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llote: This docrncnt has been prepared by Dr. ll. Charbers, 0r. J. Kyle,0r. D, liodray, Dr. P.L.
Osbonte, Dr. ll. Polunin and 0r. J. C. Pernetta of the University of Papua tlo Guinea for the
South Pacific Cqnnission (SPCI, the South Pacific Eureau for Econmic Co-operation (SPEC},
the Econmic and Social Cunnission for Asia rnd the Pacific (ESCAP) and the United t{ations
EnYironmnt PrcgrrrnE (tllEPl, under prcjects FPl5102-€2-l and FPl5102-8545, as a

contribution to the South Pacific Regional Envirorrent Progrann (SPREPI.

The designations enployed and the presentation of the material in the docrmnt do not inply
the exprcssion of any opinion vhatsoever on the part of SPC, SPEC, ESCAP or tflEP concerning
the legal status of any State, Teritorl, city or area, or its authorities, or concerning
the delimitation of its frontiers or boundaries. The docrrrcnt contains the viss expnessed
by the authors acting in their individual capacities and may not necessarily reflect the
viecs of SPC, SPEC, ESCAP or ullEP.

For bibliographic purposes this docrmnt may be cited as:

J.C. Pernetta (Ed). Potential ilpacts of mining on the Fly River. UtltF Regional Seas Reports
Studies l{o. 99 and SPREP Topic Revieu llo. 33. UttEP, 1988.
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PREFACE

Si*!* years ago the Unired Nations Conference on 0re Human Envirqrment (Stockholm j-16 June
1972) adoptod the Actiqr Plan for the Human Environment, irrluding the deneral pdrrciples for
Assessmerit and Contol of Marine Pollution. In the light of the resuls of the Stockhotm Coinfsence theunited Nations Gencral Assembly decided o esablish the United Nations Environment nogramrrp
(LINEP) to 'Eerve as a focd point for environnental action and coordination within the Unitod Natiors
system" (General Assembly resolution D97 (rofl/tl) of t5 Decemw lg72r. The organizations of dre
United Nations system werc invited -to adopt the npasures rhat may be requirod o un-dot"k" concenedand co-ordinated programmes with rcgard to intemationat environnrenul problems", and lhe"intergovernmental and non-goyernmental oryanizations rhat have an interest in the field of the
environment" werc alrc invited '0o lend their full support and collaboration io the United Narions with a
view to achieving the_]geat possible degree of cooper:ation and coordination". Subsequenrly, rhe
Governing C-ouncil of IJNEPchose'oceans' as ooe of the pnoriry arcas in which it would focu efforts to
fulfill its caulytic and co-cdinating role.

The Regional Seas Pograrnme was initiated by UNEF in 1974. Since tlren rhe Goveming Coucil ofUmP has repeatodly endoned a regional approach o the conu,ol of maine pouution and rhe
nranagement of marine and coastal resouroes ard has requcsted the &velopment of rcgional action plans.

The Regional seas Progranune at present includes ten regionsl and has over 130 coastal Sutes
parthipating in it It is onceived as an rction-oriented ptogratnnrc having concern not only for the
cqNequences but also for the causcs of cnvilonmental degradation ard encompusing a comprehensive
approach o combating environmenal problems through the management of marinJand coaslal areas.
Each regional action plan is formulatcd aeording ro the neods of the region as perceived by rle
Governnnnts concerned- It is designed to link assess-ent of the quality of thi marine environment and
the causes of its dcerioration with rctivities for thc managemerri and developnent of the marine and
coastal environment The rction plans prornote rhe paratlel development of regional legal agreenrcns
and of actionorientod prognmme activities2.

The idea for a regional South pacifrc Environnsrr Management hogramme cann from the South pacific
Commission (SFC) in 1974. Consultations bctween SPC and UNEP le4 in 1975, o the suggestion of
organizing a South Pacific Confererrce on the Humur Environnrenr The Sorth pacifrc Bureau for
Ecolomic Cooperation (SPEC) urd the Economic and Social Commission for Asia and the pacilic
(ESCAP) soon joined SPC's initiative and LJNEP supporred rhe developmenr of what becarne known as
the Sotth Pacific Regional Environment Progranure (SPREP) as part ofis Regional Seas pnogramme.

