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Abstract

Simberi Island is an eroded Pliocene alkaline volcano, the oldest in the Pliocene to
Holocene Tabar-Lihir-Tanga-Feni (TLTF) island arc. These islands are derived from
partial melting of subduction-modified mantle at > 60 km depth along extensional,
pull-apart structures. Explosive volcanism has brought samples of the mantle
wedge to the surface. Within these samples are sulphate-, carbonate-, hydrous-,
alkali-rich aluminosilicate glasses which represent quenched slab-derived magmas
(SCHARM). SCHARM reacts with mantle peridotite to create a vertically zoned
rmantle wedge consisting of phlogopite-clinopyroxenite at P> 30 kbar and
amphibole-clinopyroxenite at 21 to 30 kbar at 930-1080°C.

Metasomatism of the mantle wedge by SCHARM controls the mineralogical,
chemical and isotopic composition of TLTF arc volcanics. The presence of sulphate
within SCHARM indicates a high intrinsic oxygen fugacity of FMQ+4. Oxidative
metasomatism of the mantle wedge by SCHARM is responsible for high Fe,0,/FeQ
ratios in the lavas, the early appearance of magnetite on the liquidus and the
crystallization of a sulphate-bearing feldspathoidal minerai (hatyne) in the TLTF
lavas. Titanium depletion in the rocks of the TLTF arc is accounted for by the low
initial solubility of Ti in SCHARM, coupled with the strong partitioning of Ti into
phlogopite at high fo,. Enhanced solubility of sulphur in high fO, melts, caused
destabilization of mantle sulfides and concomitant enrichment of chalcophile Au and
Cu in volatile-rich, mantle-derived melts, and may be a significant factor in the
development of volcanic-hosted Au-Cu deposits in the arc.

Enrichments of large ion lithophile elements and rare-earth element in basanites and
alkali basalts are also due to SCHARM contamination. Negative Ce and positive Eu
anomalies in Simberi basalts are produced by partial melting of feldspathic minerals
in subducted, seawater altered mid-ocean ridge basalt (MORB), at the basalt-
eclogite transition zone in the mantle. Eutectic melting constraints indicate that
SCHARM couid be derived during the meiting of scapolite, produced by prograde

metamorphic reactions between MORB plagioclase and low temperature secondary



minerals {calcite, gypsum} in the subducting slab. Metasomatic replacement of
forsteritic olivine (620 =5%o) by high 80 SCHARM produces '*0-enriched sodian
diopside and magnetite (6'°0 =6.3-6.8 %o} in Simberi basanites. Isotopic
disequilibrium exists because of the short {< 6 Ma) residence time of SCHARM in

the mantle.



RESUME

L'lle de Simberi est un volcan alcalin Pliocéne érodé, il est le plus
ancien de |'arc insulaire pliocéne a holocéne de Tabar-Lihir-Tanga-Feni
(TLTF). Ces iles sont dérivées de la fusion partielle d'une source
mantellique modifiée par la subduction, & une profondeur de >60 km
le long de structures en extension "pull-apart”. Un volcanisme explosif
a transporté des échantillons du biseau mantellique j'usqu‘a la surface.
Ces derniers contiennent du verre d'aluminosilicates riche en gulfates,
en carbonates, en gau et en alcalins qui est du magma (SCHARM)
derivé d'une plaque et refroidie rapidement. Le SCHARM réagit avec la
péridotite du manteau pour créer un biseau mantellique a zonation
verticale se divisant en une zone & phlogopite et clinopyroxéne (P> 30

kbar) et une autre a amphibole et clinopyroxéne {21-30 kbar et 930-
1080°C).

Le métasomatisme du biseau mantellique causé par le SCHARM
contrdle la composition minéralogique, chimique et isotopique des
roches volcaniques de l'arc insulaire de TLTF. La présence de sulfate
dans le SCHARM indique une forte fugacité de I'oxygéne intrinséque
(FMQ +4). Le métasomatisme oxidatif du biseau mantellique par le
SCHARM explique le rapport Fe,0,/Fe0 élevé, I'apparation précoce de
magnétite & la phase liquide et la cristallisation d'un feldspathoide
sulfaté (haliyne) dans les laves de TLTF. L’appauvrissement en titane
dans l'arc de TLTF est d{ a la faible solubilité initiale du Ti dans le
SCHARM, accompagnée d'un forte fractionnement du Ti dans la

phlogopite dans des conditions de fO, élevée. La déstabilisation des

s



sulfures du manteau dans des conditions de forte fO, a causé un
enrichissement en Au et en Cu des magmas riches en volatiles, dérivés
du manteau. Ceci pourrait &tre un facteur significatif dans la formation
des gisements de Au-Cu encaissés dans des volcanite de I'arc

insulaire.

L’enrichissement en éléments lithophiles a grand rayon ionique &t en
terres rares des basanites et des hasaltes a feldspathoide est aussi le
résultat de la contamination par le SCHARM. Les anomalies négatives
en Ce et positives en Eu dans les basaltes de Simberi résultent de la
fusion partielle, dans une zone de subduction, des mineraux
feldspathiques d’'un basalte de dorsale médio-océanique (MORB) altéré
par I'eau de mer, dans la zone de transition & basaltes et éclogites du
manteau. Les contraintes de fusion eutectique indiquent que le
SCHARM pourrait étre formé pendant la fusion de la scapolite,
résultant des réactions métamorphiques progrades entre le plagioclase
du MORB et les minéraux secondaires de basse température (calcite,
gypse) dans la plaque en subduction. Le remplacement métasomatique
de I'olivine (forstérite, §'°0 =5%0) par le SCHARM 2 forte 6'°0 produit
du diopside sodique et de la magnétite riches en ¢'°0 (§'®0=6.3-
6.8%0) dans les basanites de Simberi. L'existence d'un déséquilibre
isotopique est due & la courte (< 6Ma) période de résidence du
SCHARM dans le manteau.
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Preface

This dissertation consists of three parts. Part A includes 8 chapters in
conventional thesis format, which introduce the geology, mineralogy,
geochronology and geochemistry of the volcanic rocks on Simberi Island, Papua
New Guinea. Part B is a manuscript entitled "The nature of slab melts and their
effect on the mantle wedge: Tabar-Linir-Tanga-Feni Arc, Papua New Guinea” which
will be submitted to the journal Nature. Part C is a manuscript entitled "The role of
subduction in gold-copper metallogenesis: Evidence from the Tabar-Lihir-Tanga-Feni
island arc, Papua New Guinea" which will be submitted to the journal Economic

Geology. References cited in Parts A, B and C are combined into one reference list.
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But now the sight of day and night, and the months
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Chapter 1. Regional Tectonics and the Evolution of the

Tabar-Lihir-Tanga-Feni Island arc

Introduction
The physiographic, topegraphic and cultural diversity of Papua New Guinea
is the result of its mobilistic tectonic development and, in particular, to
accretionary processes operating since the early Tertiary (Hamilton, 1979). The
driving force of accretion has been the convergence of the Indo-Australian plate and
the Pacific Plate. Mainland Papua New Guinea (Figure 1) consists of three major
geological provinces (D’'Addario et a/. 1976):
{1) A southern continental platform (the northern extension of the Australian
continent) comprised of Paleozoic metamorphic and granitic rocks overlain
by Mesozoic-Cenozoic shelf carbonates and clastic sediments that are folded
to the northeast to form the Papuan Fold Belt {Hamilton, 1979).
(2) A Central Orogenic Belt (also termed the New Guinea Mobile Belt),
consisting of a folded and upthrust central cordillera extending to the Papuan
peninsula. This province contains an Eocene island arc and its underlying
Mesozoic peridotite, obducted during accretion with northern New Guinea in
late Miocens Jarly Pliocene (Davies and Smith, 1971; Johnson, 1979:
Davies and Jaques, 1984; Kroenke, 1984).
{3} A northernmost belt of rocks (i cluding the Adelbert-Finisterre ¢coastal
range and the Huon peninsula) comprised of a Tertiary island arc terrane that
collided with Papua New Guinea in the Pliocene. A suture zone demarcating

{2) and (3} is the Ramu-Markham fault (Jaques and Robinson, 1977).
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Outboard island arc formation and accretion of volcanic arcs to the
Australian continent continues today, and is a modern analogue of the process of
continent building. Modern island arcs to the northeast of mainland Papua New
" Guinea comprise the physiographic region known as the Bismarck Archipelago,
which includes the islands of New Britain, New Ireland, Bougainville-Solomon

Islands, and the Tabar-Lihir-Tanga-Feni (TLTF) island chain.

Tectonic Development of the Bismarck Archipelago
The Bismarck Archipelago (Figure 2) consists of four volcanic arcs:
(1) Bougainville-Solomon [sland Arc (calc-alkaline; presently active)
(2) New Ireland-New Hanover Island Arc {(calc-alkaline; extinct)
(3} New Britain or Bismarck Island Arc¢ (calc-alkaline; presently active)
{4) Tabar-Lihir-Tanga-Feni Island Arc (aikaline; recently active (2.3 Ka; Licence et a/.

1987)

The tectonic development of these island arcs is poorly understood due to
relatively rapid, short-term movements within a complex network of microplates,
combined with a relative lack of detailed geochronological, field and oceanographic
studies. A tectonic synthesis cuiled from the literature is provided to demonstrate
the similarities and differences between the calc-alkaline arcs {1-3) and the alkaline

TLTF island arc, and the place of the latter in the tectonic development of the

region.

All four island arcs are ensimatic. Volcanic activity on the first three can be

correlated directly with subduction events, whereas TLTF volcanism is not directly
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5

related to active subduction. Oblique convergence between the westwardly-moving
Pacific Plate and the stable Indo-Australian Plate has occurred since the early
Tertiary (Figure 3; Coleman and Packham, 1976), with subduction along the
Manus-Kilinailau trench. Oligocene to Miocene volcanism associated with this
westwardly-dipping subduction zone generated the Lemau Intrusive complex on
New Ireland and New Hanover (Hohnen, 1978; Stewart and Sandy, 1988}, the Yirri
Intrusive complex on Manus |sland (Francis, 1988), the Kieta Volcanics of
Bougainville Island (Blake and Miezitis, 1967) and the Suta and Marasa Volcanics of
Guadalcanal, Solomon islands {Dunkley, 1983). These islands may have formed 3
continuous chain of Tertiary volcanic islands that were the proto- New Britain, New
Ireland and Bougainville-Sclomon !slands (Curtis, 1973; Johnson, 1979; Weissel et

al. 1982)(Figure 4).

Kroenke (1972) and Moberly (1972) proposed that subduction in the Manus-
Kilinailau trench continued until the anomalously thick Ontong Java Plateau collided
with the subduction zone near the Solomon Island proto-arc in the Miocene. The
Ontong Java Plateau, with an areal extent of 1600 X 800 km and thickness of
between 25 and 40 km (Furumoto et a/. 1976), is a major oceanic subcontinent
formed during prolific basaltic volcanism in the Pacific basin during the Cretaceous.
Collision led to the extinction of the westward subduction zone, effectively plugged
by the buoyant nature of the oceanic plateau (Coleman and Kroenke, 1981).
Continued convergence led to compressional foreshortening of the Ontong Java
Plateau, culminating in the creation of the northeastern chain of the Solomen
Islands {Kroenke, 1972; Hughes and Turner, 1977), inciuding Malaita Island. The

Miocene end to subduction was further characterized by a period of quiescence and



Figure 3. Westward motion of the Pacific Plate since the Tertiary {from
Coleman and Packham, 1978), and Miocene collision of the Ontong Java
Plateau with the Manus-Kilinailau trench.

NBM =North Bismarck microplate; SBM = South Bismarck microplate;
SM =Solomon microplate.
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minimal volcanic activity {Kroenke, 1984). Build-up of stress continued until
convergence of the Pacific and Indo-Australian Plates could no longer be
accommodated by deformation of the Ontong Java Plateau and a reversal in arc
polarity occurred, creating the presently active New Britain trench during the late
Miocene {= 10-8 Ma; Figures 1 and 2; Coleman and Kroenke, 1981; Kroenke,

1984),

Renewed calc-alkaline igneous activity in the New Britain-New Ireland-
Bougainville-Solomon Island arcs began around 6 Ma (Kroenke, 1984} and still
continues today in the New Britain and Bougainville-Solomon !slands. Dynamic
restructuring of the aligned island arcs began around 3.5 Ma with the fragmentation
of the leading northeast edge of the Indo-Australian Plate and the formation of the
Bismarck and Solomon Sea microplates (Figure 4). Backarc spreading in the Manus
Basin {Bismarck Sea) began around 3.5 Ma (Connelly, 19786; Taylor, 1979; Weissel,
1981) and has translated the posi'tion of New Britain trenchward to the southeast
(13.2 em/yr), causing counter-clockwise rotation of the arc and collision of its

western portion with mainland Papua New Guinea {Figure 4).

The movement of New Britain has produced transpressional-transtensional
tectonic regimes in the Bismarck Archipelago. Transpressional features are
represented by transform fault segments, striking approximately N65°W {Figure 2},
which bound the spreading centres. Earthquake focal mechanisms indicate left-
lateral strike-slip motion (Taylor, 1879; Johnson, 1979). These transform faults are
linked to major structures on New Ireland {Sapom and Weitin Faults; Hohnen,

1978), New Hanover (Brown, 1882) and eastern New Britain (Baining Fault;



‘uotysod
juasaid sH 01 uielug mapN pauodsue] ey G'E= 12 Bulpesids oiexoeq ‘(e QL-8) 8usI0N Ble|
By} Ul [BSIBABI D)8 JIB))Y Spuejs] ejiauebnog pue puejsi mep ‘urelug man Aep juesaid jJo Bulisisuod
oi8 pue|si-0loid susdony 03 ausdobyg eyl Jo (uoibias papeys) uoneinbyuoo ajqissod - ainbig



JLVIdOHIIN
V35 NOWOTOS

N yae

u

A g

Aivid
JHIovd

YINSNIN3d

NIVLIHE M3IN
uopsod Juasaid

leqe .ro/

pue|s| Haquilg

wy 002

uleylL:] MON -0104d

o




9

D’Addario et al. 1976). A conjugate set of north to northeast high-angie tensional,
normal faults on New Ireland (Hohnen, 1978) are transtensional phenomena (Figure
5). The most recent volcanic activity on New Ireland, the early Pliocene to early
Pleistocene andesitic to dacitic volcanics of the Rataman Formation are associated
with these transtensional features {Hohnen, 1978; Stewart et a/. 1986; Stewart
and Sandy, 1988). Exon et al. (1986) contend that the transform and conjugate
faults present on New Ireland are relatively recent phenomenon associated with

Manus Basin spreading.

Although these combined studies help to shape a general understanding of
the complex tectonic development of the Bismarck Archipelago, the origin of the
TLTF volcanic arc has remained enigmatic (Johnson et a/. 1976; Johnson, 1979:;
Johnson et al. 1988). Strong dissimilarities between TLTF volcanic rocks and those
of the other island arcs requires the formation of a model employing extensional

tectonics in a region dominated by convergence and compression.

