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deltaic floodplains;

sand barrier and lagoon landform complexes;
motu or cays at sea level;

raised coral islands and high islands.

In the coastline mapping exercise an approximate assessment was made of the relative
proportions of the Papua New Guinean coastline occupied by each landform type
(Sullivan and Hughes 1989). The distribution of landform types which will be affected
varies markedly between provinces. Deltaic floodplains and sand barrier and lagoon
complexes occur mainly in West and East Sepik, Western and Gulf Provinces, while
small high islands and coral islands or atolls occur in the mainland Provinces of
Madang, Morobe and Milne Bay, and in all the island provinces.

Impact on Coastlines

Increased wave height and increased storminess are both likely to cause erosion of
unstable coastlines. Specific case studies were carried out of the likely impacts of sea
level rise on each of these landform types in Papua New Guinea (Pernetta and Hughes
1990), and the general impacts of project short term (30 year) and possible longer term
sea level rise can be summarised:

1. Deltaic floodplains
Studies have been undertaken of the mangroves of the Gulf of Papua and the Fly
River (Pernetta and Osborne 1990) and of the Sepik-Ramu basin (Chappel 1990,
Hughes and Bualia 1990). Pernetta and Osborne (1990) argued that the mangrove
habitats fringing the Gulf of Paper are likely to undergo substantial reduction in
area with compression of existing zones as a result of sea level rise. Consequent
upon this will be the loss of resources or loss of access to such resources on the
part of some communities. The reduction in nursery areas for prawns may have a
significant negative impact of this resource. It is likely that following a rise in sea
level, flooding of the low-lying land along the Fly River will become more frequent
and of longer duration. This will affect the availability of land (already in short
supply) for habitation and cultivation.

Chappell (1990) présented evidence that during late Holocene times the Sepik-Ramu
floodplain accumulated at rates of up to 0.3 metres/100 years. If sea level rises
more rapidly than 0.3 metres/100 years, flooding in the lower Sepik-Ramu will

become more frequent and widespread. Most sea level rise scenarios envisage
rates of sea level rise higher than this.

Hughes and Bualia (1990) showed that in the Murik Lakes and Sepik River mouth
areas, which support a population of about 3,000 people, the areas of productive
land which are currently not or only slightly affected by inundation are very
small, probably less than 20% of the total area of 1,160km?2. Hence a Im sea level
rise would have a severe and possibly catastrophic impact on the subsistence and
commercial economy, and the settlement patterns of the area. The effects of flooding
be especially severe if the sea were to rise at more that 0.3 metres/100 years.

2. Sand barrier and lagoonal landform complexes

Two such complexes were investigated — the coastline in the Murik Lakes and
mouth of the Sepik River area (Hughes and Bualia 1990), and the Gulf of Papua
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Figure5. - The locations of the main areas of mangrove (after Percival & Womersley 1985).
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Figure 6.

Predicting degree of inundation by sea level rise of 1 metre. Stippling represents
severe inundation, vertical hatching represents moderate inundation.
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east of the Purari River mouth (Bualia 1990). In the Murik Lakes area rising sea
levels will cause erosion of the shoreline, putting coastal settlements at risk.
Especially vulnerable will be villages on sand beach ridges directly fronting the
ocean. Examples of such villages are Darapan (population about 260) and Medan
(population about 140) which are located on the low, narrow sand barrier which
encloses Murik Lakes. Groundwater on sand barriers and around estuaries will
become tainted with brackish water. A sea level rise of more than one metre
would make this low-lying coastal area virtually uninhabitable and most of the
population would have to be re-located.

Bualia (1988, 1990) investigated the likely impacts of sea level rise on a 70 kilometre
long, low-lying stretch of coastline in Gulf Province extending from Kerema in the
east to near the mouth of the Purari River in the west. The population of the area
is about 8,000 people. Two distinct types of settlement occur. On the littoral and
alluvial plains settlement is nucleated, particularly on the coastal beach ridges
where villages are relatively large, with several hundred people in each. Villages
are usually situated on the first stable beach ridge near the sea. Where villages are
situated in riverine alluvial areas they are smaller scattered hamlets built on
levees; where they are situated in deltaic areas, they are raised on stilts along tidal
channels. At present 65% of the area is subject to long-term flooding in the wet
season, 20% to short to moderate-term flooding and only 15% is permanently
well-drained. If the sea were to rise by one metre this would cause considerable
coastal erosion and inundation of deltaic and riverine areas. It would also increase
the degree of wet season flooding such that 85% of the area would be subject to

~—— long-term flooding and rest would be affected by short to moderate-term flooding.
Virtually none of the area would remain permanently well-drained. These impacts
in turn would mean that 27 villages (containing more than 50% of the population
of the area) would have to be partially or totally relocated onto higher ground.

3. Impact on Low Islands
Clearly the impact of sea level rise on motu is closely related to the impact on their
reef bases. It is possible to model the likely effects of prolonged sea level rise on
low islands, based on various assumptions of coral growth rates.

4. Impact on Coral Reefs
The general impacts of sea level rise on reef bases and atolls have been outlined by

Sullivan and Pernetta (1990). Much has also been written on rates of individual
coral colonies and of coral reef growth (see eg. McLean 1989, Weins 1962, Marshall
and Jacobsen 1985). Most reefs in the Pacific grew upward to their present level
following the rapid post glacial rise in sea level in late Pleistocene and early
Holocene times, between about 15,000 and 6,000 years ago, ie. they are ‘catch up
reefs’ as described by Buddemeier and Smith (1988).

McLean (1989:15,62) presented evidence to show that reef growth in the Pacific is
about 5 to 8mm annually. Reefs grow more slowly than individual coral colonies
due to the compounded effects of storm damage and recovery, the interaction
between the growth of coral and algal mantles and the rate of clastic sediment
production to fill the interstices of the reef platform. Buddemeier and Hopley
(1988) pointed out that predictions of reef growth rates must take into account the
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structure of the reef community, and the likely occurrence of local events such as
cyclones or predator attacks which would temporarily inhibit reef growth. They
noted that although rising sea levels generally favour reef growth, this growth
may not keep up with predicted sea level rises due to global warming (1988:4).
‘Buddemeier and Smith (1988) cited extremely high projections of sea level rises of
15+3mm annually over the next century, and commented that this is several times
greater than the modal rates of vertical accretion on reef flats and 50% greater
than maximum measured rates, although they acknowledged that Holocene data
indicate that vertical reef growth rates of 14metres/100 years are possible in
favourable cucumstances :

Should sea level rise at a rate faster than 8mm per year, then that rate slow down,
or should sea level stabilise as it did about 6,000 years ago, it would be expected
that reef growth would initially lag behind the rising sea level then ‘catch up’. If
sea level continued to rise at a rate greater than 8mm/year coral reefs would be
likely, in extreme circumstances, to ‘give up’.

On the basis of available evidence it seems likely that enhanced greenhouse-
induced warming of the ocean surface will lead to coral bleaching and die-back,
and that sea level will rise faster than the rate of 'keep-up’ reef growth. In either
case some of the protective effect of the reefs will be lost, and tropical Pacific
coasts will be subject to increased storm wave attack.

. Sea Level Rise — Models of Change in Atolls and Motu

Based on the present state of knowledge of the formation and subsequent changes
in atolls and low islands, Sullivan and Pernetta (1990) presented two simple models
of changes which are likely to occur on Pacific motu should sea level continuously
rise, or rise as much as two metres, then stabilise.

These models are based on the alternative assumptions that coral reef growth
either will or will not keep up with rising sea level. This and the problem of reef
dieback in water which exceeds the maximum temperature for coral growth (see
eg. Brown and Dunne 1986, Jokiel and Coles 1990) require careful monitoring to
make the models useful for planning purposes. The negative effects on coral

. growth of increasing surface water temperature may be sufficient, in either ‘keep
up’ or ‘catch-up’ reefs, to maintain reef platform growth somewhat below the
average tidal level. Slightly below the ocean surface water temperatures should
remain near the optimum range for coral growth, but hotter surface layers may
inhibit such growth. This would ensure that reef surfaces would remain submerged
below mean low water level, which would in turn mean much less sediment would be

-deposited on the reef surfaces, and island building could not continue.

Model 1. Assuming coral growth keeps pace with sea level rise.

(i) Low island sediments will be swept either into atoll lagoons, where the .
sediment will be stored in the central depression, or off the leeward
margins of platform reefs. In the case of platform reefs on a shallow shelf
zone, this sediment will be stored - on the leeward side of the reefs, but in

- deeper water conditions it will be lost to the ocean sediment sink.
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(i)

(iii)

@iv)

)

(vi)

@)

(i

(iii)

(iv)

Coral growth will be re-established, and there will be an upward and
outward growth, resulting in the extension of atoll rings, and possibly the
enlargement of knoll, patch and ribbon reef flats.

These reef flats may bear ephemeral low islands, but such islands are
unlikely to establish stable vegetation communities or to maintain a lens
of fresh groundwater.

If the sea level rise slows or stabilises, there will be a re-establishment of
motu on atolls, possibly including the establishment of motu on the
leeward side of lagoons due to the supply of stored sediment.

There will be island growth on the leeward side of platform and ribbon
reefs and a possible rapid development of motu on the windward side of
such reefs if they lie downward of reefs currently bearing motu.

The end result will be a gain in low island land area, but in other than the
current locations of low islands, and with the subsequent slow development
of freshwater lenses. Biological communities, which may take 20-30 years
to re-establish, will regain stability only when the rate of sea level rise
falls below the rate of sediment production.

Model 2. Assuming coral growth does not keep pace with sea level rise.
Low islands will (a) become saline swampy islands, then (b) undergo
submergence, and their sediments will be swept into atoll lagoons or to

the leeward side of platform reefs.

There will be a lagging upward and outward growth of atolls and platform
reefs, but at a rate insufficient to support motu development.

Island coastlines which are presently protected from storm waves by
offshore atolls and motu or by wide reef flats will become subject to storm
wave erosion as the protective barriers are removed.

The.overall effect of this will be.a significant loss_of land
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For either model, should sea level continue to rise, reefs would probably ‘keep up’
or ‘catch up’ but the sandy islands on their surfaces would be severely disturbed

and displaced. In situations described by such models the removal of surface

sediments may be followed by the upward growth of coral, the development of
submerged atoll structures, and the re-establishment of new islands. Temporary
removal or displacement of the low island land is inevitable, even if a later result
is the formation of a new island land mass.

The social effects of this partial or complete island destruction, particularly the
implications the re-settlement of entire communities, were discussed by O’Collins
(1990) in relation to the Carteret Islands, an atoll group in North Solomons Province,
and by extension to other similar islands.
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6. Raised coral islands and high islands
A raised coral island, Kiriwina in the Trobriand Group, and two high islands,
Lihir and Misima, were investigated by Sullivan (1990a) who concluded that the
effects of a one metre rise in sea level would have severe economic, if not land
pressure effects on islands such as these. This is because almost all of the settlements
and associated infrastructure such as roads, and much of the productiveland, = =

~ is very close to the coastline. Although prior warning and the consequent careful -

planning of the siting of roads, bmldmgs and other infrastructure may alleviate
some of the direct costs of a rise in sea level, the inevitable proportional loss of
land and specific resources will be large. :

Nationwide Soc1o-Econom1c Impacts of Sea Level Rise '

The effects of a rising sea level will be most profound for people living on deposmonal
landforms on areas at and just above sea level, which are not backed by rising land. It
is also worth noting that these are generally favoured areas of occupation, since such
localities provide good access to fishing zones as well as to gardening land. '

The effects of sea level rise and consequent loss of coastal land in Papua New Guinea
can be summarised as: :

loss of useful land and traditional economic resources;
loss of fresh water;
- impact on fishing zones;
impact on traditional cultural resources;
damage to roads and other infrastructure;
damage to villages.

e & ¢ o o o

1. Loss of land and traditional economic resources
- Together with land, itself a valuable resource for subsistence or cash cropping, for .

hunting and gathering, for pig husbandry or for security, other resources on it will
be lost, primarily bushland resources, including food plants and building materials.
There are likely to be land pressure problems in highly populated low-lying
coastal areas of the country, such as the mouths of the Sepik and Ramu Rivers, on
motu and on some of the smaller high islands. In such areas, especially where the
.pressure of increasing population is beginning to cause land degradation, intensified
use of the remaining land may lead to soil fertility depletion which in turn will
lead to decreased crop yields.

Those traditional resources which will be most directly affected by a rise in sea
level are sago stands and mangrove forests. Sago is an important food source and
building material in many coastal areas, particularly in the Gulf, Western and the -
two Sepik Province areas. Excessive salt water intrusion will deplete this important.
resource, by reducing the extent of present brackish water zones, forcing sago

* stands into more restricted areas upslope. Mangrove forests, which provide in
themselves valuable building timbers and firewood, also harbour other food
sources such as various types of molluscs and crustaceans, and as well are nursery
sites for many marine organisms, as indicated by Pernetta and Osborne (1990).
The structure of communities living in mangrove areas is hkely to change with
rlsmg sea level.
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Coral reefs, rock platforms and other intertidal rocky shoreline features, provide
niches for food sources such as various molluscs and fish. Many rocky shoreline
features and coral reef complexes (until and if they re-adjust to higher sea levels)
will be inundated, thus destroying littoral ecosystems. Living reefs may suffer
from increased sedimentation and turbidity that will inhibit coral growth, as may
rising water temperatures. Loss of important food resources from such areas is
anticipated, especially during periods of rapid sea level or temperature rise.

Loss of small outlying islands through inundation or erosion would result in a
reduction in the size of the nation’s exclusive economic zones.

2. Loss of fresh water
A one metre rise in sea level will result in salt water incursion into the ground-
water resources of many island and floodplain communities. Coastal villagers on
the southern coast and on many motu are already faced with the problem of wells
and taro pits becoming brackish during dry periods, and groundwater salinity
will rise as sea levels rise.

The complex interaction between the groundwater lens of an atoll, recharge by
rainwater and tidal mixing in the layers below the freshwater cap of that lens has
been described by Buddemeier and Oberdorfer (1990) and Oberdorfer and
Buddemeier (1986, 1988). Should sea level rise, the freshwater lens which, on coral
based islands floats above a mixed and saltwater base, will be elevated and its
slope and head increased. This is likely to result in increased lateral saline mixing,
increased evaporation through taro pits and wells, increased loss of freshwater by
" coastal leakage, saline water being brought within the reach of coconut and other
tree crop roots, or of pump intakes, and generally a loss of freshwater resource.

Island size and elevation are important in the development and maintenance of
the freshwater lens. Should sea level rise be accompanied by increased storm
surges, which will favour island building, wash processes will render ground-
water saline until a state of stability returns. Such stability is possible only if sea
level rise ceases. Motu growth involves the deposition of coral rubble onto the
existing base through storm wave activity. Should such islands grow it is likely
therefore that saline stormy waves will in fact deposit sediments onto the islands,
but in doing so will exacerbate salt water intrusion into the acquifers from above.

—Should such-island building reacha level of stability then cease, the layered

groundwater lens would be expected to resume its normal form, however in the
intervening period, or while ever sea levels continue to rise, it is likely that
groundwater lenses will be rendered saline.

Low island agriculture, including the subsistence production of taro, coconuts,
breadfruit, paw paw, and the commercial production of copra, are highly dependent
on fresh groundwater supplies. Similarly, water for domestic purposes is mainly
taken from sandy groundwater aquifers. Any change in groundwater resources
would have a profound impact on island land use.

