 / S r 8 6 enrichment due to 2 per­
cent biotite (4.8 ppm strontium) in 981 
whole rock (761.7 ppm strontium) is 
0.00011. 

There was ample opportunity for the 
granodiorite to incorporate blocks or per­
haps crystals of highly radiogenic micaeous 
material from the Mesozoic or Palaeozoic 
Goroka Formation, which consists of biotite-
andalusite schists and slates as well as other 
varieties of metamorphic rocks (Dow & 
Dekker, 1964). These met amorphics crop 
out only 1 km north of Yanderra and could 
be much closer at depth. Implicit in the 
above interpretation of the anomalous Yan­
derra ages is the possibility that the Goroka 
Formation metamorphics contain Precam-
brian material. Further isotopic study of the 
metamorphics would be required to test this 
hypothesis. 

Further K-Ar and Rb-Sr ages (Tables 22 
and 23) have been measured on four grano­
diorites and one dolerite from north of Yan­
derra village to find a geologically realistic 
age for the rocks or to determine just how 
widespread the phenomena affecting sample 
981 might be. The three hornblendes (5491, 
5493, and 5818) give concordant K-Ar ages 
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from 10.7 to 11.2 m.y., and the dolerite 
(5826) intrusive into granodiorite gives a 
whole-rock age of 10.0 ± 0.3 m.y. A Rb-Sr 
age of about 10 m.y. was determined on 
5818 biotite, and this is also in reasonable 
agreement with the hornblende K-Ar ages. 
However, the biotite K-Ar age of 5493 is 
quite aberrant at 55 i t 1 m.y., which is 
somewhat less than the equally anomalous 
duplicated Rb-Sr ages of 60 and 65 m.y. on 
the same sample. Like sample 981, sample 
5493 contains no obvious xenoliths, but in 
view of all the other isotopic data on the 
Bismarck Granodiorite, the biotite ages of 
55 to 65 m.y. have to be disregarded. The 
discovery of this second anomalous biotite 
sample about 800 m from the locality of 
981 (Fig. 41) strengthens the suggestion 
that some of the biotite occurs as xenocrysts. 
The present-day S r 8 7 / S r 8 6 ratio measured 
on 5493 whole rock is 0.7036 ± 0.0003, 
and there is excellent agreement between the 
spiked and unspiked runs. This value, as for 
981 whole rock, is perhaps lower than 
expected, but can again be rationalized in 
that the rock contains only 3 percent biotite; 
the enrichment in the whole rock of S r 8 7 / 
S r 8 6 from this biotite is less than 0.00004. 

In addition to the dating of the grano­
diorites north of Yanderra, several K-Ar 
and Rb-Sr ages (Page & McDougall, 1972a) 
have been measured on the mineralized 
granodiorites and porphyries which crop out 
about 2 to 3 km southwest of Yanderra 
(Fig. 41) . These data are not entirely rele­
vant to the age of the Bismarck Intrusive 
Complex, for they represent a special case 
where there was localized mineralization 
after the intrusion of the main part of the 
batholith. For present purposes it is suf­
ficient to refer to the general histograms in 
Figure 33, which summarize the K-Ar ages 
for both the mineralization (southeast Yan­
derra) and the intrusion of the Bismarck 
mass in the three areas in which it was 
studied. 

Discussion of  the  Bismarck  Intrusive  Com-
plex age  data.  Table 24 summarizes the 
K-Ar and Rb-Sr ages determined for the 
Bismarck Intrusive Complex in the different 
areas of study. The spread of the mineral 

and whole-rock ages is large, from about 
7 to 13.5 m.y., and this is attributed to a 
complex emplacement and cooling history 
for the batholith over a wide area, of which 
at least 1500 km 2 is now exposed. To a 
certain extent it is possible to unravel the 
large age spread by examining the ages of 
the various rock types from individual 
regions within the mass. 

The best estimate for the initial post-
emplacement cooling of the Bismarck Intru­
sive Complex is given by the aplite and 
granodiorite whole-rock Rb-Sr isochron data 
yielding an age of 12.4 ± 0 . 8 m.y., and by 
the mean K-Ar age of 12.7 m.y. for the 
hornblendes of the Wilhelm-Marum area. 
These results provide an unambiguous mid-
Miocene age for the emplacement of the 
main part of the batholith. The biotite K-Ar 
ages from the Wilhelm-Marum area are com­
monly about 1 m.y. younger than the ages 
of the respective hornblendes, and average 
11.8 m.y. This 1 m.y. age difference can be 
interpreted as the interval that followed the 
closure of the hornblende system to argon 
diffusion and during which the rocks were 
raised to a cooler level in the crust where 
radiogenic argon began to accumulate in the 
biotite. This interpretation is concordant 
with the generally accepted belief that horn­
blende is one of the most argon-retentive 
minerals, and biotite considerably less so. 
This is based both on laboratory measure­
ments, which show that hornblende has a 
consistently higher activation energy for 
argon diffusion (cf. Mussett, 1969), and on 
the earlier-mentioned field retention studies 
of Hart (1964) and Hanson & Cast (1967). 
The few biotite Rb-Sr ages in the Wilhelm-
Marum area of the Bismarck Intrusive 
Complex are variable, but are in general 
agreement with the hornblende K-Ar results. 

The complexity of the emplacement or 
the cooling history, or both, of the Bismarck 
Intrusive Complex is indicated by the K-Ar 
and Rb-Sr mineral ages for samples from 
the Goroka/Mt Otto region and from near 
Yanderra; they are 2 to 5 m.y. younger than 
the ages from the Wilhelm-Marum area 
(Fig. 33). The pegmatite K-Ar and Rb-Sr 
ages at 8 to 9 m.y. may represent the final 
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T A B L E 24 . P O O L E D A G E S F O R T H E B I S M A R C K I N T R U S I V E C O M P L E X 

Rock type 
General 
locality Sample 

No. of 
samples 

K-Ar age 
m.y. 

Rb-Sr age 
m.y. 

Granodiorite , Wi lhe lm-Marum Biotite 12 11.8 10.6 —  13. 0 
diorite 
Granodiorite , Wi lhe lm-Marum Hornblende 12 12.7 
diorite 
Granodiori te , Wi lhe lm-Marum Feldspar 2 10.7 
diorite 
Granodiorite G o r o k a / M t Ott o Biotite 2 8.5 —  10. 9 9.4 
Granodiori te G o r o k a / M t Ott o Hornblende 2 11.1 
Granodiorite Widely separate d W h o l e roc k 10 12.7 ±  17. 4 
Apl i te Widely separate d W h o l e roc k 13 12.3 ±  1. 0 
Apl i te + Widely separate d Whole roc k 23 12.4 ±  0. 8 
granodiorite 
Pegmatite Bundi Muscovi te 6 8.9 
Pegmati te Bundi Muscovite , Pegmati te 

w h o l e roc k 8 9.3 ±  4. 0 
Granodiori te North Yanderr a Biotite 2 8.4 10.4 

Biotite 2 A n o m a l o u s 
Granodiori te North Yanderr a Hornblende 4 11.0 
Granodiori te Southwest Yanderr a Biotite 4 7.0 7.6 —  13. 5 
Granodiorite Southwest Yanderr a Hornblende 2 10.0, 11. 8 
Granodiori te Southwest Yanderr a Feldspar 2 7.0, 9. 8 

stage of the intrusive history of the Bismarck 
Intrusive Complex. 

Questions could still be raised about the 
validity of assuming that the apparent ages 
(i.e. the times of closure of the systems) are 
those of emplacement rather than those of 
some subsequent geological event, such as 
regional metamorphism or uplift. Through­
out this study, it was felt that if such ques­
tions could be resolved with reference to the 
data from the Bismarck mass, then it would 
be justifiable to suppose that other similar, 
consistent, Miocene ages determined else­
where in the New Guinea Mobile Belt reflect 
ages of emplacement. The following observa­
tions lead to the conclusion that the Bis­
marck Intrusive Complex ages are related 
to magmatic emplacement and cooling rather 
than any metamorphic updating: 

(a) The mid-Miocene ages are consistent 
with the stratigraphic control, which, 
however, has a large degree of latitude 
for the Bismarck Intrusive Complex. 

(b) In the Central Highlands, several intru­
sive bodies (e.g. Kubor Granodiorite, 
Urabagga intrusives, Mount Victor 
Granodiorite—4.2, 4.4, 4.6) that were 
known to be 'old' on stratigraphic 

grounds yielded late Palaeozoic or 
Mesozoic isotopic ages which are con­
sistent with the field evidence. If the 
young Bismarck ages were produced by 
updating through regional metamor­
phism, then other intrusives such as 
the Kubor, Mount Victor and Ura­
bagga bodies would be expected to 
have been updated considerably too. 

(c) The age of 12.4 ± 0.8 m.y. determined 
from the Rb-Sr Model I isochron for 
the 23 aplites and granodiorites from 
widely separated localities throughout 
the Bismarck mass represents the time 
that these rocks first cooled after dif­
ferentiating from an isotopically homo­
geneous magma which had an initial 
S r 8 7 / s r s 6 0 f 0.7037 ± 0.0001. It will 
be seen in section 6 that a similar initial 
S r 8 7 / S r 8 6 value is found in almost all 
of the New Guinea igneous rocks and, 
indeed, in most other areas of the 
circum-Pacific Belt. The concordance 
of the ages determined from the whole-
rock Rb-Sr isochron and the Rb-Sr 
biotite analyses is further evidence that 
the ages are reflecting initial magmatic 
cooling rather than any subsequent 
metamorphism. 
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(d) The recognition of small age differences 
within the Bismarck Intrusive Complex 
results (e.g. hornblende ages in the 
Wilhelm-Marum area at 12.7 m.y.; 
mineralized granodiorites at southwest 
Yanderra, 7 to 10 m.y.; pegmatites, 8 
to 9 m.y.) enables the definition of 
sub areas, which are clearly quite 
acceptable, and even predictable, on 
geological grounds; this again confirms 
the reality of the ages in terms of 
magmatic rather than metamorphic 
processes. 

(e) That the mid-Miocene ages are mag­
matic rather than metamorphic is also 
suggested by the excellent agreement 
between the hornblende K-Ar analyses 
(in the Wilhelm-Marum area) and the 
aplite-granodiorite Rb-Sr isochron age 
of about 12.5 m.y. 

The total age spread of about 5 m.y. in 
the Bismarck Intrusive Complex data may 
be taken as an approximate maximum esti­
mate for the length of time for the whole of 
the batholith to cool below about 200°C; 
this is the temperature below which argon is 
retained in most minerals. An approximate 
average rate of uplift can be obtained by 
assuming that the general ages reflect closed 
systems at 200°C and that the geothermal 
gradients average 30°C/km; for parts of the 
Bismarck mass now over 4000 m above sea 
level, an uplift rate of about 1 mm/year is 
indicated. This figure is of the same order 
as that obtained from the dating of uplifted 
Recent coral terraces on the north coast of 
New Guinea (Veeh & Chappell, 1970), and 
may indicate that uplift has been more or 
less constant since the Miocene. 

5.34 Oipo  Intrusives 
In the northwest part of the Bismarck 

Range (Fig. 32) several small stocks from 
2 to 7 k m 2 in area were mapped by Dow & 
Dekker (1964) and Bain (1967) as the 
Oipo Intrusives. These plutonic rocks have 
intruded Tertiary e-stage sediments known 
as the Asai Shale (Bain, 1967), and they 
crop out intermittently over a distance of 
70 km along the general trend of the Bundi 
and Jimi Fault Zones. Even within one body 
the compositions of the rocks are extremely 

variable, and range from pyroxenite to 
granodiorite. Dow & Dekker (1964) re­
ported gabbro and granodiorite as the pre­
dominant rock types, but Bain's (1967) 
mapping of the northwestern bodies revealed 
only gabbroic rocks. The complexity of the 
rock types and general range of composition 
in the Oipo Intrusives is similar to that 
found in the Marum Basic Belt, to the north 
and east (Fig. 32). Dow & Dekker (1964) 
found evidence of the Marum Basic Belt 
intruding Tertiary e-stage sediments, and it 
is suggested here that the Oipo Intrusives 
and the Marum Basic Belt intrusives could 
be cogenetic. No isotopic study has been 
undertaken in the Marum Basic Belt. 

The K-Ar dating results from three 
bodies of the Oipo Intrusives are presented 
in Table 25, and the localities of the dated 
samples are shown in Figure 32. The horn­
blende and biotite ages of two coarse-grained 
hornblende gabbro samples (5815 and 
5859) and one biotite diorite sample 
(5877) from the Mount Oipo stock are in 
the range 14.8 to 16.3 m.y. Concordant bio­
tite and hornblende ages of 15.3 ± 0.4 m.y. 
and 15.6 ± 0.7 m.y. were determined for a 
sample (5678) from the mass south of 
Sipapi village, and two ages of about 18 
m.y. were given by a sample (5679) of 
microdiorite from the intrusion near Terengi 
village. One other hornblende age of 16.1 
m.y. was determined on the Kimil Diorite 
body (Plate 1), which intrudes Jurassic 
strata about 20 km southwest of Mount 
Oipo (Bain et al., in press); this age is simi­
lar to that of the Oipo Intrusives and it is 
possible that the two are comagmatic. Fur­
ther work will be necessary to delineate the 
full history of the Oipo Intrusives but, as the 
present data are quite consistent with the 
stratigraphic control, the apparent mid-Mio­
cene ages are interpreted as good minimum 
estimates for the time of emplacement. It 
would appear that the Oipo rocks were 
emplaced and cooled below the necessary 
temperature for retention of argon some 2 
to 5 m.y. earlier than the Bismarck Intrusive 
Complex. 

The relative ages of the Oipo Intrusives 
at 15 to 18 m.y. and the Bismarck Intrusive 
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T A B L E 25 . K-A r A G E S FO R T H E OIP O I N T R U S I V E S 

No. Sample K % 
xl(H> cm3 

NTP/g % 
Calculated 
age (m.y.) 

Mount Oipo stock 

5815 

5859 

5877 

Sipapi stock 

5678 

Hornblende 

Hornblende 

Biotite 

Biotite 

Hornblende 

Terengi stock 

5679 Hornblend e 

Plagioclase 

Kimil Diorite stock 

6029 Hornblend e 

1.342 \ 
1.332 J 
1.370 } 
1.379 \ 

1.337 

1.375 

6.880 1  , qA1 

6.804 f  6 8 4 2 

7.419 }  7  4 2 . 
7.423 (  7 ' 4 2 1 

0.375 )  n , 7 , 
0 .376 J  0 3 7 6 

0.297 ]  n 7 g , 
0.295 i  0296 

0.212 }  0 7 X 7 

0.212 \  ° ' 2 1 2 

0.427 1  0 4 2 9 

0.431 J  a 4 z y 

0.855 

0.814 

4.481 

4.549 

0.235 

0.211 

0.157 

0.277 

74.2 

83.0 

83.5 

57.7 

42.4 

37.3 

35.1 

40.7 

16.0 ±  0. 6 

14.8 ±  0. 6 

16.3 ±  0. 6 

15.3 ±  0. 4 

15.6 ±  0. 7 

17.8 ±  0. 5 

18.4 ±  0. 6 

16.1 ±  0. 4 

Complex at 12 to 13 m.y. provide some 
constraint on the age of the several large 
faults in the Jimi and Bundi Fault Zones 
(Dow & Dekker, 1964), which are major 
lineaments of the northern boundary of the 
New Guinea Mobile Belt. The northwestern 
part of the Bismarck Intrusive Complex 
abuts against and obliterates the Jimi Fault 
(Fig. 32), whose activity had probably 
ceased by the time the granodiorite was 
emplaced in the mid-Miocene. The Oipo 
Intrusives cut across, and are controlled by, 
the en echelon faults of the Bundi Fault 
Zone, which Dow & Dekker (1964) con­
cluded is still active. It seems that the Bundi 
Fault Zone has been active from at least 17 
m.y. ago to the present day. 

5.35 Maramuni  Diorite 
Large areas of granodioritic to gabbroic 

intrusives occur farther northwest in the 
New Guinea Mobile Belt, in the region 
between the Burgers Mountains and the 
Sepik River (Fig. 42). This area of the Cen­
tral Range was mapped by Dow et al. 
(1972), and is one of the most isolated and 
rugged regions in New Guinea. The Mara­
muni Diorite crops out on the northern fall 
of the ranges, and consists of three large 

plutons up to 20 km wide, as well as scores 
of smaller intrusives. The three batholithic 
bodies are elongated in a northwest direc­
tion, and their emplacement has been at least 
partly controlled by the similarly oriented 
Karawari and Maramuni Fault Zones. The 
intrusions east of the Maramuni Fault are 
grouped by Dow et al. (1972) as the Yuat 
intrusives, and the large body south of the 
Karawari Fault and the many apophyses to 
the west are called the Karawari intrusives. 
Yuat intrusives.  There is very little strati-
graphical control on the age of the Yuat in­
trusives, except that in the northwest they 
intrude the Upper Cretaceous to Lower Ter­
tiary Salumei Formation. Only a small num­
ber of samples were available from the Yuat 
intrusives and these have been dated by the 
K-Ar method. Dow et al. (1972) described 
the rocks as predominantly hornblende-bio-
tite microgranodiorite with minor diorite 
phases. With the exception of 5473 horn­
blende (which is rather badly altered) the 
three biotite and two hornblende ages of the 
north Yuat body (Table 26) are concor­
dant at 14 m.y. The clinopyroxene, 5676, 
gives a much older age of about 20 m.y., 
and is assumed to have incorporated 
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4 ° 3 0 ' 

T E R T I A R Y 
lower I  stage 

a i i* 

+ + 
+ 

+ + 

Karawari Conglomerate 

Burgers Formation 

Tarua Volcanic  Member 

Moramuni Diorite 

Fnedo Porphyry 

Chambri Diorite  (east  of  Ambunti)  and  unnamed 

diorite intrusions  (north  of  the  Frieda  Fault) 

P / A / 5 0 4 

April Ultromafics 

Ambunti Metamorphics 

Glaucoph'jne schist,  eclogite 

Solumei metamorphics 

Sample locality 

Pre-lower f  stage  sediments  not  shown  After  Dow  et  at,  1972 

Fig. 4 2 . Simplifie d geologica l m a p — s o u t h Sepi k area . 

extraneous radiogenic argon. The agreement 
of the biotite and hornblende K-Ar dates 
provides strong evidence that this is the time 
of emplacement of the north Yuat body. 