Tabar-Lihir-Tanga-Feni Island Arc: Early Tectonic Models

The TLTF arc is comprised of four island groups - Tabar, Lihir, Tanga, and
Feni {Figure 5) - located on the leading edge of the Bismarck Plate, parallel to and
equidistant (=110 km) from, the Manus-Kilinailau Trench. The island groups are
equally spaced about 75 km apart. Each island group is aligned in a north to
northeasterly direction, at a highly oblique angle to the arc trend. The Tabar and
Lihir Group volcanoes rise 2000 m above the seafloor, while those of the Tanga and

Feni Group rise to elevations of 2500-2900 m (Figure 6a).
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The highly alkaline nature of the TLTF arc is unique among the calc-alkaline
dominant arcs of Bismarck Archipelago. It is predominantly comprised of nepheline-
normative rocks, including atkali olivine basalt, olivine nephelinite, basanite, tephrite,
phonagiitic tephrite, trachybasait and trachyandesite (Jochnson, 1979). Late stage
quartz trachyte cumulodomes, representing the high silica end member of a strongly
developed Daly gap (55 - 65% Si0,), are the only quartz-normative rocks.

Although these rocks are volumetrically insignificant, they represent an unsolved
geological problem of long-standing (Daly, 1925, 1927; Yoder, 1973; Bailey.
1987), which further distinguishes the TLTF arc from the others. The surrounding
arcs (1-3) contain "typical” calc-alkaline volcanic rocks dominated by andesites, but
with a continuous range from tholeiitic basalt to andesite, dacite and rhyaolite
{Johnson, 1979). Although alkali-rich volcanoes are present in these arcs, they are
not located near the fore-arc region as are the TLTF volcanges, nor do the rocks

attain the same degree of alkali enrichment.

Arculus et a/. (1978) pointed out that volcanic rocks of the TLTF chain have
hybrid mineralogical and chemical characteristics shared by both island arc and
within-plate volcanic provinces. Early models (Johnson et a/. 1978) sought to
reconcile the island arc characteristics with the absence of evidence for a
seismically-active subduction zone. Seismic surveys conducted by Guif Qil (1973)
over the basin between New Ireland and TLTF Islands outlined northerly-trending
vertical fault zones, similar to horst and graben structures (Figure 6b). These data,
combined with the presence of raised reef limestones and strong gravity anomalies
(Finlayson and Cull, 1973), led Johnson et a/. (19786) to speculate that TLTF

volcanism occurred during isostatically-controlied uplift and partial melting of a



Figure 6. Bathymetry and seismic-reflection profiles in the Tabar-Lihir-Tanga-
Feni arc region.

(a) Bathymetry profiles from Manus-Kilinailau trench to New ireland

(b) Seismic-reflection profile (Gulf, 1973), adjacent to the Tabar Group.
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hydrous mantle region. Later oceanographic surveys conducted by a US-Australian-
New Zealand research team (Exon et al. 1988), confirmea horst-graben
development between Tabar and Lihir Islands, and identified 5000 m of inter-island
sediments overlying the volcanic basement, observations consistent with a pull-

apart basin model proposed by McKenzie {(1978).

Extension accompanying pull-apart basin development would cause thinning
of the lithosphere and consequent uplift and melting of the underlying
asthenospheric mantle by adiabatic decompression (McKenzie, 1978). This process
is essentially what Johnson et al. (1976) called upon to explain the TLTF
volcanism, although the isostatic mechanism they invoked could not produce
extension. Since extension-related volcanism in the Bismarck Archipelago is
confined to a long and narrow region (New Ireland and the pre-TLTF basin, but not
as far as Bougainville), a mechanism, operating locally, must be called upon to
create lithospheric extension. A dramatic change in local stress regime
accompanying the initiation of Manus backarc spreading (Figure 2} in the late
Pliocene {Taylor, 1979) may provide an effective mechanism for lithosphere

extension.

The temporal linkage of TLTF voicanism to subduction has obfuscated the
development of a simple tectonic model. Taylor {1979) and Hamilton {1 979)
related volcanism to the extinct, westward-dipping Manus-Kilinailau subduction
zone based on a Miocene age for the TLTF arc. A Miocene age for initiation of
volcanism would place the TLTF region in the forearc of the Manus-Kilinailau

subduction zone. In order to the reconcile age disparity, Johnson (1978) preferred
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to link TLTF volcanism to the younger New Britain trench. Reversal in arc polarity
at about 10 Ma would place the TLTF region in a backarc setting. The

geochemistry of the TLTF volcanoces is, however, inconsistent with either tectonic

setting.

An alternate model proposed by Johnson (1979), was that the opening of
the Manus Basin caused New Ireland and the TLTF region to be transported to the
northwest. The model suggests that during transposition of this region, uplift
exerted by the Manus Basin spreading centre caused uplift of the enriched mantle
region underlying the TLTF region, resulting in alkaline volcanism. This model
proposed that the oldest volcanic rocks should be of late Pliocene age and occur in
the Tabar Isiand Group, with younger volcanism to the southeast. At that time
very few age dates were availabie from TLTF to support this model, and the

apparent Miocene age for the Tabar Island Group could not be accounted for in this

model.

A Revised Model for the Tectonic Evolution of the Tabar-Lihir-Tanga-Feni Arc
A revised model for the tectonic evolution is proposed below, based on new
radiometric evidence and interpreted in the light of transtensional tectonics and
adiabatic decompression melting. This mode! proposes that:
(1) Westward subduction of the Pacific Plate in the Manus-Kilinailau trench
hydrated and enriched the asthenospheric mantle below the TLTF region in
large-ion lithophile elements (LILE), however subduction-modified mantle
regions did not reach the peridotite-H,0-CO, solidus (Wyilie, 1977} during

this period of subduction.
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(2) Transposition of New Britain to the southeast, following initiation of
backarc spreading in the Manus Basin, produced "localized" lithospheric
perturbation in the New Ireland and TLTF regions.

{3) TLTF volcanism is the result of partial melting by adiabatic
decompression of subduction-modified asthenosphere followiﬁg lithosphere
extension, where extensional lineaments were produced perpendicular to the

displacement direction of New Britain.

This model reconciles the arc-type characteristics of TLTF volcanism and its
highly alkaline nature ss a result of extension-related partial melting of a
subduction-modified mantle. It also explains why the TLTF arc volcanics are
markedly different to the Bougainville-Solomon Island arc, even though they form a
continuous island chain. It predicts that volcanism initiated in the Tabar Island
Group at the same time the Manus Basin began spreading (= 3.5 Ma) and that
volcanic rocks progressively decrease in age towards Feni Istand, as New Britain

travelled southeast.

The greatest problem in constructing this tectonic scenario for the TLTF
island arc is a paradox produced by micro-paleontological age determination from
Simberi Island. Micropaleontological data from limestone overiying volcanic rocks
on Simberi Island has been used to suggest a Miocene to Holocene age for TLTF

volcanism (D.J. Belford in Johnson et a/. 1976).

The limited radiometric age determinations from the TLTF arc hinder a

detailed assessment of the revised model proposed above, but a synthesis of the
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available data does confirm that the oldest dated volcanic rocks are from the Tabar
Group on Simberi Island (see Table 1 for Tabar Group dating results). Ankaramitic
volcanics form the platform on which the limestone rests, and the ankaramitic unit
has provided consistent ages of 3.7 + 0.2 Ma and 3.5 = 0.2 Ma using K-Ar
techniques (J. Rytuba, unpublished data)., Volcanism continued on Simberi Island
until 1.9 = 0.3 Ma (this work) and progressed southward in the Tabar group until
approximately 1 Ma (Wallace et a/. 1983; Johnson et a/. 1976). A Miocene age for
voicanism in the TLTF island arc suggested by micropaleontological data is
inconsistent with the new radiometric dating results, which support the revised

tectonic model.

The radiometric dating shows a younging of volcanic activity in the island
groups from northwest to southeast. In the Lihir group, intrusive rocks in the Luise
caldera have been dated from 0.90 Ma to 0.35 Ma (Davies and Ballantyne, 1987).
Volcanics in the Tanga group range in age from 1.1 + 0.08 Ma to 0.19 + 0.02 Ma
{Johnson et al. 1976) and in the Feni Group, from 1.53 + 0.15 Ma on the north
island (Babase}, to 0.68 = 0.1 Ma and 0.49 + 0.1 Ma on southern Ambitle.
Ambitle hosts the youngest volcanic activity in the chain with a maar volcano that
erupted 2,300 x 100 years ago blanketing a 9 km? area with 5-30 m of trachytic
tuff-breccia (Licence et al. 1987). The regional younging of volcanism from the
TLTF island groups must be linked to lithospheric perturbation during the

southeasterly movement of New Britain past New Ireland from 3.5 Ma to present.



Table 1. Radiometric dating of Tabar Island Group volcanics
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clinapyroxene; oc = outcrop; bldr =
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boulder; altn

Sample # | Rock type Method Material | Age = UtMm Kennecott | # | S

{Island) dated 1o(Ma) Coord. Survey )
AMG Grid d u
Zone 56 | Coord. a r
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wm‘

8531 Alk. Ol K-Ar WR 3.5 % 3911E 11180mE 1 1

{Simberi) Basalt {oc) 0.2 97086N | 8788mN

8532 Alk. OL K-Ar WR 3.7 = 3911E 11180mE 1 1

{Simberi) Basalt {sc) 0.2 97086N | 8788mN

8533 Mugearite? K-Ar WR 23 =% 3899E 10000mE 1 1

{Simberi) {float) 0.4 97088N | 8344mN

8534 Alk. Ol K-Ar WR 3.1 £ 3901E 10160mE 1 1

{Simberi} Basalt (cc) 0.3 97114N | 10972mE

8528 Acid- K-Ar Al 2.8 = 3897E 9848mE 1 1

{Simberi) sulphate 0.6 97102N | 10055mN

aitn. {oc) )

8637 Hawvaiite? K-Ar WR 2.0 = 3808E e 1 1

{Tatau} {float) 0.2 96898N

8639 Hawatite K-Ar WR 1.91 = 3816E ————— 1 1

(Tatau) (outcrop) 0.1 96885N

22 Havwvaiite Ar-Ar Am 2.9 = 3893E 9525E 2 2

(Simberi) (outcrop) 0.6 97065N | 7135N

SORD Mugearite Ar-Ar Am 2.94 = 3899E 10000mE 6 | 2

PLUT {outcrop) 0.25 97099N | 9820mN

{Simberi)

310 Alk. Ol Ar-Ar Cpx 1,92 + 3875E 8100mE 1 2

{Simberi) Basalt {oc) 0.27 97099N | 9800mN

337 Hawaiite Ar-Ar Am 3.13 = 3896E 9735mE 3 ]2

{Simberi) {outcrop) 0.06 97072N | 7685mN

347 Alk. Ol Ar-Ar Am 3.6 = 3801E 10170mE 3 2

{Simberi) Basalt (bidr) 0.8 97068N | 7380mN

TB3/11 Quartz K-Ar Pl 0.99 = 3840E 1 {3

(Tabar) trachyte (oc) 0.08 96810N

Abbreviations: WR = whole rock; Al = Alunite; Am = amphibole; Pl = plagioclase; pr =

= alteration; s¢ = scree; AMG

Source

1. J. Rytuba, USGS, unpublished data provided to Kennecott Exploration {Australia) Ltd.

2. This work, analysis by R. Drake, Institute of Human Origins, U. Cal.(Berkeley)
3. Johnson et a/. {1976)
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The north to northeasterly orientation of each of the island groups, when
coupled with marine seismic data (Figure 6b) strongly argues that each of the island
groups are horsts (Wallace et a/. 1983). Radar images (Figure 7} and geophysical
data from the Tabar and Lihir groups {Kennecott Explorations, unpublished data) as
well as regional geclogical studies of the arc {Wallace et a/. 1983; Exon et a/. 1986;
Stewart et a/. 1986) distinguish two predominant fault directions; a west-northwest
to north-northwest trend and a north to north-northeast trend. These structural

features are considered consanguineous to those described earlier from New

Ireland.

Historical records of seismic activity in the TLTF island arc show a
concentration of shallow, low-magnitude earthquakes oriented in the north-
northeast direction under the Lihir tsland group (Figure 5)}{Johnson, 1979; McCue,
1988), extending south towards New Ireland. This indicates that rifting and horst
development is continuing. The linear chain of younging southward volcanic islands
within the Tabar, Lihir and Feni Island Groups is evidence that extension is
propagating southward, and it is possible that submarine volcanic activity is present

to the south of the Lihir Island Group.

A model of transtensional-related lithosphere extension leading to adiabatic
decompression melting of subduction-modified mantle peridotite best explains the
chemical and physical characteristics of TLTF voleanism. The nepheline-normative
volcanic rocks are considerably different from the usual andesitic style of volcanism
produced in the Bismarck and Bougainville-Solomon island arcs, and have some

mineralogical and geochemical characteristics more in common with rift-related



Figure 7. Digital radar image of the Tabar Island Group. The Tabar Island
Group comprises, from north to south, Simberi, Tatau, and Tabar Islands.

Simberi Island (@ km wide x 7.5 km long) is the oldest in the group and
consists of a central circular volcanic region surrounded by uplifted limestone
reefs. Two directions of lineaments crosscut Simberi Island: (1) a set of
north to northeast trending structures, and (2) a set of west to northwest
trending structures.

Tatau Island (12 km wide x 16.5 km long) consists of a central volcanic
region with a uplifted limestone ptatform to the east and north.
Northwesterly oriented lineaments are best displayed in the radar image.

Tabar !sland (8 km wide x 20 km long} consists of two young volcanic
centres separated by a north trending lineament. The circular feature to the
northwest is the Tiripats caldera, which has a central guartz trachyte
cumulodome (TB3/11 on Table 1). The western portion of the caldera has
down-dropped into the ocean. The southeastern part of Tabar island
consists of the Banessa volcano, which is crosscut by northwest-trending
lineaments.

Gold and copper mineralization is associated with volcanic activity in each of
the islands. '

This digital radar mosaic was produced for Kennecott Explorations (Australial
Ltd., Sydney, Australia by INTERA Technologies Ltd., Calgary, Alberta.
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volcanics of the Rhine Graben and East Africa. A common denominator in the
petrogenesis of these magmas appears to be the presence of a carbonated,
hydrated source mantle region enriched in alkali elements. The following sections
will discuss the geology, petrology, geochronology and geochemistry of mantle-
derived lavas from Simberi Island, and how their contained xenoliths and xenocrysts
provide evidence that subduction processes created a carbonated, hydrated

enriched mantle region below the TLTF arc.
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Chapter 2. Field Nomenclature and Chemical Classification

Simberi Volcanic Momenclature

A rock classification scheme, based on the modal abundance of porphyritic
minerals, was developed during the field component of this work. Table 2 outlines
the field names of Simberi volcanics and related information. Clinopyroxene is a
predominant mineral in all Simberi volcanics, so the presence of other minerals was
used to distinguish rock types. Feldspathoidal minerals (nepheline, hatiyne-sodalite,
analcite, leucite and nepheling) are common constituents of the nepheline-normative
TLTF lavas, and therefore mafic to intermediate volcanic units are given the terms
trachybasalt and trachyandesite. These terms do not correlate with the terminology
of Johnson et a/. (1976) and Wallace et a/. (1983), who classified trachybasalts
and trachyandesite using chemical analyses. The majority of rocks described in the

field as trachybasalt and trachyandesite plot in the trachybasait field of the above

waorkers.

Chemical Classification of Simberi volcanic rocks

Chemical and isotopic analysis was performed on the volcanic rocks
collected on Simberi Island. Methods of analyses are provided in Appendix A.
Simberi and Tatau Island whole rock analyses and previously reported analyses of

other rocks from the Tabar Group {Johnson et a/. 1976; Wallace et a/. 1983) are

given in Appendix A.8.