3. Impact on fishing zones
' Very little has been done to model the complex current systems which circulate at
ocean-wide and local scales. Fishing areas are closely tied to ocean circulations,
zones of upwelling and tidal change areas.
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Cultural or traditional sites '

Some traditional cultural sites, mostly relating to creation stories, mythologlcal
sites, graves of important figures or other notable locations are knownand
recorded by the National Museum. Additional records will undoubtedly be
collated in the future. Prehistoric archaeological sites have been systematlcally but
not comprehensively recorded in Papua New Guinea. The remains of early

~ settlements and other sites of archaeological significance undoubtedly occur
within archaeological sites which have yet to be discovered in coastal areas which
are threatened with inundation or increased erosion. Many historical sites are not
(fully) recorded. Papua New Guinea was the site of numerous battles fought
during World War II. Some war relics, including ships, aircraft, guns and memorials -
at the sites of historic battles are preserved, and it is likely that additional restoration
or protection work will be carried out on other decaying war relics at their present
sites. ‘Such sites will be regarded by historians as warranting protection from future
environmental changes. ‘

Damage to roads and other coastal infrastructure, and to urban centres

Rugged terrain and limited construction funding in Papua New Guinea have

resulted in relatively little road construction having been carried out in inland areas for

any coastal locality where even a narrow coastal plain exists. Consequently coastal

areas, particularly those fringed with depositional landforms, are relatively well

serviced with roads. Rising sea level will however be disastrous to such roads, and
money spent to safeguard roads threatened by rising seas will be wasted.

‘Wharves and other coastal installations will also be directly affected by rising sea
levels, and are likely to suffer from major sedimentation resulting from changed
patterns of coastal erosion and deposition. Sea level rise will also have a major
negative impact on sewage and storm water drainage systems, and underground .
telephone lines, in coastal areas. The effects of this will be most profound in Port
Moresby and Lae, but will also be felt in all the smaller coastal towns, many in
provinces without the income to replace damaged installations. .

In a case study of the likely impacts of sea level rise on Port Moresby and Lae,

- Sullivan (1990b) argued that in addition to the direct physical impacts of inundation
and erosion on buildings, roads, wharves, sea walls, water supply systems, sewerage
systems and storm water drains, there will be an increase in indirect impacts such
as progressive rise in water tables and the increasing inability of storm water
drains and sewerage systems to cope with loads at high tides. In both cities the
loss of land will be relatively small, but it will affect a large number of people
living in informal housing structures — in Port Moresby about 11,000 people,
many in villages built on elevated platforms over tidal flats or on the adjacent
beaches, and in Lae about 2,700 people in urban squatter settlements.

The effects would initially be less severe for people living in dwellings built out over
the water, but even these would eventually be affected as the sea rose progressively
higher. Several kilometres of roads, wharf infrastructure, fuel storage tanks and about
30 commercial buildings, mainly in Lae, would be affected by these projected sea level rises.

The need for resettlement of village communities from deltaic floodplains, coastal
sand barriers and from motu and raised coral islands is foreseen due to both loss
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of land and of fresh drinking water from groundwater. There will be a particular
problem for villages characteristic of the southern Papua New Guinea coastline,
where rows of houses are commonly supported on poles over the tidal zones.
Social problems will arise directly in such instances, where particular clans may
hold land rights only along the coast, in areas where total inundations is anticipated.
Attempts to resettle people affected directly by loss of village land is likely to
result in land disputes. For island communities the initial loss will be of garden
land, as salt water rises into taro pits and other gardens, or erosion removes
coconut groves. Such losses will force many people to request resettlement. Some
relocation in urban centres is also anticipated, with consequent high compensation
costs for new land acquisition likely.

Socio-Economic Implications at the Provincial Level

Papua New Guinea is divided into 19 provinces, of which only the five highlands
provinces do not have coastal access. The relative effects of a sea level rise have been
summarised for the 14 coastal provinces (Table 1). In two provinces, Western and
Gulf, it is likely that more than 90% of the coastline would be moderately or severely
affected, that is, the effects of inundation or shoreline regression would extend more
than 20 metres inland from the present coastline. In five other provinces 20-50% of the
coast would be similarly affected whereas in the remaining seven the effects would be
relatively small.

Table 1. Coastal provinces in Papua New Guinea showing the extent of impact that would
result from sea level rise and correlation with levels of socio-economic development.

Province Length of % of coast Development
coastline (km) length to level
be affected Rank*
Western 1330 >95 11
Gulf - 1440 >90 9
West Sepik 1440 50 13
East Sepik 490 40 10
New Ireland 2400 30 5
Morobe 1020 20 8
Central 930 20 7
Manus 550 5 2
Madang 1000 <5 11
Milne Bay 3430 <5 8
Northern 550 <5 6
East New Britain 1110 <5 4
West New Britain 1420 <5 3
North Solomons 1000 <5 1

*13 = least developed 1= most developed
Coastal data from Bualia and Sullivan (1990)

Ranking of socio-economic levels of development from de Albuquerque and D'Sa
(1985, Table 11)
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Thereisa strong inverse correlation between the levels of socio-economic developments
of these provinces and the extent to which they will be affected by rising sea levels
(Sullivan and Hughes 1989). The four most highly developed provinces, North
Solomons, Manus, West New Britain and East New Britain, will be relatively unaffected.
In contrast the four provinces which will be most affected by sea level rise, Western,
Gulf, West and East Sepik, are all in the least developed group of provinces. Thus it is

- those provinces which are already socio-economically most disadvantaged that will -

suffer the greatest loss of land and other socio-economic disruption; impact which
they will be less able to withstand than the most prosperous provinces.
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' Sedimentation at the Junction of the Fly River
and the Northern Great Barrier Reef

Peter T. Harris o
Ocean Sciences Institute, University of Sydney

Abstract

Australia’s Great Barrier Reef extends for some 2,000 kilometres along the eastern coastline of
Queensland and ends abruptly at 9°S in the Gulf of Papua. Although workers have speculated
that the sediment and freshwater discharge of the rivers which empty into the Gulf limit the
growth of corals in the region (thus explaining the termination of the GBR at S), few quantitative
measurements were previously available to define the physical and sedimentological differences
in the environments which occur to the north and south of “the % boundary”

On the basis of annual sediment discharge, the Fly River is by far the largest in the Australzan
region with a total sediment load estimated at 115 million tonnesfyear. The Delta is tidally
dominated, giving rise to a funnel-shaped estuary containing elongate sand banks; these are
capped by mud and colonised by mangroves to form islands. Progradation of the Delta results
in the burial of carbonate deposits on the adjacent Great Barrier Reef shelf.

Tidal currents dominate in the transport of sandy sediments throughout the Fly Estuary. On
the delta front, however, surface waves rework the muds and sands, and fluvial discharge events
deposit a mud layer, resulting in seasonal sand-mud interbeds. Pro-delta deposits occur in 17
to 45 metres water depth and contain massively bedded muds deposited in a low tidal- and wave-
energy setting at rates of up to 6 cmfyear. In the Torres Strait and barrier reef lagoon environments,
tidal currents rework seabed deposits, dispersing any F ly River sediments over a wide area.

A prehmmary sediment budget demonstrates that about 50% of Fly River sediment is depogited
in the Fly Delta. A large portion is probably deposited in the Gulf of Papua. Less than 2% of
the annual sedzment discharge of the Fly appears to enter the Torres Strait area.
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Introduction

Australia’s Great Barrier Reef extends for some 2,000 kilometres along the eastern
coastline of Queensland and ends abruptly at 9°S in the Gulf of Papua. It has been
speculated that the sediment and freshwater discharge of the rivers which empty into
the Gulf limit the growth of corals in the region, thus explaining the termination of
the GBR at 9°S (eg. Gillet and McNeil, 1962; p. 4). In fact, the physical and
sedimentological environments occurring to the north and south of “the 9° boundary”
were poorly understood until recently (Wolanski ef al., 1984, 1988; Wolanski and
Thomson, 1984; Harris, 1988, 1989a; Harris and Baker, in press; Harris et al., 1988, 1989, 1990).

The sediment load of the Fly is increasingly becoming subject to change through
human activity. Mining activities and deforestation in the Papuan highlands, coupled
with a high rate of runoff (2,500 mm/year) in the Fly catchment, will increase fluvial
sediment loads, a proportion of which will be transported downstream to be deposited
in the Fly Delta and adjacent continental shelf environments. The impact of heavy
metals derived from mining wastes (that are associated with the terrigenous sediment
supply) on the fragile coral reef ecosystems of the adjacent continental shelf has been a
subject of considerable concern (McGee, 1985; Mowbray, 1986; Harris, 1989b; Baker, this
volume) and was a driving force behind the organisation of the present conference.
These are but a few of the reasons for scientific interest in the Torres Strait and Fly
River Delta region.

__The aim of this paper is to review the available data regarding the deposition of Fly
River derived sediments on the northern Great Barrier Reef continental shelf (Torres
Strait) to answer the following questions: Where are Fly River sediments deposited in
the marine environment? How much of this sediment finds its way into the delicate
coral reef communities to the south of “the 9° boundary”? Does the input of this
sediment (and/or freshwater) actually cause the GBR to end at 9°S? Finally, what
processes control sediment transport and deposition at the junction of the Fly River
and GBR?

This contribution is intended as a review of what is presently known about the sediment
supply of the Fly River and sediment distribution in the estuary, delta and shelf areas.
Much of this data is unpublished and some recently collected OSI data from the northern

GBRand—Fineltais-includ'ed.—ThE‘reviewwiﬂ"form—th“e‘ba‘siS‘for'a'préliminary
sediment budget of the dispersal of Fly sediments over the delta and adjacent shelf.

Geology and Physiography of the Fly Catchment

The Fly River takes its name from H.M.S. “Fly” which first surveyed the Estuary in the
19th century (Jukes, 1847). Using a small steam-powered launch, D’ Albertis penetrated
the Fly to its navigable limits in 1876 (to about Kiunga, Fig.ure1). He described outcrops
of limestone and red clay along the river banks (see below) and noted the strong tidal
currents in the Fly Estuary. The geological and topographic mapping of the region are
outlined by Loffler (1977) and the results of deep seismic profiling and exploration
petroleum wells, obtained in the Fly Delta area, are presented by Conybeare and
Jessop (1972). The island of Papua New Guinea and Irian Jaya is the northern extension
of the Australian continental plate, forming a continent/island-arc collision boundary

60




"

1 |'A-A., Sty
,43,[“», Tyt “"”il”t
copie e

e PhySicﬁl Environment

: ‘:9- — - = = - == | LOCATION MAP
' L or T T 3\ meres — — — - : I
=4 C TP RIS |
\ TS — ! s w Papua
/I"L L @1’—“___—& 2% l Mo ,
M""‘ “NCEEH 58
A e f S o
St TR
v S

Torres
Strait

CORAL

. BORDER

PNG

IRIAN JAYA

?Il:/e\;'ri:wrey Sediments

A,
s )
AN Papua

KEY
vy Quaternary
1 Volcanics

Tertiary
Limestone

- — Me59z01c g .'.~'.Doline Karst
— ] Sediments :
- Features :

-1 Acid-Intermediate
e Porphyry

~ Daru ls.

7

Quaternary Sediments Grain Size Decrease —

50km

| owmw _ wews ]

Figure 1. Location of the Fly River system in southwestern Papua New Guinea and the
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(Jaques and Robinson, 1977). Present day Papua New Guinea has been suggested as a
modern analogue for understanding the evolution of the Appalachian mountain
system of the eastern United States (Dott and Batten, 1976; Baldwin and Butler, 1982).

The headwaters of the Fly River catchment extend southwards from the central
cordillera of Papua New Guinea, characterised by Quaternary volcanics and uplifted
Mesozoic sediments and Tertiary limestones (Figure 1). Elevations here exceed 4,000
metres and rainfall is as high as 10,000mm/year, although this decreases to about
2,000mm/year along the coast (2,072mm/year at Daru, see Figure 2). The extreme
topographic relief gives way rapidly downstream to extensive alluvial flood plain, foreland
basin deposits across which the Fly meanders for 800 kilometres with a drop-of only 20
metres from Kiunga to sea level.

Blake and Ollier (1969, 1971) and Paijmans et al. (1971) examined the Quaternary
deposits of the Fly River flood plain and described the Pleistocene and Recent geology
of the region. The upper Pleistocene sequence is exposed at Kiunga (Figure 1). The
“Kiunga Beds” (lowermost unit) were laid down by about 27,000 + 1,100 years BP as
determined from one radio carbon date; these are overlain by the “Eleval Beds” and by
the “Lake Murray Beds” (uppermost unit). Erosion of these beds may provide a source
of lithic fragments, quartz sand and crystal fragments of plagioclase, hornblende and
diopside (derived from andesitic volcanics) to the fluvial system. Doline karst features
have been noted by Loffler (1977, p. 61) located south of the Fly Estuary (Figure 1),
where the nearly flat alluvial plain, underlain by limestone, is pitted with “circular to
oval water filled depressions 40-60 metres in diameter”.

The active flood plain is restricted to a “narrow belt between 10 and 15 kilometres
wide on either side of the meandering channels” (Loffler, 1977, p- 89). Blake and Ollier
(1971) described marginal backswamps and lakes connected to the main rivers by
narrow channels. Elevated levels of particulate copper concentrations in lake
sediments (about 500 ug/g), as a consequence of mining operations, indicate that these
marginal lakes and swamps may act as sediment traps in some cases. In terms of the
total sediment load of the Fly River, however, deposition in lakes is not significant.
The lakes are thought to have formed as the result of fluvial down-cutting at times of
lowered relative sea level in the Pleistocene (Blake and Ollier, 1971). Smaller tributaries
would have similarly adjusted to the lowered base level, with fluvial incision being

most-extremeprobably-inthe fower reaches-of the Fly-—The post=glacial seatevel rise
would have led to stream aggregation, but since the tributaries have much smaller
sediment loads than the Fly (or Strickland) they were unable to keep pace with the
filling of the main channel. They were consequently blocked near their entrance to the
main river and thus formed a lake. Lake Murray (Figure 1) is thought to have formed
in this way (Blake and Ollier, 1971).

Blake and Ollier (1969) have suggested that tectonism causing the “Oriomo Uplift”
diverted the Fly to its present eastward course around 36 kyr BP, which was followed
by the deposition of the upper Pleistocene units (described above). Torgersen et al.
(1985) suggested that, prior to 36 kyr BP, the course of the Fly was towards the south
west where it would have fed into what was then “Lake Carpentaria”. However,
Loffler (1977, pp. 20, 98) has questioned whether the Fly has been diverted or if it has
simply flowed down slope along a (southeast dipping) depositional surface throughout
the Quaternary.
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Figure2. Average monthly rainfall at Tabubil, Kiunga and Daru (from Brown, 1983) and
average monthly discharge of the Fly River at Kuambit, based on 10-years data
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Ltd., Cooma, NSW, Australia (data used with the permission of Ok Tedi Mining
Ltd.). Over the period of measurement, a minimum daily value of 118 m3/s (on
20-11-82) and a maximum of 5220 m3/s (on 13-4-83) were recorded.
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Sediment and Water Discharge

On the basis of annual sediment discharge, the Fly River is by far the largest in the
Australasian region and is a major fluvial system by world standards (eg. Harris and
Baker, in press). Although it drains an area of only about 76,000 km?, its total sediment
load is estimated at 115 million tonnes/year, which is greater than the combined
discharge of all rivers draining the Australian continent (cf. Milliman and Meade,
1983). The Fly River discharges 20 times more sediment per year than the Burdekin,
which is the largest river entering the GBR lagoon from the Australian continent
(Figure 3). As much as 80% of this sediment is considered to be supplied by the
Strickland River, which joins the Fly at Everill Junction. The average annual discharge
of the Strickland (4,000 m3/s) is also larger than that of the Fly above Everill Junction
(2,500 m3/s; Figure 1); the total discharge of the Fly River system at its mouth is
estimated to be about 7,000 m3/s (Ok Tedi Mining Ltd., 1988).