The Confercn@ on the Human Environnrnt in the South Pacific was @nvened in Raroonga, from E o
I I March 1982. It adoptcd: the Sourh Pcific Declaration on Natural Resources and Envilonrnent; rhe
Action Plan for Managing the Natural Resources and the Envirronnrent in rhe South pacific Region; and
agreed on the administrative and financial arrangefltenb needod to support the implementation of rhe
Action Plan and on the wortptan for rhe next phase of SpREp3.

an Region, West and Central Africa, Wider Caribbean, East Asian
Seas, South-East Peific, South Pacifig Red Sea and Gutf of Aden, Eastcnr Africa and South Asian Seas.

2 tIt'IEP: Achievernents and planrrcd developrrcnt of UNEP's Regional Seas programme and
comparable programmes sponrcred by o0rer bodies. TJNEP Regionat Scas Reports and Sirdies No. t.
T.JNEP, 1982.

3 SpCTSpECTESCAPTNEP: Action Plan for managing the natural resources and environnanr in rhe
south Pacific Region (UNEP Regional Scas Reports and studies No.29, LrNEp. 1993.
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The legal franrewort of thc Actiqr Plan was derelopod tluurgh several rEctings of tegal and ehnical
cxptrts from thc South Pacific Regioru It was rdoptod by 0rc plenipoentiary rraing of the High bvel
Confcrencc on the Protoction of thc Ncural Resourccs and Envlronnrent of the South Pacific Region

convencd by the Secretary4arerat of SPC in Nqrmea New Catedonia from 17 to6 November 1986

The legal frimenork adopcd by the Oonfercnce consists of the following instruments4.

Convention for the Pnotection of the Nanrral Resources and Envirsrment of the South Pacific
Region;

Protaol Conceming Co<peration in Combating Pollution Enrergerries in the Sou0r Prcific
Region;

hotrcol fs the Prevention of Follution of the South Prific Region by Dumping.

The convention is a comprehansive umbrclla agr€ement for thc pmtction rnanagerrcnt and dewloprrcnt
of the marine ard coastal cnvironrncnt of thc Sotrth Pacifrc Rcgion. It tists thc soutoes of pollution which
require aontroL pollution from shipc, dumping, land$ascd sourccs, scabod cxplcation urd exploitation,
atmcpheric disctrarges, storagc of oxic urd hazardous wastes, tcsting of nuclear dflices' mining and

coastal erosiotr- It dso identifies anvimnnpnal managentnt issucs rcquiring regional cmperation:
specially protect€d areaq pollution in cascs of enrergency, cnyfuonnrental imprct ass6srrnt, scientific
and technical co-opcration, cchnical assistarrc, and liability and compensation for &mage resulting

frompollution.

Considerable support o the implerrcntation of the Action Plan is reccived from a numbcr of South

Pacifrc reseach urd training instiurtions. Periodic coruultative meeings of thcsc instiuttions are

convened to discuss the environmental pmblems of thc region whictr may be mitigated or solved through

the Actiqr Plan and to identify rtivitcs which may conribute oward the goal of SPREP. The present

rcport was commissioncd by IJNEP as such a conuibution. The rcport has been preparcd by a numbcr of
scientists from the University of Papua New Guinea and tre sponsonB of dre surdy would like to express

their gntitude to the authors of the report and to their insdnrtions.