The rocks of the TLTF arc are difficult to classify using conventional

classification schemes because they show characteristics common to both alkali
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olivine basalt {continental rift-related and deep subduction environments), calc-alkali

series volcanic rocks (subduction related environments) as defined by Irvine and

Baragar {1971) and lamprophyres as defined by Rock (1987) and Rock and

Finlayson (1990). |n addition, the evolution of the volcanic rocks from nepheline-

normative to quartz-normative compaositions is a trend not displayed by classical

monogenetic volcanic suites.

Table 2. Field classification of Simberi volcanic units

Field UGS Criterion used | Porphyritic Groundmass
Classification Chemical in field minerals in minerals
(Field term) Classification order of
{CIPW norm) abundance
_  —————_— = —————————————
Basalt Alkali Olivine QOlivine Clinopyroxene | Mafic » felsic
{Olivine Basalt) Basalt present + olivine
(Basanitoid)
Basalt Alkali Basalt Porphyritic Mafic >
{Clinopyroxenite) (Ankaramite) clinopyroxene felsic
predominant,
no olivine
Trachybasalt Hawaiite Porphyritic Clinopyroxene | Mafic =
amphibole > + amphibole felsic
plagioclase + plagioclase
+ apatite
Trachyandesite Mugearite Porphyritic Amphiboie + Felsic >
plagioclase = | plagioclase + | mafic
amphibole = clinopyroxene
clinopyroxene | + apatite
Benmoreite Porphyritic Plagioclase + | Felsic » mafic
{uncommon) plagioclase > | amphibole +
amphibole = clinopyroxene
clinopyroxene | + apatite
+ biotite

Johnson et a/. {1976) devised a CIPW-normative classification scheme for

TLTF rocks based on a plot of Differentiation Index {Thornton and Tuttle, 186Q0)
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versus normative nepheline or normative quartz + silica from normative
hypersthene, after recalculating their Fe,0,/FeQ ratios according to the methods
outlined by Irvine and Baragar {1871). Wallace et a/. {1983) tentatively continued
" the usage of this scheme without performing the Irvine and Baragar (1871)
transformations,

"on the grounds that the relatively high Fe,0,/FeQ values and high volatile

contents of Tabar-to-Feni rocks may at least in part be intrinsic features of

the magmas, and that transforming the data by the above criteria may be an
overcompensation.”

Glassy, unaltered Simberi rocks have high Fe,0,/Fe0 ratios and low TiQ,
contents and, therefore, calculation of the iron oxidation ratio and rock
classification using the method of Irvine and Baragar (1971) is inappropriate. Figure
8a and 9 are oxide-silica plots which have been constructed by recalcuiating the
raw geochemical data in Appendix A.8 to 100% on an H,0- and CO,-free basis.
Figure 8a is ¢ .o+~ alkalies and silica (TAS) diagram recommended for chemical
classification by the IUGS Subcommission on the Systematics of lgneous Rocks (ke
Bas et a/. 1986). The TAS classification diagram must be used with caution since
few of the anaiyses meet the optimal criterion of <2% H,0 and <0.5% CO,.
Using the IUGS classification, Simberi volcanic rocks include basaits, trachybasalts,
basaitic trachyandesites and trachyandesites. Based on the initial Na,0/K,0 ratio of
3 for primitive basalts (Figure 8b), the basalts, trachybasalts, basaitic
trachyandesites and trachyandesites can be further classified as alkali basalts,

hawaiites, mugearites and benmoreites, respectively, according to Le Bas et a/.
| (1986). The most mafic alkali basalts contain 5 to 8% normative nepheline,

analcimic glass, and can be designated as analcime basanites. "Basanite” is used



Figure 8. Alkali oxides vs. Si0, for Simberi Island voicanic rocks.

{a) Total alkali-silica {TAS) diagram with {UGS classification scheme. Simberi
rocks are plotted after recalculation to an H,0- and CO,-free basis.

(b) Harker diagram showing the variation in alkali element distribution with
silica content of Simberi voicanic rocks {raw data).
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instead of "basanatoid”, because basanites and basanatoids are geochemically
indistinguishable. Clinopyroxene-phyric basalts have > 20% normative

clinopyroxene and can be dosignated as ankaramites (Philpotts, 1989).

Simberi lavas are plotted on a K,0-silica diagram with designated fields for
calc-alkalic, high-K calc-aikalic and shoshonite series volcanic rocks (Figure 9). The
most primitive basaltic meits plot within the calc-alkalic to high-K calc-alkalic series,
whereas the more evolved intermediate suite plots within the shoshonite field. The
shift from high-K calc-aikalic character to shoshonitic character can be attributed to:
{1) the rapid and early crystallization of olivine + clinopyroxene + magnetite from
primitive basaltic magmas and, {2} the later continuous depletion of Ca and Mg
during clinopyroxene fractionation and of Na due to amphibole fractionation. As a
result, the evolved liquids are richer in K,0 due to the incompatible nature of K. In
this sense, the evolved Simberi volcanic lavas are broadly similar to the ‘shoshonite’
suite of Joplin {(1968), Gill {1970}, and Marrison (1980). Other similarities to
shoshonites include high Al,0; (12-20 wt. %), high total alkalis {Na,0 +K,0; Figure
8al, and enrichments in the large ion lithophile elements (LILE) Rb, Sr, Ba, Pb and
light rare earth eiements {LREE). Unlike shoshonites, Simberi volcanic rocks do not
have high K,0/Na,0 ratios at high silica contents (ie. K,0/Na,0 ratio is <1 at 55%
SiQ,; Figure 8b), rarely contain biotite phenocrysts, are depleted in P, and almost

always contain nepheline in normative calculations.

For the purpose of classification, the Simberi lavas are more appropriately
described as belonging to the high-K calc-alkalic series volcanic rocks, but the high

MgO, Fe,,. Cr and Ni abundances of the primitive basalts indicates that they also



Figure 9. Anhydrous K,0-SiO, variation diagram for Simberi voicanic rocks
with fields delimiting calc-alkaline, high-K calc-alkaline and shoshonitic
compaositions.
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have affinities to the within-plate alkali olivine basalt series. In this respect they
resemble the Porgera igneous intrusive suite, associated with the world-class
Porgera Au deposit, in the Engu Province of Papua New Guinea. Richards (1990)
designated the Porgera igneous rocks as a within-plate, sodic "alkali
basalt-hawaiite-»mugearite suite”. Rock and Finlayson (1990) criticized this,
suggesting instead that the suite had shoshonitic affinities, and were more properly
classified as appinitic/lamprophyric based on the mineralogical argument that
volcanic shoshonites should possess "essential K-feldspar in the groundmass or,
especially, as rims to plagioclase”, which Porgera rocks do not have. Although
sanidine is present in the quartz trachyte group in the TLTF arc (Wallace et a/.
1283}, alkali feldspar is not present iﬁ the abundantly nepheline-normative lavas,
which ied Heming (1979} to point out this mineralogical inconsistency with the

shoshonite suite,

The Simberi mafic rocks generally fulfil the scmewhat broad criteria for
lamprophyre classification (Rock, 1987; Rock and Finlayson, 1890). All rocks
contain amphibole except that amphibole in the basalts have been partially to
completely destabilized to a high temperature anhydrous assemblage. Rare biotite
occurs only in the Simberi mugearites and benmoreites. Other criteria include
minerals rich in F, Cl, $O;, CO; and H,0. The TLTF rocks are characterized by
volatile-rich phenocrysts including apatite, haliyne-sodalite and analcime (Wallace et
al. 1983). In addition, the minerals anhydrite, calcite, sodalite, analcime and Ba-
phillipsite have been found within exotic alkali-rich melt inclusions in xenoliths and
the cores of apple-green sodian diopside xenocrysts. The occurrence of zoned

diopsidic pyroxenes with sodic green cores is itself a common occurrence in alkali
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basalts and lamprophyres (Scott, 1980; Bedard et a/. 1988).

Amphiboles of magnesio-hastingsite composition in Simberi lavas, and
ranging from "magnesio-hastingsite through magnesio-hastingsitic hornblende, to
edenitic hornblende"” in the entire TLTF arc (Wallace et a/. 1983), would place the
Simberi mafic rocks in the calc-alkaline lamprophyre region of Rock (1987, p. 201),
although some ultramafic and alkaline lamprophyres also plot in this region. The
presence of 'globular structures’ in lamprophyres is also argued by Rock {1987) to
be a distinguishing characteristic, and these are a relatively common phenomenon in
Simberi igneous rocks, ta the point where they were used by the author during
geological mapping to make the often difficult discrimination between intrusive
rocks and massive crystal tuff units. The globular structures on Simberi represent
felsic liquids which are immiscible within the mafic groundmass liquid of both mafic
and intermediate lavas. The texture is most strongly developed on weathered
surfaces where the felsic globules form resistant knobs {Figure 10). The
interpretation of these globules as felsic-mafic immiscibility is supported by

Philpotts (1972, 1976) and Eby (1980).

Discriminatior of lamprophyre type by chemical variation diagrams (Rock,
1987, p. 208} would place the Simberi volcanic rocks within the calc-alkaline
lamprophyre region. This is in accord with the marked high-field strength element
depletion (Ti, Ta, Nb, Zr, Hf and P) in Simberi rocks, which is a characteristic
strongly developed in destructive margin volcanoes. Enrichments in LILE and REE
are characteristic of lamprophyres in general, which also matches the TLTF rocks,

although the ZREE abundance of Simberi lavas would be at the lower range of calc-



Figure 10. Outcrop of mugearite near Samat with globular structures. The
knobby texture results from differential erosion. Globules contain felsic
glasses which are more resistant to erosion than the mafic groundmass

glass.
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alkaline lamprophyres.
Problems of rock classification

'The recogriﬁtion that TLTF mafic rocks have both lamprophyric and calc-
aikaline affinities is important in showing their hybrid character with the potential
for understanding the petrogenesis of both rock types. The chemical classification
scheme for volcanic rocks accepted by the {UGS (Le Bas, 1987) and the
mineralogical classification scheme for lamprophyres {Rock, 1987) necessarily
produces a dichotomous classification of the same rock unit {e.g. Porgera; Rock and
Finlayson, 1990}, whereas in reality a continuum exists between the continental
within-plate calc-alkaline lamprophyre clan and high-K calc-alkaline rocks. The
fundamental process relating them is mantle enrichmens by alkali metasomatism,
while what differentiates them is post-metasomatism igneous processes {residence
time in the mantle, depth of partial melting and crystallization, and degree of partial
melting). A corollary of the above discussion is that a primary basalt, similar in
composition to the alkali olivine basaits of the Simberi 1sland volcano, would
produce a calc-alkaline lamprophyre if emplaced at mid-crustal levels in a

continental environment (Wilson, 1989, p. 397).

Simberi rock classification

Simberi Island and the entire TLTF arc can be regarded as an igneous suite
transitional from high-K calc-alkaline to shoshonitic. Since a lamprophvric
classification is inappropriate for volcanic rocks (Currie, K., pers. comm. 1991),
Simberi rocks will be classified according to the criteria described by Le Bas et a/.
(1986), and shall be described as alkali olivine basalt (basanite, ankaramite and

alkali basalt), hawaiite, mugearite and benmoreite despite the objections of Rock
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and Finlayson (1990, p. 249) to this terminology.

Importance of igneous rock classification to gold deposit models

The classification of the distinct magma series of the TLTF arc is important
because each of the volcanic islands, except Tanga which is largely submerged,
hosts Au deposits. That similarities exist between the calc-alkaline TLTFE volcanic
rocks and the calc-alkaline lamprophyre suite is of significance to the modelling of
Au metallogenesis. Rock and Groves {(1988a, 1988b) argued for a ce-genetic
relationship between Au-rich calc-alkaline tamprophyres and Archean mesothermal
Au deposit formation (Rock et a/. 1989). Other researchers (Wyman and Kerrich,
1988; 1989) argued for a geodynamic relationship between lamprophyre
emplacement and Au deposit genesis, specifically to transpressional tectonics in
subduction zone environments. Economic geologists working in Phanerozeic rocks
know that a relationship exists between subduction and Au-Cu deposits {Sillitoe,
1972; Solomon, 1990), aithough a mechanism fo explain gold enrichment in
subduction zone magmas has only recently been proposed {Mclnnes et a/. 1991},
This mechanism, discussed fully in Part C of the thesis, has bearing on the

postulated lamprophyre-Archean Au deposit association.

The continuum between Phanerozoic calc-alkaline lamprophyres and alkaline
island arc magmas in the genesis of Au deposits in Papua New Guinea (Porgera,
Lihir, Simberi) implies a continuum between Phanerozoic and Archean Au
mineralization. Since calc-alkaline lamprophyres and alkaline arc magmas share
similar source region characteristics (metasomatism), but differ in degrees of partial

melting of the source region and mode of emplacement in the earth’s crust, then
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the formation of Archean Au deposits implies that metasomatism of the mantle
wedge above subduction zones occurred as early as 2720 Ma (Corfu and Andrews,
1987). The corollary is that the age of the oldest Au deposit on Earth will constrain

the beginning of mantle metasomatism related to subduction processes.
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Chapter 3. Geology of southeastern Simberi Island

introduction

Simberi Island {the northernmost of three islands in the Tabar Island group) is
located in equatorial Papua New Guinea (Figure 2), and is covered by dense,
primary evergreen rain forest except along the sparsely populated coastal regions.
Topography varies from O to 250 m with moderate to steep slopes. The climate is
hot and humid with rainfall exceeding 2.5 m per year. The drier season occurs in
July and August. The vegetation of the Tabar-Lihir-Tanga-Feni (TLTF) island chain

is of the mixed lowland tropical rain forest type {Johns, 1972).

Rock exposure in densely vegetated tropical regions- is usually poor.
Reconnaissance geological surveys of the TLTF arc by Wallace et a/. (1983) were
conducted prior to the discovery of gold deposits on Simberi, Lihir and Feni islands
and carried out by difficult traversing of stream beds in high-relief volcanic terrain
without the aid of high quality topographic maps and air photos. Their results
provide a framework on which this study builds. This study was restricted to areas
in the southeastern quarter of Simberi Island where the greatest amount of mineral
exploration activity has occurred, providing the opportunity to investigate new
areas of outcrop exposed during road construction. With the cooperation,
encouragement and financial support of Kennecott, this study was able to combine
geological investigations (mapping of drill access roads and creek beds} with the
most advanced digitai radar imaging and radiometric dating methods to decipher the

geological evolution of the southeastern quarter of Simberi Island.
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Geolagy of Carbonate Units

The topography of Simberi Island is strikingly revealed in the digital radar
mosaic (Figure 7). Simberi Island consists of a broad, flat-lying coastal region
consisting of raised Quaternary corai-reef surrounding a circular, central piateau of
volcanic rocks (Figure 11). Perched on the outermost fringe of the volcanic plateau
is a narrow unit of uplifted [imestone, possibly of late Miocene to Pliocene age
(Wallace et a/. 1983). This limestone cap attains a height of 180 m and encircles
the central volcanic plateau, except in the south and southeastern regions. The
limestone is massive, and consists of limestone blocks, corals, and algae and
therefore this circular unit represents an uplifted paleo-fringing reef. Observations
of the limestone reef unit at Monambur by this author and Wallace et a/. {(1983),
indicate that very few of the large (1 to 1.5 m diameter) coral heads are in growth

position and that many are fragmented. No volcanic rocks are contained within the

unit.