Most of the sediment load is derived from the mountain areas as the result of landslides,
often triggered by tectonic events. In such mountain areas, runoff is as high as 5,700 mm/
year and denudation rates of 3 to 4mm/yr have been reported (Pickup, 1984). Most
sediment is thought to be transported directly downstream to the Fly Delta and adjacent
continental shelf environments, with little deposition in the flood plain or in the
marginal lakes (as described above; Ok Tedi Mining Ltd., 1988). Mining activities at
one site in the Fly catchment are expected to increase the total sediment load of the Fly
to about 125 million tonnes/year by 1992 (Ok Tedi Mining Ltd., 1988). Deforestation

. ...and additional mining in the catchment occurring now will lead to further increases in
sediment load. Prior to the mining activities which commenced in 1982-6, the Fly’s
sediment load may have been about 85 million tonnes/year.

Compilation of monthly river discharges measured at Kuambit (Figure 2) shows that
the greatest average discharge occurs in June and the lowest is in November. The
hydrograph is controlled by rainfall in the mountains (eg. at Tabubil) and is not
related to the rainfall pattern in the coastal areas (eg. at Daru; see Figure 2). Suspended
sediment concentrations vary as a fuction of discharge in the mountain areas, the
greatest concentrations occurring in June-August (Pickup, 1984). With the changing
nature of the river system in a downstream direction, the energy regime (and sediment
transport capacity) is reduced; coarse sediment is consequently deposited in the

meandering channels-of the flood plainmas scrottbars-and-mainly fine=grained-silts-and
clays reach the Fly Delta (Higgins et al., 1987). The sediment load of the Fly entering
the estuary is about 90% suspension load (grains finer than 0.1mm) and only about
10% is transported as bed load (Ok Tedi Mining Ltd., 1988).

Estuarine Water Circulation and Sedimentation

In terms of Holocene sedimentation, investigations into the nature of sediments deposited
in the Fly Estuary have been carried out by Taylor (1973) and Spencer (1975, 1978).
Recently, environmental studies carried out by Ok Tedi Mining Ltd. (1988, 1989) have
added to the available data on the Fly River, Delta and Estuary.

The Fly Estuary is a funnel-shaped, highly dynamic, tidally dominated system; the
daily tidal flux through the estuary is 18 times the average fluvial discharge (Spencer,
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1978). Within the high energy regime of the Estuary, sand-sized sediments, comprised
of up to 90% quartz, 20% chlorite with minor amounts of feldspar (which are often
weathered to mica) predominate (L. Taylor, 1977). Strong tidal currents affect continuous
reworking of sediments within the estuary, such that the turbidity of estuarine water
is often greater than that of incoming river water (Pickup, 1984). Sandy sediments are
deposited in the form of tidal sand banks which are capped by mud to form islands.
Spencer (1975) concluded that mud deposition is affected through trapping by
seagrasses, mangroves and other plants and by clay flocculation due to salinity
changes (mechanism descibed by Postma, 1967). The islands undergo rapid lateral
erosion and accretion; shoreline migration rates of up to 37m/year as measured from
comparative aerial photographs (D. Taylor, 1973). Changing vegetation patterns
observed between photos indicate that most of the island growth over the 20 year
period preceding 1975 occurred among the islands which lie between the North and
Far North Entrances (Figure 4).

Spencer (1975) suggested sediment recirculation and depositional sequence models for
the Fly Estuary (Figure 4). Ebb flow dominates in the transport of sediment only in the
southern channel as indicated by channel morphology and by salinity profiles, which
show increased salinity in the northern channels as compared with the southern
channel. Flood tidal flow dominates in the transport of sediment elswhere. The
coriolis force is thought to affect an anti-clockwise deflection of currents within the
Estuary (Spencer, 1978).

Depositional sequences in the estuary are dominated by tidal sand bank deposits
which unconformably overlie pre-Holocene clays and Pliocene-Pleistocene limestones;
these older deposits are thought also to act as “anchor points” and thus play a role in
the formation of the sand banks and the deltaic islands (Figure 4). The predominance
of sandy sediments in the estuarine deposits is consistent with observations made by
Thom and Wright (1983) for the Purari Delta, located to the east in the Gulf of Papua,
suggestive of similar modes of deposition. Offshore, foreset beds are deposited on the
subaqueous delta slope. Spencer (1975) concludes “the geometry of the estuary and
the patterns of sedimentation are mainly a function of tidal regime”.

Oceanography and Bathymetry of the Adjacent Shelf (Gulf of Papua)

Oceanographic studies have shown the importance of tidal and wind-driven currents
to the circulation of the Gulf of Papua and the adjacent Torres Strait regions (Pickard
et al., 1977, MacFarlane, 1980; Wolanski and Ruddick, 1981; Wolanski and Thompson,
1984; Wolanski et al., 1984, 1988; Harris et al., 1988, 1989; Mulhearn, 1989). Combining
the results of these studies indicates the general variation in circulation and surface
salinity between the NW Monsoon (December to March) and the SE Trade wind
seasons (Figure 5). Low salinity estuarine water is transported towards the west along
the coast of Papua New Guinea during the SE trade wind season. Wind-driven currents
flow eastward into the Gulf of Papua at other times (see Figure 5).

Surface waves generated in the Coral Sea propogate towards the northwest about 70%
of the time and have a significant height of between 1.6 metres (September-November)

and 1.9 metres (December-August; Thom and Wright, 1983). Typical wave periods
are between 8 and 9 seconds. Wave-rider buoy observations at Kerema (Figure 5)
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represent the coastal wave climate. Thom and Wright (1983, p.51) summarised these
results and noted that “on an annual basis wave height exceeds 0.25 metres for 90% of
the time, 0.7 metres for 50% of the time, 1.5 metres for 10% of the time and 2.0 metres
for 1% of the time”. Whereas the significant wave height at Kerema during the SE
trade wind season is 1.3 metres, during the NW monsoon season it is only 0.3 metres
(Thom and Wright, 1983).

Tides in the Gulf of Papua are of the semidiurnal-mixed variety. Tidal currents flow
predominantly across isobaths and are amplified within the Fly Estuary. The maximum
spring tidal range increases from about 4 metres at the mouth of the estuary to about
5 metres where the funnel-shaped coastline rapidly narrows (at about 143° longitude).
Mean spring tidal ranges are 1 to 1.5 metres less than these maximum ranges, (MHWS
- MLWS = 3.4 metres at Umuda Island, Figure 4) although only a few days of tidal
observations have been obtained for the upper Fly Estuary and so exact tidal ranges
are not known (Spencer, 1975).

APRIL - MAY JUNE - NOVEMBER

_Kerema

DECEMBER
FEBRUARY - MARCH

JANUARY

Figure 5.  Synthesis of observations on wind-driven surface currents and typical surface
salinity values in the Fly Delta region for different times of the year (references
sited in text).
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The available bathymetric data from the Fly Estuary and adjacent shelf (Figure 6)
indicate the steep pro-delta slope is located between the 10 and 30 metre isobaths.
The close spacing of the 10-20 metre isobaths to the west of Bramble Cay gives way to
‘a wider spacing further north (Figure 6). This probably reflects the relative degree of
sheltermg afforded by the Great Barrier Reef to the southern Fly Delta, as compared
with the northern Delta, where surface waves are able to propogate across the reef-free
shelf of the Gulf of Papua (Figure 6). Long period gravity waves would affect sediment
reworking at such depths (10 to 20 metres), thus explaining the change in delta morphology.
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In the Fly Estuary, water depths of <5 metres are characteristic. Channels between the
elongate, estuarine islands seldom exceed 12 metres depth and the mean depth of the
estuary is probably about 8 metres (Spencer, 1975; Figure 6). Elongate, subtidal sand
banks are noted on nautical charts of the Estuary (Royal Australian Navy
Hydrographic Service, 1974). Submarine channels evident from the bathymetry
(Figure 6) include one delimited by the 10 metre isobath. This channel leads into the
Far North Entrance of the Fly Estuary near Umuda Island and was possibly formed by
flood tidal currents as depicted in Figure 4. Another submarine gully (in 40 to 50 metre
water depth) trends across the shelf near Bramble Cay and may be a relict Fly River
channel formed during times of lowered relative sea level.

The Fly Delta

Mapping the distribution of mud content in the surficial sediments of the Fly Estuary
and Delta (Figure 8) indicates the following: The Fly Estuary is dominated by sandy
sediments as described by Spencer (1975) and mud constitute less than 20% of the
bottom sediments on the delta front as far offshore as the limit of the 5 metre isobath
(cf. Figures 6 and 7). Mud content exceeds 80% over only a very restricted area, in a
zone trending SW-NE across the front of the Estuary and parallel with isobaths. A
tongue of muddy sediments is seen also to be intruding into the Far North Entrance of
the Fly Estuary in association with the 10 metre deep flood channel described above
(cf. Figures 6 and 7). Mud content decreases southwards into the adjacent GBR shelf
and appears to range between 40-60% over much of the Gulf of Papua where samples
have been obtained (Figure7). _
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Figure7. Percentage mud content in surficial sediments.
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profiles of prograding deltaic sediments (shaded area) and undifferentiated

subsurface reflectors. The location of vibrocores are indicated. Vertical scale is m

milliseconds, two-way travel time. Features noted are: (L) overlap of two
prograding lobes; (R) buried reef features; (P) horizontal reflectors characteristic of
shelf deposits in the Gulf of Papua; and (F) partially infilled submarine gully at the
edge of the prograding delta lobe (see Figure 8; the gully was formed probably by

fluvial down-cutting during times of lowered sea level in the Pleistocene).
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High resolution seismic profiles indicate that the > 80% mud belt correlates with the
prograding edge of the Delta, as shown by offshore dipping foreset beds identified in
the seismic data (Figure 8). The seismic data were used to construct a sediment
isopach map for this deltaic mud unit, (Figure 9) which indicates that the maximum
thickness is of the order of 60 milliseconds two-way time (i.e. about 30 metres thickness
of sediment). Thicknesses were not found to exceed 30 milliseconds at 10 metres water
depth in the southern seismic lines (i.e. Line D-D’-D”, Figure 9), suggesting that the
Delta thins towards the south. The seismic data also indicated the presence of what

are interpreted as buried reefs. They extend from Bramble Cay north and eastwards
and underlie the prograding deltaic sediments.
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Figure9. Isopach map of deltaic sediments, indicating the edge of the prograding deltaic
sediments in relation to the Fly Estuary. The 10 and 40 metre isobaths, distribution
of buried reef features and the locations of sections shown in Figure 7 are also shown.

Cores obtained in the deltaic and shelf deposits demonstrate the character of
sediments in vertical sequence found at different locations. Subsamples from the cores
have been dated using 2'%Pb and C techniques (Harris et al., 1990) to derive sedimentation
rates in relation to the water depth at each core site (Figure 10). The Delta Front cores
contain sandy laminations of about 0.5cm thickness, which are absent in cores ob-
tained on the Delta Front. Sedimentation rates are greatest in the Pro-delta cores (up

to about 6cm/year) with lesser sedimentation rates found both inshore and offshore
from this area (Figure 10).
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Sedimentation in the Northern Great Barrier Reef Shelf

The area of the GBR shelf which adjoins the 9° boundary includes the Great North East
Channel, the northern end of the Warrior Reef complex and numerous reefs and high
volcanic islands such as Bramble Cay, Darnley Island and the Murray Islands. Inter-
reef (shelf) sediments of this area are derived primarily from benthonic foraminifers,
supplemented with bryozoans, molluscs, the blue-green alga Halimeda and small
amounts of corals (Harris, 1988; Bryce, 1989; Kracik, 1990). At the junction of the Fly
River and the GBR, calcareous sediment is diluted with terrigenous mud (Figure 11).
Sedimentation rates in this inter-reef zone are characteristically around 0.02 cm/year.
This is a similar rate to that found in other parts of the Great Barrier Reef (eg. Harris,
Davies and Marshall, 1990) but it is much lower than occurs in the Fly Delta (Figure 10).

Tidal currents play a major role in the dispersal of sediments in the northern GBR
shelf. Currents are accelerated in the narrow inter-reef passes (such as those in the
Warrior Reef complex) and the seabed is scoured clear of any unconsolidated sediment
grains leaving a lag gravel or limestone pavement behind (Figure 12). With increasing
distance away from the channels, sediment of decreasing grain size is deposited.
Beyond the scoured zone, sand/gravel ribbons give way to dunes, which are located
in association with the reef passages and possibly in the Fly Estuary (Figure 8). At
greater distances from the reef passages, current strengths are diminished enough to
allow the fine silt- and clay-sized particles to settle out (Figure 8). Such a pattern is
similar to that found in the west European shelf seas and is characteristic of a tidally

___dominated shelf environment (Harris, 1988; Harris and Baker, in press).

Because of the slow sedimentation rates characteristic of the muddy deposits (0.02
cm/year), bioturbators have ample time to rework sediments and obliterate any
sedimentary structures present before they can become buried (and preserved). In
fact, this is what is observed in box cores obtained in the Great North East Channel
(Harris et al., 1990). The muddy sediment is always supplemented with the tests of
benthonic foraminfers and mollucs, which comprise the sand and gravel size fractions.
Cyclones may cause the upper 4 to 6cm of sediment to be eroded and redistributed
over the shelf (Gagan et al., 1990). The dune and gravelly-sandy-mud deposits of the
Great North East Channel overlie a Pleistocene limestone (in proximity to reef passages)
and a cohesive clay elsewhere, as sampled in vibrocores (Harris ef al., 1988, 1989, 1990;

Figure8):
Deltaic and Shelf Facies

It is evident that at least five distinct facies characterise deposits of the 9° boundary: (1)
Fly Delta front facies; (2) Pro-delta facies; (3) Distal delta facies; (4) Gulf of Papua shelf
facies; and (5) Great Barrier Reef shelf facies. The sediments are deposited in four
distinct environments (Figure 14): (i) the tide-dominated estuary; (ii) wave-dominated
delta; (iii) the low energy pro-delta and Gulf of Papua shelf; and (iv) the (high energy)
tide-dominated lagoon. Descriptions of these different facies, based on the interpreta-
tion of available data, are as follows:

* Estuarine deposits consist mainly of the the tidal sand banks described by
Spencer (1975; Figure 4). Fine-grained mud and sand are deposited in the delta
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Figure11.  Surficial sediment carbonate content (Afte;' Harris and Baker, in press).

front facies (Figure 13), characterised by water depths <17 metres and attendant higher
tidal and surface wave energy levels than offshore, deep water environments. Surface
waves propogating from the Coral Sea combine with tidal currents causing delta front
deposits to be reworked and bring into suspension much of the fine sediment fraction.
Wave reworking results in the formation of sandy, bioturbated, lag deposits. During
peak discharge events (in May to August; Figure 2) large volumes of sediment pass
through the estuary and mud-drapes cover delta front deposits. This gives rise to
bioturbated sand and mud interbeds. Typical laminae spacings of 0.5cm together with
sedimentation rates of around 0.5cm/year (Figure 10) are indicative of annual cycles.
Storm events may result in the erosion of several units causing a hiatus in the sequence.