Significantly younger ages of between 11.2 
and 12.5 m.y. (Table 26) were determined 
on all but one of the granodiorites from the 
south Yuat body (Fig. 42). The poor repro­
ducibility of the duplicate runs on 5472 
hornblende could not be reconciled, and 
this result cannot be seriously considered in 
the interpretation. 

Karawari intrusives.  The age of the Kara­
wari intrusives to the west (Fig. 42) is given 
by their intrusive relationship with the Ter­

tiary e-stage Pundugum Formation and the 
inferred unconformable relationship with the 
overlying Tertiary lower /-stage Karawari 
Conglomerate (Dow et al., 1972). However, 
Dekker & Faulks (1964) considered that 
parts of the Karawari intrusives postdate the 
lower /-stage Tarua Volcanic Member, and 
hence there is no unequivocal younger limit 
for their age. Dow et al. (1972) described 
the Karawari intrusives as pyroxene-quartz 
gabbros, porphyritic quartz diorites, and 
anorthite gabbros. Extreme local relief in the 
area of these intrusives prevented close sam­
pling, and most of the dated rocks were 
collected as float from streams of restricted 
drainage. That the numerous rock types are 
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xKh6 crrfi *Ar*° Calculated 
No. Sample K% NTP/g % age (m.y.) 

North Yuat body 

5473 Hornblend e 0 .262 1 
0 .264 J 0.263 0.197 

0.176 
23.7 
12.5 

18.7 ±  0. 9 
16.7 ±  1. 1 

5474 Hornblende 0.373 \ 
0 .366 J 0 .370 0.209 44.3 14.2 ±  0. 6 

5475 

5476 

Biotite 

Cl inopyroxene 

6 .770 1 
6 .780 j 
0 .274 \ 
0 .276 S 

6.775 

0.275 

3 .869 

0.248 
0.205 

78.3 

21.3 
11.6 

14.2 ±  0. 5 

22.5 ±  0. 8 
18.6 ±  1. 2 

5829 Biotite 6.988 } 
6.993 S 6.991 3.929 75.5 14.0 ±  0. 5 

5839 Biotite 1.291 \ 
7.298 S 7.298 4 .144 83.7 14.2 ±  0. 6 

5 8 4 0 Hornblend e 

South Yuat body 

0.426 ) 
0 .426 , 0.426 0.238 19.5 14.0 ±  0. 7 

5472 Biotite 

Hornblende 

6 .694 1 
6.722 i 
0.377 ) 
0 .378 S 

6.708 

0.378 

3.161 

0.396 
0 .220 

68.8 

33.3 
27.7 

11.8 ±  0. 2 

26.1 ±  1. 0 
14.6 ±  0 . 4 

5827 Biotite 6 .990 1 
7.075 S 7.033 3.157 54.3 11.2 ±  0. 4 

Hornblende 0 .399 ) 
0 .394 S 0.397 0.197 25.2 12.4 ±  0. 6 

5828 Biotite 6 .674 \ 
6.737 S 6.706 3.046 64 .4 11.4 ±  0 . 4 

Hornblende 0 .286 1 
0.286 { 0.286 0 .144 19.9 12.5 ±  0. 6 

5838 Hornblend e 

Karawari intrusives 

0.328 ) 
0 .330 \ 0 .329 0 .149 28.9 11.3 ±  0. 5 

5 8 3 0 Hornblende 0 .200 1 
0 .200 ] 0.200 0.119 27 .4 14.8 ±  0. 7 

5831 Hornblende 0 .230 \ 
0 .232 i 0.231 0.119 12.3 12.8 ±  1. 0 

5832 

5833 

Hornblende 

Hornblende 

0.287 1 
0.287 ] 
0 .398 } 
0 .400 f 

0.287 

0.399 

0.157 

0 .164 
0 .160 

35.1 

40 .0 
12.9 

13.6 ±  0. 6 

10.3 ±  0 . 4 
10.1 ±  0. 6 

5 8 3 4 Hornblende 0 .806 \ 
0 .840 S 0.823 0 .354 46.6 10.7 ±  0. 5 

5841 Hornblende 0 .635 ] 
0 .636 I 0.636 0.355 59.2 14.0 ±  0. 6 

5842 Hornblende 0 .288 X 
0.289 t 0.289 0.175 29.2 15.1 ±  0. 7 

5881 Hornblende 0 .940 } 
0 .951 S 0.946 0.507 60.1 13.4 ±  0. 5 

5893 Hornblende 0 .304 } 
0 .318 [ 0.311 0.127 25 .2 10.2 ±  0. 5 

reflecting the complexity of intrusion of the 
mass is seen in the relatively large spread of 
the K-Ar ages (Table 26), which range from 

in the range of the diorite ages. As the sam­
pling control is rather poor, detailed inter­
pretation of these data is not feasible. It is 

10 to 15 m.y. A sample of a hornblendite possible that the Karawari intrusives had a 
(5881, consisting of 95 percent hornblende) complex intrusive history over the 5 m.y. 
yielded a K-Ar age of 13.4 ± 0.5 m.y., with- period indicated by the data. This would be 
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consistent with the field evidence as different 
parts of the intrusives appear to antedate 
and postdate the lower /-stage rocks (cf. 
Dekker & Faulks, 1964; Dow et a l , 1972). 

The mid-Miocene ages of the Karawari 
intrusives overlap the ages of 13 to 14 m.y. 
determined on andesitic lavas from the 
Tarua Volcanic Member (3.31) a few kilo­
metres to the south (Fig. 42) . The initial 
S r S 7 / S r 8 6 ratios for samples from the Tarua 
Volcanic Member and Karawari intrusives 
(see section 6) are uniformly low, between 
0.7036 and 0.7040. The similar ages and 
initial strontium isotopic compositions, 
therefore, support the proposal of Dow et al. 
(1972) that the Tarua Volcanic Member 
is cogenetic with, and the volcanic counter­
part of, the Karawari intrusives. 

Comparison of  the  Yuat  and  Karawari  intru-
sives. Differences in the mean trace-metal 
(copper, nickel, and silver) contents of the 
Yuat and Karawari intrusives were invoked 
by Dow et al. (1972) as evidence that the 
two intrusives could have either been formed 
from different magmas or, alternatively, 
could represent the same magma which had 
been differentially contaminated by country 
rock. The Karawari intrusives, which con­
tain numerous rock types, are certainly more 
complex than the Yuat intrusives, which 
consist essentially of only one rock type, 
granodiorite. Although the south Yuat body 
appears to be 1 to 2 m.y. younger than the 
north Yuat body, the other ages determined 
on the Karawari and Yuat intrusives com­
pletely overlap and would probably not 
support an hypothesis appealing to two dif­
ferent magmas. The initial S r 8 7 / S r 8 6 ratios 
indicated by two samples of the Karawari 
intrusives (see section 6) are 0.7036 and 
0.7037. If there had been contamination 
(other than to a minor degree) of the Kara­
wari intrusives by the country rock, a sig­
nificantly higher value for the initial ratio 
might be expected. 

5.4 SUMMARY OF TERTIARY PLUTONIC 
ACTIVITY AND METAMORPHISM 

The ages of the Tertiary plutonic and 
metamorphic rocks in the Central Highlands 
have in the past been known only within 

very wide limits. Some of the plutonic rocks 
had been proved to have intruded Lower 
Tertiary sedimentary sequences of the 
Papuan Geosyncline, but for others the 
youngest intruded country rocks had been 
shown to be as early as Mesozoic. A com­
pilation of the Tertiary isotopic ages from 
all the major plutonic bodies and some of 
the metamorphic rocks of the Central High­
lands is given in Table 27. The ages quoted 
are considered to be the best estimates for 
the main phases of emplacement of the plu-
tons in areas sampled. The data included 
in Table 27 are only those that have been 
discussed in this section; several porphyry 
intrusions of intermediate composition also 
fit into the Late Tertiary age category, but 
they are of minor areal extent; they are 
referred to in Page & McDougall (1972a). 

The first sign of Tertiary tectonic activity, 
as shown by the mineral and whole-rock 
K-Ar and Rb-Sr ages throughout the Central 
Highlands, was that of metamorphism and 
minor dioritic intrusion in the south Sepik 
and Ramu regions between 20 and 25 m.y. 
ago in the late Oligocene to early Miocene. 
The majority of the plutonic rocks of the 
Central Highlands were intruded between 
12 and 15 m.y. ago in middle Miocene time, 
and there are a few small stocks near 
Kainantu which indicate middle to late Mio­
cene ages. These Miocene plutons are known 
to be exposed over at least 6500 k m 2 of 
the Central Highlands, and they are arranged 
in an arcuate, roughly northwest-trending 
belt, the New Guinea Mobile Belt, (Dow et 
al., 1972), which is over 700 km in length 
(cf. Platel) . The pulse of plutonic activity 
between 12 and 15 m.y. ago in the mid-
Miocene played an important part in the 
development of the New Guinea Mobile 
Belt. The emplacement of many of these 
intrusive batholiths appears to have been 
partly controlled by the major northwest-
trending fault systems. Dow & Bain (1970) 
and Dow et al. (1972) showed that at about 
this time (mid-Miocene) there were also 
extensive outpourings of lava in a discon­
tinuous chain along much of the length of 
the New Guinea Mobile Belt. The known 
stratigraphic control and physical ages deter-
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T A B L E 27 . C O M P I L A T I O N O F A G E S O F P L U T O N I C R O C K S I N T H E N E W G U I N E A M O B I L E 
B E L T 

K-Ar age (m.y.) Rb-Sr age (m.y.) 

Sepik-Ramu Plain s intrusive s 

Ambunt i Metamorphic s 

Gwin Metamorphic s 

Kaindi Metamorphic s 

Morobe Granodior i t e 

Akuna Intrusiv e Comple x 

Elendora Porphyr y 

Michael Dior i t e 

Bismarck Intrusiv e Comple x 

Oipo Intrusive s 

Maramuni Dior i t e 

20-25 

26-27 

23 

12, 1 4 

15, 1 7 

7-12 

6-7 

12.5 

15, 1 8 

10-15 

25 

21 

13, 14. 5 

12.5 

mined on the volcanics (section 3) certainly 
indicate that they were approximate time-
equivalents of the > mid-Miocene intrusives 
12 to 15 m.y. ago. However, the exact 
nature of the volcanic/intrusive relations, 
especially on penological criteria, is not yet 
clear. 

One of the lesser-known elements of the 
Tertiary intrusive activity in the New Guinea 
Mobile Belt is that of the emplacement of 
the many ultramafic bodies of the region. 
The major units (Plate 1) are the Marum 
Basic Belt (Fig. 32) of about 500 km 2 in 
the Ramu area, and the April Ultramafics of 
over 1000 km 2 in the south Sepik area 
(Fig. 42) . The ultramafic bodies are elon­
gated parallel to the regional structural 
trend, and they range from small serpentinite 
lenses to large masses of dunite and pyro-
xenite up to 50 km in length. In the south 
Sepik region the ultramafics are locally 
associated with glaucophane schists and 
eclogites (Ryburn, 1970; Dow et al., 1972). 
The field evidence, although equivocal, sug­
gests that tectonic emplacement of the ultra­
mafic rocks took place in the early to 
mid-Miocene along the major fault zones of 
the New Guinea Mobile Belt (Dow et al., 
1972). No general isotopic study was under­
taken on the ultramafic rocks, but some sup­
porting evidence for the early to mid-Mio­
cene age is derived from the small diorite 
mass (Fig. 42) apparently intruded by 
ultramafics in the lower Frieda River (5.21); 

the diorite (5649) was dated as 25 m.y. 
(Table 13), thus providing a tentative maxi­
mum age for the emplacement of the ultra­
mafics in this area. One other sample 
relevant to the age of the ultramafic rocks 
is the hornblendite rock (5881) from the 
region of the Karawari River; a K-Ar age 
of 13.4 m.y. for the hornblendite (Table 
26) is similar to those obtained for other 
parts of the Karawari intrusives. It does not 
seem unreasonable to conclude that the 
ultramafic rocks of the Central Highlands 
were emplaced about the same time, and 
were related to the same peak of tectonism 
as the mid-Miocene granodiorite intrusives 
of the New Guinea Mobile Belt. 

The close association of the major tec­
tonic processes of faulting, volcanism, and 
plutonism over a relatively narrow time span 
of a few million years in the mid-Miocene 
can be correlated with the waning phases and 
even the culmination of the Papuan Geo-
syncline sedimentary history in the Central 
Highlands. As pointed out by Dow et al. 
(1972) there are no identifiable upper Mio­
cene or later geosynclinal sedimentary suc­
cessions anywhere in this region. This 
proposed relation between tectonic activity 
and cessation of geosynclinal sedimentation 
in the mid-Miocene implies a common 
catastrophic cause for the two effects. Such 
possibilities are explored in the consideration 
of the overall development of the island of 
New Guinea later in this Bulletin. 
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6. CONTINENTA L GROWT H AN D STRONTIU M ISOTOPE S I N 
IGNEOUS ROCK S 

6.1 INTRODUCTION 
It was shown earlier that plutonism and 

volcanism in New Guinea occurred mainly 
in the late Palaeozoic, the Mesozoic, and in 
the latter part of the Cainozoic (cf. Plate 1). 
The Cainozoic igneous rocks of the New 
Guinea Mobile Belt in particular are closely 
related in space and time to the development 
of the Papuan Geosyncline. This Tertiary 
tectonic setting, together with the present-
day island-arc-type seismicity and volcan-
icity in north New Guinea and the New 
Britain arc regions, can possibly be viewed 
in terms of the concept of continental growth 
(Wilson, 1952; Taylor & White, 1965; 
Taylor, 1967; Mitchell & Reading, 1969; 
Coney, 1970; Dewey & Horsfield, 1970). A 
model of continental formation in which 
there are continual major additions of new 
material to the crust was first proposed by 
Hurley, Hughes, Faure, Fairbairn, & Pinson 
(1962) by tracing the development of radio­
genic S r 8 7 in the crust. In this section, 
stontium-isotope data for some of the New 
Guinea plutonic and volcanic rocks are pre­
sented; comparison of this data with that 
determined for other rocks from oceanic, 
island-arc, and continental regions allows 
certain restrictions to be placed on the 
genesis of the New Guinea igneous rocks. 

6.2 CONTINENTAL GROWTH 
Several authors (Gilluly, 1955; Wasser-

burg, 1966; Taylor, 1967) have pointed out 
that, as continents are being constantly 
eroded, continental accretionary processes 
are necessary in order to maintain regions 
of positive relief over long periods of time. 
Allowing for isostatic uplift and the slowing 
rates of erosion as base level is approached, 
Taylor (1967) calculated that a period of 
only 30 to 50 million years would be neces­
sary to remove the mountainous areas on 
the Earth's present surface. 

The concept of continental growth is 
accomplished by a series of orogenies de­
forming the sediments which had previously 
accumulated in basins bordering the 
nucleus. The genesis and role of calc-

alkaline volcanism and plutonism as a com­
plementary means of adding to the continen­
tal crust in this type of environment have 
been discussed by Taylor & White (1965), 
Hamilton (1966), Green & Ringwood 
(1966, 1968), Taylor, Kaye, White, Dun­
can, & Ewart (1969), Ringwood (1969), 
Christensen (1970), and Dickinson (1970). 
It is generally agreed that the calc-alkaline 
suite may originate by at least a two-stage 
process involving the transformation of 
basalt to eclogite or amphibolite; and this in 
turn undergoes partial melting (with or 
without sediment mixing) to produce an 
andesitic magma. Such a process is believed 
to be occurring today near the Benioff zone 
in descending lithospheric plates around the 
periphery of the Pacific Ocean. 

Geochronological and geochemical data 
within and near the margins of continents 
are pertinent to the question of continental 
growth, or accretion. Hurley et al. (1962) 
and Hart (1969) pointed out that tectonic 
belts in North America are progressively 
younger towards the continental margins, 
and thus generally provide strong support 
for the growth concept. Webb & McDougall 
(1968) related age patterns of granitic rocks 
in the Tasman Geosyncline to the hypothesis 
that this region represents the eastward 
growth of the Australian continent. In New 
Guinea we may also be seeing the process of 
continental growth, or accretion, taking 
place, and this may in time result in a north­
ward addition to the Australian mass (cf. 
Glaessner, 1950). 