In 1969, four samples of the uplifted limestone cap unit were collected by
G.A.M. Taylor and microfaunal assemblages interpreted by D.J. Belford. Three of
the assemblages were reported to be of lower Miocene age while the fourth was
categorized as Pliocene (Wallace et a/. 1983). As mentioned in Chapter 1, a
paradox exists between these data and radiometric dating of a mafic *rolcanic unit
exposed on a cliff face below the limestone cap (Figure 12; Table 1; Samples 8531
and 8532). This cliff exposure shows a 30-40 m thick deposit of volcanic breccia
overlying an approximately 10 m high outcrop of mafic clinopyroxenite dated at 3.5
Ma and 3.7 Ma (K-Ar). The volcanic breccia is a heterolithic assemblage of boulder

to pebble sized clasts of predominantly trachyandesitic composition, but



Figure 11. Geology map of southeastern Simberi Island. Line X-Y is a
schematic cross-section presented on Figure 12. Lines A-B and C-D are
cross-sactions of the North and South Samat diatremes, presented in Figures
14 and 17, respectively. Rock sample locations have been determined using
a Kennecott detailed survey grid (dashed lines; units in metres).

Geology by the author, except for the carbonate units which were compiled
from the maps of Wallace et a/. {1383) and unpublished Kennecott data.
Abbreviations: bx =breccia; AQB =alkali olivine. basalt.
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clinopyroxenite clasts were also noted. A horizontal zone of rounded boulders
within this outcrop suggests agqueous reworking of a previous volcaniclastic
deposit. The contact between this unit and the overlying limestone is obscured by
the development of massive calc-tufa {travertine) deposits which drape over the

volcanics. Clearly, this discrepancy in age requires further study.

The southern coastal plains of Simberi Island consist of Quaternary reef
complexes, which cover the southerly dipping lower Miocene to Pliocene reef unit
(Wallace et a/. 1983). This indicates that the northern portion of Simberi Island has
been uplifted relative to the southern portion since early Pliocene time. Uplift has
continued through the Quaternary, and the wider extent of coastal plains in the
western and northwestern parts of the island has led Wallace et a/. {1983) to
suggest that Quaternary uplift has tilted the island to the east-southeast. Wave-cut
notches 2 m above modern sea-level in the Quaternary limestorie between Pigiput
plantation and Monun village on the eastern side of the island suggests that the
whole island since the Quaternary has been uplifted, although the northwesterly

side of the island may be experiencing uplift at a faster rate.

Geology of Volcanic Units

Pluvial erosion rates in tropical regions are estimated to be as high as 0.75
mm yr' (Ruxton and McDougall, 1967). The radiometric ages determined from
Simberi Island volcanics (Table 1) indicate that the geology of Simberi Island (Figure
11) is of a volcano exposed at 2 to 3 km depth. Geological mapping of a densely
vegetated, dissected volcano, where individual volcanic units vary diversely in

character over several metres, is an impossible task (M. Lambert, pers. comm.), and
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therefore this discussion will be restricted to volcanic features of general interest.

Waliace et a/. (1883) divided the volcanic rock types into two broad
categories - a lowermost unit containing mafic to intermediate flows overlain by
predominantly intermediate volcaniclastics, which they interpreted as an evolution

from an effusive to an explosive style of eruption.

Effusive volcanism
Clinopyroxenite - Ankaramitic basalts

The oldest volcanic unit exposed on the island is a massive unit of
clinopyroxene-phyric lavas of ankaramite basalt composition. This unit underlies
the uplifted reef limestone at Monambur, the plantation house and main Kennecott
exploration camp near Pigiput Bay and is exposed along the drill road constructed
just north of its intersection with Talamuk creek. Termed clinopyroxenite in the
field, this rock is characterized by its dark green to black colour and its coarse
grained {6-15 mm) porphyritic pyroxenes hosted within a glassy groundmass.
Samples contain up to 30% black clinopyroxene phenocrysts with columnar to
columnar-tabular habit. Magnetite is common in the groundmass, and aeromagnetic
surveys indicate that this unit has the strongest positive electromagnetic response
on the island, which is located between the base camp and Monambur (KEA,
unpublished geophysical data). It is often vesicular with vesicles occasionally
making up 30% of the rock volume. Coarse vesicles containing euhedral calcite

and anaicite, and occasionally pyrrhotite, have been noted.
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Trach its and Trachvandesi

Subaerial weathering and erosion of the clinopyroxenite unit preceded
deposition of mafic to intermediate lavas observed along the Sorowar access road
and on a cliff face east of Monambur. Observations of contact relationships
indicates that the clinopyroxenite and the overlying lavas were intruded by sills and
dikes of trachybasalt compasition (Figure 12). A 4 m thick, spheroidally weathered,
columnar-jointed sill with 0.8 m diameter columns is exposed along the Sorowar

access road immediately east of Monambur at grid reference 11330E, 8920N.

The above mentioned mafic to intermediate flows overlying the
clinopyroxenite unit correlate with lavas exposed in the nearby Talamuk and Monun
Creeks. The lowermost sections of these creeks contain fine-grained trachybasaltic
lavas. The mafic flows are generally between 2 and 5 m thick with highly
vesiculated and brecciated tops. The vesicles can be quite large {1-2 cm) and are

usually flattened, and often contain euhedral calcite, analcite and zeolites.

The relatively thin mafic flows of trachybasalt composition undergo gradual
transition to more felsic compositions, and grade into thicker units of blocky lavas
of trachyandesite composition in each creek upstream. These trachyandesitic lavas
contain coarser and more abundant flow-aligned feldspar and also contain
amphibole phenocrysts. Vesiculation is common, with some vesicles lined with
pyroxene and infilled with calcite, analcite and zeolites. The trachyandesitic lavas
of Talamuk and Monun Creek compare with those exposed in the lowermost
sections of Darum and Samat Creeks. The flows are interbedded with coarse to

fine pyroclastics, epiclastics and interflow voicanic conglomerates. Both the
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thickness of the flows and the proportion of volcanoclastics/lavas increases
upstream in each of the creeks (ie. with elevation and distance away from the

coast).

Explosive volcanism

Volcanoclastic units vary from poorly sorted volcanic breccias and lahars to
well sorted lapilli-tuffs, and coarse to fine ash. None of the pyroclastic units
showed any signs of welding, and those units exposed in the Sorowar and Pigiput
deposit area are poorly lithified. Volcanic breccias containing less than 25% ash
and lapilli particiss are relatively common and generally contain angular to
subangular blocks of predominantly trachyandesite composition. Breccia clasts
attain diameters of 2.5 m. No volcanic bombs have been observed in any of these
deposits. Lapilli-tuff units generally contain between 25 to 75% ash matrix with
the lapilli being matrix supported. Lapilli are commonly angular to subrounded.
Lahars and debris flows containing trachyandesite clasts are frequent and difficult

to distinguish from coarse volcanic breccias in weathered/altered exposures.

Subaqueous reworking of pyroclastic material has produced well-bedded
volcanic conglomerates, sandstones, siltstones and mudstones exposed at surface
(Monun Valley; Figure 13} and in drill core (Sorowar deposit drill hole 13-22 m
depth). The absence of ripple marks in the fine grained sediments combined with
extreme kaolinitic alteration of these sediments indicates that a quiescent, acidic,
crater lake may have previously existed in the region between the Sorowar and
Pigiput deposits (e.g., Crater Lake, Ruapehu, New Zealand {Henley, 19886, p. 8).

Hydrothermal gypsum recovered from Monun Valley drili core (RC197-77 m) has
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&S of 10.8-10.8 %o, thus ruling out a flux of marine water (6**S = 20 %o) during

hydrothermal alteration. The Monun Valley site shows numerous sets of fining
upward lapillistone tephra interbedded with thick debris flow units (lahars)

containing large blocks of ash (> 1 m diameter; Figure 13).

Airfall tephra deposits are uncommon although a particularly well exposed
roadcut is present to the west of the Pigiput deposit. In this unit, fallout tephra
over 5 m thick overlies a debris flow and massive pyroclastic breccias. The fallout
tephra is composed of well-bedded, sorted and rounded lithic fragments with
particle size ranging from fine lapillistone (coarse pebble gravel (<2 mm)) to
sandstone. The beds are plane parallel, continuous and do not show sedimentary
structures apart from a slight degree of upward fining., Bedding planes are
gradational and occasionally exhibit erosion of the lowermost beds by overlying
beds. These beds and the deposits in Figure 13 are interpreted to represent an
irregularly puisating Plinian eruption (Fisher and Schminke, 1984, p. 142), Deposits
west of the Pigiput prospect have an attitude 90°/20°-30°N, whereas similar

deposits exposed around the Sorowar prospect roadcuts are horizontai.

Intrusive Voicanism

Dykes and hypabyssal domes are ubiquitous features of the study area, and
are predominantly of trachyandesite (mugearite) composition, in accord with the
high proportion of trachyandesitic volcanoclastics. Trachyandesite domes are the
largest intrusive units identified in the study area. Particularly fresh examgles of

this rock type are exposed along access roads to the Samat and Sorowar deposits.



Figure 13. Interbedded volcanic debris-flows and subagueous sediments in
Monun Valley.

(a) A series of fining-upward volcaniclastic sediments overlying a 3 m thick
unit of lahar with entrained biocks of white volcanic ash. The large block at
left is 1 m long. Fine-grained disseminated sulphide imparts a bluish
colouration to the outcrop.

(b) A clcseup of the central bed of upward fining lapilli tepnra.
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The Samat road occurrence (10260E, 8000N) coincides with an
aeromagnetic anomaly extending northwest past Darum Creek where the unit is
most pristine. This is the largest intrusive feature in the study area with a minimum
diameter of approximately 1.3 km. The fresh rock in outcrop and creek exposures
is massive and well jointed. It weathers spheroidally and the weathered surface
often has a knobby appearance with the knobs varying from 0.5 to 2 cm diameter
(Figure 10). It is a fine to medium grained intrusion containing phenocrysts (<5
mm) of hornbiende, feldspar and clinopyroxene in a glassy groundmass containing

fine-grained crystallites of feldspar, pyroxene and magnetite.

The knobby texture is due to the differential erosion of globular structures
present in most trachyandesite rocks, but also occurs o a Iesser degree, in
trachybasalts and alkali olivine basalts. In fresh hand samples this texture is
cryptic, but in thin section it is evident by the presence of silica-rich glass globules
containing a few microphenocrysts surrounded by phenocryst-rich mafic glass
(Figure 20c), Weathering and weak hydrothermal alteration (propylitic} destroys tne
mafic glass groundmass and accentuates the presence of the silica-rich glass

globules due to their higher resistance to devitrification (Friedman and Long, 1884).

Amphibole- and clincpyroxene-rich xenoliths are common within massive
trachyandesite domes. A cumulate textured nepheline t;achyte xenolith containing
coarse grained feldspar, apatite and biotite {with abundant exsolution lamellae of
titaromagnetite) in an intercumulus matrix of nepheline, was discovered in the

Samat road outcrop, and is the only evidence for the presence of phonolitic melts

on Simberi Island.
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The Sorowar occurrence (10000E, 83850N} is more limited in areal extent
(300 m diameter), but is similar in mineralogy, texture and composition to the
Samat occurrence. This unit intrudes trachyandesitic volcaniclastics. It is also
intersected in the deeper sections of Sorowar drill holes (S011-228 m, S010-203
m). Similar intrusive units occupy the eastern portion of the Pigiput deposit, where
intrusive contacts indicate that it has uplifted and tiited the airfall tephra deposits.
Weathered and altered outcrops of this unit are also present on surface and

intersected in drill holes at the Botlu deposit.

The actual size and continuity of dome-like intrusives depicted in the geology
map (Figure 11} is difficult to assess due to incomplete exposure, but similarities in
mineralogy, and in particular the presence of globular structures, may indicate that
each of the domes is an apophysis of a much larger intrusive body. The
emplacement of trachyandesite domes indicates that the Simberi volcanic pile had
attained a sufficient crustal thickness to support high level igneous intrusions.
Crustal stabilization marks a significant period in the volcanic-metallogenetic
evolution of the Simberi volcano. The retention of a juvenile magma in the crust
eventually lead to crystallization of a medium to high viscosity intrusion, which did
not drain back into the Simberi Island deep magma reservoir, despite evidence for
the presence of a tensile stress field in the Tabar Island Group. Kagiyama (1983)
néted in a study of Japanese volcanoes, that the highest measured heat discharge
was associated with volcanoes which had high level intrusions of medium to high

viscosity.

Heat discharge from the cooling trachyandesite domes in the interior of the
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Simberi volcano ailowed the circulation of metalliferous hydrothermal fluids and the
subsequent precipitation of metals from these fluids to produce the Samat, Pigiput,
Sorowar and Botlu gold deposits. This point is corroborated by timing relations,
where radiometric dating of minerals deposited by auriferous liydrothermal fluids
yield similar ages to minerals from trachyandesite intrusive rocks located near the
gold deposits {Chapter 5). An alunite age of 2.8 + 0.6 Ma (Table 1), indicates that

the Sorowar mineralization event was contemporaneous with Samat mineralization.

Although the formation of trachyandesite domes may represent the final
crystallization product of a voluminous mafic reservoir below the Simberi volcano,
the geology does not support a model for gradualistic, monogenetic progression
from basalt to trachybasalt to trachyandesite. Numerous minor dykes and sills of
mafic composition crosscut clinopyroxenite, trachyandesite velcaniclastics and
domas. This may be the result of continuous extensional tectonic activity
throughout the crystallization history of the Simberi volcano, which allowed mafic

melts sporadic access to the upper crust.

North and South Samat - Discovery of the Raban Diatreme Complex

Two diatreme complexes were discovered by the author within a
homogeneous, massive trachyandesite (mugearite) intrusive in the area of the North
and South Samat gold deposits. The name given to the diatreme complex
originates from a traditional belief among the Simberi people, that a spirit or
"Masalai” inhabits a large boulder exposed in the hills of the South Samat area, and
the spirit in this boulder is called Raban. Following the discovery that the gold

deposits of North and South Samat were hosted by the diatreme complex, a close
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inspection of the "Masalai” rock revealed that it was a chunk of diatreme breccia.

North Samat

The North Samat diatreme unit was first identified in four different road
exposures at different elevations. On surface, the unit has a dyke-like shape with
subvertical contacts, the long axis trending east-west at about 7650 m N latitude
(Figure 11). Itis up to 75 m wide and strikes for at least 170 m closing off to the

waest, with the eastern boundary open and undefined.

The intrusive country rock shows signs of increasing alteration and fracture
intensity as the margin of the diztreme is approached. Adjacent tc the
diatreme/intrusion contact, the country rock exhibits jigsaw or crackle brecciation
textures. The outer regions of the diatreme ccntain anguiar clasts whereas clasts
become subrounded to rounded towards the cehtre, presumably due to milling and
attrition of country rock during diatreme formation. The clasts vary from 2cm to 2
m in diameter and are predominantty of trachvandesite composition. The breccia is

increasingly matrix supported towards the centre.