-The eroded sediment would be removed offshore to the distal delta environment
(Figure 13). ‘ - L |
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(A) Distribution of bedforms (dunes and sandbanks) in the study area. The
existance of dunes in the Fly Estuary is purely speculative (indicated by "?").
Dunes may not exist here because of the fine-grained nature of estuarine sand
(mean size about 0.13mm). Such fine sand may not be transported as bedload,
since grains less that about 0.1mm become suspended immediately the threshold
velocity is reached (eg. Leeder, 1982, p.72). (B) Idealised sketch showing the
character of the seabed typical of reef passages. Strong currents in the passage
result in a zone of deep scour. The grain size deposited decreases with increasing
distance away from the zone of scour, in the form of gravel/sand ribbons, sand
dunes, and eventually fine-grained mud deposits. Pleistocene limestones have
been cored beneath dunes in such passages and pedogenic cohesive clays are
known to underlie much of the gravelly-sand-mud deposits (Harris ef al., 1990).




d The pro-delta facies lies in 18-45 metres water depth, deep enough below the
sea surface to escape reworking by all but the largest surface gravity waves.
The absence of sediment reworking yields massively bedded to finely .
" laminated deltaic muds. Deposition at rates of around 3 to 5 cm/year results
* in the progradation of the delta offshore across the adjacent shelf at about 6
.metres/year, based on the geometry of the shelf and pro-delta slope. Fine-
grained sediment is supplied to the pro-delta from the estuary and through the
reworking and offshore removal of delta front sediments. The absence of
fossils in this facies, apart from rare allocthonous specimens, indicates that the

pro-delta region is largely devoid of a benthic fauna.

The distal delta facies (Flgure 13) delimits the offshore extent of deltaic
sedimentation. Sedimentation rates here are relat1ve1y low (about 0.5 cm/year).
This facies lies between 35 to 50 metres water depth and receives a steady
(albeit much diminished) supply of sediment from the outer estuary and delta.
Sediment arriving from the delta is supplemented by autochthonous sources
(peloids and shell debris). Thick sand layers are deposited during extreme
events (storms, floods, etc.). However, bioturbation obliterates most of these

event marks.
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Figure 13. Facies distribution map based on data of the present study showing deltaic and

shelf facies delimited by the edge of the delta (based on seismic data) and
by change in sedimentation rates (based on indicated cores sites).
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¢ The Gulf of Papua shelf facies is essentially an offshore extension of the distal
delta facies (Figure 13). Sedimentation rates are around 0.2 cm/year (Figure 10).
Sand beds deposited during storm events yield the series of horizontal parallel
reflectors seen in seismic sections (Line A-A’; Figure 8). The source of the
sediments, however, may not be restricted to the Fly Delta but may include other
rivers which empty into the Gulf of Papua.

* The GBR shelf facies is characterised by subtidal dunes and foram-rich gravelly-
sandy-mud (Figure 14). Carbonate content in the latter sediments increases
southwards (Figure 11). This unit overlies an interbedded mangrove peat and
sand. transgressive unit which is restricted spatially to the region adjacent to the
Fly Delta. Carbon-14 dating indicates that it was deposited during the landward
retreat of the Fly Estuary caused by the post-glacial sea level rise, about 9,000
years BP. To the north, the transgressive unit may underlie the Gulf of Papua
shelf facies (although it has not been penetrated in cores obtained to date). To
the south there is no evidence for such a transgressive unit in cores obtained in
the Great North East Channel. Rather, the gravelly-sandy-mud rests upon an
erosional unconformity, consisting of cemented limestone (in proximity to
reefs) and a cohesive pedogenic clay (Harris and Baker, in press; Figure 14).
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Figure 14. Idealised stratigraphic section showing the relationship between estuary, delta
and GBR lagoon deposits. See text for explanation of different units.

A Preliminary Sediment Budget for the Fly Delta

The spatial relationship of facies (Figure 13) indicates that, within the area studied,
about 2,200 km? is presently subject to deltaic sedimentation. Extrapolating the
sedimentation rates assigned to each facies over respective areas, we may estimate a
sediment budget for the Delta (assuming 1 m® = 1 tonne):
Delta front: (1.44 x 10°m?) x 0.5 cm/yr = 7 x 10 tonnes/yr
" Pro-delta: (5.26 x 10* m?) x 3 cm/yr = 20 x 10° tonnes/yr
Distal delta: (2.35 x 10®m?) x 0.3 cm/yr = 0.7 x 10° tonnes/yr
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The budget indicates the importance of pro-deltaic sedimentation as a depositional
facies in comparison with the delta front and distal delta facies. It shows, also, that the
budget is most sensitive to the estimate of sedimentation rate in the pro-delta facies.
For example, by increasing the pro-delta sedimentation rate from the mean value of
3cm/year to a maximum value indicated by the depth-sedimentation rate curve i+
(Figure 10; i.e. about 5cm/year) yields 33 million tonnes/ year deposited in the pro-delta.
In any event, it follows that about 28 to 40 million tonnes/year of sediment reaches the
delta. This is between 1/2 to 1/3 of the 85 million tonnes/year discharged by the Fly

‘River prior to mining activities. The remaining amount may follow a number of possible

pathways, including: (i) sediment retained in the Estuary; (ii) transported offshore for
deposition in the Gulf of Papua; (iii) transported westward along the southern coast of
Papua New Guinea; (iv) transported southwards into Torres Strait; (v) or some
combmatlon of these transport pathways occurs with relative degrees of importance.

Given that the water volume of the estuary remains constant, only the estuary coastline
(and not estuarine island coastlines or channel depths) would be affected by
progradation. If the estuary coastline is prograding offshore at the same rate as the
delta front (i.e. about 6 metres/year) the volume of sediment accretion may be
estimated. Beach gradients along the coastline are unknown. However, assuming a
steep beach profile of 10°, net vertical accretion would be about 50cm/year.
Progradation of the coastline requires 160 kilometres (length of coastline) x 6 metres

~ (progradation per year) x 0.5 metres/year = 480,000 m?/year. This demonstrates that

the amount of sediment required for coastline progradation is very small compared
with the discharge of the Fly.

A large portion of Fly sediments may also be transported northeastwards in suspension
load advected via wind-driven currents, to be deposited in the Gulf of Papua and in

the shallow waters to the north of 8° 30’ (the northern limit of the present study area).
Such a pattern is consistent with seismic profiling observations of the present study,
which showed a 30 metre thick parallel bedded shelf sequence adjacent to the Delta
(Figure 7 line A) together with an increasing thickness of deltaic sediments towards

the north (Figure 7); only a relatively thin layer was found in the southem part of the Fly Delta.

Recent studies in the Fly Estuary have revealed the presence of fluid muds in the
Southern and Northern Entrances (E. Wolanski, pers. comm.). Fluid mud could
provide another transport pathway for sediments out of the Estuary and across shelf
isobaths in the form of a density current. Such density currents would follow submarine
drainage channels such as the submarine valley located to the north of Bramble Cay
(Figure 5).

Sediment is transported in suspension load out of the Fly Estuary and to the west
along the southern coastline of PNG, affected by wind-driven currents during the SE
trade wind season (Figure 4). About 90 kilometres of the southern PNG coastline is
thought to be supplied by the Fly River (Ok Tedi Mining Ltd., 1988) which would trap
about 270,000 m?/year of sediment assuming the same progradation and beach slope
values as in the estuary (see above). Low lying offshore islands of the southern PNG
coastline (such as Daru Is.; Figure 1) are comprised of 2.8 to 4.2 metres thickness of
Holocene “swamp peats” overlying recrystallised carbonate bedrock (Barham and

~ Harris, 1983); the islands probably do not trap a significant quantity of sediment. -
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It is not known how much of the sediment in transit from east to west bypasses the
southern PNG coastline altogether and makes its way into the seagrass meadows of
the northeastern Gulf of Carpentaria (see Harris, 1988, for distribution of seagrasses in
the area), but this amount is probably small compared with the discharge of the Fly.

Sediment transported southwards from the Fly Delta and deposited in the Torres
Strait area is also small in comparison with Fly discharge. Surficial sediments in
Torres Strait contain generally less than 40% terrigenous mud (Harris, 1988) and are .
accreting slowly at about 0.02 cm/year (Figure 11). Extrapolating these average values
over the Torres Strait area (about 22,500km?) suggests that about 1.8 million m?/yr of
terrigenous mud is deposited (i.e. about 2% of the annual sediment discharge of the Fly).

It may be concluded, therefore, that of the 85 million tonnes/yr of sediment delivered
to the Fly Estuary, about 1/2 to 1/3 is deposited in the adjacent Fly Delta and most of
the rest is transported offshore into the Gulf of Papua. Further studies are required to
define the depositional environments of the Gulf of Papua and other areas receiving
Fly River mud before a more detailed sediment budget will be possible.

A Possible Explanation for the Termination of the GBR at 9°S

Does the input of Fly River sediment (and/or freshwater) actually limit the growth of
corals north of 9°5? The present understanding of sediment transport pathways
would seem to indicate that very little Fly River sediment is deposited south of Bramble
Cay (Figures 7 and 11). Similarly, low salinity (<30°/00) water appears to be trapped
against the coast of Papua New Guinea during much of the year (Figure 5). Salinity at
the northern end of the shelf-edge barrier reef does not fall below 34°/ 00 at any time
during the year (Fig. 5). Areas where low salinity water has been reported (i.e. in the
vicinity of the Warrior Reefs) also support living coral reefs. It would appear that
there is no simple correlation between the dispersal of freshwater and terrigenous
mud and the northern limit of coral growth in the GBR.

An alternative explanation may be provided by the high resolution seismic data

(Figures 8 & 9). This shows what are interpreted as buried reefs occurring throughout

the northern Great North East Channel and adjacent to the Fly Delta. The sediments

which cover these buried reefs appear to have been deposited during low sea level
—————stands-by-the-action-of fluvial processes;shown-in-seismic-sections-as-cutand-fill———

features. Thus the reefs were buried by prograding fluvial sediments during the

Pleistocene. Buried reefs have been described in deeper seismic sections in this same

general area (Davies ef al., 1989).

The fact that there are buried reefs is not meaningful in itself until it is realized that
every reef which has been drilled in the GBR to date has been found to have
Pleistocene reefal limestone as a foundation (Davies et al., 1983). Upon the flooding of
the shelf during the post-glacial sea level rise, reef growth was thus restricted to relict
limestone surfaces. The reason there are no reefs north of the 9° boundary might be
that there were no exposed limestone surfaces available for coral colonisation in this
area when the post-glacial sea level rise flooded the shelf around 9,000 years ago. In
this context, the coral shingle banks described from submersible expeditions in the
Gulf of Papua (R. Pitcher, this volume) represents coral growth in the absence of such
limestone foundations.
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Conclusions

Sediment supplied to the marine envuonment by the Fly River passes through a
complex transport system. In the Fly Estuary, sediment is reworked and fineand

~ coarse grained sediment fractions are separated, with sands trapped in sandbank '

deposits and muds removed offshore. The delta front is a transitional zone where
tidal currents are supplemented by surface waves to further rework and winnow fine
grained sediments (which are deposited offshore in the pro-delta environment).

- Fluvial discharge events yield seasonally varying, interbedded mud-sand sequences,

accreting at rates of around 0.5 cm/year. With increasing distance offshore (and
increasing depth) the wave and tidal energy diminishes, giving way to low energy
pro-delta deposition. o

Pro-delta deposits are located in water depths of between 17 to 45 metres. They

accrete rapidly (at rates of 3 to 5 cm/year) and are massively bedded, showing little if
any evidence of the sediment reworking processes affecting delta front deposits. Pro-
delta muds represent about 65% of the deltaic sequence. The rate of deltaic sedimentation
is one to two orders of magnitude greater than shelf accumulation rates. Over long
time scales (1,000s of years), the delta will therefore prograde over the shelf deposits.-

Less than 50% of the sediments entering the Fly system are deposited in the Delta, the
rest being dispersed over the adjacent shelf regions. Preliminary estimates suggest
that less than 2% of Fly River sediments are deposited in the Torres Strait area. A
large proportion is deposited probably in the Gulf of Papua. - .

The present input of water and sediment by the Fly is restricted to a zone close to the
coast of Papua New Guinea. There is no simple correlation between the occurrence of
Fly River muds, low salinity water and the limited reef growth found north of the 9°
boundary. Since modern reefs in the GBR have Plesitocene limestone foundations, it
may be that the unavailabilty of comparable relict limestone exposures has restricted

‘reef growth in the area.
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Coppe‘rand Zinc Distribution in the Sediments
of the Fly Delta and Torres Strait

Elaine K. Baker, Ocean Sciences Institute .
University of Sydney

Abstract

The Fly delta extends for approximately 30 kilometers offshore from the southern coast of Papua
New Guinea. The area is dominated by fine grained terrestrially derived muds. To the south
the region of Torres Strait is represented by predominantly carbonate sediments.

High levels of zinc and copper (maximum values of 110 and 35 ppm respectively) were found
to be associated with the terrigenous sediments. These concentrations are comparable to those
reported for industrialized areas around the world. Possible sources of the metals include
erosion and dramage of the highly mineralized rocks found in the catchment area and the input
of contaminated mine waste into the system.

A linear correlation was found to exist between the copper and zinc concentration and the.
distance of sample sites from the estuary. A correlation was also found between the percentage
of fine grained particles (< 63 mm) and copper concentrations.

This study indicates that future work should investigate historical changes in copper and zinc

concentrations in the sediments and the ultimate fate of metals associated with the particulate
matter in the Fly River.
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Introduction

Torres Strait is an important ecosystem with a cultural identity that supports a subsistence
fishery for indigenous peoples and more recently a commercial fishing industry.
Changes to the integrity of the system, as a result of resource development, could have
major repercussions for the island communities.

The Strait is a shallow stretch of continental shelf, transected by a number of passages, that
separates Australia from Papua New Guinea to the north. Surficial sediment maps of the
area illustrate a predominance of carbonate sediments, with terrestrially derived material
mostly restricted to the north in the vicinity of the Fly River (Harris and Baker, 1989).

Recent mining developments in the catchments of the Fly and Strickland Rivers have
the potential to increase metal levels in the sediments of the Strait. At present mine
waste and overburden dumped into the river system contains elevated levels of both
copper and zinc. Increased erosion and runoff caused by associated land clearing may
also contribute to an increase in metal levels in the sediments.

This study is concerned with the distribution of copper and zinc in the offshore sediments.
Both of these metals are essential for metabolic activity in marine and estuarine organisms.
However, they become highly toxic when natural concentrations are exceeded. Acute
toxicity is generally caused by interference in enzyme systems and death is fairly rapid
(Bryan, 1976). Sublethal or chronic effects however, can be very subtle and not immedi-
(Bryan, 1976). Mammals are far less sensitive to copper and zinc than invertebrates, and
freshwater organisms are more sensitive than marine organisms (Hart, 1982).

Heavy metals like copper and zinc can be transported down river in dissolved or
particulate form. The suspended particulate material may be deposited when it enters
the estuary and encounters the reduced energy conditions of the adjacent mangrove
swamps, or it may continue to be carried in the water column out into the Strait. The
process of deposition in the estuary is aided by the increasing salinity and pH which
causes the colloidal clay particles to flocculate and settle. A large amount of the metal
ions present may be adsorbed on to this particulate matter, which means that estuaries
are often viewed as sinks for heavy metals (eg. Olsen et al., 1982). The desorption of

metals from-particulates has-also-been-observed-in-estuaries—Thisisimportant-as
metals in solution are generally more available to be taken up by organisms. The
dissolved metals may exist as free metal ions, or form complexes with iron and
manganese hydroxides and organic molecules. Evidence also exists indicating that
metals associated with the mud accumulating in estuaries can escape (Summerhayes
et al., 1985). This remobilization can be bought about by changes in the chemical and
physical conditions, which include resuspension by bottom currents, dissociation into
pore water during diagenesis and the action of bacteria and bioturbating organisms.