4 Convention for the protection of the natural resources and environment of the South Pacifrc Region and

related protocrls, LJNEF 1987.
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EDTTORS'NOTE

This volurne brings together a number of papers, sorne of which were origina[y presentod 1p tlre 3rd
Consultative Meeting of Research and Tnining lrutiurtions held in Guam in June ig8e. Alro inctuded
arc papcrs derived from related work undertaken by scientiss of dre University of papua New Guinea as
part of their research prograrrunes. Finarnial support for rhese studies was derirad fiom various sources
including ttre United Nations Environment Prqgramme (UmP via rhe South pacific Regional
Environment Programnn (SPREP), and the Univenity of Papua New Guinea Research Commitree

These papen rEpresent an important conribution in that they document the sate of the envtonment prior
to the contmencement of mining at the large Ok Tedi gold and copper mine. In particular the pipers
dealing with the [:kes of the middlc Fly rcgion reprcsenr rlre soiJ base-line dara for rlrese systems.
Ongoing work as part of the SPREP rvort programnc for 19861988 is designed to establish what
changes if any are detectable in rhe FIy River and Delta, following the onsct of copper production.

In addition o the prc-mining si0ration an cvaluation of nc effectiveness of the cunent company operated
Environmental assessment prognmme is pruentd together wi0r an ass€ssrEnt of ttre oiicity of ntir"
uilings and some predictions conceming dre impacs of mining on this syscm.

It is o be hoped that this volume will provide useful data not only for rhe specific project examined here
but of more widespread applicability to large scate mining projeca throughort ne nsia-pacifie Region.

John C. Pemera
Chaima& ASPEI.



THE OK TEDI MINE: ENVIRONMENT, DEVELOPMENT AND POLLI.rTION pROBLEMS.

John C. Pernetta,
Motupore Island Research Department,

Univenity of Papua New Guinea,

ABSTRACT

One of the largest open{ut copper and gold mines in the world commenced operation in May
1984 in the Star Mountains of Papua New Guinea. waste rak and uilings are currenrly dumpea into thl
Ok Tedi, a tributary of the Fly River. Mine development has been surrounded by controversy concerning
the potential environmental impacts of this major developmenl This paper outlines the environment in
which the mine is situated; detaits traditional resource use in the area; reviews the hisory of mine
development and evaluates the currcnt situation with regard tro $raste disposal. Details of he cunent
concerns expressed both within and outside lhe country about the long-term impacts of this project are
also prcsented. As such this paper serves as a background to the other papers in rhis volume, which
examine issues such as tailings oxicity; heavy metal levels in frsh; the complexing capaciry of waters in
the drainage basin; and the limnology of lakes associated with the Fly River flood plain.

INTRODUCTION

The Ok Tedi mine is located in an isolated area of the Western Province of Papua New Guinea
(Figure 1). It is based on the exploitation of a porphyry ore body with an overlying goia ri"t cap. This
orc body constitutes Mount Fubilan which on cessation of mining activity will ceasi to exisr The life
expectancy of the mine is some rhirty yean.

Mount Fubilan and the mine iself are located on the borden of the west Sepik and western
Provinces of Papua New Guinea; whilst ttre Fly River forms, for a shon part oi irs lenggr, the
intemational boundary between the Indonesian hovince of lrian Jaya and the Westem province o1papua
New Guinea- In addition at the mouth of the FIy the maritime boundary between Australia and papua
New Guinea reaches within a few kilometres of rhe coasr and discharge from the Fly River enter the
Torres Straia area of Australian territoriat waters.

The Tones Sraia are the northem extension of the Australian Great Barrier Reef systern
Development of rcsources in ttre Torres Srais and control of land based sources of pollution affecting
the area are regulated by the Tones straits Agreement, an intemational treaty betwien Australia and
Papua New Guinea- In addition, both Papua New Guinea and Australia are signaories to the recently
promulgated SPREP Convention, under which Papua New Guinea has certain obligations 30 Australia in
terms of controlling land based pollution which may have impacts on Australian territorial waters. The
mine and its impacts have thereforc intemadonal as well as national implications.