Subvertical to vertical pebble dykes {usually <3 m) are exposed at surface
to the north of the main exposure and are probably linked to the main unit at depth.
Cross-sections constructed with the aid of drill intersections indicate that the
diatreme is a complex branching structure with a shape similar to an upward-
opening trough (Figure 14}). Large blocks of the host trachyandesite intrusive may

have detached and fallen into the breccia, causing the diatreme to have a branched
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appearance. The part of the diatreme exposed at the surface constitutes the south

branch whereas the central and northern branches are poorly exposed.

Mafic dykes of trachybasalt (hawaiite) composition (Sample 337; Appendix
A.8} intruded the North Samat diatreme and the trachyandssite intrusion
approximately 3.13 + 0.06 Ma (see Table 1}. These dykes contain megacrysts (2
cm {ong) of hornblende and are highiy vesicular. Diatreme formation may be related
to rapid decompression of a volatile-rich mafic melt, during extensional tectonic
activity, along zones of structural weakness in the trachyandesite intrusion.
Independent analysis of fracture orientation in the Samat areas by Kennecott
consuitants (Dames and Moore, unpublished data) shows that the majority of
fractures are steeply dipping and oriented east-west and northeast-southwest,

parallel to the trend of the North and South Samat diatremes, respectively.

South Samat

Poor surface exposure of rock units led to an early interpretation of the
South Samat Au deposit as a steeply dipping volcaniclastic unit sandwiched
between two thick sequences of trachyandesite flows. Trachyandesitic
volcanoclastic deposits were present in the headwaters of Samat Creek to support
this interpretation, but these are intruded by the same trachyandesite dome
exposed in the North Samat area. Following the realization that the North Samat
mineralization was hosted by a diatreme complex, a re-examination of the South

Samat prospect was undertaken.

A contact between weathered trachyandesite and brecciated material was
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observed along the main drill access road southeast _of the deposit (350CE, 7170N}.
This trachyandesite unit contained 3 sets of closely spaced joint planes (Figure 15a)
which increased in intensity (ie. density) from 7 to 2 m towards the contact. The
orientation of the joint planes are:

1) a dominant set, 1-4 cm apart oriented 109/75N. An exposure of a

diatreme contact at grid reference 9700E, 7250N had a similar orientation of

108/60N, but only a single joint set spaced 6-10 cm apart was present.

2) a less developed set, 3-5 cm apart, trending 34/765S,

3} a poorly developed set, 5-10 cm apart, trending 65/28W.
From 2 m to the contact margin, the trachyandesite unit passes from a crackle
breccia to a jigsaw braccia (Figure 15b). The brecciated outcrop shows similar
features to that of North Samat, with increased clast size, rounding and matrix/clast
ratio towards the interior of the diatreme (Figure 16a and b). The occurrence of
muitiplanar joint sets in country rock surrounding diatremes has been reported by
Sillitoe {1985}, and is interpreted to be the result of deformation following rapid

compression/decompression during diatreme emplacement.

Using a series of cross-sections obtained from analysis of drill core and drill
logs, the geology of the diatreme was established (Figures 12 and 17). The surface
exposure of the diatreme is difficult to interpret due to poor exposure and post-
emplacement faulting, but it appears to be about 350 m long and a maximum
apparent width of 200 m. The apparent dip of the northwest boundary of the
diatreme/intrusive contact varies from 30°NW in the southwest to 70°NW at the
northeast end. The northeast end of the diatrt—.:-me pinches out into a fault zone, and

indicates that the diatreme exploited a zone of structural weakness in the host



Figure 15. Field observations of the South Samat trachyandesite/diatreme
contact.

(a) Three sets of joint planes located within the trachyandesite,
approximately 2 m from the diatreme contact. The muitiplanar joint sets are
interpreted to be the result of rapid compression/decompression during the
explosive eruption of the diatreme. The dominant set of vertically oriented
planes in the photo are parallel to the intrusive/diatreme contact.

{b) Jigsaw breccia texture at the intrusive/diatreme contact. The brecciated
trachyandesite country rock is relatively undisturbed due to the short
distance of transpaortation and, therefore, the breccia clasts could be refit like
a jigsaw puzzle.






Figure 16. Field observations of the South Samat diatreme.

(a) The outer margin of the diatreme, 3 m from the intrusive/diatreme
contact.

{b) The interior of the diatreme, which shows an increase in clast size and
clast rounding, and a higher matrix/clast ratio than the outer margin.
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tiachyandesite intrusive. Its dip requires a maximum true width of between 20 and

3C m at the surface. The width of the diatreme unit increases with depth.

Similar to North Samat, mafic hornblende-phyric dykes are encountered in
the drill core and on surface to the west of the Raban Diatreme Complex. At grid
location 9525E, 7135N, to the west of the South Samat Au deposit, a fresh mafic
dyke of trachybasalt (hawaiite) composition was sampled for petrographic and
geochemical work (Sample 22; Appendix A.8). Within this glass-bearing basaltic
dyke was found thé first reported occurrence of a calcite-pyroxens-amphibole-
magnesiochromite nodule which has profound implications for the nature of the

oceanic mantle underlying the TLTF Islands.
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Chapter 4. Igneous Rocks of Mantle Origin

Botsor Hill intrusion

A 100 m diameter ultramafic body located near the headwaters of Monun
Creek (8100E, 9700N) was exposed during the construction of an access road
between the Botlu and Sorowar Au prospects. Referred to as Botsor Hill, it is the
most primitive intrusion reported in the TLTF islands. This outcrop of massive alkali
olivine basalt is resistant to weathering, forming a steep stony hill surrounded by

altered trachyandesite.

The chemical characteristics of rocks collected from this unit (Samples 310,
311 and Botsor-1; Appendix A.8) are consistent with a primary magma extracted
from the mantle, with 100Mg0O/Mg0 +IFeQ = 68-74 and high concentrations of
the compatible elements chromium (830 ppm), cobalt {130 ppm)} and nickel {400
ppm} {Edgar, 1987). This unit is similar to rocks collected from the clinopyroxenite
unit present at the base of Monambur {Samples 305, 312; Appendix A.8), except
that the latter is a fractionated unit with lower modal olivine, Cr, Co and Ni
concentrations. The Botsor Hill basalts are the most nepheline normative rocks on
Simberi Island {5.6 to 8.3% nepheline; CIPW norm), and can be described as
basanites. A similar rock {(Sample 7440037; Appendix A.8; a boulder in a creek 2
km southeast of Napekur Village) was described by Johnson et a/. {1976), which

they termed a potassic basanite,

The Botsor Hill basanites consist of megacrystic and phenocrystic olivine and

clinopyroxene set in a glassy groundmass containing magnetite and microlitic



Figure 18. Olivine megacrysts from the Botsor Hill intrusion.

(a) Olivine (ol} grain (1.2 mm diameter) containing circuiar fractures and
overgrown by a diopside {(cp) rim. From rock sample Botsor-1. Cross-
polarized light.

{(b) Kink-bandad olivine megacryst {2 mm diameter) with circular fractures.
From rock sample Botsor-1. Cross-polarized light.
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plagioclase. The megacrystic minerals are commonly brecciated and display

unusual textures, including stress-induced twinning and circular fracture patterns in
forsteritic olivine (Figure 18a and b). Complex and highiy distorted zoning in appile-
green sodian diépsides from the Botsor Hill intrusion (Figures 19a and 25b) can be

contrasted with diopside phenocrysts from ankaramitic basalts (Figure 19b).

The kink-banded olivine megacrysts (up to 4 mm} are forsteritic in
composition (Fogs.g,), With NiO ranging from 0.20-0.35 wt%. They have low
average CaO =0.11 wt.%, characteristic of primary mantle olivines found in
ultrabasic xenoliths in kimberlites (Dawson, 1980), peridotites !Simkin and Smith,
1870) and in Hawaiian spinel iherzolite suites (Sen, 1987). Small groundmass
phenocrysts (<1 mm), and rims on megacrysts have distinctly different

compositions, with Fo,;4;, Ni0O<0.16 wt.% and average Ca0 =0.26 wt.%.

Apple-green sodian diopside megacryst cores containing alkaline glass
inclusions form a distinct group of clinopyroxenes in the Simberi lavas, with Na,O
values ranging from 1.3 to 2.7 wt.%. Brooks and Prinzlau {1978) described green
cores with a high ‘acmitic’ (aegirine) component similar to Simberi sodian diopsides
as common constituents of mafic alkaline provinces of the world (Babkine et a/.
1968). They argued that green, Na-rich pyroxenes within mantle-derived ultramafic
rocks are the phenocrysts of intermediate to salic magmas produced by partial
melting of metasomatized mantle, which have mixed with basic magmas within the
mantle prior to eruption. Botsor Hiil sodian diopsides are phenocrysts of highly

alkaline salic magmas present in the mantle wedge beneath Simberi Island.



Figure 19. Clinopyroxene megacrysts from Simberi Island basanites and
ankaramites.

(a) Apple-green sodian diopside from the Botsor Hill intrusion containing an
inner core of calcite-bearing melt inclusions, a middle region of CO,rich
inclusions and an outer rim of inclusion-free diopside. The megacryst is 3.5
mm long. The area within the rectangie is enlarged in Figure 26. From rock
sample 310. Plane-polarized light.

{b) Well zoned diopside megacryst within an ankaramite outcrop located at
the base of Monambur. Field of view is 3 mm long. From rock sample 305.
Cross-polarized light.
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Figure 20. Petrographic textures of the Botsor Hill basanites.

{a) Kink-banded olivine megacryst (2 mm diameter) with circular fractures.
From rock sample Botsor-1. Cross-polarized light.

{b} Olivine megacryst containing melt inclusions (mi) with carbonate, sodian
diopside, apatite, sodalite and titanian phlogopite surrounded by an alkaline
glass matrix. From rock sample 310. Plane-polarized light.

{c) Coarse-grained (1.5 mm}, well zoned, euhedral dicpside phenocrysts
with zoning accentuated by the presence of CO, vapour-rich melt inclusions.
The presence of vapour-rich melt inclusions may reflect periods of CO,
saturation in the basaltic liquid. The phenocryst rims rarely have CO,
inclusions. The central area of the photo contains immiscible globules of
high SiO, glass {ranging from jadeitic to analcimic composition; 3.6 to 17
wt. % Na,0) surrounded by mafic glass. The linear features within the high
Si0Q, glass are apatite microlites. From rock sample 311. Plane-polarized
light.

(d} Enlargement of CO, vapour-rich meit inclusions {ave. size = 20 ym) in
diopside. Inclusions consists of 3 phases: glass, CO,-vapour (v) and an
opzgue mineral (o). Based on the presence of magnetite-only inclusions
occurring n vapour-rich melt inclusion zones, the opaque phase within the
melt inclusions is probably magnetite. From rock sample 311. Plane-
polarized light.
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Evidence for the formation of the apple-green pyroxenes was found within
melt inclusions in olivine and scdian diopside megacrysts. The latter show a
zonation (Figure 19a) from vapour-absent, daughter mineral-rich melt inclusions in
the cores of the megacrysts, to CO, vapour-rich melt inclusions in the middle

regions {Figures 20¢ and 20d), to inclusion-free rims {Figures 19a and 20c).

The mineral-rich melt inclusions (usually <100 gm diameter; Figures 19a
and 21), regardiess of the composition of the host mineral, contain a primary
assemblage of high Sr calcite (18300-4900 ppm Sr; Table 3, col. 4}, often with
hexagonal cross-sections (Figures 22, 23, 25, 26, 27, 28), anhydrite (Figure 27),
sodalite (Figure 22), titanian phlogopite {Figure 22, 23, 24, 25, 26, 27, 28; Table
3, col. 8 and 11), fluorapatite (Fig. 22, 23, 27; Table 3, col. 5) and titanomagnetite
(Table 3, col. 6). These minerais have crystallized in a matrix of alkaline glass

unmixed to Na- (Table 3, col. 1 and 2) and K-rich (Table 3, col. 3) glasses.

The negligible content of mafic components in the melt inclusion glasses and
their low Mg# (Table 3), combined with their extreme sodic and potassic nature,
indicate that they can not be derived from melting of mantle peridotite. Rather,
they are metasomatic agents reacting with megacrystic olivine to produce a
metasomatic mineral assemblage of titanian phlogobite, sodian diopside and
titanomagnetite. Crystallization of the daughter minerals anhydrite, calcite,
fluorapatite and sodalite indicate that the metasomatic agent was a sulphate-,
carbonate-, H,0- and alkali-rich aluminosilicate magma (SCHARM) with dissolved

Cl, F, P, Ti and Sr with high fo,.
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Table 3. Chemical composition of Botsor Hill melt inclusion minerals and glasses

1 2 3 4 5 6 7 8 9 10 1
Si0, b56.44 51.45 60.34  -.- 0.43 0.18 41.09 37.85 48.89 39.36 38.26
TiO, - 0.0 088 -.- 0.04 260 -.- 7.41 1.76 -.- 4.16
AlLO, 24.34 29.36 19.23 -.- 04 135 -- 13,12 B.60 -.- 13.69
FeO 0.08 0.2 0.61 034 0.37 8504 877 537 413 1381 7.04
MnO  -.- 0.0 0.02 0.07 0.07 067 -.- -.- - -

MgO 002 00 004 022 018 1.39 50.67 20.40 14.47 45.80 20.72
Ca0 1.35 4.11 3.30 50.15 54.82 036 0.16 0.08 22.48 023 0.06

K,0 0.10 0.14 1359 --  0.00 -- -- 9.47 0.01 - 9.60
Na,0 9.29 1568 0.74 -- 004 -.- - 120 137 -- 0.95
P,06 0.03 007 003 -- 4094 -- -~ 0.04 017 --
F -- 005 -- -~ 3.93  -- -+ 1.38  <- .- 1.45
cl 0.02 002 0.07 -- 015 -- -~ 004 -- --  0.04
BaO 0.07 --
Cr,0, - .- 019 -- - 020 -
NiO - -~ 004 -- 006 023 -- 005 --  --
Zn0  0.12  -- ‘e 042 .-
S0 0.04 007 061 058 045 -.- -~ 009 010 -- 0.09
V,0, 0.01 -- - 010 0.72 --
SO, 0.07 - - - 017 -
Mg# 200 00 62  -.- -- 852 79.0 77.8 77.2 746

TOTAL91.97101.16 99.48 99.60102.13 93.06100.70 96.46 99.28 99.20 96.07
Note: Mg# = 100 MgO/{MgO + FeQ) from microprobe analysis

. 310-2e: Na-rich glass

. 310-7g: Na-rich glass

. 310-2f: K-rich glass

. 310.2.5: caicite {assuming CO,% anion makes up the residual)
. 310.2a: fluorapatite

. 310.2c: titanomagnetite

. 10.2h: glivine

. 10.2j: titanian phlogopite repiacing 7

. 10.2g: sodian dicpside replacing 7

10. 10.12m: olivine

11. 10.12b: titanian phlogopite replacing 10

OoOo~-~NoOoOsWNo =

Normative caiculations for the glasses and cation calculations for the minerals are provided
in Appendix A.7.



Figure 21. Olivine (ol) megacryst from the Botsor Hill intrusion (rock
sample 310} containing calcite-phlogopite-sodian diopside-apatite-sodalite
melt inclusions.

(a} Plane-polarized light. Olivine is 4 mm long.

(b} Cross-polarized light. Two glass-rich melt inclusions (boxed areas)
contain the metasomatic mineral assemblages. The melt inclusions are
connected by an early set of fractures running from the bottom ieft to the
top right area of the megacryst. The lowermost box is enlarged in Figure
22, and the uppermost box is enlarged in Figure 23.
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Figure 22. Melt inclusion within megacrystic olivine (ol).