The model of the Fly estuary as a sink for heavy metals is also complicated by the
presence of strong tidal currents that continually rework the estuarine sediments,
effectively winnowing away the finer grained material, leaving a predominantly
sandy deposit (Spencer 1975). Fine grained material is deposited in the delta, or
further off shore (Harris, this volume)
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Methods

Surficial sediment grab samples were collected from the HMAS Cook and the HMAS
Flinders during 1989 and 1990 (see Harris, this volume Figure 11), using a Shipek
sediment sampler. Prior to analysis the samples were stored in double acid washed
polycarbonate containers kept in a cool room at 3°. A portion of the sample was sieved to
determine gravel/sand /mud ratios (reported in Harris et al., 1990). The samples used for
metal analysis were oven dried then crushed using a tungsten carbide mill. Following this,
duplicates were digested in high purity NHO3 and HCIO4. Measurements were carried

out in triplicate using flame atomic absorption. A number of international standards were

also analysed the results of which were within * 7% of the recorded valus
Results and Dlscussmn

Copper distribution in the surficial sediments is illustrated in Figure 1. The isograms
parallel the coastline, illustrating a general decline in concentration with distance from
the Fly River. The highest concentrations, of greater than 35 ppm, are found in the fine
grained muddy samples of the delta, whereas the carbonate rich samples to the south
have less than 10 ppm of copper. These contour lines may also indicate that the major
transport pathway for copper associated with sediments is to the east or west rather
than south into Torres Strait. This is further indicated by the pattern of carbonate

distribution in the surficial sediments (Harris and Baker, 1991) which shows that the

terrestrially derived muds are primarily restricted to the delta in the study area.
Calculations by Harris (this volume) also indicate that only a small percentage of the
Fly River sediment is deposited in Torres Strait.

That the Fly River is the most important source of copper in the area is confirmed by
the correlation (2= 0.64) of copper concentration with distance from the delta (Figure 2).
The concentration of copper in the surficial sediments may be influenced by the
release of copper from particulate matter as it encounters the increasing pH and salinity
of the estuarine water.- There is also a significant correlation (r?=0.709) between copper
concentration and percentage mud in the sediments (fraction < 63 pm; Figure 3). This
demonstrates that the copper is associated with the fine grained fraction of material
that originates from the Fly River.

The general distribution of zinc (Figure 4) is similar to that of copper (Figure 1. The
highest concentrations of greater than 110 ppm are found in the delta samples and the
lowest concentrations of less than 70 ppm are found in the samples away from the
coast. As with copper, there is a significant correlation between zinc concentration
and distance from the delta (’=0.724, Figure 5). However, unlike copper there is not a
significant correlation between zinc concentration and percentage mud in the
sediments (12=0.374, Figure 6). This is due to high zinc concentrations associated with
a band of sandy sediments extending just south of the delta front (see Harris, this

volume). These sands are composed of relic carbonate grains that have been reworked
and deposited as a lag, most probably following storm activity. The reason for the
high zinc content is not yet clear.

There is no evidence to indicate whether increases in the concentration of either copper
or zinc have occurred in the sediments in recent times. Schneider (1990) examined
copper concentrations in one 5 metre core from the Fly Delta, collected in 1988.
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Map showing the distribution of copper (ppm) in the surficial sediments of the
Fly River Delta and Torres Strait.

Figure 1.

90




st

1.
v

‘@ Cu (total) ppm

Cu (total) ppm

: T ,
0 100 200 300
dist/delta (km)

Figure 2. Graph of copper concentration (ppm) in the surficial sediments versus distance
from the Delta (km). ‘

y = 6.1465 + 0.18304x R*2 = 0.709

2 Cu (total) ‘ppm

Cu (total) ppm

0 20 40 ‘ 60 80 100
% mud

Figure3. Graph of copper concentration (ppm) in the surficial sediments versus percentage

mud (63 pm). . o ‘ -

91 "



Torres Strait Baseline Study Conference

NEW GUINEA

100 - 110

[0

ZINC ppm
ICIAL SEDIMENTS

& | IN SurFI
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Figure 4.
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Sedimentation rates calculated from Pb 210 ratios indicate this to represent over 100
years of sedimentation (Harris, this volume). Schneider (1990) found no apparent
increase in metal levels at the top of the core. In fact this study found that there was a
slight increase in concentration down the core. This may be due to mobilization of
copper into the overlying water or migration of metals in the core following collection
and exposure to oxidizing conditions. Alternatively, these values may represent
background levels in this area, indicating that at least until 1988 there had been no
effect on copper levels in the sediments as a result of mining activity or increased
erosion and runoff in the catchment. However, this is the result of the analysis of one
core and since 1988 there has been at least another 10 cm of sediment deposited in this
location. Further work is required to generate a statistically meaningful conclusion.

If the concentrations of copper and zinc measured in the delta sediments represent
background levels they may be naturally high due to the mineralized terrain of the
catchment. Figure 7 compares the copper and zinc concentrations found in the Fly
Delta with other locations around the world, illustrating that even if natural, these
concentrations are on a par with many industrialized locations. The Ok Tedi mining
company has constructed a model to predict the degree of copper contamination likely
to occur in the delta sediments as a result of their operation. They have calculated a
maximum value of 200ppm (Ok Tedi Mining limited, 1988), which is similar to the
level found at the Los Angeles industrial outfall (Figure 7).

It should be noted that the copper and zinc concentration associated with the
particulates may only represent a small fraction of the total metal input from the river.
For example in the Gironde estuary it was found that 80% of the up-estuary trace
metal input is in the particulate form, whereas the output to the ocean occurs mainly
(80%) in dissolved form (Jouanneau, 1982). Such a situation may also occur in the Fly
Delta (Solomons and Eagle, 1990).

Conclusions

The limited data collected to date point to the Fly River as the major source of copper
and zinc in the Torres Strait area. The fate of sediment from the Fly River is not fully
understood, although in the area examined the highest copper and zinc levels were
found associated with the fine grained sediment of the delta. The relatively low levels
of copper-and zinc found-inthe Strait-appear to indicate limited deposition of
terrestrially derived sediments in this area. Levels of copper and zinc found in the
delta sediments may represent background levels. This could be confirmed by analysis
of core samples.

Specific conclusions of the present study are as follows:

* Copper and Zinc concentrations correlate well with distance from the delta,
indicating that the Fly River is a point source for metals in the area.

* Copper is predominantly associated with the <63 pum fraction of the surficial
sediments.

* Zinc correlates poorly with the fine grained fraction due to high concentrations
associated with some sandy carbonate sediments.
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of the border with Irian Jaya, and is joined by the Strickland River at Everill Junction

‘Environmental In\%estigations of the Effects of
the Ok Tedi Copper Mine in the Fly River System

A. Murray Eagle and Roger J. Higgins |
Ok Tedi Mining Limited

Abstract

Environmental investigations have been undertaken by Ok Tedi Mining Limited (OTML)
since 1981 when the Ok Tedi Environmental Study was commenced. An environmental
monitoring and management program was implemented in 1983. The programs included water
quality monitoring, river flow and sediment monitoring, surveillance of aquatic biological
communities and a health and nutrition survey of the local people. These original programs
have continued, and additional programs of work have been developed and revised to reflect

changing operations and the need to focus investigations on specific aveas and issues of concern.

In April 1990, following the establishment by the Government of Papua New Guinea of
environmental management criteria for the Fly River system, compliance monitoring programs
were introduced. Details of the compliance and additional monitoring programs undertaken by
OTML throughout the Ok Tedi and Fly catchments, including programs of investigation in the
Fly River estuary, Gulf of Papua and Torres Strait, are presented. b

The Mount Fubilan ore-body is located in the headwaters of the Ok Tedi some 1000
kilometers inland from the Gulf of Papua (see Figure 1). The Ok Tedi drains to the
south where it joins the Fly River approximately 200 kilometers downstream at
d’Albertis Junction. Continuing to flow in a southerly direction, the Fly forms part

97




Torres Strait Baseline Study Conference

700 kilometers downstream of the mine. The combined system, flowing in a south-
easterly direction, discharges to the Gulf of Papua 300 kilometres downstream of
Everill Junction.

The Fly catchment is the largest in Papua New Guinea, occupying approximately
76,000 square kilometers. The Ok Tedi rises in an area of karst and ridge and ravine
topography (Loffler, 1977), where mountains rise to more than 3,000 meters. Immediately
south of Mount Fubilan, the ridge topography has a typical elevation of 600 meters
decreasing to just 60 meters over a distance of 70 kilometers to Ningerum (see Figure 2).
The Ok Tedi is cobble to gravel-bedded along this reach. The river is strongly
constrained by the steep topography, and alternates between a single channel
configuration in gorge-like reaches to a mildly braided configuration in wider reaches.

INDONESIA

PAPUA NEW GUINEA
IRIAN JAYA
O
D'D

ARAFURA SEA

rrrrrr

CORAL SEA

AUSTRALIA
Figure 1. Locality Map
Ningerum is located on the border between the ridge and ravine topography and the

northern limit of the Fly Platform. The Fly Platform is a vast alluvial plateau some 400
kilometers in width, with very little relief.

The morphology of the middle and lower reaches of the Fly River is strongly influenced
by the geology of the Fly Platform. The platform is an extensive stable shelf area,
comprising the vast plains and lowlands associated with the Fly and Strickland rivers,
and a limestone plateau to the northwest of the lowlands. The sand-bedded Middle
Fly is a low slope, meandering stream cut into the over-lying sediments. The
floodplain is relatively narrow, widening from four kilometers near Kiunga, upstream
of d’Albertis Junction, to over 14 kilometers near Everill Junction. Numerous oxbow
lakes, well developed scroll bar complexes, and traces of old alluvial deposits occupy
the inner floodplain. The outer floodplain is composed of backswamps, blocked valley
lakes, and areas devoid of any evidence of channel migration. Lateral channel migration
not exceeding a few meters per year is characteristic of the upper Middle Fly. River
channel meander patterns gradually take on a stick-like configuration in the lower
Middle Fly, characteristic of extremely slow channel migration rates. The lower
Middle Fly is influenced strongly by backwater from the Strickland River.
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The Fly is tidally influenced downstream of Everill Junction. Downstream of Lewada,
the Fly rapldly fans out into a delta. :

The Fly River estuary and delta cover an area of approximately 7100 square kilometers.
The average water depth within the delta is less than 8 meters. Island formations and

+ sediment distribution characteristics are symptomatic of a tidal ;urrent/ river flow o
- dominated system. These opposing forces result in a mass transport of water and ;

sediments, which alternates in direction in accordance with tidal flows. It is expected
therefore that the added mine-derived sedunents are mixed extenswely with resident
estuarine sedunents :

The waters of the Fly flow into the western portion of the Gulf of Papua, which is the
shallow north-western extremity of the Coral Sea (see Figure 1). The western coast of
the Coral Sea is fringed by the Great Barrier Reef, which extends north towards the Fly
estuary. The Torres Strait forms a wide but shallow connection between the Gulf of
Papua and the Gulf of Carpentaria to the west. The Gulf of Papua is also the receiving
basin of a substantial volume of freshwater and natural sediments discharging from
streams other than the Fly. These rivers include the Purari, Pie, Era, Kikori, Turama
and Bamu, which have a combined freshwater discharge estimated at 8000 cubic
meters per second, and an annual sediment load approachlng 240 million tonnes per
annum (Petr, 1983).
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 Figure2. Fly River System
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The ocean current circulations of the Gulf are influenced predominately by wind
patterns and water depth. The winds of the area are monsoonal, with strong and
persistant south-east winds from May to November and weaker more variable north-west
winds from December to April. Current circulation patterns vary with the prevailing
season. Current flows in the Torres Strait are also related to the prevailing season
although current velocities are highly variable and therefore considerable deviations
can occur throughout any year.

Rainfalls in excess of 10,000mm per annum are recorded in the upper catchments.
Monthly rainfall totals vary little throughout the year. By contrast, in the south of the
catchment, rainfall is influenced by the prevailing monsoons and trade winds which
produce distinct wet and dry seasons. Rainfalls total 3,500mm per annum in these areas.

The high rainfalls recorded throughout the catchment lead to large surface runoffs.
The hydrological parameters of the three major streams in the basin are summarised
in Table 1, in terms of probability of exceedance. The locations of the various sites are
shown in Figure 2.

Table1. Flow Exceedances for Selected Stations Calculated from Daily Flow Data (m?s)

Stream Location Probablility of Exceedance
0.001 0.01 0.1 0.5 0.99
Ok Tedi Bukrumdaing 380 80 50 23 3
Ningerum 1060 810 480 240 21
Konkonda- —-—2080 - - 870 1350 670 - 27
Fly River Kiunga 2860 2460 1950 1110 57
Kuambit 4430 3340 1820 120
Obo 3500 2800 300
Strickland Herbert 14500 3500 1200
Fly River Nivani 7100 6000 1200

Natural sediment loads in the streams are also very large. The total annual sediment
load at the mouth of the Fly is estimated to be 100 millions tonnes. The suspended
sediment concentrations and sediment loads for various stations along the Ok Tedi,
Fly and Strickland Rivers are presented in Table 2. The data show the importance of

the Strickland River as the major sediment source for the Lower Fly. Large sediment
loads result from the geological instability of the highland areas, the high rainfalls,
steep slopes, seismic activity and cultivation of the land. Cultivation in the upper
Strickland River catchment is particularly intense and is a major contributing factor to
the sediment load of this major tributary of the Fly.

Landslides occur frequently in the upper Ok Tedi catchment. In 1977, a landslip
estimated to contain 25 million tonnes of material occurred at the Hindenberg Wall,
a vertical limestone escarpment in the headwaters of the Ok Kam, a tributary of the
Ok Tedi. Debris from this landslip caused the bed of the Ok Tedi to rise by more than
three metres some 50 kilometers downstream of the slide origin. More recently, in
August 1989, a landslip totalling 160 million tonnes occurred in the Ok Gilor when a
ridge adjacant to Mount Fubilan collapsed. The Ok Gilor is also a tributary of the Ok
Tedi. Recent geomorphological investigations have identified the remnants of numerous
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other slides in the headwaters of the Ok Tedi, some of which are estimated to be
orders of magnitude larger than recent recorded events.

Table2. Suspended Sediment Loads for Selected Stations in the Fly Catchment

Stream Location . Concentration  Load
o ‘ (mgL1) ~ (Mtyear?

OkTedi Bukrumdaing 50 0.04

' Ningerum 140 0.30

; - Konkonda 140 _ 6.90

- Fly River Kiunga 700 2.60

Kuambit 110 8.00

'Obo 105 15.00

Strickland Herbert 690 66.00

Fly River Nivani 430 81.00

Lewada 430 - 84.00

The aquatic fauna of the Ok Tedi and Fly River systems are dominated by species that
have adapted to the physical characteristics of the catchment. For example, catfish
species, a fish tolerant of high sediment concentrations, are endemic in the Fly and
Strickland systems. On a recent geological timescale, severe physical disruptions have
occurred to resident species habitats. Nonetheless, the Fly presently supports at least
120 species of fish and an equally diverse terrestrial fauna.

Vegetation in the catchment comprises alpine and montane forests in the upper
regions, with the Middle Fly being a mixture of tropical swamp forests and savanna
grasslands. To the south, vegetation is a mixture of forests, including extensive stands
of mangrove and nipa palms, and more extensive grasslands to the west.