THE N ATT,JR AL ENV IRONME}M

Mount Fubilan is part of the Sur mountains complex which rise to a height of 3,000 m above sea level
and form part of the cenral cordillera of the island of New Guinea. This central chain of mounlains
forms a majon divide separating the drainage basins to the North from rhose to the South. The Srar
mountains are located in the divide between ahe catchments of rhe Fly River to rhe South and rhe Sepik
River (the largest river in New Guinea) to the North. The Fty Rivei is the second largest river in New
Guinea with a dischrrge of approximarely 200,000 mi[ion tonnes of warer a year.
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E€OGiAPHY O€PT. UPr|6

Figure l. The Fly River area of Papua New Cuinea, showing the lcation of the Ok Tedi Mine at Mr
Fubilan, rainfall and vegetation.

t2oo r u?PEi lofiTArE FoiEtt

taoo-t200 ross FoFEST

tooo-taoo rto lortlflE l/llfrFoR€st

400-tooo u?P€n roorxrLL t^ilrForctT

Ito-aoo LouEt FooTxtLL lrtt;olEtT

o-120 'c|.os€o LowLlxD lalrtolcst

o-t20 oPEra erlflFoiESt lto Srar?foiett

ffi
m
ffi
ffi
ffi
EE

i*****trr**=
illi:r.:!E,:-T:ii*

rik$f,l$#
. r. .r. !l(.sl

. . . . . . .s. .

f:]ii*:tii:ii
LAKE TURRAY

1. .'ll
. ttY

;i::r:
"l..tr.I..1f
t )rl
. :"-: l

't- 
6 .</.

.t j t^t'
r< <rrl

.JUNCT

{:}.}sif:'."Ii
#.:,t''iiiiii'f..Sr
iii*i:ii'iri;',*t
i i i jiii:."i.r,ei::it i j', *

: :'.' jl : :::L,: :;-::.Jtrc r.ar-r.?r f -{t_r.r -'c ir'rr-e?r i:{r.'e?r:a !Jcllll ta<rlt{
."'.i 1 l ll J.. .:i/,

f ; l.'; i j;:: :;ii;
i:;t;;';:-,1
',i'i 7':9

-
2

=3

r3
ti
t:

ii

a t 9a 
"'a t ;{ ( .l

KlLOltl€TR€

li'^i1. -' ;:-'-' : . : ;.:'t -a-" 
-t-ttr .rl-' e t I tt a



-3-

Various aspects of the natural environnrnts and habitats of the Fly River basin and Ok Tcdi
catchment are summariscd in dre Ok Tedi Environnrntal Study (Maunsell, er at 19821which covers
vegetation; clirnate; fauna (both aquatic and tenestrial and tlre pr€sent levels of use); water chemistry and
physical limnologicat parametec; and sonr data on heavy nreul levels in aquatic organisms.

The environs of the mine are humi4 tropicd with a natural vegetation of moss forest between
1800 and ?2ffi m and upper montane (cloud) forest beyond" Rainfall is extremely high with over 8
nEtreyannum being recorded on the mine sitc, morc in the mining own of Tabubil. Mt Fubitan is iaelf
located close to the Ok Tedi and a numberof is tributaries. In ttris region the river is fast flowing with a
high natural sedinrent load. The fsh diversity is low (Cwyrher, 1980; Roberrs, l9?8), most fish species
in this area arc conFtned o tributaries and branches of 0re main river and serve as a small but significant
protein resour@ for the people of the area (Hyndman, 1979).

As the Ok Tedi drops towards fre mining town of Tabubil the environrnent changes from the
dense tropical rain forests typical of the npntane rcgion to a characrcristic lower montane forest
association of the fmthills, still with a closed canopy. At D'Alberris Juncrion, wherc the Ok Tedi River
joins the Fly, open rain forest andswamp foress comrnence. These habitats gradually merge with a more
open, seasonally flooded savannah vegetation which dominates the middle Fly to the estuary. As one
moves down river the climate becomes drier with annual rainfalls ar Suki on rhe lower Fly of under 2000
rrury'annum.