(a) Metasomatic sodian diopside (cp), titanian phlogopite, calcite, fluorapatite
and titanomagnetite (opaques at far right} crystals within alkaline
aluminosilicate glass (gl). Plane polarized light.

{b) The alkaline melt has begun to crystallize leucite to the right of the

sodian diopside. Within this region sodalite was also identified by SEM-EDS.
Cross-polarized light. For scale see schematic diagram.

(from rock sample 310)






Figure 23. Melt inclusion within megacrystic olivine (for analysis see Table 4,
col.7).

(a) Metasomatic sodian diopside (Table 4, col. 9), titanian phlogopite (p;
Table 4, col. 8), calcite {cc), fluorapatite and titanomagnetite crystals
between the host olivine and the alkaline aluminosilicate glass (gl). Circles
on the schematic diagram represent locations of microprobe analyses (Table
4). Plane polarized light.

{b) Melt inclusion (mi) trails are enlarged in Figure 24. Cross-polarized light.
For scale see schematic diagram.

(from rock sample 310)






Figure 24. Annealed fracture plane in olivine (ol) of phiocgopite (p)-bearing
melt inclusions. Inclusions consist of alkaline aluminosilicate glass and CO,-
rich vapour phase {v). Large inclusion at left is 20 ym long. From rock
sample 310.
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Figure 25. Inner core of a sodian diopside megacryst from rock sample 310
of the Botsor Hill intrusion.

{a) Scanning electron microscope back-scatter image (SEM-BSE). Note the
hexagonal calcite crystals. Phlogopite laths surround magnetite crystal
faces. The alkaline glass has unmixed to leucitic glass (medium gray at
upper right) and analcimic 'glass (dark). Scale bar is 100 ym.

(b) Cross-polarized light image shows highly distorted zoning in the melt
inclusion-bearing core of the clinopyroxene. Field of view is 1 mm.

{c)} Magnetite, Ti-phlogopite and euhedral, hexagonal calcite crystals within
an alkaline aluminosilicate glass matrix. Plane-polarized light.






Figure 26. Enlargement of melt-inclusion core of sodian diopside (sd) from
Figure 19a. From rock sample 310.

(a) Euhedral intergrowths of Ti-phlogopite (p), magnetite and calcite (c)
within an inclusion-rich alkaline aluminosilicate glass matrix. Phlogopite
grain is 130 um long. Plane-polarized light.

{b) Cross-polarized microphotograph. Calcite is hexagonal. Leucite (I} has
crystallized from the alkaline glass (ag).






Figure 27, Back-scattered electron (BSE) image showing the compositional
complexity of melt inclusions in sodian diopside {sd) from rock sample 310
of the Botsor Hill intrusion. Light coloured regions in the metasomatic
sodian diopside host correspond to the highest Na and Fe®** concentrations
{aegirine component).

{a} BSE image of Figure 26. Euhedral Ti-phlogopite (p}, calcite {c) and
magnetite (m) and apatite {a) are daughter minerals within unmixed Na-Ca
glasses (Na; dark regions) and K-rich glasses {l; medium gray regions).

{b} BSE image of lamellae of anhydrite {gn), magnetite {m) and calcite {c;
Table 3, col. 4) microphenocrysts within a region of alkaline glass unmixed
to anaicimic (dark regions; Table 3, col. 1) and leucitic (light regions; Table
3. col. 3) compaosition. Strontium is partitioned into the leucitic glass,
calcite, apatite and anhydrite within the meit inclusions.

The compasition of the alkaline melt prior to unmixing was estimated using a
Cambridge Instruments Quantimet 970 image analyzer. The relative
proportions of analcimic and leucitic glass within six circular areas of 30 ym
diameter were measured using a difference in grey levels to discriminate
between the phases. Five areas gave consistent ratios of analcimic/leucitic
glass of 1.02 = 0.12, while the sixth gave a ratio of 0.45. The first five
measurements have been used to estimate the composition of the combined
alkaline melts as K, 3gNag 5,AISi,06*nH,0, with a range of Kig31.0.42N80 ge.
0.5aAIS1,04*nH,0.
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Figure 28. Melt-inclusions within sodian diopside (sd) megacryst from rock
sample 310.

(a} Melt inclusion containing Ti-phlogopite (ph), alkaline aluminosilicate glass
{gl} and calcite (c). Note the increase in fluid inclusion density towards the
interior of the melt inclusion. The rectangular opague mineral within the
phlogopite grain at left is ilmenite, interpreted as a subsolidus exsolution
product of Ti-phlogopite. All other opaques are titanomagnetite. Field of
view is 0.35 mm.

{b) Cross-polarized light.
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melt. The high TiO, content of xenocryst phiogopites formed in the presence of an
alkaline melt highly deficient in TiO,, suggests that k' phlogopite-alkaline melt» 1 and
that phlogopite metasomatism occurred under high fo, conditions. This is
supported by the presence of anhydrite in the melt inclusions, where anhydrite +
magnetite assemblages are stable in magmas only at FMQ +4 (4 log units above

the fayalite-magnetite-quartz buffer; Carroll and Rutherford, 1987).

Also conspicuous is the presence of large {2 mm) xenocrystic amphibole
pseudomorphs (Figure 29), which now consist of a fibrous, radiating assemblage of
olivine {Table 4, col. 2), AIl-Ti diopside (Table 4, col. 3), labradorite (Table 4, col.
4), titanomagnetite and rhonite (Table 4, col. 5). A simitar occurrence of rhénite in
Figure 29 was described by Tomita (1934} as an alteration product of kaersutite in

analcime-bearing teschenites from the Oki Islands, Japan.

Rhénite (ferric-rich member of the aenigmatite series) is a relatively rare
mineral typically found in oxidized, undersaturated, alkaline mafic rocks {Cameron,
1970; Johnston and Stout, 1984; Johnston et a/. 1985). Johnston and Stout
{(1984) reported rhonite with Fe**/Fe?* ratios of 8.9, in an oxidized alkali gabbro
and contained mantle xenoliths from Kauai, Hawaii. Clinopyroxene overgrowths of

pseudomorphed amphibole are common (Figure 30).

Globular structures of microlite-poor Na-rich glass surrounded by mafic,
microlite-rich groundmass glass are also present (Figure 20c). These high silica
glasses (52-62 wt.% SiO,) contain microlites of clinopyroxene and apatite. The

similarity in composition between the melt inclusion glasses and the globular



Table 4. Microprobe analyses of mineral phases in amphibole pseudomorphs

1 2 3 4 5
Si0, 41.63 | 40.54 48.03 | 52.44 | 23.14
TiO, 1.20 0.03 1.04 0.09 6.95

ALO, | 14.12 | 0.09 6.95 | 2936 |19.29
FeQ |9.90 |[1280 |s640 |o061 |23.14
MnO | 0.10 | 0.41 032 | 000 |o0.28

MgO | 14.87 |46.47 | 1463 [0.01 |13.14
Ca0 | 12.02 ] 0.28 21.05 | 11.77 | 11.69

Na,0 | 2.35 0.03 0.74 4.26 1.19
K,0 1.51 0.03 0.02 0.33 0.02
F 0.0 nd nd nd nd
cl 0.0 nd nd nd nd
NiO nd 0.04 0.00 nd nd
Cr,0, | nd 0.00 0.00 nd nd

Total 97.60 {100.72 | 99.18 | 98.87 | 98.59

1. 22¢: magnesio-hastingsite amphibole, average of 5 analyses
2. 310.8: olivine

3. 310.8: Ti-rich clinopyroxene

4. 310.8: piagioclase

5. 310.8: rhénite



Figure 29. Xenocrystic amphibole pseudomorph in Simberi hawaiite (sample
22). The pristine central core is magnesio-hastingsite. The rim is composed
of a fibrous, radiating assemblage of olivine, Al-Ti augite, titanomagnetite,
labradorite and rhonite. Pseudomorphed amphibole is 2 mm long. Plane-
polarized light,
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Figure 30. Clinopyroxene overgrowth of completely pseudmorphed
amphibole in rock sample 337. Clinopyroxene is 1.5 mm long. Plane-
polarized light.
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gl.sses indicates a common lineage in the source region of the basanite, preserved

by immiscibility between the alkaline melt globules and the host mafic melt.

Interpretation of the origin of the Botsor Hill Intrusion

The mineralogical and chemical characteristics of Botsor Hill rocks are
indicative of a mantle origin. Deformed olivine megacrysts, combined with the
presence of carbonate-bearing aikaline melt inclusions in both olivine and
clinopyroxene megacrysts, provide textural arguments for a xenocrystic origin.
Magnesiochromite grains contained within clinopyroxene megacrysts also support a
mantle origin for this unit (Bailey, 1989). The highly hrecciated nature of the
xenocrystic minerals, and particularly olivine, within the unit may be similar to
disaggregation textures described by Boyd and Gurney (1982) from garnet-bearing
xenoliths in South African kimberlites. Wyllie et a/. (1983) postulated that these
textures were the result of rapid compression-decompression of silicate minerals
occurring within a carbonate-rich groundmass, due to net volume increase during
dissociation of the carbonate, at the moment of kimberlite eruption. Although
experimental evidence for the formation of these textures is lacking (Canil, 1990),
the circular fractures in olivine hosting carbonate-rich melt inclusions from Botsor

Hill favours the hypothesis of Wyllie et a/. (1983).

The chemistry of the melt inclusion minerals and the textures of the
xenocrysts may be evidence that the Botsor Hill basanite outcrop is the mafic,
hypabyssal portion of a diatreme complex. A lack of outcrop surrounding the hill
prevented a characterization of the shape of this unit and its relationship with the

surrounding rocks, but the preservation of calcite- and titanian phlogopite-bearing
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melt inclusions {an assemblage stable at P> 30 kbar: Wendlandt and Eggler, 1980;
Green and Wallace, 1988) within the xenocrysts support the hypothesis that this
basanite unit is a mantle-derived melt brought to the surface in a high-speed liquid

eruption (Bailey, 1987).

A carbonate nodule from a mafic dyke associated with the Raban Diatreme Complex
Outcrops of hornblende-phyric mafic dykes occur in and around the Raban
Diatreme Complex. To the west of the South Samat Au deposit {grid location
9B525E, 7135N), a fresh mafic dyke of hawaiite composition was sampled for
petrographic and geochemical work. Within this dyke was discovered the first

reported occurrence of a carbonate nodule of mantle origin.

Microprobe analyses of representative mineral phases within the xenolith are
provided in Table 5. The nodule (2x3x4 cm; Figure 31} is subdivided into two
portions: (1) a massive, microcrystalline calcite portion which contains megacrysts
of magnesiochromite and fine blebs (< 10 ym) of Cu-Fe-Ni, Fe-Cu-Ni and Co-rich
Cu-Fe-Ni sulphides, and (2) a silicate portion of coarse-grained (8 mm) amphibole

surrounding Al-rich diopside grains, and hosted within a vesicular alkaline glass

matrix.

Description of the massive calcite portion of the nodule

Massive, low Sr calcite (<300 ppm; Table 5, column 1) encloses euhedral
Mg-Al-chromite (Figure 31a, 31c, 32a; Table 5, col. 6), magnesio-hastingsitic
amphibole and aluminous diopside. Fluid inclusions within the calcite contain CO,

vapour {determined by microthermometry), and when decrepitated by the electron
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beam of the microprobe, registered K and Cl peaks. Experimental studies by Wyllie
and Huang (1976) and Olaffson and Eggler {1978} have demonstrated the stability
of carbonate in the mantle at P> 17 kbar, whereas at lower pressure carbonate
dissociates to CO, vapour and CaQ. Dissociation of calcite leads to supersaturation
of Ca0, which, in a mafic melt at high pressure, would cause crystallization of

calcic pyroxene.

The massive calcite portion of the xenolith is rounded where it is in contact
with the surrounding glassy lava {Figure 21a and 32a), indicating it has undergone
partial resorption by the host basaltic magma. Complete decarbonation was
prevented by the development of an insulating armour of clinopyroxene crystallites
between the magma and the massive carbonate (Figure 31a, 31c, and 32).
Evidence for this is the coarse grained Al-rich diopside (Table 5, col.7) in Figure 32b
and Figure 33, interpreted to represent dissociation under mantle conditions, and
the fine-grained rim of diopside crystallites, (Table 5, column 8; Figures 32 and 33},

which may have occurred during emplacement at the surface.

Four euhedral aluminous magnesiochromite grains are enclosed within the
massive calcite portion of the xenolith, and one is in contact with magnesio-
hastingsitic amphibole replacing aluminous diopside. Magnesiochromite
compaositions (Table 5, col. 6) from core to rim are essentially identical, except for
iron enrichment in the outermost rim. They have Cr/Cr + Al ratios of 0.65 to 0.72
and 100Mg/Mg +Fe" of 42 to 58, values similar to magnesiochromite inclusions in
pyroxene from the Botsor Hill intrusion. Their high Al and Cr content distinguish

them from melt opaques in the glassy groundmass of the xenolith and in the



Figure 31. Carbonate nodule from a hawaiite dyke (rock sample 22} near the
Raban Diatreme Complex.

(a) Photomicrograph of the nodule {long dimension is 2.2 cm) surrounded by
the hawaiite groundmass. The round shape of the nodule and the
development of a diopside + magnetite rim adjacent to the calcite indicates
the calcite has undergone dissociation. The nodule consists of two portions:
(1} an upper portion consisting of massive, microcrystalling calcite and
euhedral megacrystic magnesiochromite (black crystals), and (2) a silicate
portion of coarse-grained {8 mm) amphibole surrounding Al-rich diopside
grains, and hosted within a vesicular alkaline glass matrix. Much of the
calcite was lost from the section during polishing. Plane-polarized light.

(b) A BSE image of a remarkably well preserved calcite dissociation texture
within the silicate portion of the nodule, Destabilization of the central Sr-rich
calcite grain (Table 5, col. 2) containing a fluorapatite inclusion (Tabie 5, col.
3), produced CO, vapour, which caused the film of Na-rich aluminosilicate
glass to "balloon”. Dictyaxitic texture is present between the amphibole
(am) megacrysts.

{c} A BSE image of the massive calcite portion of the noduile, with a
euhedral grain of magnesiochromite grain (white; Table 5, col. 6). An
insulating armour of fibrous diopside grains has grown hetween the calcite
and the hawaiite magma (upper right).

(d) A BSE image of showing complex late stage resorption of analcime (a) by
alkaline glass {ag; Table 5, col. 10) with concomitant formation of augite {p}.
Vesicles {v) are common and occasionally contain botryoidali

Cu-sulphides {cu-s). Magnetite (Table 5, col. 9) and laths of labradorite
{Table 8, col. 11) have crystallized from alkaline glass. Calcite is present at
lower right.
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Figure 32. Massive calcite portion of the carbonate nodule from rock sample
22,

(a) Enlargement of the rounded portion of the carbonate nodule. Contained
within the massive microcrystalline calcite is euhedral magnesiochromite
{mgc). The massive calcite is rimmed by a radiating assemblage of pure
diopside (cp) crystallites, and titanomagnetite (dark region between cp and
basalt groundmass). The magnetite is interpreted to have formed during a
localized increase in fo, during decarbonation. Plane-polarized light. Field of
view is 5 mm.