The high biological productivity of the Fly floodplains and associated wetlands provides
major support for the aquatic fauna of the river system. Migratory fish species, such as
the barramundi, depend largly on this productivity. Roaming almost the entire length -
- of the Fly, barramundi seek out and reside in off-river water bodies during most of
their migratory cycle. The barramundi, a large fish species of commercial value, does
not spawn in the floodplains or river channel but migrates annually to the coastal
areas west of the river mouth.

The interdependance between the river channel and floodplain in the maintenance of
the fish resource is frequently interrupted by drought. Periods of drought, suchas -
occurred during 1982 and 1986, result in a drying of the wetlands. The fish of the
wetlands are significantly affected during these periods and populations have on
occasions been substantially reduced. However, population recoveries are rapid with
recolonisation occuring as a result of remaining resident stocks which have survived
by taking refuge in stream channels.

High rainfalls, streamflows and sediment loads, frequent catastrophic landslips in the -

- catchment highlands, the incidence of droughts and the diversity of the riverine fauna -
characterize this unique river system. The aquatic ecosystem is far from fragile and is
' substantially adapted to continuously changmg conditions.
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Mining Project

Mining of the orebody at Mount Fubilan commenced in 1984 following a lengthy
period of project exploration, feasibility studies and construction. Initially, gold dore
was produced using cyanide leach extraction. The gold production plant was
decommissioned in September 1988 following the construction and commissioning of
the copper processing facility. Copper production involves open pit mining of the ore
followed by conventional froth flotation. A copper concentrate slurry is produced and
transported by pipeline to the river port of Kiunga on the Fly River. At Kiunga, the
concentrate is filtered and dried and shipped to a bulk handling trans-shipment port
located off the Fly delta from where it is sold and shipped to overseas smelters.

Mine production involves copper bearing ores of a sufficiently high grade being
excavated and hauled to a primary crusher before being transported by conveyor to a
stockpile. The stockpiled material is progressively fed to a series of mills where the
material is ground to fines. The fines are slurried and supplied to a flotation circuit in
which copper and other precious metals are recovered. The process-residual materials
are piped to the upper Ok Tedi headwaters (see Figure 3). The floatation process
employed achieves copper recoveries in excess of 85% of the copper contained in the ore.

Norlhern Waste ‘
. Dump

\

Ok Gllor

Mine and

e ..
process facilities &""“""—“-/ >
e e Ningl

=

l‘o’cc‘

Tunnel

Ok Xumlup

Southern Woste
Dump

......

Figure 3. Minesite Localities

Overburden or waste rock is progressively removed from the mine in order to expose
copper ore. This material is hauled to erodible waste rock dumps also located in the
headwaters of the Ok Tedi.

The total planned tonnage of material to be mined in any year is around 66 million
tonnes. Of this total tonnage, 30 million tonnes is processed as copper bearing ore and
36 million tonnes discharged as overburden. Although production can vary from time
to time, these tonnages equate to 80,000 tonnes per day of processed ore and 100,000
tonnes per day of waste rock.
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The material piped to the Ok Tedi as an ore residue is predominately fine with 76% of
the material being less than 100 microns in diameter. The waste rock placed in eroding . -
dumps is incompetent material and readily breaks down to fines. Approximately 55%
of overburden breaks down to a size of less than 100 microns during transport in the =
Ok Tedi. Sediment transport studies have shown that the river systems are capable of
transporting all material that is less than 100 microns in diameter as a suspended load '
‘through to the estuary and delta. Based on these size distributions, a calculated 31
million tonnes of mined material will enter the Fly River in an average year. The
remaining 35 million tones of mined material is stored i in the river valleys adjacant to
the mine and in the channel of the Ok Tedi.

The environmental effects of the mining operation at Ok Tedi result from increased . -.
sediment loads and particulate copper concentrations associated with both ore '
residues and overburden.Process reagents used in the copper extraction process are
non-persistant in the environment and are used in small quantities in terms of river
flows and the effects of dilution.

Environmental Studies

Environmental investigations have been undertaken by OTML since 1981 when the Ok -
Tedi Environmental Study (Maunsell and Partners Pty. Ltd., 1982) was commenced.
This study was the first comprehensive study conducted in the Fly River system and
included an 18 month intensive monitoring period to establish the pre-operational
chemistry of waters and sediments of the region. Biological sampling during the
period of the study was expeditionary rather than routine.

An environmental monitoring and management program was implemented in 1983.
The programs included water quality monitoring, river flow and sediment monitoring,
surveillance of aquatic biological communities and a health and nutrition survey of the
local people. These original programs have continued, and additional programs of
work have been developed and revised to reflect changing operations and the need to
focus investigations on specific areas and issues of concern.

In 1986, and following the abandonment of construction of a tailings dam due to a -
structural geological failure, further provisions were made for the management of
wastes from mining and processing operations :

a) the deferral of a decision on permanent waste retention facilities until 1990,
until which time much of the generated waste rock and mill ore residues would
be allowed to be discharged to the river system, and;

b) the conduct of an environmental study to assess the impact of these discharges .
and to determine the extent of permanent facilities necessary to contain
environmental impacts at acceptable levels during the remaining life of the mine.

Terms of Reference for the Study included revised schedules of monitoring and
investigation agreed by OTML and the Government of Papua New Guinea (the State).
This Study was designed to provide the data and analysis necessary for the determination
of a level of suspended sediment in the Fly River (the Acceptable Particulate Level)
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considered by the State to provide an acceptable level of environmental protection for
the system. Findings of the Study, including raw data, data analysis and interpretation,
predictions of impact and implications for the disposal of ore residues and overburden
were reported to the Government of Papua New Guinea as the Study progressed. The
Study was completed in 1989 and the results and findings presented in full in a Final
Draft Report (Ok Tedi Mining Limited, 1988) and Supplementary Investigations
Report (Ok Tedi Mining Limited, 1989).

The Acceptable Particulate Level (APL)

Following receipt and evaluation of the study by the State, the Government advised
the establishment of an APL of 940 mg/L. Compliance with the APL would be
evaluated by reference to the upper 95% confidence limit of the mean suspended
sediment concentration resulting from the Company’s mining operations, determined
over a moving period of 30 consecutive weeks.

An APL of 940 mg/L after allowing for sediment inputs from sources other than the
mining operation, can be met notwithstanding the operation releasing mined
sediments to the river systems at planned production rates.

The considerations in the setting of the APL were complex and included :

a) Recognition of the Government’s need to ensure that the Company’s mining
operations did not cause unacceptable environmental damage to the river system.

b) Recognition of the limited use of the area concerned, the need for it’s development, the
Governments desire for the project to proceed and be economically viable, and the effect
the project must necessarily have on the environment.

¢) That the APL should tend toward the maximum level at which significant
environmental damage to the river system would not occur.

d) Recognition of a cost/benefit assessment of the facilities necessary to achieve compliance
with incremental levels of suspended particulate matter.

e)_Recognition that conventional data developed from studies_in temperate regions and
regions of lower rainfall may be of limited applicability to the river system.

In setting the APL the State expressed a concern that the actual level of impact should not
exceed the predicted impacts which formed the basis for the State’s decision. To this end,
and recognising that a single parameter (the APL) would not by itself provide a sufficient
measure of an acceptable level of impact in the river system, additional environmental
conditions were set in conjunction with the setting of the APL to ensure that:

a) A useful and viable fish resource would be maintained in all parts of the Fly River
channel by ensuring that:

1) actual fish catches at sites specified by the Government do not decline below
those of the Predictions.

ii) copper contamination of the Fly River channel does not exceed the Predictions.
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b) The capacity of off-river water bodies to ensure the early recovery of the Fly River fish
resource would be protected by ensuring that not more than 20% of the area of a
repre sentative selection of off-river water bodies is influenced by copper from mine wastes.

¢) The biological resources of the Fly River delta, the Gulf of Papua and the Torres Strait
would be protected by ensuring that the concentration of particulate copper entéring the
Fly River delta does not exceed the Predictions.

o | 'd) The navigability to an acceptable extent of the F ly River would be protected by ensuring
that aggmdatzon in the Fly River does not exceed the Predictions over the life of the mine.

‘ . A further provxsmn of the APL deas:on was that an envnonmental monitoring program
~ would be designed and implemented to allow the State to evaluate compliance with
the APL and associated conditions. The compliance programs were designed by
OTML in collaboration with the State and have three components, namely:

b) Monitoring compliance with the four additional environmental conditions as specified.

¢) Monitoring of additional environmental parameters throughout the Ok TedifFly
catchment to maintain continuity of the present data base. These additional programs
would provide data needed for the calibration and further development of prognostic models
to update and upgrade assessments of environmental impacts, and to observe and record the
 future variations in parameters which may or may not be influenced by OTML’s operations.

~ a) Monitoring suspended particulate concentrations and compliance with the APL.

The comprehensive database assembled through the monitoring, investigation and
research programs, conducted since 1981, formed the basis for an assessment of the -
actual effects of the mining operation in the river systems since mining began. In order -
for the State to determine environmental compliance criteria for the future operation

of the mine, an assessment of predicted impacts was necessary. Predicted effects to the
end of mine life (2008) were based on projected mine plans and ore processmg criteria.
The methods employed are discussed below. :

Sediment

Suspended sediment and river bed aggradation models were developed using a series
of bedload sediment transport algorithms (Parker, 1990). The suite of models available
comprised algorithms for the estimation of gravel transport, abrasion and deposition
in the upper reaches of the Ok Tedi and sand transport and deposition in the lower
reaches of the Ok Tedi and upper Middle Fly River. Both of these models calculated a
finer fraction of material that is available for transport as a suspended sediment or
wash load. The material was routed through the system using a third model producmg
estlmatlons of the suspended sediment load per unit flow.

The Predictions
|
The sediment transport models used mine productlon tonnages, particle size distributions -
of the overburden and ore residues and abrasion coefficients as primary sources of
input. The models have been extensively calibrated. ‘
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Geochemistry

The geochemical characteristics of copper in the river system and response to mined
inputs were modelled based on a modification of the CHARRON water quality model
developed specifically for OTML by Delft Hydraulics Laboratory (Ok Tedi Mining
Limited, 1988). The model used a log-linear optimisation technique to calculate chemical
equilibrium processes for segmented river reaches, recalculating the equilibrium
composition as each system tributary was added. The model has been applied and
calibrated to provide water quality predictions throughout the river system to down-
stream of the Strickland River junction.

The geochemical model used known chemical equilibrium process data, water quality
characteristics of system tributaries and ore residue and overburden tonnages and
their chemical characteristics as inputs.

Estuary

A simple flux model was developed that described potential particle bound-copper
enrichment in estuary sediments (Ok Tedi Mining Limited, 1988). The model assumed
static annual mine inputs, and by a discretisation process routed the annualised inputs
through the estuary to ultimate deposition at the delta front. The model results showed
a spatial and temporal distribution of copper enrichment in resident sediments.

Biology

Fish catch regression modelling was developed using a step-wise multiple regression
procedure (Smith et al’, 1990). The variation in the Y variables (summary fish catch
statistics such as total number or total biomass of fish caught) were explained as a
function of a number of X variables (catchment area, suspended solids, dissolved
copper, particulate copper and log(X+1) transformations of them. The X values were
added to the models sequentially with the variable which could explain the greatest
amount of variation added first. The variable which accounted for the next greatest
amount of variation was added next and so on until the addition of another variable
would not contribute significantly to the overall model. Using this general modelling
procedure predictions for future fish catches in the river system were generated using
predictions of suspended sediments, and dissolved and particulate copper based on
the sediment transport and geochemical modelling described above.

The predictions to be used for testing whether or not the State’s conditions for acceptable
environmental protection of the Fly River system and offshore are met are given in Tables 3-5.

Table 3. Particulate and Dissolved Copper and Fish Catch for Kuambit/Nukumba, Obo and Ogwa

Year Kuambit/Nukumba Obo Ogwa
pCu dCu Fish pCu dCu_fish pCu  dCu  Fish

ug g‘1 ug Il kg ug 3‘1 ug I kg ugg-1  ugll kg
1990 1236 11 15 1202 17 35 524 3 95
1991 905 6 28 879 9 66 401 2 118
1992 715 3 38 693 5 94 321 1 135
1993 875 4 29 850 6 70 388 1 120
1994 581 3 49 564 4 119 270 1 147
1995 581 3 49 564 4 119 270 1 147
199 562 3 49 544 4 119 253 1 147
to 2008

pCu=particulate copper dCu=dissolved copper Fish=standardised catch in 24 hours
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Note: The predicted data presented in Table 3 show copper enrichment throughouiL the river

system at a maximum in 1990 and declining significantly by 1996 and through to the end of B

mine life. The reason for this is that the proportion of oxide copper in the ore body reduces
‘substantially by that time and is replaced by sulphide copper for the remainder of the mine life.
- Oxide ores are less amenable to the flotation process and therefore recoveries are lower. In
addition, average ore head grades reduce as the ore body is developed and with planned production
tonnages remaining nearly constant, a higher proportion of lower grade ore will be processed.
Dissolved copper levels are shown to reduce to natural levels by 1992. The fish catch prediction
~ data represent the biomass of fish caught during a standardised sampling period at these
locations. As copper enrichment in the river system is reduced, the biomass of fish caught

" increases. By 1994, the biomass of fish caught is shown to be within the ranges of catches which

may have been expected prior to the commencement of the mining operation. Although assessments
have been made regarding a percentage fish reduction for the river system estimated relative to
background levels, these are extrapolations and not actual direct effects in the river system or
equivalent to the fish biomass predictions presented in Table 3. The compliance criteria established
for the mining operation are designed and allow for the maintenance of a sustainable resource
yield at which the subsistance and commercial use of the fish resource will be protected.

Table4. Particulate Copper at Lewada and Mid-Delta

Year Lewada ~ 35km d/s Lewada.
1990 149 52
1991 174 64
1992 184 ‘ . 81
1993 201 100
1994 201 120
1995 200 139
1996 : 198 155
1997 195 168
1998 195 177
1999 : 192 184
2000 190 188
2001 189 190
2002 188 190
2003 187 191
2004 187 . 190
2005 186 : 190
2006 186 190
2007 185 188
2008 . 177 188

‘Table 5. Bed Aggradation at Kuambit
2.2 meters above 1984 bed level in 2008
- Note: River cross-sectional surveys have been conducted on a regular basis since the mining -
operation began. In Table 5, the 1984 mean bed level is shown as the reference to which

compliance will be measured. Annual compliance is measured by referencetoa strazght line
interpolation between the mdzcated points.
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APL Compliance Monitoring

For the purpose of measuring compliance with the APL, sediment sampling is carried
out at weekly intervals by a standard depth integration method at eight vertical profiles
in the river cross section at Nukumba in the Fly River (see Figure 4) Each measured
suspended sediment concentration is corrected by discounting an estimated value for
the concentration of suspended sediment arising from sources other than the Company’s
mining operation (Ok Tedi Mining Limited, 1990). The weekly results reported to the
State include the cross-section suspended sediment concentration, stream flow, the
suspended sediment concentration for each profile, the estimated contribution of
suspended sediments from sources other than the mining operation and estimated
concentrations and mass flows used in obtaining the discount.