The altinrde of Kiunga is only around 30 metres above sea level hence for 0re bulk of is length
(80O kilometres of river) the Fly is morc slowty moving than the fast flowing Ok Tedi- In this region the
river meanders between lev@s, frequently changing coursg forming ox-bow lakes and seasonally
flmding the surrounding low-lying land- A major ribuury, the Srickland River, joins the FIy below
Obo, near Lakes Pangua and Daviumbu. The river finally discharges ttuough its mangrove lined estuary
into the Gulf of Papua, an area of extensive commercial prawn and lobster fisheries-

In the middle Fly region the river meanders form a belt around ? km wide, within an area 16 km
wide of low-lying swamp forut and grassland- At Kiunga the main river channet is 20O m wide; at Obo
300 m wide whilst below the junctior with the Srickland it spreads to 500 m wide. The lakes of rhe
middle Fly region receive water from the main river channel to varying degrces; irr sonre lakes this may
be almost continuously year round; in othen only during periods of high water flood.ing. These lakes
have been identified as potentially susceptible to heavy metal pollution from rhe mine (see Chambers,
this volume; Osborne & Polunin, this volume).

TRADMONAL RESOURCE USE

Hyndman (199) and Hyndman and Pernetta (1982) have reviewed traditional rerresuial and
aquatic resource use from the headwaters of the Fly to fte esruary. In 0re Ok Tedi region fish, frogs and
reptiles form a small portion of the total dierary protein for the Min people. Access to these resources is
however, culturally resricted to worrn and children for whom they form an important component of the
dieL Women and children are culturally ercluded from eating marsupial mammats which are eaten only
by initiated nrn (flyndman 1979). This has important implications for rhe interpreution of rhe health
risk of heavy nretal loadings in fish from dris area (see Kyle, this volume).

Below Kiunga, the divenity of the fish fauna increases greatly as does rhe mean size of the
species. Fish and aquatic reptles such as turtles and crocodiles form an important component of the diet
of tlre Ningerum and Boazi peoples (Hyndman & Pernetta, 1982)- The Kiwai people of rhe delta and
associated coast rely moIE on marine fish, turttes and dugong (Hyndman and Pernetta, 1982; Olewate &
Sedu, 1979). For the Kiwai peoptes, the dugong is an important cultural and trade animal, as well as
being a major source of dietary protein (Haddon, l9t2). The traditional and comrnercial exploiration of
coastal resources along the coast of Papua arc extensively reviewed by Pemetta & Hill (1981).
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The Fly Rivcr conUirs fivc spccies of 0lrtle, of which two (Ctulodiru prkeri and en unnamed

Elrya species) are cn&mic to dris rivcr systcm. rnd onc (Cruldina siefunrocki is confined to the

Wcstern hovince of Papa New Guinea and Southem lrian Jaya- Two crwodiles, Crocodyltu

novacguircae and Crocodytus rvrrosut, occur in the river systenu the former is endemic to New Guinea,

ard both spocies arc on the appendiccs of thc CITES Convention. Crocodiles are farnred comrnercially at

I-akc Murray, drained by the Hc(bcrt which is a tributary of the Srickland River. Smaller, villagc brsed

farms are found throughout Ore area (for a review of cmcodile farming in Papua New Guinea see Burgin,

1982). tn addition barramundi are fished both comnprcially (200-250 onnes/annum) and for subsistence

consumption in the lovrer reaches of the Fty River (for daails of this fshcry see Anon, 1976).

DEVELOPMENT OF THE MINE

The history and developnrnt of the Ok Tedi mine have been reviewed by Jackson (n.d.) in his

book 'Ok Tedi: the Pot of Gold". The present brief overview is largely based on this masterly review

which provides rarc insights ino the tensions and intcractions involved in tlre developnrent of a multi-

national owned minq from the initial discovery of the orc body.