6.3 STRONTIUM-ISOTOPE DATA FROM N E W 
GUINEA IGNEOUS ROCKS 

While considering the continental growth 
concept in New Guinea, it would be desir­
able to establish whether this geologically 
young terrain represents the addition of new 
material, or is in fact the metamorphic pro­
duct of older, pre-existing provinces (e.g., 
the Tasman Geosyncline). The application 
of strontium-isotope studies to the problems 
of the origin of igneous rocks was initially 
proposed by Hurley et al. (1962) and Faure 
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T A B L E 28 . SrSVSr 8** R A T I O S , A N D R U B I D I U M A N D S T R O N T I U M C O N C E N T R A T I O N S I N 
I G N E O U S R O C K S F R O M N E W G U I N E A 

Rock unit Sample no. 
Rb* 

(ppm) 
Sr* 

(ppm) (measured**) 

Corrected or 
indicated 

initial 
Sr*i/Sr*& 

PRE-TERTIARY INTRUSIVES 
Kubor Granodiori t e 

Urabagga intrusive s 

Mount Victo r Granodiorit e 

MIOCENE INTRUSIVES 
Morobe Granodiori t e 

Akuna Intrusiv e C o m p l e x 

Bismarck Intrusiv e C o m p l e x 

2135 

Oipo Intrusive s 

Maramuni Diori t e 

MIOCENE VOLCANICS 

Tarua Volcan i c Membe r 

Karawari Conglomerat e 
volcanics 

D a u l o volcani c membe r 

3.9 231 .4 0 .7044 
0 .7044 

2191 11.2 513 .6 0 .7035 
0 .7033 

7 aplite s 
7 aplites , 
diorites 

5461 81.9 632 .0 0 .7046 
0 .7042 

5453 35.1 839 .4 0 .7039 
0 . 7 0 4 0 

5459 33.9 845 .2 0 .7044 
0 .7044 

5 6 6 0 60.8 396.1 0 .7055 
0 .7055 

5851 34.8 588.7 0 .7041 
0 . 7040 

5 8 5 4 43 .4 444 .3 0 .7047 
0 .7046 

23 aplites , 
granodiorites 

5 8 8 3 A 57.7 562 .2 0 .7039 
0 .7038 

5883B 69.0 4 0 2 . 4 0 . 7039 
0 .7039 

5 8 8 3 C 17.8 629.8 0 .7037 
0 .7039 

4 muscovit e 
pegmatites 

5971 63.0 951 .9 0 .7040 
0 .7040 

5972 128.5 581 .2 0 .7041 
0 .7041 

5833 22 .0 297 .9 0 .7036 
0 .7035 

5841 6.5 834 .0 0 .7037 
0.7037 

0 .7040 
5 6 3 0 16.8 379 .4 0 .7038 

0 .7042 
5631 19.1 380.3 0 .7036 

0 .7036 
5 6 3 4 23.1 444 .9 0 .7039 

0 . 7040 
5 6 5 4 53.7 453 .9 0 .7038 

0.7038 
5641 183.9 1016.6 0 .7047 

0 .7046 
5645 64.4 1059.2 0 .7043 

0 .7040 

0 .7044 

0 .7034 

0 .7044 

0 .7040 

0 .7044 

0.7055 

0 .7041 

0 .7047 

0 .7039 

0 .7039 

0.7038 

0 .7040 

0.7041 

0 .7040 

0 .7036 

0 .7040 

0 .7038 

0 .7047 

0 .7042 

0 .7042 

0 .7032 

0 .7051 
0 .7029 

0 .7039 

0 .7040 

0 .7044 

0 .7054 

0.7041 

0 .7046 

0 .7037 

0 .7038 

0 .7038 

0.7038 

0 .7085 

0 .7040 

0 .7040 

0 .7036 

0 .7037 

0 .7040 

0 .7036 

0 .7040 

0 .7037 

0 .7046 

0 .7042 

: Approx imat e X R F analysi s 
* Unsp iked run , averag e S D ^  0 .0002 ; mea n 

(see Appendi x 1 , p . I l l ) 
Sr8VSr86 fo r E  an d A  standar d 0 .7081 1 
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& Hurley (1963). Because the rubidium/ 
strontium ratios found in crustal sialic 
material are higher than those in the upper 
mantle, these authors suggested that magma 
formed from the fusion or assimilation of 
old continental crust should have measur­
ably higher S r 8 7 / S r 8 6 than magma derived 
from the upper mantle. The present-day 
S r 8 7 / S r 8 6 in the upper mantle as indicated 
by young oceanic basalts, which are believed 
to be derived from this region, is about 
0.703 to 0.704 (data summarized by Gast, 
1967). On the other hand continental vol­
canic rocks are usually more radiogenic and 
have a wider range from 0.703 to upwards 
of 0.711 (Gast, 1967). The higher S r 8 7 / 
S r 8 6 values are usually interpreted as indi­
cating various degrees of crustal contamina­
tion. 

The majority of the Central Highlands 
plutonic and volcanic rocks are part of the 
calc-alkaline suite, which is relatively com­
mon throughout the circum-Pacific region 
(Dow et al., 1972). Theories of the genesis 
of calc-alkaline rocks invoke various degrees 
of partial melting of the crust or upper 
mantle with or without assimilation of some 
crustal component. The study of strontium 
isotopes may thus provide a measure of the 
importance of the crustal-versus-mantle pro­
cesses in the genesis of the New Guinea 
igneous rocks. 

S r S 7 / S r 8 6 measurements for at least one 
sample from each major intrusive and vol­
canic body in the Central Highlands are 
listed in Table 28, together with the initial 
S r 8 7 / S r 8 6 ratios of the intrusive rocks which 
have been dated by the Rb-Sr method (from 
sections 4 and 5) . The present-day S r 8 7 / 
S r S 6 ratios were measured for the whole-
rock samples and corrected for age where 
necessary to give the initial S r 8 7 / S r 8 6 ratios. 
Localities of the analysed samples are shown 
on the respective geological maps in the 
earlier sections. Of the pre-Tertiary intrusive 
rocks, the initial S r 8 7 / S r 8 6 ratios range from 
0.7029 to 0.7051; because these data are 
limited it is not possible to draw any firm 
conclusions from them alone. The initial 
S r 8 7 / S r 8 6 values in the Miocene intrusives 
of the New Guinea Mobile Belt are more 

closely grouped, and average 0.7041 ± 
0.00015 (SD of mean). S r 8 7 / S r 8 6 values of 
0.7038 measured on three strongly mineral­
ized granodiorites (5883 A, B, C) from the 
Yanderra Copper Prospect are indistinguish­
able from the normal granodiorite values. 
The much higher indicated initial S r 8 7 / S r 8 6 

ratio (0.7085) of the pegmatites from the 
Bismarck Intrusive Complex (5.33) has 
probably resulted from local crustal con­
tamination, and this value is not considered 
in the average. The range of values of S r 8 7 / 
S r 8 6 obtained in the Miocene volcanic rocks 
is 0.7036 to 0.7046; the average is 0.7040 
zb 0.00014 (SD). 

The initial S r 8 7 / S r 8 6 ratios in the New 
Guinea igneous rocks reveal: 
(a) no significant change in the isotopic 

composition of the source of the intru­
sive rocks during the Permian through 
to the Miocene; 

(b) almost constant isotopic composition 
(— 0.7041) of the intrusive rocks 
along the length of the New Guinea 
Mobile Belt (i.e., independent of the 
age of the intruded basement); 

(c) that the average initial S r 8 7 / S r 8 6 of the 
Miocene volcanics (0.7040) is not dis­
tinguishable from that of the Miocene 
intrusive rocks (0.7041); 

(d) that, except for the Bismarck pegma­
tites, there is no isotopic evidence of 
contamination of any of the intrusive 
or volcanic rocks by old (radiogenic) 
crustal material. 

6.4 DISCUSSION 
The simplest interpretation is that the 

majority of the New Guinea igneous rocks 
have been no more affected by crustal stron­
tium than has the average oceanic basalt, 
and that they might reasonably be expected 
to have been derived from the upper mantle. 
It is noted that the S r 8 7 / S r 8 6 values of the 
igneous rocks of the Central Highlands 
(Table 28) are almost indistinguishable 
from the values obtained for the Quaternary 
volcanic rocks at Talasea, New Britain 
(Peterman, Lowder, & Carmichael, 1970), 
and at other Quaternary volcanic centres in 
the New Guinea region (Page & Johnson, 
1974). Recent workers on strontium iso-
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topes in calc-alkaline rocks from other 
island-arc and Cainozoic orogenic environ­
ments (Pushkar, 1968; Hedge & Knight, 
1969; Gill, 1970; Hedge, Hildreth, & Hen­
derson, 1970) have also found initial S r N 7 / 
S r s c values close to 0.704, which indicates 
there is a magma source with uniform S r 8 7 / 
S r 8 G throughout the circum-Pacific regions 
studied. One exception may be the New 
Zealand andesites, where the average value 
of S r 8 7 / S r 8 0 is significantly higher at 0.7055 
(Ewart & Stipp, 1968); but the authors con­
cluded that the primary magma had incor­
porated various amounts of greywacke 
country rock before eruption. 

The similarity of strontium isotopic com­
positions of volcanics in island arcs and 
oceanic islands was noted earlier; the aver­
age S r S 7 / S r S 0 ratio in both of these environ­
ments is close to 0.704. This is significantly 
higher than that (0.702 to 0.703 so far 
reported) for the low-potassium tholeiitic 
basalts from mid-oceanic ridges (Tatsumoto, 
Hedge, & Engel, 1965; Hedge & Peterman, 
1970) and may, therefore, reflect mantle 
heterogeneity or 'radiogenic contamination' 
by the assimilation of sediments of the 
island arcs and oceanic islands. Limited 
comparitive data of lead isotopes in both 
island arcs and abyssal basalts (Armstrong, 
1968; Tatsumoto, 1969; Armstrong & 
Cooper, 1971) also suggest that oceanic 
sediments are mixed with mantle material 

to form calc-alkaline magmas. However, 
trace-element studies (Taylor et al., 1969), 
as well as the remarkable constancy of the 
average S r S 7 / S r 8 0 at 0.704 throughout most 
island-arc regions, point to little or no 
involvement of oceanic sediments in calc-
alkaline genesis. If oceanic sediments (pre­
sent-day S r s 7 / S r 8 6 of 0.704 to 0.743, 
Dasch, 1969) or eugeosynclinal greywackes 
(initial S r 8 7 / S r 8 C of 0.706 to 0.714; Peter-
man, Hedge, Coleman, & Snavely, 1967) 
were significant contributors to partial melts, 
a much greater variation in S r s 7 / S r s 6 in the 
calc-alkaline island-arc rocks would be 
expected. 

Apart from negating the wholesale addi­
tion of sialic material to the primary magma 
that formed the New Guinea igneous rocks, 
it is beyond the present scope to investigate 
further the hypotheses of calc-alkaline pedo­
genesis. Current theories invoke fractional 
crystallization of basalt (Bowen, 1928), 
limited basalt-sediment mixing (Armstrong, 
1968), and the two-stage process (the trans­
formation of basalt to eclogite, then the 
partial melting of eclogite) of calc-alkaline 
series evolution (Green & Ringwood, 1968). 
It appears that the igneous rocks of the 
Central Highlands may represent addition to 
the crust, at Australia's northern continental 
margin, of material which was chiefly, if not 
entirely, derived from the upper mantle. 

7. SUMMAR Y O F RESULT S 

The geological interpretations of the geo-
chronology results, and an outline of some 
of the more general aspects and problems of 
K-Ar and Rb-Sr dating in young orogenic 
belts such as New Guinea, are synthesized 
below. 

7.1 RESULTS 
(i) K-Ar dating of stratigraphically con­

trolled lavas in the Central Highlands has 
enabled the first direct physical subdivision 
of the relative time scale of the East Indies 
letter stages. From the New Guinea dating 
and literature review, the suggested East 
Indies Miocene time scale is: 

g stage 5.5 to 9 m.y. 
upper / stage 9 to 12.5 m.y. 
lower / stage 12.5 to 15 m.y. 
upper e  stage 15 to 22.5 m.y. 

(ii) The geochronological data for the 
New Guinea intrusive rocks are summarized 
in a histogram of ages (Fig. 43) and a 
notional 'intrusive activity' diagram (Fig. 
44). In the histogram, each reliable K-Ar 
mineral age determination on intrusive rocks 
is plotted. In addition, the K-Ar ages of 
several mineralized intrusives (Page & 
McDougall, 1972a, b) are also plotted. For 
the Bena Bena gneissic granites and Ura-
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bagga intrusives (170-190 m.y.), the best 
age estimate was the Rb-Sr isochron, and 
each of these is indicated as one determina­
tion. Because the general distribution of the 
peaks is similar in both plots (Figs. 43 and 
44), it is considered that the sampling has 
been representative and the age determina­

tions provide a reasonably complete picture 
of the intrusive history in the Central High­
lands. The geological and geochronological 
studies thus show that: 
(a) Granitic intrusion was of limited extent 

and occurred rather sporadically during 
the late Palaeozoic and the Mesozoic. 



8 7 

(b) A rather dramatic increase in intrusive 
activity took place in the Miocene, and 
reached a climax between 10 and 15 
m.y. ago in the mid-Miocene; this late 
orogenic activity in the New Guinea 
Mobile Belt is identifiable with the 
waning stages of the development of 
the Papuan Geosyncline and with the 
beginning of the main mountain build­
ing in the Central Highlands. 

Limited data in four metamorphic terrains 
in the highlands (the Bena Bena Formation, 
Ambunti Metamorphics, Gwin Metamor­
phics, and Kaindi Metamorphics) do not 
discriminate between ages of metamorphism 
and ages of uplift, but the general tectonic 
setting suggests that the mid-Tertiary ages 
obtained are close to the times of metamor­
phism. 

(iii) The ages of emplacement and 
mineralization of several metalliferous de­
posits in New Guinea and Bougainville 
Island (Page & McDougall, 1972a, b) indi­
cate that the related magmatic events are all 
mid-Miocene or younger. It is clear that the 
high-level intrusives of the young island-arc 
orogenic environment may be of consider­
able economic interest 

(iv) The strontium isotopic study of the 
New Guinea igneous rocks reveals a con­
stant initial S r 8 7 / S r 8 6 composition of 
0.7041 d= 0.00015 (SD). This value is not 
distinguishable from those determined for 
rocks from oceanic islands and other circum-
Pacific orogenic and island-arc environ­
ments. The strontium isotopic data on the 
New Guinea igneous rocks are therefore 
consistent with derivation of magma chiefly 
from upper mantle sources, with little or no 
contamination by crustal material enriched 
in S r 8 7 . 

7.2 GENERAL FEATURES OF THE 
GEOCHRONOLOGICAL STUDY 

The following is a summary of general 
aspects of the K-Ar and Rb-Sr dating tech­
niques as found in sections 3, 4, and 5. 

7.21 Relative  argon  retentivities 
The rate at which argon diffuses in 

minerals has been examined in many field 
and laboratory studies (summarized in Mus-

sett, 1969) which show that argon diffuses 
from minerals at rates that depend on the 
degree of crystal imperfections and the 
relative activation energies in the lattice. Dif­
fusion of argon from rocks and minerals can 
be detected in laboratory experiments above 
about 300 °C, and, by extrapolation, may 
occur in the geological environment at tem­
peratures as low as 200°C, or even lower. 
Differential argon diffusion is recognized in 
the New Guinea ages determined for horn­
blende, biotite, and feldspar from the one 
sample. Among the young intrusives dated 
by the K-Ar method in section 5, it was 
generally found that ages determined for 
hornblende are 1 to 2 m.y. greater than 
those for biotite, and that the few feldspar 
ages are equal to or less than the biotite 
ages. The biotite-hornblende age pattern 
reflects the cooling history of the intrusive 
in which argon began to be retained in 
hornblende at an earlier time (higher tem­
perature) than in biotite. For the late 
Palaeozoic and Mesozoic intrusives, horn­
blende and biotite K-Ar ages generally 
showed excellent agreement; any discordant 
effects caused by the cooling history of the 
intrusive would have been marked by 
experimental errors. 

The few perthitic alkali feldspars dated in 
this study have ages slightly younger than 
the accompanying ferromagnesian minerals, 
probably because perthitization of potash 
feldspar produces lattice imperfections which 
are believed to enhance argon diffusion 
(Mussett, 1969). The predictable effect of 
chloritization (again involving lattice imper­
fections) in some of the Kubor Granodiorite 
rocks (4.2) was to lower the biotite or horn­
blende age. The most chloritized samples 
gave the lowest ages, although no general 
correlation between age and the degree of 
chloritization was found. 

7.22 Comparison  of  K-Ar  and  Rb-Sr  ages 
Comparison of Rb-Sr and K-Ar ages for 

micas from the Miocene intrusive rocks 
(section 5) shows that the K-Ar ages are 
commonly about 1 to 2 m.y. less than the 
Rb-Sr ages. Hornblende dated by the K-Ar 
method closely corresponds to the Rb-Sr 
mica age for the same rock. As the ages are 
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T A B L E 2 9 . E X C E S S Ar* > I N M I N E R A L S F R O M S O M E N E W G U I N E A I N T R U S I V E S 

Excess Ar40 

Text (x 10- 6 c m 3 
reference Sample NTP/g) 

5.32 5657 Cl inopyroxene 0.02 
5.33 5497 Plagioclase 0.58 
5.35 5476 Cl inopyroxene 0.07 

consistent with the stratigraphic control, and 
the Miocene intrusives are not apparently 
deformed, it is again concluded that the 
age pattern may be reflecting the cooling 
history of the intrusive in which the diffusion 
of argon from hornblende, and of radiogenic 
strontium from mica, ceased at about the 
same time (temperature), 1 to 2 m.y. before 
the cessation of argon diffusion from mica. 

That argon diffuses more readily than 
strontium in response to geological processes 
is seen in the consistently lower, but wider-
ranging, K-Ar ages compared with the Rb-
Sr ages in the Permian Kubor Granodiorite. 
An analogous situation is found in the 
younger K-Ar ages obtained for micas from 
the Yanderra copper-mineralized area (Page 
& McDougall, 1972a), where the use of both 
dating methods has provided a better under­
standing of the geological history. 
7.23 Extraneous  argon 

Extraneous argon was recognized in a few 
samples whose apparent ages contrasted with 
those for related samples. The most com­
mon type is excess argon, which is that 
incorporated within minerals at the time of 
their crystallization owing to a high partial 
pressure of A r 4 0 in the magma (Damon, 
1968). This was found mainly in minerals 
with a low potassium content, such as pyro­
xene and some plagioclase samples. The 
approximate amounts of excess radiogenic 
A r 4 0 that have been calculated using the 
ages given by related samples in the 
individual areas are given in Table 29. These 
quantities of excess argon are generally 
similar to those reported by Livingston, 
Damon, Mauger, Bennett, & Laughlin 
(1967) in feldspars from Tertiary plutons 
in Arizona. 

Inherited argon (Damon, 1968) con­
tained within xenoliths or xenocrysts in­
cluded in the magma was also encountered 

in a few samples in this study. The most 
obvious examples are the samples 981, 
981B, and 5493 from the Bismarck Intru­
sive Complex north of Yanderra village (see 
5.33). Inherited argon was also invoked in 
a hornblende sample from the Karawari 
Conglomerate volcanics (3.32). 

It is perhaps surprising that the effects of 
extraneous argon are not more widespread 
in K-Ar dating, because in subcrustal con­
ditions, where the rocks are generated, 
copious amounts of radiogenic A r 4 0 must 
be present. Any excess argon in the rela­
tively potassium-rich minerals, such as bio­
tite and hornblende, would usually be 
swamped by the greater proportions of true 
radiogenic argon. Nevertheless, the newly 
developed K-Ar isochrons are a useful 
approach to test for extraneous argon in a 
given suite of rocks. 

7.24 K-Ar  isochrons 
The interpretation of several sets of K-Ar 

mineral and whole-rock data using graphical 
isochron diagrams was investigated in the 
course of this study. Where there were suffi­
cient data points, this approach (after 
McDougall et al., 1969; Hayatsu & Car-
michael, 1970) provided a means of testing 
for the presence of extraneous argon in 
either whole rocks or different minerals from 
an intrusion. In nearly all the rock suites 
tested no extraneous argon was indicated 
within the statistical uncertainties of the 
results, and thus calculated K-Ar ages are 
deemed more reliable. A few of the pooled 
ages from the argon isochron diagrams were 
shown to be erroneous because of small dif­
ferences in age of the rocks sampled over a 
large outcrop area, inhomogeneous initial 
argon concentration and A r 4 0 / A r 3 6 values, 
and, in part, post-closure contamination of 
the samples with atmospheric argon; thus 
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some of the underlying assumptions of the 
plots were not met. 
7.25 Rb-Sr  whole-rock  and  mineral  ages 

The Rb-Sr method used in conjunction 
with the K-Ar method enabled a more com­
plete picture of the geological history to be 
obtained. Concordant Rb-Sr mica ages 
determined for the Kubor Granodiorite 
(4.22) provided the best estimate of the 
age of emplacement of this body, because 
the low-grade burial metamorphic effects 
(with temperatures inferred to be 200° to 
300°C) evidently did not upset the Rb-Sr 
clock. Rb-Sr mica ages for the Miocene 
intrusives are related to the cooling history, 
which was shown to correspond closely to 
the time of emplacement. As noted pre­
viously, the several examples of concordant 
Rb-Sr biotite and K-Ar hornblende ages for 
the same intrusive rock sample indicate that 

the respective minerals and isotopic systems 
were closed at similar temperatures. 