Fish catch sampling is conducted at Kuambit, Obo and Ogwa using the standardised
methods adopted during the 1986/1989 Environmental Study (Smith et al., in press).
Sample frequency is monthly at Kuambit and quarterly at Obo and Ogwa. Replicate
sampling sites have been established at each station.
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Figure4.  APL and Additional Monitoring Localities
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Water samples for the analysis of dissolved copper are collected weekly at Nukumba '
and monthly at Obo and Ogwa. At all sites, samples are collected 0. 5m below the
water surface. _

Water samples for the analysis of particulate copper at Nukumba are those collected

- for measuring suspended sediment concentrations for APL compliance momtonng
The cross-section concentration of particulate copper is determined by analysis of a
composite sample formed by combining the depth mtegrated sediment samples at
each profile.

At Obo and Ogwa, water samples are collected as gulp samples from 0.5m below the
water surface at an appropriate number of locations in the cross section to obtain
_suff1c1ent sediment for analysis. ‘

The Fly River ﬂood plain has been delineated and segmented into 50 sections of
approximately equal area. Four deposited sediment samples are collected from each
section, two each from an established water body and a floodplain location, using a
core sampler. The material retained for analysis is the top 5mm wherever possible.
Sampling frequency is annual.

Deposxted sediments are collected quarterly from the Fly River estuary at four
separate sites upstream of the outermost estuary island. A grab sampler sultable for
sampling only the uppermost 150mm is used and three replicate samples are collected
at each site.

Cross-section surveys are conducted at the Kumabit river gauging cross-section using
standardised methods. Surveys are conducted quarterly.

The compliance monitoring bprogram is summerised in Table 6.

Table 6. APL and Conditions Monitoring Programs

Stream Location Frequency Purpose
Fly River Kuambit/ "~ Weekly SS,pCu,dCu
Nukamba - Monthly Fish Catch

Quarterly Bed Level

Fly River Obo/Ogwa Monthly pCu,dCu
Quarterly Fish Catch

Off-River Middle Fly Annually pCu(deposted)

Waters

Estuary 3 Sites Quarterly pCu(deposited)

pCu = particulate copper
dCu = dissolved copper
.- Fish catch = standardised biomass data
pCu (deposited) = particulate copper in sedlmentary dep051ts
- 55= suspended solids
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Additional Monitoring and Investigations

Ok Tedi and Fly River System

In addition to programs of compliance monitoring, additional data collection is being
carried out throughout the Ok Tedi and Fly River systems (see Tables 7 and 8). These
programs are designed to supplement the compliance programs and provide the
information necessary to allow the timely identification of potential and actual effects
of the mining operation during the life of the mine.

Table 7. Additional Environmental Monitoring Program

Biology Geochemistry Hydrology
@ |l ] <
w | ¥l |2ls : IERE:
Localty " [ &1 12| g 3 E(3 |2
al2l o] 3 ” - N © - ™ « 0 pey
sl o £ g v v v « 3 S
El<| 8]k o | 4 ’2 b4 M x o v
ol Llaf ) o2 NN £ @ 9 b 3 “
alZialalal @l &l o) IR |la|la |l x
Ck Ted
Profile #3 3
Ningerum 6(3)6 8 3 64 1 1
Konkonda 3 C 1 ! 1
Atkamba 13
Upper Fly
o e Kiunga . ..}l ff -} -- 1 3 C 11 1 1
Oxbow #01 3 1 3
Mddo Fly
Kuambit 1|3 1 3 [od 1 1 1 1
Oxbow #02 3112 1 3
Oxbow #03 3] 12
Oxbow 404 312
Bosset Lagoon| 68 | 12 1
Bosset 8 | 12 1 3 3 3 3 3
Flood FLD #14] 6 | 12
Oxbow 05 3112 H 3
Daviumbu 3112 3 1
Obo 3112 1 3 C 3 3 3 3
Flood FLD #15( 3 | 12 1 | 3
Strickdand
D/S Herbert R} 3 | 12 1 3 [of 3 3 3 3
Lower Fly
Ogwa 3 (12 1 3 3 3 3 3
Burai Junction 3 6 8 8 [
Lewada 3 12 12 112 | 12
Estuary
Bamu River 12 6] 3{ 3 3
Estuary §0t 12 6( 8 3 3 3
Estuary #02 12 6} 3] 3 3
Estusry §03 12 61313 3

(1) See Figure 4 for locations

(2) Sce Table 8 for definitions

(3) Numbers denote months between samples
(1) Continuous analogue record
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Table 8. Sample Types and Analyses

Biology

Hydrology/Sedment Transp_éf,t

" | Sampling - fish catch statistics
Mctals — metals in tissues and organs

Processing — diet apalysis and condition indicies
Barramundi - large commercial fish species

Prawns - prawn catch statistics
Fish - fish catch statistics
Crabg - crab catch statistics

¥ater Level - continuous water level record

Fiow - stream discharge measurements

Bed Samples ~ bottom gradb samples

Susp. Sediments - depth intergrated samples
X-Sections - aggradation/deposition data

Geochemistry '
Location Type 1 Type 2 Trype 4 Legend
Profile 43 M Q Type 1 — pH, slkalinity. conductivity
Ningerum M Q suspended solids, dissolved oiygen.
Konkonda M Q dissolved Ca, Mg, Cu, Zn, Fe, Mn.
Kiunga M Q particulate Cu, Zn, Mn, Ff:. CEC
Nukamba M Q
Type 2 - Type 1 analysis plus
Bosset M Q dissolved organic carbon, total
Obo M Q organic carbon, particulate aluminuy
Strickland M Q particulate sulphur
. Ogwa H Q ‘
Burai Junction Type 3 — Type 2 analysis plus
dissolved Na, K, silica, sulphate
Lewada .
and chloride
Oxbow 401 M4 Q
Oxbow402 M# qQ Type 4 - pH. conductivity, alkalinity
Bossct Lagoon Q M dissolved oxygen.
Oxbow #05 MA Q M = monthly
Floodplain #15 My Q M# = monthly for dissolved
component of Type 1.
Lake Daviumbu Q M Q = quarterly

1. Investigate and monitor the geochemical and biological response to mined

sediments.

Estuary and Gulf of Papua Coastal Waters

Programs of geochemical, biological and hydrodynamic process investigations and
research are being conducted in the Fly estuary, Gulf of Papua and the Torres Strait.
The objectives of these studies are to:

2. Assess the fate of mined sediments in the estuarine and offshore regions.

-
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The studies are being supported by Delft Hydraulics Laboratory (DHL) in collaboration
with the Institute for Soil Fertility and Research (ISFR) of the Netherlands, the Australian

Institute of Marine Science (AIMS) and Australian National University (ANU). Logistical

support is provided by the OTML research vessel ‘Western Venturer'.

The following summary outlines the programs of work being conducted in the Fly
River estuary, Gulf of Papua and Torres Strait (see also Figures 5 and 6).

Geochemical Program

A variety of geochemical experiments were conducted in 1988 by DHL and ISFR to
assess the kinetics of metal release processes in the estuarine inter-tidal zone of the Fly
estuary. In addition, a water quality model based on these experiments was developed
by DHL for the estuary and Gulf of Papua waters. The model lacked detailed information
on the hydrodynamics and current circulation patterns of the systems but enabled
impressions to be formed of the likely fate of copper in these waters. This information
was used as a basis for formulating the monitoring and research requirements of the
present programs.

The geochemical program has laboratory experimentation and system surveys and
monitoring as separate components.

Laboratory

The laboratory component includes:
(a)Batch experiments using a series of samples from mine overburden, ore
residues and natural sediments to:

(i) distinguish between rapid kinetic processes (cation exchange) and
slower processes (desorption of tightly-bound copper). These experiments
involve removal of the exchangeable copper fraction from samples and
subsequent leaching in sea water.
(ii) determination of the effect of observed pH changes in the estuarine
environment on copper desorption rates.
(iii) comparison of rates of release of artificially adsorbed copper on
sediments to those of mined sediments.

(b)Flow-through experiments to simulate the transport of mined sediments
through a salinity gradient to determine the influence of estuarine processes on
particulate copper.

(c) Based on the experimeﬁtal results of (a) and (b) above, developement of an

algorithm for estuarine release processes for incorporation in the geochemical
dispersion model DELWAQ.

Data Collection and Monitoring

Systematic collection of deposited and suspended sediments and waters in the estuarine
and offshore environments is being undertaken to determine existing metal and water
quality characteristics for model calibration. The field data collection programs and
sampling protocols are shown in Figures 5 and 6.

112




50 Riometres

\/\>\JL_,4

Daception Bay

o

O

-Coral Sea

O Geochernicol Station

Sample Frequencies

Parameters

Otf-shore: Slx-monthly over one tidal cycle Salnity

Estuary: Six-monthly over two tidal cycles Temperahre

Figure 5.

Suspended Solds (concentration %-63um %> 16um)
Copper (totaldssolved parliculate in water and bottom sediments
pH, akainty DOCPOC.CEC

Geochemical Station Localities and Analyses

The laboratory and field studies assoc1ated with the geochemical program wxll be
integrated with the hydrodynamic modelling programs to:

a) simulate dissolved and particulate copper transport in the estuary and
offshore environment for the present (calibration) period and

b) simulate dissolved and particulate copper concentrations in the estuary and
offshore environment for the life of the mine given mine operational parameters.
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Figure6.  Hydrodynamic Station Localities

Hydrodynamic Program.

Programs of oceanographic data collection commenced in December 1989 with an
expeditionary cruise in the Fly estuary and coastal waters. This work is being under-
taken by AIMS and ANU.

Data collection is aimed at :

(1) determination of mixing rates and times of residence of the river plume in the
coastal waters of the Gulf of Papua and northern Torres Strait to assess dilution

factors and spatial limits.
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(ii)determination of net circulation patterns and mixing/flushing rates in the
principal channels of the estuary including assessments of sedlment trapping,
reworkmg and redistribution.

The physical oceanographic measurements necessary to determine @ and (ii) above

T

will encompass a sufficient time span to reflect seasonal variations and include:

a) deployment of submersible current meters to test the hypothesis that wind
driven currents force part of the plume to the west along an inshore zone and
that a permanent eastward offshore drift occurs in this region; and a deployment
of a further three meters located on a cross-slope transect offshore from the
delta front and extendmg to sea due east of the estuary.

b) installation of a self compensating/recording weather station on the permanently
located bulk handling concentrate ship located off Umuda Island.

c) deployment of self-recording submer51ble tide gauges in the estuary mouth at
the entrance of each of the principal channels and at its apex.

d) insitu measurements of current direction and velocities, temperature, salinity
and suspended and deposited sediment data including concentrations, particle
size distributions and copper concentrations.

e) sediment core collection from locations in each of the principal channels for
. the determination of net sedimentation rates and effective mixing depths. The
cores will be carbon dated and geologically classified.

These data will be synthesized in hydrodynamic models to analyse the mixing and
residence times of sediments in waters in the estuary and offshore. Predictions of the
fate of residual copper in these sediments will be made following the integration of the
results of the hydrodynamic and the geochemical models.

The geochemical and hydrodynamic programs are designed to determine the transport: -.
and fate of mined sediments in the estuary and Gulf of Papua. The programs will
provide both confirmation or otherwise of qualitative professional assessments and
baseline information from which future assessments may be made of any impacts
resulting from the mining operation.

Discussion

The continuing data collection programs undertaken by OTML since 1981 have
resulted in a large assemblage of environmental information on the Ok Tedi and Fly
River systems. Because of the geographical extent of the Fly system and the natural
variabilities that occur, however, uncertainty remains surrounding any mterpretatlon
of system characteristics and responses to the mining operation.

'APL compliance monitoring results show that the effects of the mining operation are

within acceptable levels of environmental impact (Ok Tedi Mining Limited, in press) |
throughout the system. The fisheries resources of the river system are being maintained.
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Results from the geochemical and hydrodynamic programs to date (early1991) show
no increase in either dissolved or particulate copper concentrations in the estuary and
coastal waters of the Gulf of Papua or the northern Torres Strait. Data collected show
no net current flows in the direction of the Torres Strait although a brackish water
plume has been shown to intrude into the Great North Eastern Channel at least to the
extent of the Warrior Reef complex (Wolanski et al., 1983). A small but identifiable
fraction of the freshwater discharge from the Fly River is transported along the littoral
zone west of the estuary. Copper concentrations in sediments collected from areas
west of the estuary show no elevation above background levels.

Net offshore currents are shown to flow in an easterly direction in the Gulf of Papua.
Copper concentrations in deposited or water column sediments are not elevated above
background levels.

A significant finding of the research being conducted in the estuary has been the
identification of a large volume of fluidised muds. Preliminary surveys estimate that
the quantity of material involved could be a high as 10 x 10° million tonnes. As particle
bound copper entering the estuary is preferentially distributed on the finer fraction of
sediments and principally associated with clay particles (Salomons e al., 1990), copper
enriched sediments are diluted substantially by these unconsolidated sediments. This
is shown by data that indicates that no detectable enrichment above background copper
levels has occurred despite the fact that copper processing at the mine was commenced
in 1987.

T ~ The rate of contamination of resident sediments can be estimated if a mixing depth is ~ -
known. Preliminary estimations (Wolanski ef al., 1990) show that for estuarine areas
where mixing depths are less than 0.1 meters copper concentrations could be expected
to increase to 120ppm. Similiarly, mixing depths to 1.0 meters result in predicted
concentrations marginally exceeding background levels that are for all practical purposes
unquantifiable. As the volume of fluidized muds in the estuary is essentially constant
an amount is exported equal to annual inputs from the river. Sediments collected from
the prograding delta front indicate that there is a depositional zone for the bulk of fine
sediments with export to the Gulf of Papua the most likely direction of transport for
sediments remaining in the water column.

—— While uncertaintities exist, particularly with extrapolations of response information
over the life of the mine, particular emphasis has been placed on the quality of
information collected. To this end, internationally recognised protocols have been
used in all data collection and sample analysis activities and where necessary, expert
advice has been sought concerning all monitoring and investigative activities, data
analysis and interpretation of results.

The information presented to the State and used in the evaluation and formulation
process to establish an acceptable level of suspended sediment for the river system,
has been subject to ongoing and independent reviews. These reviews have confirmed
the scientific findings of OTML’s investigations. Judgements regarding acceptable
environmental impacts take into account the considerable benefit of the project to the
Western Province and to Papua New Guinea and the practical balance between these
benefits and environmental effects. The findings of the Sixth Supplemental Agreement
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Environmental Study and Supplementary Investigations provided the State with a
basis to make these judgements and establish the APL. The purpose of the APL is to
ensure that OTML’s mining operations do not cause unacceptable env1ronmental

~damage to the river system.

The study findings predict that some environmental impacts within the river system
will result from the discharge of mine ore residues and overburden. These impacts
have been quantified to the maximum extent possible. Increases in suspended sediment
concentrations as a result of mine discharges will cause a decrease in the fisheries
resources of the Middle Fly; these resources will, however, continue to exceed the demand
placed on them by users, principally artisinal fishermen, although increased effort may be
needed to achieve present catches. No other significant impacts have been identified to
date, although monitoring and further environmental study will be continued.
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Staged Development and Environmental -
Management of the Porgera Gold Mme,
Papua New Guinea

Charles W. Ross
Placer (PNG) Pty. Limited

Abstract

- The Porgera Gold Mine is presently being constructed in the Central Highlands of Papua
New Guinea. The mine is located within the catchment of the Porgera River which drains into
the Lagaip, Strickland and Fly River system. Stage I of the mine and ore processing plant
commenced production in September 1990.

- The staged development of the mine and ore processing plant are described. Information is
presented on management of mine wastes, with particular reference to chemical treatment of
mill tailings. The predicted environmental effects resulting from riverine disposal of tazfmgs
are discussed.