(b) Another fragment of the nodule found elsewhere in rock sample 22.
Two generations of clinopyroxene are associated with this fragment; an
early medium-grained aluminous diopside (al cp; Table 5, col. 7) at top, and
a late-stage, fine-grained pure diopside (similar to {a); Table 5, col. 8)
rimming the xenolith at the lower left and right. Plane-polarized light.

Field of view is 3 mm.






Figure 33. Xenolith fragment (from Figure 33) under cross-polarized light.
Field of view is 3 mm.
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Simberi lavas, which are predominantly Ti-magnetite.

The magnesiochromites are compositionally similar to those in uitramafic
rocks of mantle origin (Irvine, 1967; Smith and Dawson, 1975; Haggerty, 1979).
Bailey (1989) has also reported magnesiochromites in carbonate lapillae from the
Rufunsa carbonatite volcanoes. The high Cr and tow Al content of the Simberi
spinels are similar to early-crystallizing spinels from kimberlites and lamproitaes
(Mitchell, 1991; Mitchell and Bergman, 1991), characteristics argued by Bailey to

indicate a deep mantle origin.

An amphibole megacryst intergrown with one Mg-Al-chromite grain contains
abundant Co-Cu-Fe-Ni sulphide minerals. Similar sulphide minerals are contained

within the massive calcite.

Description of the silicate portion of the nodule

Three types of clinopyroxene occur within the silicate portion of the xenolith:
(1) a coarse grained euhedral chromian to aluminous diopside, which is replaced and
overgrown by magnesio-hastingsitic amphibole (Figure 34, Table 5, col. 4}, (2)
microlitic diopside occurring within the vesicular alkaline glass matrix, and {3)
fibrous grains of Al-Ti augite occurring within magnesio-hastingsitic amphibole
pseudomorphs, inferred to have formed by the high temperature, low pressure

destabilization of amphibole {Huckenholz et a/. 1988).

The aluminous diopside in the nodule has the highest octahedrally co-

ordinated Al content {Al" =0.10 to 0.11) of all the Simberi lavas. High Al,O, (6.6



Figure 34. Overgrowth and replacement textures from the silicate portion of
the nodule from rock sample 22,

(a} Multiple generations of magnesio-hastingsite {am) overgrowing a central
core of aluminous diopside {al dp). Microlites of labradorite and diopside are
present within a vesicular {v} glassy groundmass. Glass at bottom has been
converted to palagonite, whereas the glass »t the top right is anhydrous.
Flane-polarized light, Field of view is 3 mm.

(b} Magnesio-hastingsite (am; Table 5, col. §) overgrowth of aluminous
diopside (al dp; Tabie 5, col. 4). The interior of the aluminous diopside
contains amphibole inclusions. Plane-polarized light. Field of view is 1.5
mm.
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to 8.8 wt.%), Al"/AI" and Al+ Crtatomic}/Na + Kiatomic) content of pyroxenes in the
xenolith and the Botsor Hill intrusion indicates formation under high pressure

conditions (Kushiro, 1960; Le Bas, 1962), similar to those from spinel peridotite

xenoliths (Aoki and Shiba, 1973).

The euhedrai aluminous diopside (Table 5, col. 4) is overgrown and partially
replaced by euhedral magnesio-hastingsite {Table 5, col. 5) (Figure 34). Muitiple
generations of amphibole growth are observed (Figure 34a). Phlogopite is present,
but is rare compared to amphibole in the nodule. Amphibole is in contact with a
mesostasis of alkaline glass similar to those described within the xenocrysts.
Where xenolith amphibole is in contact with the mafic lava, it has undergone
transformation to an anhydrous assemblage of Al-Ti augite, olivine, labradorite,
titanomagnetite and rhanite. Experimental determinations on the stability of these
assemblages (Huckenholz et a/. 1988}, allow an estimation of eruption

temperatures of the mafic intrusions of the Raban Diatreme Complex and Botsor Hill

of between 1050-1140° C.

Vesicular alkaline glass (Table 5, col. 10) forms the matrix between the
coarse amphibole grains. Vesicularity is so well developed that dictyaxitic texture
(Philpotts, 1989, p. 127), where vesicles are bounded by crystal faces, is often
displayed. The matrix glass is predominantly Na-rich glass approaching analcimic to
jadeitic to albitic composition, apart from the presence of minor Mg, Fe and Ca
(Table 5, col. 10). The glass analysis indicates that it is hydrous, which may be a
primary feature. Although palagonite occurs in some areas of the xenolith, the

palagonite contains high Cl contents due to the Cl-rich nature of the Simberi



Figure 35. Amygdaloidal analcime (an) and calcite (cc) surrounded by
amphibole {am) and vesicular (v} alkaline aluminosilicate glass. Microlites of
labradorite have crystallized from the glass. From rock sample 22. Plane-
polarized light. Field of view is 1.5 mm.
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groundwaters, while the analysis in column 10 of Table 5 shows low Cl content.
The glass differs from the Botsor Hill melt inclusion glasses (Table 3), in the relative
absence of i-rich glass, as well as the high ferromagnesian content. Minerals
present within the glass include titanomagnetite (Table 5, col. 9) and microlitic

diopside and labradaorite (Table 5, col. 11).

Evidence for carbonate dissociation as a mechanism for gas exsolution and
vasicularity is provided in Figure 31b, where a grain of high Sr calcite (Table 5, col.
2) with a fluorapatite inclusion (Table 5, col. 3), is surrounded by a thin layer of Na-
rich aluminosilicate glass. The preservation of this carbonate dissociation texture is
remarkable, considering the fragility of the glass rim. It is an important observation
because the presence of high Sr calcite with apatite in the xenolith, indicates a
potential relationship between the calcite in this xenolith and the calcite contained

within meit inclusions in the Botsor Hill outcrop.

There are two separate occurrences of anaicime. An early euhedral, massive
analcime (Figure 31d) which undergoes resorption by alkaline glass, and an
amygdaloidal occurrence of euhedral analcime (Table 5, col. 13), intergrown with
calcite (Figure 35} and Ba-rich phillipsite (Table 5, col. 12; identified by G.N.

Robinson, Canadian Museum of Nature), within vesicles in the alkaline glass.

Similar to the calcite portion of the nodule, sulphate-bearing fluorapatite is
intergrown with Cu-Fe-sulphide minerals occurring as inclusions within megacrystic
amphibole. A distinct occurrence of giobular Cu-only sulphides occurs within vugs

created by decarbonation reactions (c.f. Lowenstern et a/. 1981), and within
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feldspar crystallites in the glassy groundmass (c.f. Heming, 1979).

Interpretation of the origin of the nodule

A paragenesis of the nodule mineralogy is complicated by a polybaric mineral
assemblage where minerals stable under high pressure conditions of the mantle,
became unstable during isothermal eruption to the surface. The nodule is
interpreted to be of mantle origin based on the presence of Mg-Al-chromite,
aluminous diopside and calcite. The replacement of Al-diopside by an assemblage
of megacrystic magnesio-hastingsite intergrown with fluorapatite and Cu-Fe
sulphides, and the precipitation of phlogapite and possibly analcime indicates that
Na, K, P, 8. F, and H,0 were introduced during mantle metasomatism. The
occurrence of calcite and alkaline glass, similar to that found in olivine and
clinopyroxene xenocrysts from Botsor Hill, infers that the metasomatizing agent

was a sulphate-, carbonate-, H,0-, and alkali-rich aluminosilicate melt (SCHARM).

Nodules with the mineralogy described above have not been reported
previously, although various authors {McGetchin and Benanscon, 1973; Berg,
19886; Bailey, 1989; Rovetta and Mathez, 1982; Bulanova, 1986} have provided
natural evidence of mantle carbonate {calcite to dolomite compositions) hosted

within mineral inclusions in mantie nodutes.

Wallace and Green (1988} and Green and Wallace (1988) have
demonstrated the stability of carbonated silicate melts at pressures greater than 21
kbar. Green and Wallace (1988) hypothesized that these melts will react with

mantle harzburgite or lherzolite to produce a metasomatic assemblage of pargasitic
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amphibole-carbonate clinopyroxenite at 21 kbar <P < 30 kbar and
930<T<1080°C. Natural evidence of metasomatism by carbonated, silicate
melts, cited by Wallace and Green {1988), is found in spinel-apatite-bearing wehrlite
xenoliths within basanites from Victoria, Australia (Frey and Green, 1974; Kleeman,
Green and Lovering, 1969), where they argued that enrichment in apatite and Na-
rich pyroxenes could only be produced during mantle metasomatism by an

ephemeral, carbonated alkaline melt.

The metasomatic textures identified within the Botsor Hill xenocrysts and
the Raban Diatreme Complex xenolith provides strong evidence that carbonated
melts do exist in the mantle. The difference between the results of this work and
the experimental work of Wallace and Green (1988) and Green and Wallace (1388}
is that the carbonate melt described in this work is only a minor phase associated
with a hydrous, undersaturated aluminosilicate melt (SCHARM), whereas they
experimented on carbonatite melts. SCHARM reacts with mantle minerals to
produce metasomatic apatite-phiogopite-calcite clinopyroxenite at high P (> 30
kbar), and apatite-amphibole-calcite clinopyroxenite at 21 kbar <P < 30 kbar (Figure
36). Canil (1990) argued that the absence of nodules with this mineralogy was
explained by experimental evidence which indicated that even at the high eruption
velocity of kimberlites, a carbonate nodule would completely dissociate before
reaching the surface. The carbonate nodule reported ahove appears to have been
unaware of these results. That these delicate assemblages were preserved is likely
a combination of two factors: (1) development of an insulating armour of diopside
between the massive calcite and the mafic melt, and (2) eruption at high velocity

(1-5 m/s; Spera, 1384; 1987).



Figure 36. Pressure-temperature diagram indicating the possible depth of
origin of the Simberi xenclith and xenocryst metasomatic mineral
assemblages. Experimental solidi have not been determined for these bulk
assemblages. Experimental stability fields are known for phlogopite-
carbonate-lherzolite (Wendlandt and Eggler, 1980) and amphibole-carbonate-
pyrolite (Wallace and Green, 1988).

Pressure estimates: The apatite-phlogopite-SCHARM-clinopyroxenite
assemblage is stable at P> 30 kbar, whereas the apatite-magnesio-
hastingsite-calcite nodule may have formed between 21 and 30 kbar. At
temperatures above 980°C, the carbonate destabilization boundary is at 21
kbar. Carbonate-rich melts ascending above this boundary will become CO,-
saturated, causing encapsulation of CQ,-rich melt inclusions during
clinopyroxene crystallization.

Temperature estimates: Although SCHARM is always above its liquidus in
oceanic peridotite, its reaction with peridotite minerals causes metasomatic
crystallization of phlogopite at high P, and of amphibcie at low P. Eruption
temperatures for the Botsor Hill basanites and the basaitic dykes of the
Raban Diatreme Complex can ve estimated from experimental work on
amphibole destabilization (Huckenholz et a/. 1988). Assuming direct ascent
to the surface, minimum erupticn temperatures are 1050°C. If the
basanites and Basaits were derived during adiabatic decompression melting
of SCHARM-muodified peridotite, mantle metasomatism by SCHARM was
occurring at 1050°<T<*Q80°C.
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A carbonated mafic melt, derived during extensionally related adiabatic
decompression melting of carbonated mantle regions, would rapidly exsclve large
amounts of high pressure, low density CO, gas into the melt. Carbonate
dissociation would create a propellant for high speed eruption of mafic melts to the
surface, called mafic melt diatresis by Bailey {1987), and would provide an effective

mechanism for the formation of the Raban diatreme complex.

Following eruption at the surface at about 1100°C from a depth greater
than 70 km (Green and Wallace, 1988), a low temperature suite of minerals formed
until quenching occurred. Amphibole destabilization, decarbonation resulting in
vesicularity in the altkaline glass, and the crystallization of titanomagdnetite,
tabradorite and diopside occurred during cooling of the basalt magma. The alkaline
glass resorbed coarse-grained analcime with concomitant crystallization of augite.
Dissociation of calcite at low pressure led to the high temperature remobilization of
volatile elements and subsequent reprecipitation of analcime, calcite, Ba-phillipsite

and Cu-sulphides in vesicles.

A working hypothesis on the origin of sulphate-, carbonate-, H,0-, alkali-rich
aluminosilicate magmas (SCHARM)

The negligible Mg and Fe content and low Mg# of the melt inclusion glasses
indicates that the sulphate-, carbonate-, H,0-, alkali-rich aluminosilicate magmas
(SCHARM) were not derived from partial melting of mantle mineral assemblages.
The replacement of mantle minerals by phlogopite and amphibole indicates that
SCHARM is in disequilibrium with the depleted mantle wedge underlying the TLTF

arc. The ensimatic setting of the isiand arc, combined with the sub-crustal origin of the
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xenolith and xenocryst assemblages, limits the possible source regions of SCHARM
1o a subducting slab. Although westward subduction along the Manus-Kiiinailau

trench ended approximately 10 Ma, a portion of an oceanic slab nevertheless

remains.

A subducting oceanic slab consisting of basalt will undergo dehydration,
recrystallization and partial melting in response to prograde metamorphism from the
relatively cool lithospheric to hot asthenospheric regions of the upper mantle. The
chemical composition of SCHARM may represent a magma derived during partial
meiting of mineral phases in the subducted basaltic slab. The low Fe and Mg
content of SCHARM indicates that a ferromagnesian mineral is not undergoing
fusion in the slab. The alkali-rich aluminosilicate composition of SCHARM is more
compatible with melting of a feldspathic mineral, which could be plagioclase if it
was both alkali-enriched and Ca-depleted. Meiting of feldspar cannot account for
the high carbonate, sulphate, water and halogen content of SCHARM. A possible
feldspathic phase that could account for the chemicai properties of SCHARM
however, is scapolite. Seawater alteration enriches mid-ocean ridge basalts in Na,
K, {CO3)*, Cl, H,0, (SO,)*, Mg, U and Sr (Hart et a/. 1974; Staudigel et a/. 1981;
Ito et a/. 1983; Albaréde and Michard, 1986), and alkali-enriched feldspars
undergoing prograde metamorphism during subduction of altered basaitic crust
could crystallize scapolite. A simple end member equation describing the
incongruent melting of scapolite to produce SCHARM can be written:

{3 Na(K)AISi,0,}-NaCl (s) + 3 CaAl,Si,0.} - CaCo, (s)} + 2 (Mg,Fe)Si0, =>
marialite meionite alivine

{feldspar altered by seawater and converted to anorthite and scapolite during
prograde metamorphism}
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Ca(Mg,Fe),Al,Si,0,, (s) + {NaAISi,0,-2{Mg,Fe)Si0,} {s) + 2 ALSiOg (s) + 4 SiC, {s) +
grossular omphacite kyanite quartz
1 QUARTZ ECLOGITE ]

[CaCO, (i} + NaCl{l) + O, + NaAISi,0, ) + K(Na)AISi,O, (I}]

Similar equations can be written using sulphate meionite to produce a
sulphate-rich alkaline melt. The formation and stability of scapolite in conditions
similar to oceanic crust at high pressure is unknown {R.C. Newton, 1991, pers,
comm.), but the above reaction between scapolite and oceanic basalt is consistent
with the Green and Ringwood (1272) and Nicholls and Ringwood {1373} hypothesis
that melts produced during the basalt-auartz eclogite transition will be hydrous
siliceous melts. The abundant CO, contained within the oceanic crust as CaCO,,
survived prograde metamorphism (Huang et a/. 1980), perhaps as scapolite, and

produced carbonated, silica-undersaturated alkaline melts during partial melting.