The first discovery of gold in the Ok Tedi may be acributed to l-awrence Hargrclve, capain of
rhe launch Neva who, on its hisoric exploration of rhe Fly River, panned some gold flecks from the Ok

Tedi above D'Albertis Junction. The Neva was at that time under the direction of the explorer naturdist,

Luigi Maria D'Albertis; the date 1876.

Fifty yean later in the early 1930s, the area had still been visited by only a few Europears and

an early gotd dredging o,pcruion near tlre site of present day Kiunga failed to discover gold. In 1950 the

Australian authorities established a p€nnanent patrol post at Kiunga but it was not until 1968 that the fint
team of field geologists discovered copper anomalies in the sediments of the Ok Tedi system. kte 1968

saw the discovery of ore outcrops, resulting in furttrer work during the succeeding years to "prove' the

extent of the ore body. By l9?l hc ore body was bclieved to contain 150 million tonnes of ore with an

average grade of O9% cop,per and a cutoff grade of 0.4%. Given the world copper and gold prices at this

time Kennecoq the company conccrne4 cstimated that developrnent of 0re project was margind,
yielding between 14 and 20% reurrn on investmenL The company thereforc extended exploraticr in the

area in an auempt to improve tlre financial viability of the project by irrreasing the size of the available

ore resouroes which could be processed through the planc

Around this time increasing concern was being expressed by prominent Papua New Guineans

about the terms of the existing mining agreement under which the Bougainville Copper mine was

operating. Under this agreenrent, Bougainville Copper announced total profrrts of 158 million Austrdian

dollars in t9?3, the largest profiS ever made by an Austrdian listed comPany to that date. This led to

scepticism on rhe part of Papua New Guineans about Kennecotts claim ttrat Ok Tedi was a marginal

development and ultimately to the formutation of a mining policy in the newly independent counry of
Papua New Guinea which requircd direct government involvement in tlre development of major mineral

prosp€cts.

Negotiations between Kennecott and is consortium partners on the one han4 and the Papua

New Cuinean Government on lhe other, continued through 1974, but by March 1975 negotiations had

broken down. At this time world copper prices had slipped and throughout 1976 remained at less than

US6O cents per pound. The need for increased Covernment revenues resulted in the Covernment

deciding to form the Ok Tedi Development Company, to examine the feasibility of developing the

resource rogether with others at Frieda River and Tifalmin. In 1976 the Govemment signed an agreement

wirlr Dampier Mining Company under which Damco would undenake various feasability studies and

submit proposals for a mining programme (see Jackson, n.d. lor a more dctailed evaluation of $e terms

of this agreement). By tate 1976 a consortium, inctuding Amoco (37.5Vo1, BHP (357o) and a group of
German Companies (25%), had been put together to underwrite the mine development.
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The followiry for ycrrs sew initietion of detailcd feasibility sodfrx rnd intcnsc negotirtbns
Ueryoat thc Croverrursrt md rhe mining cqrsatiunu Tlrcsc negotietirns wcre ultimrely suecssfrrl duc
io ihc cxplosive risc in mincral prio6 in l9?9 (@per hit USf l.3(Vpound rnd gold US$6ffiouncg rrrclt
above the 90dpound md $2,40ounce considerod the lower levcls fr finarcial viability of thc projecr).
At the serne timc thc extcnsivc coring had &monstrated that the rescrve containod more than 250 miUlon
totrnes of ore of coppcr gradcs u 0.852%. Additionalty thcse were shown ro oontain significant quandties
of molyMenum ard 0.65 gramnres of gold per tonne. At least 25 miltion tonnes of thJ one wene believed
to contain 3 gramnrcs of gold per tonne. tn 1980 the Mining (OK Tedi) Supplemental Agreement was
signed which allowod construction of the mine infra-srruculrc and paved the way ior full-scale
development of mining activities.

ENVIRONMENTAL CONS IDERATIONS

Papua New Guinea is perhaps unique in having environmental managernent and protection
enshrined in is Constitutiqr. The fourth national goal is concerned wirh natural resourcres and dre
environment and reads as follows:

'We declare our fourth goal to be for Papua New Guinea's natural re6ourc€s lo be conserved
and usod for the collective benefit of us all, and bc replenishcd for the benefit of future generations.'