Introdtiction

The Porgera Gold Mine is located in Enga Province, in the central mountainous region
of Papua New Guinea. The Porgera gold/silver deposit has been the subject of mineral
exploration since 1960, by a number of companies working singly and jointly.

Commencing in 1980, active exploration and development planning have been N

.conducted by a consortium of companies known as the Porgera Joint Venture (PJV).
RGC (Papua New Guinea) Pty Limited, Highlands Gold Properties Pty Limited and
Placer (PNG) Pty. Limited are equal partners in the venture, with the Papua New
Guinea Government holding a 10 percent share.
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At an early stage of project planning, the joint venturers made a commitment to ensuring
that the environmental effects of the mine were given careful consideration, and that
an acceptable balance was achieved between the responsibilities of protecting the
environment and extracting minerals economically. Investigations began in 1980, with
the collection of preliminary baseline information on the land surrounding the ore
body and the river basin containing the proposed mine (NSR, 1980; NSR, 1982).

This was followed by a more detailed baseline survey in 1984 and a series of studies
on the characterisation of effluent, the development of methods for treatment of tailing
and the assessment of effects on the receiving river system. Detailed environmental
investigations culminated in the preparation of an Environmental Plan for the mine
(NSR, 1988). In May 1989 the Papua New Guinea Government approved the Project
Proposal for Development and the Environmental Plan for the mine. Construction of
the mine commenced shortly thereafter.

Physical Setting
The Porgera valley is a high-altitude basin ringed with rugged mountains, with a floor
level of about 2000 metres and rising to a maximum height on the rim of 3850 metres. The

Porgera gold/silver ore body lies in and adjacent to Mt. Waruwari, elevation 2800 metres.

The predominant climatological feature of the region is rainfall. Mean annual rainfall
is approximately 3600 mm and precipitation occurs on over 300 days each year. Rainfall

_____tends to be heavier during the December to February period, and extensive cloud

cover is common.

Temperatures in the Porgera area range from a daily average minimum of 11°C to an
average maximum of 22°C. Relative humidity is quite high and averages between 80
and 90 percent.

The geology of the upper Strickland catchment is dominated by the Jurassic Maril
Formation, comprising fine grained marine sediments in the form of dark grey and
black shales. These rocks weather rapidly and are extremely unstable. Landslides are
a characteristic feature of the steep valleys of the catchment. River sediment loads
consequently are high.

Hydrology

The ore body is located in the headwaters of the Porgera River, which drains into the
Lagaip, Strickland and Fly River system (Figure 1). Hydrological records from five
gauging stations (SMEC, 1985) have been used to estimate discharge. Daily mean
discharges are shown in Table 1, together with corresponding total suspended solids
(TSS) concentrations. The variation in flow between low and high extremes at each
station is not exceptionally large. '
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Table1l.  Baseline Flow and Total Suspended Solids concentrations

atSG1, 5G2 and SG3
STATION TSS(gm) FLOW (m?s1)
90% E FLOW

SG1 275 6.2
SG2 165 70

SG3 197 319

10% E FLOW

SG1 . 995 28

SG2 7885 320

SG3 6020 1243
MEAN FLOW

SG1 615 16
SG2 1185 180

SG3 1440 704

Water Quality

The predominant and most variable characteristic of river water quality is TSS.
Suspended solids loadings are high, with turbid water always present in the rivers
(Table 1). TSS is strongly correlated with discharge (Figure 2).

The waters of the rivers are calcium bicarbonate dominated, characteristic of limestone
catchments. The pH is high, at around 8, as are suspended solids and organic carbon.
Total heavy metal concentrations of water are high, reflecting the high sediment
loading. However, the metal concentration of the solids (Table 2) and the level of
dissolved metals are low (PJV, 1990).

Table2.  Background Particulate Metal Concentrations (mgkg?)

STATION As Cd Cu Fe Pb Hg Zn
SG1 - 68 0.3 30 55000 29 0.2 131
SG2 3.1 0.1 30 45000 23 0.1 108
SG3 6.2 0.5 22 47500 17 0.1 88

The high pH, bicarbonate, suspended solids and organic carbon are all indicative of a
system well buffered against the dissolution of heavy metals into the aqueous phase.

Mine Development

The mine is being developed in stages, with a combination of underground and open
pit operations. The optimum mining strategy involves the development of an under-
ground mine to extract the higher grade ore during the first seven years of production.
The extraction of this deep, higher than average grade ore early in the mine’s life is
vital to the economic viability of the project.
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The open pit will be developed in three stages over the production period of 18 years and
will involve the removal of a substantial part of Mt. Waruwari. Approximately 48 million
tonnes of ore will be mined from the pit, with 313 million tonnes of waste rock generated.

Both soft and hard waste rock from the pit will be stored in a waste dump immediately
to the west of the pit. The proposed dump area is a bowl shaped valley with adownward
slope from south to north averaging 9° over a distance of 2.3 kilometres. Foundation
conditions in the dump area vary from reasonable to poor. Weak foundation conditions
and high rainfall preclude conventional methods of dump construction. Special dump
design measures are required to overcome the poor foundation conditions and the
weakness of the materials to be stored (Klohn Leonoff, 1986).

Ore Processing

Most of the Porgera ore is highly refractory and requires a complex treatment process
to achieve satisfactory gold recovery. Early on, it was clear that direct cyanidation
would yield poor recovery because most of the submicroscopic particles of gold were
locked within the crystal structure of pyrite. Destruction of pyrite by acid pressure
oxidation was selected as the most favourable method of accomplishing this. The ore
processing plant is being developed in two stages.

The Stage I plant processes 1500 tonnes of ore per day from the underground mine.

It comprises crushing and grinding, followed by gravity recovery of coarse free gold
__(Figure 3). The sulphide minerals are recovered by conventional flotation then
subjected to cyanidation leaching to extract part of the gold. Cyanidation tailing,
containing the refractory part of the ore is stored in a lined pond for later treatment by
pressure oxidation.

Stage II plant involves the addition of pressure oxidation to the treatment process,
commencing in mid-1991 (Figure 4). The sulphide flotation concentrate will be oxidised
under pressure in autoclaves, rendering the contained gold amenable to dissolution
by cyanide. The residue of oxidised solids will be washed by countercurrent
decantation. The gold and some of the silver in the washed solid residue will then be
recovered by cyanidation leaching and carbon-in-pulp.

The-concentrator-capacity-will-be-increasedt0-4500-tonnes-of ore-per-day-in-1993:
Underground ore production will increase to 3500 tonnes per day, with 1000 tonnes
per day mined from the open pit. Twelve months later the concentrator capacity will
be increased to 8000 tonnes per day, with open pit ore production increased to 4500
tonnes per day. The underground mine will cease operation in 1997.

Effluent Disposal

The ore processing produces three main effluent types. These are flotation tailing, acid
wash effluent and cyanidation tailing. Individually, these streams will contain a variety
of potentially toxic environmental contaminants, including cyanides, acids, alkalis and
dissolved trace metals. Mercury present in the ore body is considered the priority
trace metal because of the potential for bioaccumulation and bioconcentration. Also
there is the potential of increased physical loading of waste solids on the environment.
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At an early stage of development planning it was recognised that the foundation
conditions of the Porgera valley were unable to support an impoundment for safe, -
permanent storage of tailing (Klohn Leonoff, 1984). The implications of river disposal
~ of tailing have been mvestlgated in detail and thls is the main issue addressed in the
Envuonmental Plan : o

| 'Laboratory Testwork

The extensive metallurglcal program to test the processing of ore prov1ded an ideal
- opportunity to optimise in-plant treatment of wastes to minimise the downstream
unpact of riverine dlsposal The components of the environmental testwork were:

*  Determination of the chemical characteristics of process waste streams for -
different ore types.

¢ Optimisation of waste treatment, in particular residual cyanide destruction,
neutralisation of acid autoclave effluent and precipitation of dissolved metals.

. Labbratory simulation of downriver water quality and analysis of mixed and
. diluted effluent for chemical indicators of toxicity. '

* Acute toxicity testing of waste streams by bidassay screening.
¢ Determination of particle size and settling characteristics of tailing solids.
¢ Assessment of the deportment of mercury through the process.

¢ Determination of the potential for the transformation of metals from the solid
phase of the waste stream to the liquid phase of the receiving river system.

- Effluent Treatment

. Flotation tailing consists of waste rock and residual alkaline flotation reagents.
Bioassay tests demonstrated that flotation tailing has low toxicity, and does not require
treatment prior to discharge (Rescan, 1987a).

However, the acid wash effluent from the pressure oxidation circuit contains high.
concentrations of trace metals, while the cyanidation tailing contains significant
concentrations of residual cyanide. An effluent treatment process has been developed
which involves neutralising the acid wash effluent and precipitating dissolved trace
metals by addition of alkaline flotation tailing and lime.

Cyanide destruction testing has demonstrated that “Prussian Blue” precipitation offers
a reliable means of cyanide detoxification. This in-situ process involves the formation
of highly insoluble and stable ferric-ferro-cyanide complexes under acid conditions.
Additional testwork has shown that treatment of the acid wash effluent and cyanidation
tailing with sodium sulphide will precipitate mercury as mercury sulphide of low
solubility and inherently low biological availability.
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Toxicity of Mine Waste

The potential toxicity of mine wastes can be attributed to trace metals, cyanide and the
physical effects of sediment.

The environmental testwork programme has demonstrated the feasibility of treating
tailing chemically to produce an effluent with low concentrations of trace metals in
the aqueous phase (Rescan, 1987b). The river conditions of high pH, alkalinity and
suspended solids concentrations are such that mobilisation of metals into the liquid
phase will be minimal.

Since the acute toxicity of metals depends primarily on the concentration of the free,
uncomplexed metal in solution, rather than the total metal concentration, toxicity in
the main river system from trace metals is expected to be of minor importance.

Bioassay tests of the “Prussian Blue” treated final effluent showed low toxicity associated
with the solids fraction of tailing. The toxicity was attributed mainly to residual
concentrations of ammonia. Upon discharge, the residual ammonia present in tailing
will be diluted rapidly to innocuous levels with the receiving waters.

Predicted Environmental Impacts of the River System

The zone of mine waste impact on the river system is determined by the physical
effect of solids on biota rather than by chemical effects.

Approximately 74 million tonnes of mine-derived sediments, comprising construction
spoil, tailing and solids eroded from the waste rock dump, are expected to enter the
river over the 18 year mine life. All tailing and 90 percent of the soil, totalling 63 million
tonnes are finer than 0.2 mm. Sediment transport calculations show that the entire
river system can easily transport the anticipated 3.4 million tonnes annually of the fine
sediments. Coarser materials are expected to be deposited in some sections of the
rivers during low flow. However the deposition is expected to be minimal over the
very large surface area of the river system.

The natural sediment load of the river system already is high due to numerous slope

failures in the catchment. In order to assess the aquatic bioclogical impacts of mine
sediments, predictions have been made of the increase of suspended solids concentrations
above background levels, for a range of river flows. With the exception of the Porgera
River, operational inputs of mine sediments will increase TSS concentrations fractionally,
and most of these predicted TSS concentrations lie within the background range of
concentrations already experienced by Lagaip River mainstream fish populations.

The predicted biological impact zones shown in Figure 5 have been derived from
consideration of the increment of mine derived sediment above background levels.

For mean flow conditions at SG2 on the Lagaip River, mine derived sediment will
increase TSS by approximately 51 percent above background levels (NSR, 1986). This
reduces to a 10 percent increment of TSS at SG3 on the Strickland River. The biological
impact of mine derived sediment decreases downstream from the mine, with no
predicted effects below the Lagaip-Ok Om confluence.
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Figure 5. Biological Impact Zone of mine sediment on the river system (After NSR, 1988).
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Effects on Lake Murray

A pathway exists for mine tailing to enter Lake Murray, a large off river water body.
Lake Murray normally drains into the Strickland River via the Herbert River.
However, when the Strickland River floods and the water level in Lake Murray is
low, back flow can occur up the Herbert River.

The extent and significance of increased mercury loading on Lake Murray has been
investigated in detail by means of hydrological data collection, suspended and bed
sediment sampling, geomorphological analysis and geochemical analysis. The results
of the investigations show that for bio-available mercury, bed sediment concentrations
in Lake Murray may increase by less than one percent over background levels after 18
years of mining. Although this predicted increase is small, mercury levels will be
monitored closely to check for any changes.

Effects on the Fly Delta

Given the sediment transport capacity of the river system and the very fine size of the

tailing particles, all tailing solids are predicted to be carried in suspension to the Fly

Delta. Assuming that all tailing solids reach the Fly Delta, the average annual loading

on the Delta from Porgera is estimated at 3.16 Mta!. This represents an increase of

3.2% above the estimated natural sediment loading at the Delta of 100 Mta'. The small

increase in suspended sediment derived from Porgera will have negligible physical
_effects on the biota of the Delta.

The increment in mine derived mercury is unlikely to be environmentally significant
for the following reasons:

* There will be high dilution of Porgera tailing by natural deltaic sediments and
by solids from the Ok Tedi Mine, low in mercury.

* Tailing solids from the mine will not be permanently resident in the Delta, but
will be reworked within the high energy deltaic environment prior to eventual
deposition in deep waters off the Gulf of Papua.

}——'*Mercurywﬂibefeitheﬁrrﬁrewsiduafmin‘eral‘phaSE‘in‘th‘e—scrids,—drmrercuﬂc

sulphide, and is unlikely to be available to estuarine and marine biota.

* There will be little mercury in the ion-exchangeable fraction, which is the
component most likely to be released in saline environments.

* The eventual burial of mine solids in the low-oxygen bottom sediment will
maintain the chemical stability of mine derived mercuric sulphides.

Effects on Torres Strait
Tailing and sediment from the Porgera Mine are predicted to have no significant effect

on the Torres Strait. Because of the large dilution by natural sediment, mine derived
tailing will comprise but a small fraction of solids moving through the deltaic front.
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These solids will be deposited in deep waters off the Gulf of Papua. For the same .
reasons outlined above for the Fly Delta, mercury present in talhng is predxcted to
have no 51gmf1cant effect on Torres Stralt ;

: Momtonng

The receiving river system is bemg monitored closely to check the predlctxons made in

the Environmental Plan and to assess the significance of any changes brought about by
riverine disposal of tailing. The monitoring program includes collection of data on -
hydrology, water quality, sediment transport, fish biomass and trace metals.

Summary

The Porgera Gold Mine is a relatlvely small scale operation in terms of the quantlty
of ore mined and processed.

Consideration of environmental effects at an early stage of mine planning and de51gn.
enabled the optimisation of on site treatment of tailing.

A method has been developed for chemical treatment of tailing to produce a low
toxicity efﬂuent

‘Mercury present in tailing will occur as mercuric sulphide of low solublhty and

inherently low biological availability.

The river conditions of high pH, alkalinity and suspended solids concentratlons :
inhibit the mobilisation of trace metals into the aqueous phase.

The main impact of the mine on the receiving river system will be due to the phy51cal
effect of increased solids on biota. :

Apart from the Porgera River, mine sediments will increase TSS fractionally.

Most of the predicted TSS concentrations lie within the background range of TSS
“already experienced by the Lagaip River fish population.

There are no predicted effects of solids on biota below the Lagaip-Ok Om conﬂuence.

Although a pathway exists for tailing to enter Lake Murray, the increase in bio-available

mercury in bed sediments is expected to be insignificant.

All tailing solids are predicted to be carried to the Fly Delta.

The increment of mine derived mercury is unlikely to be environmentally significant
in the Fly Delta.

Tailing from the mine is predicted to have no significant effect on the Torres Strait. -
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