Many of the New Guinea intrusives have 
low and rather uniform Rb/Sr ratios, and 
hence Rb-Sr whole-rock isochrons could be 
used for rock samples from only a few areas. 
The study of the Bismarck Intrusive Com­
plex has shown that meaningful ages from 
Rb-Sr whole-rock isochrons can be obtained 
for young intrusives if there is suitable 
material and mass-spectrometer precision. 
The young age derived from the isochron for 
the Bismarck Intrusive Complex gives the 
time the whole-rock systems cooled after 
differentiating from an isotopically homo­
geneous magma. The few Rb-Sr biotite ages 
are equal to or younger than the age derived 
from the isochron, and reflect the lower 
temperatures at which the Rb-Sr system 
became closed in the mineral. 

8. SPECULATION S O N REGIONA L TECTONIC S 
The geophysical and geological studies of 

the world's oceans and seismic belts in the 
last few years have led to a new appraisal 
of geological features on land. In particular, 
an important corollary of the plate-tectonic 
theory accounts for orogenic belts of moun­
tain building as the narrow elongate junction 
between moving lithospheric plates at a 
given time (Dewey & Bird, 1970). The 
marine magnetic data south of Australia, for 
example (Le Pichon & Heirtzler, 1968), 
indicate that the Australian Plate has separ­
ated from Antarctica and has been moving 
north since the Early Tertiary (Fig. 45). 
Worldwide and regional seismic studies 
(Barazangi & Dorman, 1969; Denham, 
1969) previously discussed in 2.2 show that 
New Guinea is today part of the northern 
edge of the Australian Plate (cf. Figs. 3 and 
4) . Along much of this edge, the plate is 
today being partly thrust into east-west 
crustal sinks or subduction zones of the type 
presently associated with active trenches. 
The New Britain-Bougainville and Java-
Sumatra Trenches are associated with north-
dipping Benioff zones, and the Weber Deep 
is associated with a west-dipping Benioff 
zone at which compression between the 

plates is absorbed. Where continents are 
part of the northern margin of the Austra­
lian Plate, the earthquake pattern is rather 
diffuse, and a complex mountain-building 
system is present (e.g. New Guinea and the 
Himalayas). 

The extent to which plate tectonics has 
influenced the Tertiary geological history of 
New Guinea is best investigated by attempt­
ing to correlate the observed geology with 
given tectonic models. As a basic premise, 
Papua New Guinea can be considered as a 
zone of interaction or subduction between 
the north-moving Australian Plate and the 
west-moving Pacific Plate. Le Pichon 
(1968) computed that differential west-
southwest strike-slip motion between these 
two plates is 9 to 11 cm/year, and the half-
rate of northward sea-floor spreading from 
the Australia-Antarctica Ridge is about 
3 cm/year. Because there is no 'sink' around 
Antarctica, it is necessary to postulate that 
the Australia-Antarctica Ridge is itself 
migrating north, and that the Australian 
Plate is moving north at 6 cm/year. Le 
Pichon (1968) concluded from a global 
synthesis that the major 'sinks' at the 
northern part of the Australian Plate have 
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Fig. 45 . Present-da y feature s o f th e plat e tectoni c mode l aroun d Australia . 

been in existence for periods several times 
longer than the life of the present mid-
oceanic ridges. Thus the New Britain and 
Java Trenches have probably been active 
sites for the consumption of the Australian 
Plate at least since the Early Tertiary. Rela­
tive to the present position (Fig. 45) of the 
Indonesian-Melanesian volcanic arc, New 
Guinea appears to have intersected and 
moved across the east-west-trending Indo­
nesian-Melanesian subduction zone during 
the last 15 to 20 m.y. (cf. Figs. 45 and 46; 
spreading data from Heirtzler et al., 1968). 
The assumption underlying Figure 46 is 
that the Indonesian-Melanesian arc has had 
little north-south movement since the Mio­
cene, and that Antarctica is also fixed. 

A number of recent workers (Hamilton, 
1969; Dickinson, 1970; Moores, 1970) 
have argued that granitic batholith belts 
represent the plutonic phase of arc volcan­
ism, and that some such belts may be 
identifiable with fossil subduction zones. 
The Miocene magmatic front represented by 
the intrusives and volcanics in the New 
Guinea Mobile Belt (Plate 1) is partly in 
accord with such an interpretation. On the 
basis of this model, the triggering mech­
anism for the Miocene intrusive belt could 
have been the collision of New Guinea with 
the Indonesian-Melanesian subduction zone; 
according to the model illustrated by Figures 
45 and 46, the postulated collision would 
have taken place in the Miocene. Predict-
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Fig. 46 . Approximat e situatio n o f Australi a an d N e w Guine a abou t 2 0 m.y . ago . 

ably, the sedimentation in the Papuan Geo­
syncline also ended in Miocene time, and 
major uplift of the region began. The above 
model may also explain the presence of 
elongate ultramafic pods and glaucophane 
schist complexes which occur in the New 
Guinea highlands (Dow et al. 1972) and 
in Irian Jaya (Visser & Hermes, 1962). 
Blake, Irwin, & Coleman (1969), Dewey & 
Horsfield (1970), Hamilton (1970), and 
Moores (1970) consider that such meta­
morphic belts and ultramafic complexes may 
closely represent the ancient fossilized sites 
of lithosphere consumption. 

The nature and orientation (polarity) of 
the Tertiary subduction zone and the site of 
lithosphere consumption remain speculative, 

but there would appear to be two general 
alternatives; either a south-dipping or north-
dipping Benioff zone could have existed. If 
there was a south-dipping Benioff zone 
(dipping under New Guinea) in the Tertiary 
(Fig 47-A), then the Australia-New Guinea 
'continent' may have overridden it (Fig. 
47-B) in a manner analogous to that of the 
western North American continent, which is 
thought to have overridden a trench in the 
late Mesozoic (Hamilton, 1969). Before it 
overrode the Benioff zone, New Guinea 
would have been a western Pacific island 
arc which was associated with the genera­
tion of calc-alkaline magma from the region 
of the Benioff zone in the descending 
Pacific Plate. 
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Fig . 47 . Cross-section s o f hypothetica l south-dippin g Beniof f zon e i n N e w Guinea . 

The other and preferred alternative is 
that a north-dipping Benioff zone may have 
operated during the Tertiary (as it is today 
in the active Java-Sumatra and New Britain 
Trenches), and consumption of oceanic 
lithosphere would have taken place ahead 
of the north-moving Australia-New Guinea 
continental mass (Fig. 48-A). This model 
is preferred because it is consistent with the 
present-day polarity of the Indonesian-
Melanesian Benioff zones, and it may be 
used to explain the absence of both a deep 
oceanic trench and present-day calc-alkaline 
volcanism (on the basis of its supposed 
origin) in New Guinea; volcanism is re­
stricted to the offshore islands of the New 
Britain Arc to the north and east, where no 
continental interaction has occurred. 

With their relative distribution, ages, and 
low S r 8 7 / S r 8 6 ratios, the Miocene plutonic 
rocks of the Central Highlands may repre­
sent the eroded root of the Miocene vol­
canic belt, which was described by Dow 
et al. (1972) and Dow & Bain (1970). 
Because of the relatively abrupt develop­
ment and short duration of this igneous 
activity (see section 3) , the rocks are pro­
bably not typical of those developed in 
island-arc environments. It is considered 
more likely that the dramatic but short­

lived Miocene plutonic and volcanic activity 
was caused by the convergence of, and 
climaxed by, the ultimate collision between 
the northward-moving Australian continent 
and the Indonesian-Melanesian subduction 
zone. Dewey & Horsfield (1970) and Dewey 
& Bird (1970) postulated that New Guinea 
represents a mid-Tertiary Australian con­
tinent/island-arc collision. This is consistent 
with the model presented here, and, as out­
lined in section 2, it is conceivable that the 
basement volcanic rocks of the coastal range 
of north New Guinea represent a pre-Mio-
cene volcanic arc that was an active part of 
the Indonesian-Melanesian Arc at that time. 

A Miocene north-dipping Benioff zone 
between southern New Guinea and what is 
now the North Coast Range coastal range is 
postulated (Fig. 48-A). Carey (1938) noted 
the long topographic depressions of the 
Meervlakte-Sepik-Ramu-Markham regions, 
between the North Coast Range and the 
Main Cordillera, and he drew attention to 
the possibility that the depression may be 
the westward expression of the New Britain 
Trench. This major elongate depression may 
represent the overridden or fossilized trench 
(subduction zone) which lay north of the 
Australia-New Guinea continent in pre-
Miocene times. Another possibility is that 



93 

M E E R V L A K T E - S E P I K R A M U -  M A RK H A M 
D E P R E S S I O N 

B 

A U S T R A L I A -

C P R E S E N T - D A Y N E W G U I N E A SOUTH _ N E W G U I N E A N O R T H N E W G U I N E A N O R T H 

P/A/505 

Fig. 48 . Cross-section s o f hypothetica l north-dippin g Beniof f zon e i n N e w Guinea . 

the ultramafic and blueschist facies com­
plexes in the Central Highlands represent 
the approximate site of lithosphere con­
sumption, but, until further detailed mapping 
and geochemistry are carried out, these 
suggestions remain entirely speculative. 

As discussed in section 6, calc-alkaline 
magmas are believed to be generated near 
the Benioff zone in the descending litho-
spheric plate. The development of massive 
Miocene calc-alkaline rocks in New Guinea 
as a result of the postulated collision be­
tween the Australia-New Guinea continent 
and either the Indonesian-Melanesian sub­
duction zone or the island arc of North 
New Guinea, or both, requires magma 
generation on the continental (southern) 
side of the subduction zone (Fig. 48-B), 

that is, on the side opposite to that of the 
north-dipping descending plate. Because 
this mechanism of magma generation is 
somewhat different from that believed to 
occur at or above the Benioff zone in nor­
mal calc-alkaline island-arc environments, it 
might be expected that detailed petrological 
study of the Miocene plutonic rocks in New 
Guinea will reveal a rather different 
character than the usual calc-alkaline series. 

The present-day diffuse seismic pattern 
for the New Guinea mainland (Denham 
1969; Johnson, 1970) may be explained by 
the 'flipping' models discussed by McKenzie 
(1969), Dewey & Horsfield (1970), Dewey 
& Bird (1970), and Moores (1970). As the 
leading edge of the north-moving Australian 
continent, Miocene New Guinea could have 
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attempted to underthrust the proposed 
North New Guinea-New Britain island arc 
(Fig. 48-B); this is today happening in New 
Britain and Java. However, buoyancy of the 
Australia-New Guinea continental mass 
would prevent much underthrusting. The 
diffuse earthquake pattern beneath the New 
Guinea mainland may result from con­
tinued plate convergence, which would lead 
to interfingering with crumpling, overlap, 
and mountain-building near the plate junc­
tion. The 'flipping' model (McKenzie, 
1969) predicts that the arrested continental 
underthrusting would lead to a change in 
the direction of thrusting, such that litho-
sphere would begin to be consumed from the 
oceanic side (Fig. 48-C). That this model 
may be valid is supported by earthquake 
focal mechanisms (Fitch, 1970; Johnson & 
Molnar, 1972) which indicate underthrust­
ing of the Pacific Plate beneath northwestern 
New Guinea. 

One complexity in the island-arc tectonics 
of the New Guinea region comes from the 
accumulating evidence that the island of 
New Guinea may have been rotated sinis-
trally from a position east of Queensland to 
its present position north of Australia. This 
concept originated with du Toit (1937), 
and gained support from Carey (1958) as 
part of his Melanesian Shear System. Tec­
tonic analysis of the southwest Pacific 
(Cullen, 1970), and consideration of struc­
tural alignments and lithological compari­
sons between New Guinea and Queensland 
(Rod, 1966), have also supported anti­
clockwise rotation of New Guinea. The 

geology of Papua (Davies & Smith, 1971) 
also lends support to the rotation hypothesis. 
Recent seismic refraction and bathymetric 
studies in the Coral Sea (Ewing, Hawkins, 
& Ludwig, 1970; Gardner, 1970) suggest 
that the Coral Sea Basin is normal oceanic 
crust on which an average of only 1.5 km 
of sediment has been deposited. Using con­
servative sedimentation rates, Gardner 
(1970) concluded that this basin formed no 
earlier than late Eocene to early Oligocene. 
Analysis of magnetic data (Falvey, quoted 
by Gardener, 1970) reveals a fan-shaped 
distribution of linear magnetic anomalies 
with an extrapolated apex in the Gulf of 
Papua. Thus, the magnetic data also support 
anticlockwise rotational movement of New 
Guinea with respect to the Queensland 
coast. Tentative palaeomagnetic results from 
New Guinea (Green & Pitt, 1967) are con­
sistent with the postulated anticlockwise 
rotation of the island. It seems likely that 
the various west-northwest-trending sinistral 
transcurrent fault zones throughout New 
Guinea (Krause, 1965; Dow et al., 1972) 
may have accommodated some of the stress 
associated with the rotational movement. It 
is noted that rotation of New Guinea in the 
manner described could well account for the 
development of the Papaun Ultramafic Belt 
(Davies, 1968) as an overthrust sheet of 
oceanic crust upon the sinistrally rotated 
Papuan peninsula. Comparisons of palaeo­
magnetic and further dating studies between 
the Central Highlands, North Coast Range, 
New Britain, and Papua are needed to test 
these ideas further and help resolve the 
geological history of this complex region. 
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APPENDIX 1 . METHODS 
When thi s projec t wa s begu n i n 1967 , onl y 4 

isotopic date s ha d bee n recorde d i n Papu a N e w 
Guinea. Us in g a  numbe r o f sample s o f intrusiv e 
rocks collecte d b y D . B . D o w an d R . R . Harding , 
the initia l approac h take n i n th e laborator y wa s 
to appl y th e Rb-S r datin g method . Afte r pre -
liminary X-ra y fluorescence  ( X R F ) exmination , 
it wa s clea r tha t th e c o m m o n intrusiv e roc k types , 
granodiorite an d diorite , generall y ha d lo w Rb-S r 
ratios (§ C 0 . 1 ) . Thi s finding , togethe r wit h th e 
area's youthfulness , whic h becam e eviden t afte r 
preliminary K-A r analyses , indicate d tha t a  majo r 
Rb-Sr projec t o n th e rock s woul d no t b e feasible . 
T h e K-A r techniqu e seeme d th e mos t usefu l 
method t o hel p unrave l th e comple x histor y o f 
this juvenil e orogeni c belt , provide d tha t th e 
anticipated proble m o f argo n los s fro m th e 
recently uplifte d rock s coul d b e monitore d an d 
the result s interprete d i n a  geologicall y meaning -
ful way . Th e bul k o f thi s work , then , i s concerne d 
with K-A r dating , bu t th e Rb-S r metho d wa s 
later use d o n suitabl e rocks , an d th e result s 
generally confir m thos e o f th e K-A r analyses . 

Selection and preparation of samples 
Thin section s wer e firs t examine d unde r a  petro -

logical microscope . Fo r th e plutoni c rocks , altera -
tion whic h ha d no t bee n note d i n th e field  rarel y 
restricted sampl e selectio n i n th e laboratory . Man y 
of th e basi c t o intermediat e volcani c rock s tha t 
appeared fres h i n th e field  ha d t o b e rejecte d fo r 
dating work , usuall y becaus e o f groundmas s 
alteration. 

F o r whole-roc k K-A r datin g o f volcani c rock s 
the — 1 0 0 B S aliquo t (fo r potassiu m analysis ) wa s 
split fro m jaw-crushed , chip-siz e fragment s (fo r 
argon extraction ) o f on e o f th e fol lowin g siz e 
ranges: —1 0 +  1 4 BS , —6. 4 +  4. 8 m m , o r 
—4.8 +  3. 2 m m . 

For minera l separatio n fro m coarser-graine d 
plutonic rocks , abou t 2  t o 5  k g o f th e roc k wa s 
put throug h stee l ja w crusher s i n tw o stages , an d 
then throug h a  stee l dis c mil l unti l i t passe d 1 8 B S 
mesh; fro m thi s a n aliquo t wa s spli t an d groun d 
in a  tungste n carbid e 'Siebe ' mil l fo r a  whole -
rock (—10 0 BS ) sample . Th e remainde r o f th e 
sample wa s screened , an d th e require d siz e frac -
tion wa s separate d fo r minera l concentratin g 
using a  'Carpco ' magneti c separator . Th e benefica -
tion o f th e minera l concentrat e t o mor e tha n 9 8 
percent purit y wa s achieve d throug h on e o r mor e 
of th e fol lowin g procedures : furthe r rollin g an d 
screening t o remov e an y composit e grains , flota-
tion i n hig h specific-gravit y liquids , an d magneti c 
separation wit h a  'Cook ' electromagneti c separator . 
T o remov e an y trac e o f heav y liquids , th e minera l 
separate wa s cleane d ultrasonicall y wit h distille d 
water, an d the n washe d i n acetone . Mos t o f th e 
minerals use d wer e i n th e rang e —1 8 +  6 0 B S 
for biotites , an d —8 5 +  12 0 B S fo r hornblende s 
and feldspars . 

The general age equation. Th e fundamenta l equa -
tion fo r an y radioactiv e deca y relie s o n th e 
empirical fac t tha t th e rat e o f deca y pe r uni t t im e 
is proportiona l t o th e numbe r o f atom s present , 
i.e. dP/dt = — X P , wher e ( 1 ) 

P i s th e numbe r o f paren t atom s presen t a t 
t ime t 
P„ i s th e numbe r o f paren t atom s presen t a t 
t ime zer o 
D i s th e numbe r o f daughte r atom s presen t 
at tim e t 
X i s th e deca y constan t (fractio n decayin g pe r 
year ) . 