The occurrence of melt inclusions consisting of Na- and K-rich glass phases
provides valuable information about the mantle source region of the TLTF arc, and
represent a "missing link" between the subduction of oceanic crust and the
extrusion of calc-alkaline rocks, and is crucial to an advancement of the

understanding of subduction zone processes.
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Chapter 5. Geochronology

Introduction

Among the recommendations of Wallace et a/. {1983) for further work was a
systematic geochronological study of the TLTF islands. A program of age dating
was undertaken to constrain the timing relationships between the initiation and
cessation of volcanic activity and to place the gold mineralization event(s) within a
volcanological context. A compilation of K-Ar age determinations for the Tabar
Islands conducted by Johnson et a/. (1976: 1 determination) and J. Rytuba (1987,
Kennecott unpublished data; 5 determinations) are presented in Table 1 along with

five *°Ar/**Ar dates obtained from this study.

K-Ar and Ar-Ar dating technigues determine the time when a given mineral
or rock was closed to Ar diffusion, and therefore age determinations are cooling
ages, which approximate intrusion ages if cooling is rapid. Hornblende has a
closure temperature of around 700°C (Berger and York, 1981). Since plagioclase
has a much lower closure temperature for Ar (= 1 75°C; Berger and York, 1981), it
is possible to evaluate the cooling history of a rock by comparing the age of

minerals with differing Ar closure temperatures.

Methodolaogy

“Ar/*°Ar dating of mineral separates was conducted at the Institute of

Human Origins (Berkeley) by R. Drake using a laser fusion, total Ar release method.
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The work was conducted during two periods, February, 1990 and June, 1991. The
samples were irradiated in two separate batches (ie., two different J-values) ina 5
megawatt reactor at Los Alamos using Fish Canyon sanidine (27.84 Ma) as an age
monitor. All accumulated mass spectrometry data for the *°Ar/*®Ar analysis are

provided in Appendix B.

Discussion of Resuits

The Sorowar Road intrusion (Sord Plut) yielded 6 reliable hornblende ages
(2.79 Ma to 3.29 Ma ) with a mean age of 2.84 + 0.25 Ma. Flagioclase separates
from this rock produced scattered (Appendix B) dates ranging from 0.6 to 4.2 Ma.
Hydrothermal minu;alization containing Au at the Sorowar deposit has been dated
at 2.8 + 0.6 Ma (K-Ar), suggesting a temporal consistency between intrusion of

mugearitic domes and Au mineralization.

In the Samat area, geological evidence indicates that mugearitic domes of
similar composition to the Sorowar Road intrusion were cut by diatremes and
related mafic dykes of hawaiite composition, culminating in hydrothermal Au
mineralization of the diatreme and the surrounding mugearite intrusion. To provide
age constraints on these events in the Samat area, a hawaiite dyke (Sample 337)
intruding the Raban Diatreme Complex at North Samat (Figure 14) and a
megacrystic, amphibole-bearing carbonate xenolith (Sample 22XEN) from a hawaiite

dyke near the South Samat deposit were dated.

The North Samat sample (337) returned 3 consistent hornblende ages with a

mean age of 3.13 + 0.06 Ma. This is interpreted as the date of the diatreme-
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forming event. The host trachyandesitic Samat intrusion is therefore temporally (as
well as compositionally) similar to the Sorowar Road intrusion (2.94 + 0.25 Ma),

within analytical error.

The South Samat sample of magnesio-hastingsitic amphibole hand-picked
from a amphibole-carbonate-magnesiochromite xenolith in a dyke of hawaiite
composition exposed near the Raban Diatreme Complex at South Samat yielded
two ages of 2.49 + 0.80 and 3.38 * 0.63, with a mean age of 2.9 + 0.6 Ma.

Considering the errors involved, this is essentially similar to the 3.13 Ma age of the

North Samat dykes.

Interpretation of the Results

The geological history of Simberi Island volcanism and hydrothermal Au
mineralization can be interpreted as follows. The combined K-Ar and Ar-Ar dating
suggest that primary mantle.liquids of alkali olivine basalt composition were
extruded on Simberi from about 3.6 Ma to 3.1 Ma (Samples 8531, 8532, 8534,
347). Fractional crystallization of this mafic reservoir led to later eruptions of
trachybasalt and trachyandesite melts from 3.1 to 2.3 Ma.

Trachyandesite domes intruded the Sorowar and Samat regions from 3.3 Ma
to 2.9 Ma. Structural deformation of the mugearite intrusions in the Samat area,
perhaps initiated by regional scale pull-apart rifting and graben development
provided zones of weakness exploited by rapidly rising, volatile-rich mafic meits of
basalt to trachybasalt composition, teading to diatreme formation between 3.1 and
2.9 Ma. Geological relationships indicate that gold mineralization post-dated

diatreme formation and this is supported by the direct dating of Sorowar
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hydrothermal mineralization at 2.8 Ma. The geological similarity between the

development of structures and concomitant intrusion of mugearitic domes and
dykes at Sorowar, Pigiput, Samat and Botlu may therefore represent
consanguineous intrusive/hydrothermal activity which produced gold mineralization

on Simberi.

'f a relationship does exist between mugearite intrusion and gold
mineralization on Simberi island, it has consequences for mineral exploration in the
other islands bf the Tabar Group, and for the TLTF arc as a whole. Twao samples of
trachybasait from Tatau Island returned K-Ar ages of 1.9 and 2.0 Ma. Mugearitic
valcanism should therefore be younger, and perhaps not exposed on the surface to
the extent that Simberi mineralization is. An exploration criterion for Tatau and
Tabar island therefore, is to deveiop deep target exploration strategies with

techniques capable of penetrating uneroded, volcanic cover.

Excess Radiogenic Argon in the Botsor Hill Intrusion

An attempt was made to date the basanite outcrop because it appears to
intrude weathered trachyandesitic volcanic rocks, and based on geolagical
relationships should be a young unit. Ferromagnesium minerals were dated by Ar-
Ar and returned five improbably old dates ranging from 52 to 604 Ma. A 8th date,
(Botsor-1; Sample 1, Appendix B) returned an age of 1.92 % 0.27 Ma, but requires
confirmation. if correct, this basanitic outcrop would be the youngest yet dated on
Simberi Island. It would also indicate that volcanism was not a simple evolutionary
progression from basaltic to intermediate compositions based on fractional

crystallization in the underlying reservoir, but that continuous extension in the Tabar
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Island Group allowed several aliguots of primitive mafic melts to ascend to crustal

regions.

A high pressure origin (P> 30 kbar) for the Botsor Hill basanite has been
discussed. The most likely explanation for the old dates is that the whole rock
mineral separates contain xenocrysts which trapped radiogenic *°Ar from the source
region. This radiogenic “°Ar may be contained within SCHARM which is a
contaminant of the xenocrystic olivine and sodian diopside. The pyroxene
megacryst cores were insulated from the basaltic melt which extruded at = 1100°C
{Kennedy et a/. 1990b} and retained the radiogenic *“°Ar contaminant trapped during
pyroxene formation in the mantle source region, uniike the other minerals dated in
the study which do not retain Ar until lower temperatures were attained. The old
ages indicate that the bulk of the *“°Ar released during mineral fusion was excess
Ar. Excess Ar has also been found to occur in diamonds {Qzima et a/. 1983) and

kimberlite pipes (Faure, 1986), in accord with the observations in this study.

In order to assess the role of excess *°Ar in the Botsor Hill sample, all the
data from Appendix B were plotted on an Ar isotope correlation diagram (Figure
37). The concept and usage of Ar isotope correlation diagrams are discussed in
Faure (1986; p. 110). The data set presented in Figure 37 reveals that a straight
line relationship (r=0.98} is obtained for all samples, apart from the Botsor-1
samples that produced the 52-604 Ma ages. Determination of the slope x error of
the regression line allows calculation of the age + error of the total mineral data
set, similar to Rb-Sr dating techniques. The calculated age of 3.06 + 0.10 Ma

represents the bulk age of Simberi volcanism, determined in this study. The initial
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ratio of *°Ar/*®Ar of 273 + 42 is similar to the *“°Ar/*®Ar atmospheric ratio of 295.5

determined by Nier (1950}, and is evidence that the majority of mineral samples

have not been contaminated by excess radiogenic *°Ar.

The five anomalously old Botsor-1 samples have initial *°Ar/*®Ar ratios
between 7,000 and 48,000. These ratios confirm that excess radiogenic *“°Ar is
responsible for the old ages and preclude reliable age determination of this rock.
High “°Ar/*®Ar ratios have been found elsewhere in mantle derived basaltic rocks.
Allegre et a/. (1983) reported values as high as 25,000 from oceanic basalts. Mid-
ocean ridge basalt glasses reported by Fisher (1981) and Marty et a/. (1983) have
ratios of about 10,000. The conventional interpretation of these high ratios is that
the mantle of the Earth is strongly enriched in *°Ar produced by decay of “°K
contained in mantie minerals. The solubility of Ar in melts increases with increasing
pressure (Carroll and Stolper, 1991}. Glassy basalts quenched under high
hydrostatic pressure on the ocean floor wiil retain Ar gas with a high “°Ar/*%Ar in

glass, which is a reflection of the *°Ar/**Ar ratio in the source region (Faure, 1986).

Mantle metasomatism by SCHARM and production of high “°Ar/*°Ar ratios

The Botsor Hill basanite did not form on the ocean floor, and therefore the
high *°Ar/*®Ar ratios were inherited from the source region by retention of Ar in
pyroxene melt/fluid inclusions. Evidence presented in Chapter 4 indicates that the
melt inclusions contain a quenched sulphate-, carbonate-, H,0-, alkali-rich

alumingsilicate magma (SCHARM) in disequilibrium with mantle peridotite.
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Based on the preliminary experimental results of Carroll and Stoiper {(1991), which
show a correlation between Ar solubility and pressure, SCHARM could potentially
dissolve a large amount of Ar. This is consistent with the high total Ar yields from
the Botsor-1 pyroxene fusions compared to the other minerals (Appendix B). The
extreme incompatibility of Ar combined with high Ar solubility in melts at high
pressure would indicate that the source region for these metasomatic melts is
"old", with high *°Ar/*®Ar ratios. These features would be characteristic of melts
released during fusion of feldspathic minerals contained within seawater-altered
oceanic crust subducted in the former Manus-Kilinailau trench, prior to collision of

the Ontong Java Plateau.

Other studies indicate that metasomatic processes can transport and create
mantle reservoirs with excess *’Ar. Villa (1990} reported that excess Ar in
metasomatic amphiboles in peridotite from Zabargad Island (Red Sea) precluded
their age determination. Release spectra for Zabargad amphiboles show that the
majority of excess Ar is released at temperatures less than 800°C. Based on this
evidence he concluded that the high concentrations of excess Ar found in the
metasomatized peridotite were the result of subsolidus reactions with hydrothermal

fluids rich in excess Ar.

it is recommended that further *°Ar/**Ar work using microanalytical step-
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heating techniques be conducted to elucidate the metasomatic history of the

Simberi mineral assemblages.
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Chapter 6. Geochemistry of Simberi volcanic rocks

The Tabar-Lihir-Tanga-Feni (TLTF) rocks show chemical enrichment and
depletion trends characteristic of calc-alkaline rocks (Johnson et a/. 1976; Heming,
1979; Wallace et al. 1983; Johnson et a/. 1986) with enrichments in the large-ion
lithophile elements (LILE; K, Rb, Sr, Ba, Th, U}, light rare-earth elements (LREE: La,
Ce, Pr, Nd, Sm, Pm), and depletion in high-field strength elements (HFSE; Ta, Ti,
Nb, P, Zr, and Hf). The rarity of primitive magmas in island arcs often limits
geochemical studies to an assessment of the evolution of a magma series with

regard to fractional crystallization.

The identification of mantle-derived mafic units at Botsor Hill and in the
Raban Diatreme Complex allow a determination of chemical variations due to
contamination and metasomatism by a sulphate-, carbonate-, H,O- and alkali-rich
aluminosilicate magma (SCHARM). The assessment of chemical (element
enrichment and saturation} and physical (fo,, T) conditions imparted on the mantle
source region by SCHARM, facilitates a better understanding of the subsequent
path of fractional crystallization, and its control on the chemical variation of evolved

l[avas.

Which composition represents a primary magma derived from the mantle?
Three Botsor Hill basanite samples (Appendix A.8; Botsor-1, S189-310, SI89-
311) from this study and the potassic basanite sample from Johnson et a/. (1976:

#74400037) have high MgO content (10.5-13.7 wt.%), and may represent primary
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mantle-derived magmas. The high MgO basalts Botsor-1 and SI89-310 (13.5 and

13.7 wt.% MgQ) show lower Ca0 and Al,0, content than those with MgO =11
wt.% (Figure 38). The dilution of Ca0 and Al,Q, in the high MgQ basaits may

result from either olivine accumulation, or contamination by xenocrystic olivine.

The two remaining samples, SI89-311 (MgO =10.5 wt.%; Table 6) and
74400037 (MgO =11 wt.%; Table 6) are possible candidates for primary melts
extracted from partial melting of the mantle wedge. A primary origin for these two
samples is supported by their high Mg* =69 and high concentrations of the
compatible elements Cr (320 ppm), Ni (140 ppm) and Sc {27.3 ppm). If these
samples represent unfractionated partial melts derived from the metasomatized
mantle wedge below Simberi Island, it is possible to compare their elemental
compositions to those of mid-ocean ridge basaits (N-MORB) derived from partial
melting of depleted mantle regions (Table 6). This is a qualitative comparison only
and does not take into account chemical variations produced by depth and degree

of partial melting of the source region.

The major element data in Table 6 shows that the Simberi primary basalts
are enviched in Ca0, Na,0, K,0 and H,0, and depleted in SiO, and Ti0, relative to
MORB. The chemical enrichments in the Simberi primary magmas can be attributed
to contamination of the mantle source region by SCHARM, because of its
carbonate-, H,0- and alkali-rich nature. The high primary Fe,0,/FeQ is a reflection
of the high fo, conditions imparted to the mantle source region by SCHARM, which
has caused the preferential incorporation of TiO, into titanian phlogopite. The low

Si0, could be due to partial meiting under high CO,/H,0 conditions (Eggler, 1974).
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Table 6. Chemical comparison of mid-ocean ridge basalt with primary lavas from
Simberi Island

Oxide | N-type MORB' § Botsor Hill | 74400037?
(wt. %) $ig9-311 |

Si0, 48.77 46.94 | 46.6
TiO, 1.15 0.78 } 0.75
AlLO, 15.90 12.79 1 12.9
Fe,0, 1.33 4.97 i 3.95
FeO 8.62 4.36 | 5.1
MgO 9.67 10.53 | 11.0
Ca0 11.186 13.42 1 12.3
Na,O 2.43 3.17 ) 2.7
K,O 0.08 0.42 ) 1.6
PO, 0.09 ) 0.29 | 0.38
MnO 0.17 0.17 10.18
H,0 0.30 2.40 1214
Mg# 66.6 81.2 | 79.4
Mg* 63.7 68.0 1 69.4
Mg# = 100Mg/iMg + Fe?*(FeQ only))molar proportions
Mg* = 100Mg/{Mg + Fe?*{total Fe as FeO))molar
proportions

References:

1