Integrating ( 1 ) betwee n tim e =  O , an d tim e = 
t (present) , gives : 

N o w Po = P + D 

Therefore P = (P + D) e ~ 

\t 
e =  1  +  DIP 

X I h ( 1 +  DIP) 
This i s th e genera l ag e equatio n applicabl e t o an y 
isotopic datin g method . 

THE K-AR DATING METHOD 
K-Ar decay scheme. Deca y o f th e radioactiv e 
potassium isotope , K 4 0 , i s throug h a  branchin g 
process (Fig . A ) o f electro n captur e an d 7 
—emission t o A r 4 0 (deca y constan t K), an d /3 
—decay t o C a 4 0 (deca y constan t X / 3 ) . Th e K-A r 
dating metho d employ s onl y th e K 4 0 — » A r 4 0 

branch, an d th e fractio n o f K 4 0 whic h yield s A r 4 0 

can b e expresse d a s — — , wher e \  =  X , +  X^ . 
X« +  X |3 

The genera l ag e equatio n ( 2 ) no w becomes : 

' " [ 1 +  W 0 / K r ^ ^ | J ( 3 ) 

or *  A r4 0 =  T  -—-r-r" 1  K 4 0 (  e  ^ ' —  1 ) ( 4 ) 
L X „ + J 

where K 4 0 i s th e present-da y abundance , an d 
• A r 4 0 i s radiogeni c argo n abundanc e produce d 
within tim e / . 

In additio n t o th e indirec t deca y o f K 4 0 t o A r 4 0 

by electro n captur e an d 7 - r a y emission , Beckin -
sale &  Gal e ( 1 9 6 9 ) hav e demonstrate d tw o wea k 
direct transitions : on e b y electro n capture , th e 
other b y positro n emissio n (dashe d lines , Fig . A ) . 
K-Ar decay constants. A s a n extensio n o f thei r 
discovery o f th e tw o wea k direc t transition s i n 
the deca y o f K 4 0 t o th e A r 4 0 groun d state , 
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Fig. A . Radioactiv e deca y schem e o f K'" . 

Beckinsale &  Gal e ( 1 9 6 9 ) amende d th e deca y 
constants use d i n th e calculatio n o f K-A r ages . 
These , however , wer e no t adopte d fo r thi s study ; 
instead, th e fol lowin g deca y constant s an d natura l 
isotopic abundance s wer e used : 

X. =  0.58 5 x  1 0 - i O y r - i J  Aldrich & 
\p = 4 .7 2 x  1 0 - i 0 y i - i J  Wetherill ( 1 9 5 8 ) 

K 4 0 =  1.1 9 x  10- 2 a t 0 m . per -
cent o f tota l potassiu m 

A r 4 0 =  99 .6 0 atom , percen t 
of atmospheri c argo n 

A r 3 8 =  0.06 3 atom , percen t N i e r ( 1 9 5 0 ) 

of atmospheri c argo n 
A r 3 0 =  0.33 7 atom , percen t 

of atmospheri c argo n 
Application and assumptions of the K-Ar method. 
With th e k n o w n deca y constant s an d a n accurat e 
analysis o f * A r 4 0 an d K 4 0 , on e ca n calculat e a 
K-Ar age . I n th e past , th e K-A r metho d ha s bee n 
applied t o man y classe s o f rock s coverin g almos t 
the whol e o f geologica l t ime . T h e metho d i s 
particularly usefu l i n datin g rock s fro m abou t 
100 0 0 0 year s t o a  fe w hundre d mill io n year s old , 
for whic h rang e th e othe r datin g method s ar e 
c o m m o n l y difficul t t o appl y i n practice . A  K-A r 
age wil l recor d th e t im e o f crystallizatio n o r 
homogenizat ion o f a  roc k i f th e fol lowin g assump -
tions, whic h mus t b e evaluate d i n eac h particula r 
study undertaken , ar e met : 

( i ) Th e minera l o r roc k remain s a  closed system 
after crystallization , i.e . ther e mus t b e n o 
gain o r los s o f K 4 0 o r A r 4 0 excep t b y radio -
active decay : th e * A r 4 0 mus t b e retaine d 
quantitatively i n th e lattice s o f th e minerals . 
It i s wel l know n tha t argo n diffuse s ou t o f 
rocks an d ma y b e los t fro m th e syste m a t 
temperatures abov e 150-200°C . S o m e 
minerals, suc h a s som e o f th e alkal i feldspars , 
appear t o los e argo n eve n a t lowe r tem -
peratures. Man y laborator y experiment s hav e 
been carrie d ou t t o determin e th e argo n dif -
fusion characteristic s o f minerals ; detail s o f 
such experiment s hav e recentl y bee n sum -
marized b y Musset t ( 1 9 6 9 ) . I n general , th e 
experimental dat a remai n somewha t ambig -
uous, a t leas t partl y becaus e th e experiment s 
fall shor t o f duplicatin g th e long-ter m an d 

variable effect s o f a  geologica l environment . 
Geological studie s (Hart , 1964 ; Hanso n & 
Gast, 1967 ) involvin g ag e determination s o f 
various mineral s a t differen t distance s fro m 
intrusive contact s hav e provide d th e mos t 
convincing evidenc e fo r differen t diffusio n 
rates o f argo n fro m th e variou s minerals . I n 
geological ly activ e terrain s suc h a s N e w 
Guinea , i t i s no t unexpecte d tha t severa l 
examples o f differentia l argo n los s pattern s 
are recognized . Evidenc e give n earlie r i n thi s 
Bulletin show s that , durin g uplif t an d cool in g 
of a  batholith , hornblend e retain s argo n a t 
higher temperature s tha n biotite . Unde r buria l 
metamorphic conditions , however , th e argo n 
retentivities o f biotit e an d hornblend e some -
times appea r t o b e simila r (cf . W e b b & 
McDouga l l , 1 9 6 8 ) . 

( i i ) A t th e tim e o f crystallizatio n ( t =  O ) th e 
sample loses any pre-existing *Arii). Whe n 
magmas ar e generate d fro m olde r rocks , sub -
stantial amount s o f pre-existin g radiogeni c 
argon ar e likel y t o b e containe d withi n th e 
magma. D a m o n ( 1 9 6 8 ) define d thi s extra­
neous argon a s bein g eithe r ( a ) inherite d 
argon ( A r 4 0 produce d b y radioactiv e deca y 
and retaine d i n a  minera l fro m a n earlie r 
period i n it s history ) o r ( b ) exces s argo n 
( A r 4 0 occlude d withi n a  minera l owin g t o a 
high pressur e i n th e m a g m a ) . Fo r th e K-A r 
method o f datin g t o b e viable , thi s extraneou s 
argon mus t b e los t fro m th e syste m befor e 
final crystallizatio n an d cool ing . Evidenc e i s 
now accumulatin g ( D a m o n , 1968 ; McDouga l l , 
Polach, &  Stipp , 1969 ; Roddick , 1970 ) tha t 
this assumptio n i s no t alway s met . Clearl y i f 
the assumptio n i s no t fulfille d the n measure d 
ages wil l b e to o old . 

( i i i ) Argon, other than that produced by in situ 
radioactive decay of Kin since crystallization, 
has the composition of present-day atmos­
pheric argon ( i .e . A r ^ / A r ™ =  2 9 5 . 5 ) , fo r 
which a  correctio n ca n b e mad e i n th e calcu -
lation o f radiogeni c argon . Unti l recentl y i t 
was generall y believe d tha t th e measure d 
atmospheric argo n contaminatio n wa s acquire d 
in field,  laboratory , o r extractio n procedures . 
However , ther e i s no w evidenc e (Freche n & 
Lippolt, 1965 ; Musset t &  Dalrymple , 1968 ) 
that muc h so-calle d 'atmospheri c contamina -
tion' ha s bee n hel d tightl y withi n th e roc k o r 
mineral sinc e it s inclusio n a t th e t im e o f 
crystallization o r homogenizat ion . Clearly , 
assumption ( i i i ) wil l no t b e me t i f thi s 'initia l 
argon' ha s a n A r 4 0 / A r 3 0 composi t io n othe r 
than 295.5 . 

General ly, thes e assumption s ar e teste d b y th e 
analysis o f eithe r a  numbe r o f relate d sample s 
from on e roc k unit , o r tw o o r mor e mineral s 
separated fro m th e on e roc k specimen . Shoul d th e 
results agree , th e consistenc y ma y b e take n a s 
evidence tha t th e K-A r age s ar e geological l y 
meaningful . Anothe r tes t o f th e reliabilit y o f K-A r 
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A r 4 0 / A r 3 6 datin g i s t o compar e th e K-A r age s wit h thos e 
determined b y anothe r datin g technique , suc h a s 
the Rb-S r method , fo r th e sam e samples . A  sum -
mary o f suc h comparison s i s give n b y Dalrympl e 
& Lanpher e ( 1 9 6 9 ) , an d man y example s o f simila r 
approaches hav e bee n presente d earlie r i n thi s 
Bulletin. 

Graphical representation of K-Ar data 
Argon isochron diagram. A recen t developmen t i n 
the analysi s o f K-A r dat a i s th e introductio n o f 
the isochro n diagram , analogou s t o tha t use d i n 
Rb-Sr work . Ideally , plottin g o f dat a o n th e argo n 
isochron diagra m allow s a  mor e direc t tes t o f 
assumptions ( i i ) an d (i i i ) above . I n thi s typ e o f 
diagram, A r 4 0 / A r 3 6 an d K 4 0 / A r 3 6 ratio s fo r a 
given suit e o f cogeneti c rock s ar e plotte d agains t 

Fig. B . Diagra m illustratin g th e isochro n plo t o f on e anothe r (McDouga l l e t al. , 1969 ; York , Baski , 
K-Ar data . &  Aumento , 1969 ; Hayats u &  Carmichael , 1 9 7 0 ) . 

Derivation o f th e argo n isochro n equatio n i s a s follows : 

A r , 4 O = * A r t H A r . 4 0 + A r , 4 0 ( 5 ) 

Combining equation s ( 4 ) an d ( 5 ) an d dividin g b y A r t : 

(Ar*o /Ar38), = ( ^ — V -  1 ) K 4 " / A r ? 6 +  A r „ 4 " / A r ; w + A ' r . ^ / A r , 3 0 ( 6 ) 

where *Ax*° =  radiogeni c A r 4 0 produce d i n th e roc k b y i n sit u deca y o f K 4 0 sinc e crystallizatio n o r 
homogenizat ion 

A r 4 0 =  contaminatio n fro m th e atmospher e afte r closur e o f th e syste m 

A n 4 0 =  non-radiogeni c argo n initiall y i n th e roc k 

A r , 4 0 =  tota l Ar 4 1 ' i n th e roc k 

Ar?" =  A r , ™ + Ar™ 
lefine A r 3 8 / 

the sys tem) , then : 
If w e defin e Ara' ( i/Ar 3'' =  /  (i .e . th e proportio n o f Ar : l (> tha t i s atmospheri c an d adde d afte r closur e o f 

1 -  /  =  A r f / A r , 3 6 

Rewriting equatio n (6 ) 

K 

K 

If fo r th e momen t w e assum e tha t /  i s zer o (i.e . ther e i s n o atmospheri c argo n contaminatio n i n th e 
field afte r crystallizatio n o r i n th e laboratory ) th e equatio n becomes : 

(Ar*°/Ar3«)i = ( x + \ )  (e X < - 1 ) K*>/Ar,8 « +  ( A r 4 l l / A r : ! l i ) i ( 7 ) 

This i s th e equatio n o f a  straigh t lin e o f th e for m y  =  mx  +  c 

( A r * / A r 3 6 ) , = ( j - ± - ^ ( e U  -  1 ) K ^ ' / A r 3 " +  ( A r 4 " / A r f ) A r f / A r f +  ( A r , 4 0 / A r f ) A r f / A r , 3 ' 

= ( x + V ) ( g X ' "  ] ) K 4 l ,/Ar,-'>" +  ( A r 4 l l / A r ! l i ) » / +  (Ar» n /Ar"«) ,• ( 1  -  / ) 

where y  =  (Ar 4 , VAr36), 

x = K«VAr,:s « 

X. 

intercept, c  =  (Ar»<VAr 8 l i ) i 

si°p°'m = ( x 7 T x " ) ( « x ' " , ; 
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Hence , ideally , th e result s fro m a  suit e o f co -
genetic rock s plotte d o n a n AHO/Ai - s s -versus -K 4 0 / 
A r 3 6 diagra m wil l li e o n a  straigh t lin e ( A E , Fig . 
B ) , th e slop e o f whic h wil l b e proportiona l t o th e 
time sinc e th e syste m wa s closed . Th e intercept , 
E, ma y b e equa l to , les s than , o r greate r tha n tha t 
of atmospheri c argo n ( 2 9 5 . 5 ) an d i s th e c o m m o n 
value o f A H O / A r 3 6 ( — 37 0 i n Fig . B ) containe d 
within th e rock s (B , C , an d D ) a t th e t im e o f 
crystallization o r homogenizat ion . 

Applying th e conventiona l assumption s o f K-A r 
dating t o Figur e B , th e 'age ' calculate d fo r sampl e 
D (i.e . s lop e o f lin e D F ) woul d b e greate r tha n 
the ag e calculate d fo r C , an d s o on . Suc h a 
scatter o f 'ages ' woul d clearl y b e erroneou s be -
cause th e non-radiogeni c argo n doe s no t hav e th e 
composi t ion o f atmospheri c A H O / A r 3 6 . 

A n exampl e o f a n argo n isochro n plo t wa s 
given b y Hayats u &  Carmichae l ( 1 9 7 0 ) fo r a 
group o f rock s whic h wa s forme d i n th e C a m -
brian an d subsequentl y isotopicall y homogenize d 
about 4 0 0 m.y . ag o i n th e Devonian . Thei r initia l 
A r 4 0 / A r 3 8 rati o wa s 488 , significantl y highe r tha n 
295 .5 , an d effectivel y indicate d th e presenc e o f 
what i s c o m m o n l y calle d exces s o r extraneou s 
argon. 

In practice , th e An , 4 0 , tha t componen t o f A r 4 0 

from th e atmospher e absorbe d ont o th e roc k afte r 
closure o f th e syste m o r introduce d b y sampl e 
handling i n th e laboratory , wil l alway s b e present , 
but ideall y i t wil l b e s o lo w i n amoun t relativ e t o 
that containe d i n th e rocks , a s t o b e negligibl e i n 
terms o f equatio n ( 5 ) . Thi s appear s t o b e s o i n 
the exampl e give n b y Hayats u &  Carmichae l 
( 1 9 7 0 ) , w h o considere d tha t mor e tha n 9 0 percen t 
of th e A r 3 8 ha d c o m e fro m th e samples . I n dealin g 
with youn g basalt s fro m Auckland , however , 
McDouga l l e t al . ( 1 9 6 9 ) foun d tha t atmospheri c 
argon contaminat io n wa s o f overridin g impor -
tance. T h e effec t o f atmospheri c argo n contamina -
tion ca n b e see n fro m Figur e B . I f F  i s th e A r 4 0 / 

tAr io =  A r , 4 0 - 295. 5 A r , 3 6 

Combining thi s wit h equation s ( 4 ) an d ( 5 ) : 

A r 3 8 rati o i n th e atmosphere , the n th e additio n o f 
different amount s o f atmospheri c argo n t o eac h o f 
B, C , an d D  cause s th e sampl e point s t o mov e 
d o w n th e isochro n diagra m alon g line s tha t joi n 
them t o F ; henc e th e simpl e relationshi p o f 
equation ( 7 ) doe s no t no w hold . Point s B' , C , 
and D ' thu s generate d ma y giv e a n apparen t iso -
chron (B 'C'D' ) , an d bot h th e slop e an d intercep t 
would b e incorrect . Wher e th e initia l rati o i s equa l 
or clos e t o 295 .5 , an y atmospheri c contaminatio n 
will hav e ver y littl e effec t o n th e slop e o r intercep t 
in th e isochro n diagram . 

It i s clea r fro m th e discussio n abov e tha t th e 
use o f th e argo n isochro n diagra m wil l onl y b e 
successful whe n ( i ) th e complicat io n du e t o sub -
sequent atmospheri c argo n contaminatio n i s negli -
gible, an d ( i i ) th e ( A r 4 0 / A r 3 8 ) , i n al l th e 
cogenetic sample s i s th e same . Som e o f th e N e w 
Guinea dat a hav e bee n examine d usin g thi s 
approach. 

Initial argon diagram. On e othe r typ e o f argo n 
plot, th e initia l argo n diagram , ha s bee n use d t o 
help determin e whethe r extraneou s argo n i s pre -
sent, an d t o find  th e poole d ag e o f a  cogeneti c 
suite o f samples . I n thi s diagram , t A r 4 0 i s plotte d 
against potassiu m fo r eac h sampl e i n th e suite . I f 
the conventiona l assumption s o f th e K-A r metho d 
are met , then , a s see n i n equatio n ( 4 ) : 

• A r 4 0 =( T-v-r- V 40 ( e x ' "  1 ) 

This i s th e equatio n o f a  straigh t l in e o f th e for m 
y =  mx, an d a  suit e o f cogeneti c sample s wil l li e 
on a  straigh t lin e A B throug h th e origin , wit h th e 
s lope proportiona l t o thei r ag e (Fig . C ) . 

If, however , som e extraneou s radiogeni c argo n 
has remaine d i n th e rock s ( throug h incomplet e 
outgassing o f pre-existin g A r 4 0 ) th e fo l lowin g 
more genera l equatio n (afte r Roddick , 1 9 7 0 ) , 
which introduce s th e norma l correctio n fo r a tmos -
pheric argon , ca n b e derived : 

t A r 4 ° =  ( — ( « W - 1 ) K 4 « +  A r , 4 0 +  A n , 4 0 - 295. 5 A r , : ! 

N o w A r ? ° =  A r . 3 6 + A r , 3 6 

Therefore: 

t A r 4 8 = G , +  X « ) 
- 1 ) K 4 0 +  A r , 4 A r 4 0 -  295. 5 (Ar„ o b - | - Ar,' i 0) 

If / A 4 " , A 3 8 , U 

A n / A r , ,  then : 

t A r 4 0 =(  - — ^ ( e X » - 1 ) K 4 0 +  /  A r 3 6 + 295. 5 A r ? 8 - 295. 5 A r . 3 8 - 295. 5 A n 1 

\ X , +  X « / 
( 8 ) 

(e-Xf -  1 ) K 4 0 +  Ar? ( i ( I -  295 .5 ) 

t A r 4 0 =  allege d radiogeni c argon , al l o f whic h ma y o r ma y no t hav e bee n produce d b y i n sit u deca y 
of K 4 ° . 
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This i s agai n a  straigh t lin e equatio n o f th e for m 
y =  mx + c 

where y = IAr 4 " 
x =  K 4 0 

slope, m (e\i - 1 ) 

Ar, ( / -  295 .5 ) ( 9 ) 

A n 4 0 - 295. 5 Ar i ! , i 

intercept, c 

Alternatively, c 

Equation ( 8 ) indicate s tha t a  suit e o f cogeneti c 
samples wit h constan t A r i 3 0 a n d A r i 4 0 w i l l fal l o n a 
straight lin e C D (Fig . C ) , irrespectiv e o f th e 
earlier conventiona l assumption s (ii ) an d (i i i ) o f 
the K-A r metho d outline d above . Not e tha t th e 
intercept a t C  i s th e valu e o f extraneou s argo n 
c o m m o n t o al l th e sample s o n C D . I f /  i s greate r 
than 295.5 , the n a  positiv e intercep t wil l result , 
indicating tha t extraneou s argo n ma y b e present . 
A negativ e intercep t woul d sugges t th e presenc e 
of primordia l A r 3 l i . I f th e straigh t l in e passe s 
through th e origin , th e assumption s hav e bee n 
fulfilled. 

Hayatsu &  Carmichae l ( 1 9 7 0 ) applie d thei r 
K-Ar dat a t o th e initia l argo n diagram , whic h 
indicated ( i ) th e presenc e o f extraneou s A r 4 0 o f 
0.55 x  1 0 " 1 0 m o l e / g , an d ( i i ) homogenizatio n o f 
the argo n isotopi c syste m abou t 40 0 m.y . ago . 
This ag e an d th e indicatio n o f extraneou s argo n 
were als o foun d i n th e A r 4 0 / A r 3 ( i - v e r s u s - K 4 0 / A r 3 ( i 

isochron plot , confirmin g tha t th e assumption s o f 
the graphica l technique s wer e me t i n thei r study . 
Several set s o f dat a fro m N e w Guine a hav e bee n 
examined i n thi s manner . 
Statistical regression of the graphical plots. Th e 
least-squares regressio n metho d o f Mclntyre , 
Brooks, Compston , &  Ture k ( 1 9 6 6 ) ha s bee n 
applied t o eac h o f th e graphica l argo n plot s i n 
this study . Thi s metho d make s al lowanc e fo r 
experimental erro r i n bot h co-ordinates , an d per -
mits a n objectiv e tes t o f th e goodnes s o f fit  o f 
the straigh t line . Th e coefficient s o f variatio n 
( C V ) o f * A r 4 0 an d K 4 0 use d i n th e regressio n 
were 2. 0 percen t an d 0. 3 percen t respectively ; 
these value s resul t fro m a  consideratio n o f th e 
precision o f th e measurement s (se e Tabl e A ) . 
The value s o f C V o f A H V A r 3 6 an d K 4 ° / A r 3 « 
used wer e 0. 5 percen t an d 1. 5 percen t respectively ; 
these wer e base d o n poole d estimate s o f th e 
precision i n individua l runs . Th e y  varianc e i n 
each regressio n wa s determine d b y usin g a n 
approximate averag e y fo r th e dat a set ; a  standar d 
deviation fro m th e abov e C V coul d the n b e 
computed. 

The goodnes s o f fit  o f a  se t o f dat a point s i s 
given b y th e weighte d sum s o f square s o f th e 
residuals fro m th e fitted  line : i f thi s value , know n 
as th e mea n squar e o f weighte d deviate s 
( M S W D ) , i s unit y o r less , the n th e scatte r o f 
points i s accountabl e i n term s o f experimenta l 
error. I f M S W D i s significantl y greate r tha n 

+ A r 4 0 x  10 6  cm 3 N T P / g 

K % 

Fig. C . Diagra m illustratin g th e initia l argo n plo t 
of K-A r data . 

unity a t th e 5  percen t leve l (usin g th e statistica l 
F test) , the n th e assumption s o f th e graphica l 
methods (viz . ( i ) i n initia l argo n diagram s ther e 
must b e a  close d system , an d th e concentratio n 
of A r 4 0 a n d A r t

3 f i m u s t b e constan t i n al l samples ; 
( i i ) i n argo n isochro n diagram s ther e mus t b e a 
closed system , ( A r 4 0 / A r 3 0 ) ( mus t b e constan t fo r 
each sample , an d post-closur e atmospheri c con -
tamination mus t b e negligible ) ar e probabl y no t 
met, an d th e regressio n analysi s resul t ma y b e 
incorrect. 

Potassium analysis 
Potassium wa s determine d a s tota l potassiu m b y 

flame photometr y (Cooper , 1963 ; Cooper , Martin , 
& Vernon , 1 9 6 6 ) , an d th e percentag e o f K 4 0 wa s 
calculated fro m it s know n atomi c abundanc e i n 
the element . Nie r ( 1 9 5 0 ) determine d th e atomi c 
abundance o f K 4 n a s 0.011 9 atom , percent . Al -
though i n som e unusua l geochemica l environment s 
the atomi c abundanc e o f K 4 0 ha s bee n foun d t o 
be somewha t variabl e (Verbee k &  Schreiner , 
1967) , th e assumptio n o f constan t K 4 0 a t 0 .011 9 
atom, percen t i s believe d t o b e accurat e t o withi n 
± 1  percen t (Burnett , Lippolt , &  Wasserburg , 
1 9 6 6 ) , an d i s adopte d her e i n preferenc e t o 
Beckinsdale &  Gale' s ( 1 9 6 9 ) valu e o f 0.011 8 
atom, percent . 
Precision and accuracy of potassium measure­
ments. Al l potassiu m determination s wer e don e i n 
duplicate, excep t fo r thos e minera l sample s tha t 
were insufficien t fo r separat e dissolutions . A n 
estimate o f th e precisio n o f potassiu m determina -
tion ca n therefor e b e obtaine d fro m th e result s 
obtained durin g thi s study , an d i s summarize d i n 
Table A . Us in g al l th e analyse d mica s (1 9 biotite s 
and 6  muscovites ) fro m th e Bismarc k Intrusiv e 
Complex (5 .33 ) a  C V o f a  singl e measuremen t 
of 0.2 6 percen t i s obtained ; al l 2 3 hornblend e 
potassium analyse s fro m th e sam e mas s giv e a 
pooled C V o f 0.3 2 percent . Whole-roc k potassiu m 
analyses o f 2 0 sample s fro m th e Tertiar y volcanic s 
( 3 . 3 ) giv e a  poole d C V o f 0.2 8 percent . Thes e 
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T A B L E A . K-A r P R E C I S I O N E S T I M A T E S B A S E D O N R E P L I C A T E M E A S U R E M E N T S 

K measurement *Ar40 measurement 

Sample No. of 
replicates 

CVfora 
single 

measurement 
No. of 

replicates 

CV for a 
single 

measurement 

Overall 
precision 

(CV) for a 
single age 

W h o l e rock s 2 0 0.28 12 1.74 1.76 
Micas 25 0.26 5 2.42 2.43 
Hornblendes , 23 0.32 8 2.26 2.28 
( * A r » ° > 2 0 % ) 
Hornblendes , 23 0.32 14 3.65 3.67 

(*Ar*o> 1 2 % ) 
figures fo r precisio n ar e clos e t o th e averag e fo r 
the A N U / B M R isotop e laborator y o f 0.3 0 per -
cent. 

Comparisons betwee n flame-photometric  potas -
sium analyse s don e i n thi s laboratory , an d othe r 
techniques an d potassiu m analyse s obtaine d else -
where, enable d Coope r ( 1 9 6 3 ) t o repor t a n agree -
ment t o withi n 1  percen t o f th e averag e value s 
determined elsewhere . Repeate d potassiu m analy -
ses o f th e U S G S standard-muscovit e ( P - 2 0 7 ) ove r 
the las t fe w year s ( W e b b , 1967 ; McDougal l , 1970 , 
pers. c o m m . ) agre e wit h th e interlaborator y 
average reporte d b y Lanpher e &  Dalrympl e 
( 1 9 6 7 ) , an d indicat e n o detectabl e drif t i n 
accuracy i n thi s laborator y durin g thi s time . 
Argon analysis. Argo n wa s measure d b y isotop e 
dilution usin g A r 3 8 a s a  spike . Th e argo n extrac -
tion proces s utilize s a  high-vacuu m glas s syste m 
in whic h a  roc k o r minera l sampl e i s fused ; th e 

*Ar»n =  A r 3 S j ( 4 0 / 3 8 ) „ , -  ( 4 0 / 3 8 ) . 

where A r 3 8 =  A r 3 8 conten t o f spik e ( c m 3 N T P ) 
subscript m = measure d rati o 
subscript J  =  spik e rati o 
subscript a = atmospheri c argo n rati o 
The ter m underline d i n th e abov e equatio n i s th e 
correction fo r atmospheri c argo n contamination . 
* A r 4 0 ca n no w b e substitute d int o th e genera l 
age equatio n ( 4 ) t o calculat e th e K-A r age . 

Precision and accuracy of K-Ar measurements 
T h e precisio n give n t o a n ag e determinatio n i s 

a measur e o f th e reproducibilit y i f th e analysi s 
is repeate d on e o r mor e times . Therefore , th e bes t 
way t o obtai n a  statisticall y vali d precisio n esti -
mate i s t o compar e replicat e measurements . A n -
other wa y o f determinin g th e precisio n involve s 
a statistica l breakdow n o f eac h componen t ste p 
of th e ag e determination . Pag e ( 1 9 7 1 ) consider s 
these tw o approache s wit h referenc e t o th e N e w 
Guinea results . Firstly , duplicat e potassiu m an d 
argon run s (wit h moderat e ai r argo n contamina -
t ion) resul t i n a n overal l precisio n fo r a  singl e 
age o f roun d 1. 8 percen t a t th e 6 8 percen t con -
fidence level ; thi s i s i n clos e agreemen t wit h th e 
precision determine d i n othe r recen t studie s i n 
this laborator y ( M c D o u g a l l &  Chamalaun , 1 9 6 9 ) . 

evolved gase s ar e al lowe d t o mi x wit h a  suitabl y 
calibrated amoun t o f A r 3 8 spike , an d th e resultin g 
gas mixtur e i s purifie d b y removin g th e activ e 
gases, afte r whic h th e sampl e o f argo n ga s i s 
taken of f th e line . Fo r thi s study , measuremen t o f 
the relativ e quantitie s o f A r 3 6 , A r 3 8 , an d A r 4 0 i n 
the ga s sampl e wa s carrie d ou t i n a  Reynolds-typ e 
glass mas s spectromete r o f 60 ° secto r an d 11.4-c m 
(4.5- inch) radiu s o f curvature . Th e apparatus , 
techniques, an d correction s t o b e applie d i n argo n 
extraction an d mas s spectrometr y ar e full y des -
cribed b y M c D o u g a l l ( 1 9 6 6 ) . 

T h e calculatio n o f th e amoun t o f radiogeni c 
argon i n a  sampl e i s mad e fro m th e mas s spectro -
meter A i - i o / A r 3 8 ( 4 0 / 3 8 ) an d A r 3 8 / A r 3 « ( 3 8 / 3 6 ) 
ratios correcte d fo r memory , orifice , an d dis -
crimination effects . Th e vo lum e o f radiogeni c 
argon ( * A r 4 0 ) i s give n b y th e fol lowin g relation -
ship: 

( 3 8 / 3 6 ) m ( 3 6 / 3 8 ) , ' 
( 3 8 / 3 6 ) , , , ( 3 6 / 3 8 ) . -  1 

Secondly, th e error s tha t hav e accumulate d i n th e 
separate step s o f th e K-A r analysi s ar e combine d 
to obtai n a n 'experimenta l error' , o r estimat e o f 
the precisio n o f eac h K-A r ag e determination ; i n 
this stud y typica l value s o f th e tota l experimenta l 
error ar e o f th e orde r o f 1. 5 percent , whic h i s 
quite simila r t o estimate s base d o n replicat e 
measurements , an d th e individua l error s o f eac h 
step ar e therefor e regarde d a s realisti c values . 

T h e erro r o f eac h ag e measuremen t quote d i n 
this stud y i s tw o standar d deviation s ( 2 S D ) , 
which i s usuall y clos e t o th e 9 5 percen t confidenc e 
limits. 
THE Rb-Sr DATING METHOD 

R b 8 7 decay s b y ) 3 - emissio n t o S r 8 7 , an d th e 
general ag e equatio n ( 2 ) ca n b e rewritten : 

1 

• [ ( 4 0 / 3 8 ) . -  ( 4 0 / 3 8 ) , j j 

Mn ( 1 +  * S r 8 7 / R b S 7 ) ( 1 0 ) 
where * S r 8 7 =  th e numbe r o f atom s o f radiogeni c 
strontium forme d u p t o th e presen t day , an d R b 8 7 

= th e numbe r o f atom s o f R b 8 7 lef t a t th e presen t 
day. Knowledg e o f th e deca y constan t (X) , th e 
amount o f * S r 8 7 produced , an d th e amoun t o f 
residual R b 8 7 enable s th e ag e o f a  roc k o r 
mineral t o b e calculated . A s i n th e K-A r method , 
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the basi c assumptio n i s tha t th e paren t an d 
daughter isotope s hav e occupie d a  close d chemica l 
system sinc e th e geologica l even t tha t produce d 
them. 

Because * S r 8 7 / R b 8 7 i s a  ver y smal l number , w e 
can approximat e an d rewrit e equatio n ( 1 0 ) as : 

\ t = *SrS7/RbS7 
( 1 1 ) 

= ( S r ? 7 - S r ? ' ) / R b 8 7 

where subscript s p an d /  ar e th e present-da y an d 
initial value s respectively ; 
i.e. A / = S r 8 V R b 8 7 (RP — Ri) ( 1 2 ) 
where RP an d Ri ar e th e present-da y an d initia l 
( i .e. dat e o f roc k format ion ) S r 8 7 / S r 8 6 ratio s 
respectively. U p o n measuremen t o f R b 8 7 , S r 8 6 , 
and RP (wit h a n assume d o r estimate d Ri an d 
known deca y constant , X) th e ag e o f th e roc k o r 
mineral sampl e ca n b e calculated . Isotop e dilutio n 
analysis fo r R b 8 7 an d S r 8 6 require s th e additio n 
of a n interna l standar d (spike ) int o th e sample , 
so that , fro m th e mas s ratio s measure d i n a  mas s 
spectrometer, th e absolut e amount s o f th e isotop e 
can b e calculate d b y compariso n wit h th e spike . 
RP i s measure d directl y o r calculate d fro m th e 
respective mas s ratios . 

The Rb-Sr isochron. T h e valu e Ri canno t b e 
directly measured , an d mus t therefor e b e eithe r 
assumed o r estimated . A n assumptio n o f Ri i s 
valid i n a n ag e determinatio n i f th e sampl e i s wel l 
enriched i n * S r 8 7 ( i .e . hig h Rp i n equatio n ( 1 2 ) ) . 
This i s becaus e S r 8 7 / S r 8 6 i n c o m m o n strontiu m 
in al l crusta l rock s i s o f th e orde r o f 0 .70 , an d 
the ag e determinatio n o f sample s wit h a  hig h Rp 

will b e a lmos t independen t o f an y sligh t uncer -
tainty of , o r deviatio n from , 0.70 . Thi s i s ofte n 
applicable t o Rb-S r mic a ages . 

For whole-roc k sample s wit h lo w Rp (a s mostl y 
applies i n thi s study ) th e Rb-S r ag e i s markedl y 
dependent o n th e valu e o f th e assume d Ri. Fo r 
such samples , dat a fro m cogeneti c rock s o r 
minerals, o r both , hav e t o b e studied , fo r the y 
are considere d t o hav e ha d th e sam e Ri. A 
graphical metho d (afte r Nico laysen , 1961 ) i s the n 
used t o represen t th e Rb-S r ag e dat a an d t o 
extrapolate th e c o m m o n Rt (initia l S r 8 7 / S r 8 6 

ratio) o f th e suit e o f samples . Th e derivatio n o f 
the graphica l plo t i s a s fo l lows : b y combinin g 
equations ( 1 1 ) an d ( 1 2 ) , 

* S r 8 7 / R b 8 7 =  S r 8 V R b 8 7 (RP - Ri) 
RP = * S r 8 7 / R b 8 7 ( R b 8 7 / S r 8 6 ) +  jR 4 

and thi s i s th e equatio n o f a  straigh t l in e (y = 
mx +  c ) , where : 

slope, m = * S r 8 7 / R b 8 7 (proportiona l t o age ) 
i n t e r c e p t s =  Ri (th e initia l S r 8 7 / S r 8 6 rat io ) 

R b 8 7 / S r 8 6 i s th e independen t variable . 
In thi s metho d th e analytica l data , Rb 8 7 /Sr 8 <5 

and Rp, fo r a  cogeneti c suit e ar e graphicall y plot -
ted, an d i f th e basi c assumption s ar e met , th e 
suite wil l plo t o n a n isochron . Thi s l in e i s fitte d 
statistically b y th e least-square s metho d o f analysi s 
(Mclntyre e t al. , 1 9 6 6 ) . A s fo r th e graphica l 

regression o f argo n data , th e goodnes s o f fit  o f 
the suppose d cogeneti c sample s t o a n isochro n i s 
given b y th e m e a n squar e o f we ighte d deviate s 
( M S W D ) . I n th e Mode l I  i sochro n (i n whic h al l 
error i s assume d t o b e experimental ) o f Mclntyr e 
et al . ( 1 9 6 6 ) th e l imi t t o th e va lu e o f M S W D i s 
placed a t 1 . W h e n M S W D i s significantl y greate r 
than unit y a t th e 5  percen t leve l (us in g th e statis -
tical F  tes t ) , 'geologica l effects ' (e .g . los s o f * S r 8 7 

through metamorphism , o r rea l difference s i n ag e 
or Ri betwee n samples ) ar e invoked . Fo r Rb-S r 
work, differen t mode l s o f distributio n o f suc h 
effects ar e used , an d th e calculat io n i s repeate d 
up t o thre e t ime s t o determin e w h i c h mode l i s 
the mos t appropriate . Mode l I I assign s th e effect s 
to variatio n i n S r 8 7 / S r 8 6 , whic h i t relate s propor -
tionally t o R b 8 7 / S r 8 6 (appl icabl e t o cogeneti c 
samples tha t hav e undergon e sligh t redistributio n 
of S r 8 7 ) . Mode l II I assume s tha t primar y varia -
t ion i n S r 8 7 / S r 8 6 i s independen t o f R b 8 7 / S r 8 6 
(widely applicabl e t o metamorphi c rocks , an d 
even t o sample s fro m widel y distribute d igneou s 
rocks o f th e sam e su i te ) . M o d e l I V i s a  c o m -
bination o f Mode l s I I an d III . 

The statistica l fit  o f a  Rb-S r i sochro n t o a  suit e 
of cogeneti c sample s require s prio r estimate s fo r 
the experimenta l precisio n o f th e R b 8 7 / S r 8 6 an d 
S r 8 7 / S r 8 6 co-ordinates . T h e varianc e o f R b 8 7 / S r 8 6 
assumed b y Mcln tyr e e t al . ( 1 9 6 6 ) , 25 .5 1 x  10" 6 , 
has bee n use d i n th e presen t study . F o r th e S r 8 7 / 
S r 8 6 co-ordinate , th e varianc e o f 0 .1 0 x  10~ 6 , 
which i s base d o n replicat e dat a b y Arrien s & 
Compston ( 1 9 6 8 ) , ha s bee n used . U s e o f thes e 
values i s justifie d becaus e al l analyse s too k plac e 
using th e s a m e mas s spectromete r unde r simila r 
conditions i n th e sam e laboratory . Recen t wor k 
by Dr . W . Compsto n (pers . c o m m . ) unde r better -
controlled condit ion s indicate s a  l owe r S r 8 7 / S r 8 6 

variance o f 0 .06 6 x  10~ 6 fo r spike d runs , an d 
0.05 x  1 0 - 6 fo r unspike d runs ; thes e value s wer e 
used i n th e stud y o f th e Bismarc k Intrusiv e C o m -
plex ( 5 . 3 3 ) . T h e uncertaintie s i n age s an d inter -
cepts o f Rb-S r whole-roc k an d minera l dat a 
throughout th e stud y ar e give n a t th e 9 5 percen t 
confidence level . 

Rb87 decay constant. Ther e i s stil l considerabl e 
doubt abou t th e exac t half-life , an d henc e th e 
decay constant , o f R b 8 7 . A n accoun t o f th e con -
flicting geologica l an d physica l determination s 
used t o determin e th e half-lif e i s give n b y 
Hamil ton ( 1 9 6 5 ) , w h o state s tha t th e valu e cer -
tainly lie s betwee n 4. 7 an d 5. 3 x  1 0 1 0 years . Web b 
( 1 9 6 7 ) fo l lowe d Kul p &  Engel s ( 1 9 6 3 ) i n prefer -
ring a  valu e fo r X o f 1.4 7 x  l O ^ y r - 1 , base d o n 
age comparison s b y th e Rb-S r an d K-A r methods . 
The valu e use d here , 1.3 9 x  1 0 ^ 1 1 y r - 1 , i s tha t 
currently use d i n thi s laboratory ; th e valu e o f 1.4 7 
x l O ^ y i - 1 , whic h depresse s a  Rb-S r ag e b y 
about si x percent , wa s discarde d a t th e meet in g o f 
the I U G S Subcommiss io n o n Geochrono log y i n 
September 1974 . 
Selection of samples 

A prospectiv e suit e o f sample s fo r Rb-S r analy -
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sis w a s first  examine d macroscopica l l y an d micro -
scopical ly fo r it s genera l suitability . T h e roc k 
powders o r minera l concentrate s wer e the n 
analysed b y semiquantitativ e X R F t o determin e th e 
total rubidiu m an d tota l strontium , an d henc e th e 
R b / S r ratio . Wit h thi s dat a a  suit e o f sample s 
showing a  sprea d o f R b / S r rati o w a s chose n fo r 
isotope dilutio n analyses , an d th e sam e dat a als o 
enabled th e o p t i m u m spikin g quantitie s fo r th e 
isotope dilutio n t o b e determined . 

T h e X R F analysi s e m p l o y e d a  Phil l ip s P W 154 0 
spectrometer wit h m o l y b d e n u m tube , l i thiu m 
fluoride crystal , scinti l latio n counter , an d digita l 
recorder. Eac h sampl e w a s loose l y presse d ont o 
'Mylar' film  i n th e sampl e holde r an d expose d t o 
the X-rays . Rubidiu m an d strontiu m peak s a s we l l 
as backgroun d count s w e r e monitore d fo r 2 0 
seconds each . A  standar d sampl e w a s use d t o 
check accurac y an d mach in e drift . Correction s 
for dea d t ime , background , an d tai l effect s wer e 
applied an d th e dat a wer e reduce d i n a  compute r 
program writte n b y D r P . A . Arriens . 

Chemical preparation for Rb-Sr analysis 
T h e chemica l preparatio n o f a  concentrate d 

spiked rubidiu m an d spike d o r unspike d strontiu m 
sample use d her e wa s principall y a s describe d b y 
Compston , Lovering , &  V e r n o n ( 1 9 6 5 ) . 0. 5 g  o f 
sample w a s we ighe d int o a  tare d plat inu m dis h 
and dissolve d i n 7  m l hydrofluori c acid , whic h 
w a s evaporate d o n a  water-bath . 5  m l wafer , 5  m l 
hydrofluoric acid , an d 1- 2 m l perchlori c aci d wer e 
then added . T h e hydrofluori c aci d w a s agai n 
evaporated, an d th e perchlori c aci d wa s fume d t o 
dryness o n a  gentl y w a r m e d hot-plate . 5  m l 2 . 5 N 
hydrochloric aci d wa s adde d an d evaporated , an d 
the sampl e wa s the n dissolve d i n 2 5 m l 2 . 5 N 
hydrochloric acid . Thi s w a s complete l y transferre d 
to a  'Parafilm'-covere d tare d Pyre x beake r and , 
before final  cool ing , a l l owe d t o m i x thoroughl y o n 
the hot-plate . Appropriat e amount s o f th e so lu -
t ion, t o provid e abou t 8  ^ g o f strontiu m an d 
15 jig o f rubidium , wer e separatel y measure d int o 
beakers; th e strontiu m al iquo t w a s place d i n a 
beaker containin g 0 . 4 &g o f S r 8 4 spik e (o r fo r 
wel l enriche d samples , a  'double ' spik e o f S r 8 4 an d 
S r 8 6 ) , an d th e rubidiu m al iquo t w a s place d i n a 
beaker containin g 1 0 /* g o f R b 8 7 spike . Afte r 
drying, th e aliquot s wer e dissolve d i n 5  m l o f 
hydrochloric aci d ( 2 . 5 N fo r strontium , I N fo r 
rub id ium) , an d an y residue s wer e centrifuged . T h e 
aliquots wer e the n concentrate d throug h cat io n 
exchange co lumn s ( e m p l o y i n g D o w e x 5 0 W - X 8 , 
2 0 0 - 4 0 0 mesh ) wit h hydrochlor i c aci d o f th e s a m e 
respective strengths . T h e rubidiu m an d strontiu m 
co lumns wer e previousl y calibrate d b y monitor in g 
the pat h o f a  radioactiv e trace r o f S r 8 5 o r R b 8 6 

passed throug h th e co lumns . 9 0 percen t o f th e 
samples o f strontiu m an d rubidiu m coul d b e con -
centrated i n thi s way . Afte r s lo w evaporation , th e 
strontium an d rubidiu m sample s wer e take n up , 
each i n on e dro p o f water , an d transferre d i n a 
Pyrex pipett e t o th e t w o rheniu m sid e filaments 

of th e tripl e filament  assemblie s o f th e mas s 
spectrometer source . 

T h e abov e procedur e applie d t o mos t o f th e 
Rb-Sr analyses . F o r Rb-S r analyse s o f micas , 
however , th e practic e wa s t o tak e smalle r quan -
tities o f sample , abou t 0.2 5 g . A l t h o u g h thi s 
meant usin g les s strontiu m ( somet ime s a s littl e a s 
1 i /ug), i t ha d th e advantag e o f reducin g th e larg e 
amounts o f rubidiu m i n th e strontiu m io n 
exchange co lumn . Anothe r departure , fo r th e 
unspiked strontiu m analyses , w a s t o loa d th e io n 
exchange co lumn s s o tha t approximatel y 2 0 /* g o f 
strontium wa s handled . 

Contamination levels 
In general , correction s hav e no t bee n m a d e fo r 

chemical an d instrumenta l contaminat io n o f th e 
rubidium an d strontiu m analyses . Previou s investi -
gations b y C o m p s t o n e t al . ( 1 9 6 5 ) an d Compston , 
Chappell , Arriens , &  V erno n ( 1 9 6 9 ) hav e s h o w n 
that, fo r th e relativel y hig h level s o f rubidiu m 
and strontiu m used , contaminat io n i s negligibl e 
compared wit h othe r source s o f error , i f norma l 
precautions ar e taken . Compare d wit h pas t an d 
other recen t blank s measure d i n th e sam e labora -
tory, th e level s o f rubidiu m an d strontiu m con -
tamination i n tota l blank s tha t I  hav e analyse d 
(Table B ) revea l th e genera l improvemen t i n 
reagent puritie s be twee n 196 5 an d 1971 ; thes e 
results justif y th e omiss io n o f blan k corrections . 

Rb-Sr mass spectrometry 
Most rubidiu m mas s spectromete r run s wer e 

performed o n th e M S - X machin e (buil t i n th e 
Department o f Geophys ic s an d Geochemistry , 
A N U , Canberra) , an d a  fe w analyse s wer e m a d e 
on a  Metropol i tan-Vicker s M S 2 - S G machine . 
Both hav e a  15 .2-c m (6- inch)-radius , 90°-secto r 
tube, an d us e a  magnet-switchin g techniqu e wit h 
a 10 1 : L -ohm resisto r i n th e Car y 3 1 electrometer . 
T h e M S - X wa s operate d a t 6kV , th e M S 2 - S G a t 
2kV. 

Strontium (spike d an d unspiked ) run s wer e 
made wit h a  N u c l i d e Analys i s Associate' s ( N A A ) 
30 .4-cm (12- inch)-radius , 60° -sec to r machine , 
employing 6 k V acceleratin g voltage . F o r th e first 
analyses, peak s wer e change d b y voltag e switchin g 
in a  stead y magnet i c field  (Arrien s &  Compston , 
1 9 6 8 ) . T h e N A A machin e wa s subsequentl y 
modified t o e m p l o y a  semi-automati c magnet -
switching device . F o r eac h machine , th e i o n cur -
rent a t th e col lecte r wa s measure d wit h a  Car y 
31 vibrating-ree d electrometer ; outpu t wa s 
digitized wit h a  voltage-to-frequenc y converte r 
and a  counte r an d digita l recorder , an d wa s 
monitored b y char t recorder . 

F o r rubidiu m runs , a t leas t 1 2 comparison s o f 
each pai r o f mas s unit s ( 8 5 an d 8 7 ) wer e made . 
Independent measurement s wer e m a d e fo r eac h 
side filament  (operate d a t les s tha n 1. 0 amp , wit h 
centre filament  a t 2. 5 a m p ) s o tha t a  weighte d 
m e a n rati o coul d b e calculated . T h e R b 8 5 / R b 8 7 

value i n natura l rubidiu m ha s bee n take n a s 
2 .600 (Shields , Garner , H e d g e , &  Gold ich , 1 9 6 3 ) . 
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T A B L E B . R U B I D I U M A N D S T R O N T I U M T O T A L B L A N K L E V E L S , I N C L U D I N G I O N 
E X C H A N G E P R O C E S S 

Compston Compston & 
et al. Vernon (pers. Worden This 

Quantity (1965) comm., 1967) (1970) study 

0.012 0 .012 0 .010 0 .004 
Rubidium 0 .014 0.007 0.008 0.003 

( /Kg/dissolut ion) 0.007 

0.09 0 .055 0 .016 0 .029 
Strontium 0.15 0 .056 0.017 0.025 

( / ^ / d i s s o l u t i o n ) 0 .054 

F o r strontiu m runs , i t wa s usua l t o ru n bot h 
side filaments  (a t abou t 1. 0 amp , bu t somet ime s 
up t o 2. 2 amp , an d centr e filament  a t 4 . 0 a m p ) 
concurrently. Strontiu m dat a wer e no t take n unti l 
the R b 8 5 ha d fal le n t o les s tha n 3  percen t o f th e 
S r 8 7 peak , thu s ensurin g tha t R b 8 7 wa s les s tha n 
1 percen t o f S r 8 7 . T h e rati o set s measure d i n 
spiked strontiu m run s wer e 8 8 / 8 6 , 8 6 / 8 4 , 8 8 / 8 6 , 
8 7 / 8 6 , an d 8 8 / 8 6 . Double-unspike d strontiu m 
runs, givin g duplicat e measurement s o f 8 7 / 8 6 fo r 
each strontiu m separation , wer e measure d a s fol -
l ows : 8 8 / 8 6 , 8 7 / 8 6 , 8 8 / 8 6 , 8 7 / 8 6 , an d 8 8 / 8 6 . Thi s 
procedure, wit h a t leas t 1 3 comparison s o f eac h 
ratio, permit s precis e 'beam-curvature ' an d 'drift ' 
corrections. 

T o est imat e th e linea r backgroun d unde r th e 
peaks, twent y zer o measurement s wer e take n 
before an d afte r th e runs . A s th e acquisit io n o f 
rubidium dat a involve s th e measuremen t o f onl y 
o n e isotopi c ratio , fewe r correction s ar e necessary . 
F o r strontium , a  dynami c zer o correction , whic h 
is obtaine d b y alternatel y switchin g fro m th e 
largest pea k t o background , al low s fo r an y la g i n 
electrometer respons e (Arrien s &  Compston , 
1 9 6 8 ) . Anothe r electromete r correction , base d o n 
standard dat a o f D r P . A . Arrien s (pers . c o m m . ) , 
was applie d t o accoun t fo r sligh t non-linearit y 

between electromete r ranges . A  mas s spectru m 
was draw n a t th e en d o f eac h ru n b y s lo w magnet -
scanning s o tha t an y 'tail ' correction s du e t o th e 
largest 8 8 pea k coul d b e applie d t o th e observe d 
ratios; c o m m o n l y , thes e wer e abou t 0 .01 3 percen t 
under th e 8 7 pea k an d 0.00 5 percen t unde r th e 
86 peak . 

T h e normalizat io n procedur e (writte n int o a 
computer progra m devise d b y D r P . A . Arriens ) 
relates th e measure d S r 8 8 / S r 8 6 rati o wit h a n 
assumed valu e fo r th e sampl e o f 8 .3752 . Thre e 
unspiked measurement s o f Eime r an d A m e n d 
strontium carbonat e standar d gav e m e th e fo l low -
ing value s o f S r 8 7 / S r 8 6 : 

0 .70804 }  0  7 n 8 0 Q 

0 .70814 1  ° - 7 0 8 0 9 

0.7081 
0 .70817 ) } 0 . 7 0 8 1 4 

0 . 7 0 8 1 0 1 
0 .70811 | 0 .70811 

T h e m e a n value , 0 .70811 , i s i n excel len t agree -
ment wit h previousl y quote d value s fro m th e 
N A A machin e i n thi s laborator y o f 0 .7081 3 ± 
0 .00015 (Arrien s &  Compston , 1968 ) an d 0 .7081 0 
(Compston , Arriens , Vernon , &  Chappel l , 1 9 7 0 ) . 
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APPENDIX 2 : SAMPLES USED 
Listed be lo w fo r eac h sampl e analyse d i s th e 

A N U number , field  number , roc k type , an d text -
figure reference . T h e A N U numbe r i s tha t use d 
throughout th e text . U p t o 5 6 6 0 , th e A N U 
number ha s th e prefi x ' G A \ Afte r 5 6 6 0 , th e fol -
l owing applie s t o th e A N U number : f r o m 5 6 6 8 
t o 5957 , th e prefi x i s 69- ; f ro m 595 8 t o 6 0 2 9 , th e 
prefix i s 70- ; 7 1 - 2 7 4 t o 71-28 1 i s a n inclusiv e set . 
T h e correspondin g B M R numbe r i s als o th e 

sample field  number : earl y number s (e.g . B 5 5 / 
1 0 / 2 ) refe r t o th e sampl e numbe r ( 2 ) an d th e 
1:250 0 0 0 m a p shee t ( B 5 5 / 1 0 ) ; subsequen t field 
numbers (e .g . 2 0 - 2 0 7 1 ) refe r t o th e sampl e 
( 2 0 7 1 ) f ro m th e N e w Guine a 1:25 0 0 0 0 m a p 
sheet ( 2 0 N G ) . A  f e w miscel laneou s sample s 
col lected b y privat e companie s retai n thei r 
original field  numbers . 

ANU no. Field no. Rock type Text-figi 

981 B 5 5 / 5 / 2 Granodiorite 4 1 
5 4 2 6 B 5 5 / 1 0 / 1 Granodiorite 2 6 
5 4 2 7 B 5 5 / 1 4 / 1 Granodiorite 2 6 
5 4 2 8 B 5 5 / 1 4 / 2 Granodiorite 2 6 
5453 B 5 5 / 1 4 / 1 1 Granodiorite 2 6 
5 4 5 4 B 5 5 / 1 4 / 1 3 Granodiorite 2 6 
5 4 5 5 B 5 5 / 5 / 1 7 Granodiorite 32 
5 4 5 6 B 5 5 / 5 / 3 Diori te 3 2 
5457 B 5 5 / 5 / 6 Granodiorite 32 
5458 B 5 5 / 5 / 1 2 Granodiorite 12 
5 4 5 9 B 5 5 / 1 4 / 1 2 Granodiorite 2 6 
5 4 6 0 B 5 5 / 1 4 / 1 4 Granodiorite 2 6 
5461 B 5 5 / 1 0 / 6 Granodiorite 2 2 
5 4 6 2 B 5 5 / 5 / 1 6 Granodiorite 32 
5 4 6 3 B 5 5 / 5 / 4 Granodiorite 32 
5 4 6 4 B 5 5 / 5 / 5 Granodiorite 32 
5 4 6 5 B 5 5 / 5 / 7 Diori te 32 
5 4 6 6 B 5 5 / 5 / 1 3 Granodiorite 12 
5467 B 5 5 / 1 0 / 3 Granodiorite 12 
5468 B 5 5 / 1 0 / 4 Diori te 12 
5 4 6 9 B 5 5 / 1 0 / 5 Doler i te 12 
5 4 7 0 B 5 5 / 1 0 / 7 Microdiorite 2 2 
5 4 7 2 R a 11 4 Granodiorite 4 2 
5 4 7 3 A b 5 3 9 Granodiorite 4 2 
5 4 7 4 A b 5 8 1 A Granodiorite 4 2 
5475 A b 5 8 I B Granodiorite 4 2 
5476 A b 5 8 1 C Gabbro 4 2 
5 4 8 2 20-2071 Apl i te 41 
5483 2 0 - 2 0 7 9 Aplite 41 
5 4 8 4 2 0 - 2 0 9 0 Aplite 32 
5485 20-2091 Apli te 32 
5 4 8 6 2 0 - 2 0 9 2 Aplite 32 
5487 2 0 - 2 0 9 6 Aplite 32 
5491 20 -2069 Granodiorite 41 
5 4 9 2 2 0 - 2 0 4 4 Granodiorite 41 
5493 2 0 - 2 0 6 6 Granodiorite 41 
5497 20 -2089 Granodiorite 32 
5498 20-2097 Gabbro 32 
5 4 9 9 2 0 - 2 1 0 0 Granodiorite 32 
5 5 0 0 20-2101 Granodiorite 32 
5 6 3 0 12-2004 Basalt 8 
5631 12-2005 Basalt 8 
5633 12-2007 Basalt 8 
5 6 3 4 12-2008 Basalt 8 
5635 12-2009 Basalt 8 
5 6 3 6 12-2011 Basalt 8 
5637 12-2019 Doler i te 8 
5 6 3 9 21-2033 Brecciated basal t 10 
5 6 4 0 2 1 - 2 0 3 4 Basanite 10 
5641 21 -2035 Basalt 10 
5 6 4 2 2 1 - 2 0 3 6 Basalt 10 
5643 21 -2037 Basalt 10 
5645 2 1 - 2 0 4 4 Trachyte 10 
5648 11-2159 Andesite 8 
5 6 4 9 0 3 - 2 0 9 7 Diori te 4 2 
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ANU no. Field no. Rock type Text-figure 

5 6 5 4 11-2168 Andes i te 8 
5655 28 -2050 Microdiorite 2 2 
5656 28-2051 Microdiorite 2 2 
5657 28 -2052 Microdiorite 2 2 
5658 28-2053 Microdiorite 2 2 
5 6 5 9 28 -2054 Microdiorite 2 2 
5 6 6 0 28-2067 Doler i te 2 2 
5668 28-2057 Doler i te 2 2 
5 6 6 9 28-2058 Doler i te 2 2 
5 6 7 0 20-2102 Granodiorite 32 
5671 20-2109 Dior i te 32 
5 6 7 2 20-2047 Granodiorite 41 
5673 20-2065 Granodiorite 41 
5 6 7 4 20-2086 Granodiorite 32 
5675 20-2093 Granodiorite 32 
5676 20-2027 Granodiorite 32 
5677 20-2028 Granodiorite 32 
5 6 7 8 20-2009 Granodiorite 32 
5 6 7 9 20-2016 Microdiorite 32 
5 6 8 0 20-2033 Granodiorite 32 
5681 20 -2034 Granodiorite 32 
5 6 8 2 20-2039 Granodiorite 32 
5683 20-2119 Apl i te 12 
5684 20-2137 Apli te 12 
5685 20-2141 Apl i te 12 
5686 20 -2194 Apl i te 12 
5687 20 -2212 Apl i te 12 
5688 20 -2104 Apl i te 32 
5 6 8 9 2 8 - 2 0 3 0 Gneiss ic granit e 2 2 
5 6 9 0 28-2031 Biotite schliere n 2 2 
5 6 9 2 28-2033 Gneiss ic granit e 2 2 
5693 28-2034 Gneiss ic granit e 2 2 
5 6 9 4 28-2035 Gneiss ic granit e 2 2 
5695 28-2036 Gneiss ic granit e 2 2 
5696 28-2037 Gneiss ic granit e 2 2 
5697 28-2038 Gneiss ic granit e 2 2 
5801 20-2117 Granodiorite 12 
5 8 0 2 20-2118 Granodiorite 12 
5805 20-2129 Granodiorite 12 
5S07 20-2132 Granodiorite 12 
5808 20-2186 Granodiorite 12 
5 8 0 9 20 -2204 Granodiorite 12 
5811 20-2122 Granodiorite 12 
5813 20-2136 Granodiorite 12 
5 8 1 4 20-2130 Granodiorite 12 
5815 20-2006 Gabbro 32 
5817 20-2210 Granodiorite 12 
5 8 1 8 20-2244 Granodiorite 41 
5 8 1 9 20-2246 Pegmatite 32 
5 8 2 0 20-2247 Pegmatite 32 
5821 20-2248 Pegmati te 32 
5 8 2 2 20-2249 Pegmati te 32 
5823 2 0 - 2 2 5 0 Pegmati te 32 
5 8 2 4 20-2251 Pegmatite 32 
5826 20 -2062 Doler i te 41 
5 8 2 7 20-2023 Granodiorite 4 2 
5828 20 -2024 Granodiorite 4 2 
5 8 2 9 12-2136 Granodiorite 4 2 
5 8 3 0 12-2142 A Granodiori te 4 2 
5831 11-2181 Dior i te 4 2 
5 8 3 2 11-2182 Diori te 4 2 
5833 11-2185 Granodiorite 4 2 
5 8 3 4 11-2188 Fol iated diorit e 4 2 
5 8 3 6 28-2099 Gneiss ic granit e 

Microdiorite 
2 2 

5837 28-2107 
Gneiss ic granit e 
Microdiorite 2 2 

5 8 3 8 12-2123 Diori te 4 2 
5 8 3 9 12-2135 Diori te 4 2 
5 8 4 0 12-2144 Dior i te 4 2 
5841 11-2174 Diorite-pegmatite 4 2 
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ANU no. Field no. Rock type Text-figure 

5 8 4 2 11-2192 G a b b r o 4 2 
5843 2 1 - 2 1 1 2 Pegmat i te 12 
5 8 4 4 2 1 - 2 1 1 4 Pegmati te 12 
5 8 4 5 2 1 - 2 1 4 0 Pegmati te 12 
5 8 4 6 21-2141 Pegmat i te 12 
5847 21-2143 Pegmat i te 12 
5848 21 -2144 Pegmat i te 12 
5849 21-2145 Pegmat i te 12 
5 8 5 0 21 -2146 Pegmat i te 12 
5851 28 -2062 Doler i te 2 2 
5 8 5 2 28-2076 Doler i te 2 2 
5853 28-2078 Doler i te 2 2 
5 8 5 4 28-2086 Doler i t e 22 
5855 28-2091 Doler i t e 22 
5856 28 -2092 Dior i te 22 
5858 28 -2090 Microdiorite 22 
5 8 5 9 20-2001 Gabbro 32 
5 8 6 0 28 -2094 Granodiori te 2 2 
5861 28-2095 Granodiori te 2 2 
5 8 6 2 28-2025 Granodiori te 2 2 
5863 28-2026 Granodiori te 2 2 
5 8 6 4 28 -2070 Granodiori te 2 2 
5865 28-2071 Granodiori te 2 2 
5866 28 -2072 Doler i te 2 2 
5867 11-2203 Dior i te 4 2 
5 8 7 0 2 1 - 0 6 3 0 Andes i te 1 0 
5 8 7 2 2 1 - 2 5 3 3 A Andes i te 1 0 
5873 2 8 - 2 0 6 0 Microdiorite 2 2 
5 8 7 4 28-2061 Microdiorite 2 2 
5875 21-2136 Hornfe l s 12 
5876 21-2138 Hornfe l s 12 
5877 20 -2004 Dior i te 32 
5 8 7 9 21-2057 Microdiorite 10 
5 8 8 0 21-2645 Microdiorite 10 
5881 11-2178 Hornblendite 42 
5 8 8 2 A 20-203 8 A Leucogranodiorite 32 
5882B 20-203 8B Granodiorite 32 
5 8 8 3 A 2 0 - 2 0 4 1 A Mineral ized granodiorit e 4 2 
5883B 20^2041 B Mineral ized granodiorit e 4 2 
5 8 8 3 C 2 0 - 2 0 4 1 C Mineral ized granodiorit e 4 2 
5 8 8 4 20-2045 Apl i te 41 
5885 20-2072 Apl i te 41 
5886 20-2095 Apl i te 32 
5887 20-2219 Leucogranite 32 
5888 20 -2220 Leucogranite 32 
5893 03-2133 Microdiorite 4 2 
5897 20-2216 Diori te 32 
5898 20 -2040 Apli te 32 
5899 20-2217 Doler i te 32 
5 9 0 0 20-2229 Apl i te 32 
5957 20-2237 Apl i te 32 
5 9 6 0 03-2081 Schist 4 2 
5 9 6 2 A 0 3 - 2 1 2 5 A Schist 42 
5967 0 3 - 2 1 3 0 Schist 4 2 
5968 03-2131 Amphibol i te 4 2 
5 9 7 0 03-2093 Diori te 42 
5971 20-2003 Microdiorite 32 
5 9 7 2 20-2005 Microgranodiorite 32 
5973 20 -2214 Leucogranodiorite 32 
5 9 7 4 20-2215 Leucogranodiorite 32 
5975 20 -2216 Microdiorite 32 
5976 20-2218 Apl i te 32 
5977 20-2221 Apli te 32 
5998 M N D - 3 1 Granodiorite — 
6026 2 1 - 1 6 0 0 Granodiorite 12 
6029 20-1358 Diorite 
2 1 0 0 2 8 - 2 1 0 0 Gneiss ic granit e 22 
2101 28-2101 Gneiss ic granit e 22 
2 1 0 4 2 8 - 2 1 0 4 Gneiss ic granit e 22 
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ANU no. Field no. Rock type Text-figure 

2108 28-2108 Gneiss ic granit e 22 
2109 28-2109 Gneissic granit e 22 
2 1 3 0 2 0 - 2 1 3 0 Apl i te 12 
2135 20-2135 Granodiorite 12 
2168 20-2168 Apli te 12 
2191 20-2191 Diorite 12 
B 5 5 / 5 / 1 5 B 5 5 / 5 / 1 5 Aplite 12 
71 -274 29 -2020 26 
71-275 29-2021 2 6 
71-276 29-2022 2 6 
71-277 29-2023 Quartz-sericite- 26 
71-278 29-2024 • graphit e schis t 26 
71-279 29-2025 

• graphit e schis t 
2 6 

7 1 - 2 8 0 29-2026 2 6 
71-281 29-2027 2 6 
71-898 7 1 5 2 . 0 1 7 8 Amphibol i te — 
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APPENDIX 3 : A r4 0 / A r 3 6 AN D K 4 0 / A r 3 6 RATIO S DETERMINE D 
FOR SAMPLE S I N TH E ARGO N ISOCHRO N PLOT S 

Sample Ar^/Ar3® K*>/Ar** 
no. xl02 xlO* 

Kubor Granodiorite biotites—Figure 1 6 
5 4 5 8 95 .5 3 68 .6 8 
5 4 6 6 82 .0 9 56 .5 9 
5801 87 .9 7 60 .9 9 
5 8 0 5 82 .4 6 57 .7 9 
5 8 0 7 138.6 0 98.7 7 
5808 7 8 . 1 4 51 .3 8 
5 8 0 9 102.3 1 65.8 3 
5811 6 4 . 4 0 45 .0 8 
5 8 1 3 167.9 7 121.2 5 
5 8 1 4 138.5 7 97 .3 8 
6026 126.6 1 83 .3 4 

Kubor Granodiorite hornblendes—Figure 1 8 
5 4 5 8 28 .6 1 18.6 1 
5 4 6 6 24 .9 1 15.8 7 
5801 22 .2 7 13.9 6 
5 8 0 2 16.6 4 10.0 2 
5 8 0 5 36 .2 2 23 .6 6 
5807 44 .5 6 30 .2 0 
5808 11.8 2 5.9 1 
5 8 0 9 17:7 7 10.0 2 
5811 13.9 0 8.0 5 
5813 4 9 . 2 2 32 .2 6 
5817 5.0 3 1.5 4 

Kubor muscovite pegmatites—Figure 1 9 
5843 97 .7 7 69 .5 0 
5 8 4 4 3 1 . 3 4 2 0 . 5 0 
5 8 4 5 130.6 8 93 .6 9 
5846 51 .7 8 34.8 7 
5 8 4 7 132.8 8 95 .1 6 
5 8 4 8 35 .6 2 22 .1 7 
5 8 4 9 28 .6 7 18.6 7 
5 8 5 0 31.7 1 20 .6 3 

Sample Ar^/Ar** K^/Ar3® 
no. xl0± 

Morobe Granodiorite biotites—Figure 2 7 
5 4 2 6 1481 . 4 156.3 7 
5427-1 7 8 5 . 4 62 .4 1 
5427 -2 986 . 7 9 0 . 5 6 
5453 638. 7 4 3 . 6 2 
5 4 5 4 944 . 3 82.9 9 
5 4 5 9 1490. 3 150.4 8 

Morobe Granodiorite hornblendes—Figure 2 9 
5 4 2 6 402 . 3 12.4 8 
5 4 2 7 716 . 3 4 8 . 1 2 
5 4 5 4 469 . 2 21 .9 8 
5 4 5 9 565 . 7 31 .4 6 

Sample Ar^/Ar™ K^/Ar3* 
no. xl0± 

Akuna Intrusive Complex whole rocks—Figure 3 1 
5 6 6 0 401 . 1 12.1 3 
5668 572 . 9 28 .2 3 
5669 595 . 3 35.8 5 
5851-1 459 . 5 16.7 0 
5851-2 394 . 1 10.0 9 
5 8 5 2 583 . 1 31 .5 6 
5853 606 . 2 39 .9 4 
5 8 5 4 761. 1 54.3 3 
5 8 5 5 5 9 9 . 2 34.6 7 
Bismarck Intrusive Complex biotites 
(Wilhelm-Marum area)—Figure 3 4 
5456 738 . 6 74 .4 3 
5457 1.684. 5 199.4 1 
5463 1106 . 4 107.9 5 
5 4 6 4 1725. 7 207 .3 9 
5497 1408. 0 159.8 4 
5499 873 . 4 85.7 8 
5 5 0 0 1249. 2 135.8 3 
5 6 7 0 1285. 6 140.1 3 
5671 714 . 3 59 .2 6 
5676-1 875 . 7 79 ,6 3 
5676-2 813 . 4 7 1 . 6 0 
5681 2356 . 3 295 .9 9 
5.682 1129 . 4 127.9 2 
Bismarck Intrusive Complex hornblendes 
(Wilhelm-Marum area)—Figure 3 6 
5456 461 . 7 21.6 3 
5457 583 . 5 39.2 5 
5463 4 7 9 . 0 23 .7 7 
5 4 6 4 4 0 1 . 9 14.5 8 
5465-1 425 . 8 20 .2 9 
5465-2 395. 3 17.3 8 
5465-3 4 1 0 . 2 21.6 5 
5498 410 . 9 13.9 1 
5 6 7 0 350. 7 7.3 5 
5671 669 . 8 51 .5 3 
5 6 7 6 4 3 2 . 0 15.4 3 
5 6 8 0 423 . 7 17.7 0 
5681-1 618 . 3 49 .0 3 
5681-2 582 . 1 41 .9 6 
5 6 8 2 368 . 6 9.2 6 
Bismarck Intrusive Complex pegmatites— 
Figure 3 9 
5819-1 887 . 1 117.7 2 
5819-2 379. 1 17.3 4 
5 8 2 0 7 2 2 . 8 83.4 3 
5821 4 9 6 . 4 38.7 3 
5 8 2 2 705 . 1 81.8 3 
5823 893 . 2 102.7 0 
5 8 2 4 698 . 5 79 .9 2 
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APPENDIX 4 : TIME SCAL E FO R LAT E PALAEOZOI C T O 
QUATERNARY BOUNDARIE S 

Phanerozoic boundary Age Reference 

Pl iocene-Ple is tocene 1.8 Berggren, 1969 b 
Miocene-P l iocene 5.5 Berggren, 1969 b 
Ol igocene-Miocene 22.5 Berggren, 1969 b 
Eocene-Ol igocene 36 Berggren, 1969 b 
Pa laeocene-Eocene 53 Funnel l , 196 4 
Cretaceous-Palaeocene 65 Funnel l , 196 4 
Jurassic-Cretaceous 135 Casey, 196 4 
Triassic-Jurassic 190 Howarth , 196 4 
Permian-Triassic 235 Webb &  M c D o u g a l l , 19.6 7 
Carboniferous-Permian 2 8 0 Francis &  Woodland , 196 4 

R74/2794 Cat . N o , 7 6 328 3 7 



PLATE 1 

U N I T DETAILED T E X T -
F I G U R E N o 

T E X T -
R E F E R E N C E 

2 

3 

Mount Victo r Granod io r i t e 
Gneissic intrusive s int o 
Bena Ben a Formatio n 
Urabagga intrusive s 

25 

25 

35 

4 6 

4 5 

4 4 

•1 Kubor Granodiori t e 15 4 2 - B . C 

5 Str ickland Granit e - 4 3 

6 Morobe Granodior i t e 29 5 3 - A 

7 Lower Ed i e Porphyr y 2 9 — 
8 

9 

10 

Akuna Intrusiv e Comple x 
Kainantu are a — 
Michael Diorit e 
Bismarck Intrusiv e Comple x 

2 5 

25,13 

35 

5 3 - B 

5 - 3 - B 

5 - 3 - C 

I I Oipo Intrusive s 3 5 5 3 - D 

12 Marum B a s i c Bel t 35 5 3 - D 

13 Maramuni Diori t e 4 5 5 3 - E 

14 Apri l U l t r a m a f i c s 4 5 5 4 

15 Chambr i Diori t e 4 5 5 - 2 - A 

16 Fr ieda Porphyr y 4 5 -
17 Ok Ted i intrusive s - -
18 Porgera intrusive s - -
19 Kimil Diorit e - 5-3-D 

2 0 Mabaduan Grani t e — 2 3 - A 

21 Papuan Ul t ramaf i c Bel t — 2 - 3 - C 

Pl iocene -  P le is tocen e int rus iv e 

Miocene intrusiv e 

Eocene intrusiv e 

P r e - T e r t i a r y intrusiv e 

Ul t ramaf ic mas s 

Faul t zone , structura l tren d 

P / A / 5 0 6 
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