Following from this are a series of directive principtes rrrr;ptld by Parliannnt in 197? for
application in thc dcvelopnrcnt of Papua Ncw Guinea- Such direaive principles essentially detail what
has beconre known as 'sustainable development' following tlre production of tha Brundttand
Commission rcport in 198?. The state thereforc has a recognisod role and rcsporsibilities in
environmental nunagement, which have bcen d€{ailed morc fully in two acts of parliament; rhe
Environmental Planning Act and the Environmental contaminants AcL borh passed in 197g.

In any discussion of the environnsrtal imprct of this mine it is of interest to rxlte that mine
developnrcnt and operation were spccifically exempted from the conditions of rhese two acts of l97g.
Conditions concerning environnental rronitoring and regulation of contaminant substanccs were
ircorpaaad into lhc initial 1976 agnenrent and reinforced by the l9E0 supplemental agreerrcnL The
major weatness of thc 1976 agrecment however was rhat it specified that the consorrium should spend no
more than lg),000 Kina qr envircnmental investigations. The pre<onsruction cnvironnrental
investigatiors of the company were thercfore totalty inadequate. The Government hircd its own expens
in hydrology, heavy metal pollution and used personnel from its own Burcau of Water Resources and
Division of Fisheries to produce additional sudies.

Following the 1980 ag,roernent e morc extended environmental impact asscssnrent w:rs
undertaken by the Company. These investigations werc ompletod by consulrants and published as a
series of volunres covering aspects of environmental managenrcnt and recommending programrnes for
futurc monitoring (Maunsell, ct al1982). Fuurc monitoring was ro be resrricted to the Ok Tedi system
and did not @ver investigation of thc middle and lower Fly.

Mining was to invotve fte removal of 30 million tonnes of gold ore, extraction using
fenicyanidcs, and snrelting on site !o produce gold ingos containing significant quantities of silver. The
consortium aryued that passing tlre cyanide residues over a fifty metre weir prior to impoundment in a
tailings dam would result in complete oxidation of the cyanide o relarively innocuous compounds. The
Governrnent successfully argued ftat construction of a cyanide desruction tower and monitoring of
cyanide levels in the tailings dam should be undertaken.

Copper ore processing was to involve grinding of tlre orc .nd mixing wih water prit r to passing
Ituough concentrator systems to form aconcentrate of 30% copper. It was calculated rhat the copper
concentrate rcpresented 2.8% of the processed ote. The concenrrate was to be piped to Tabubil, panially
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drie4 tnrckod e1ong 150 kilolrcrcs of ncrrty oonsruccd rcad to Kiunga rnd barycd from ttrcre o thc

nnlth of drc Fly (8ZO kibngrcst, thcn rrss thc Gulf of Prpr 30 Fort Morcsby (4(D kilonrctcs). TIte

rcnraining gl i* t tt"ptwcssod grc, ilr tritings, (fincly gro$d wasc matcdrls ftrom the comcntrrtim
proccss) werc o bc confincd in e tailings dam o bc maintained in pcrperuity by the company (Chuse 9.1

of thc 1980supplencnul agrwncn$.

All clrcmicats used in processing thc orcs rre barged ftom Fort Morcsby o Kiunga Orcn trucked

to the mine site. Thc accidcntal loss of 2,?00 sixty lire dnrms of sodium cyanide and a considerable

quantity of hydrogur peroxidc during 1984 as a result of the swamping of a barge at fte mouth of the Fly

ihusrarcd rtri inaOoqurcy of coastel shipping regulatians conceming the trans-shipmerrt of hazffdous

substances. Thc bulk of thc dnrms of cyanide werc ncver recovcrod In addition the accidental rclease of
cyanide rich untreated uihngs into the Ok Tedi resulad in fsh kills down as far as Kiunga- The

elrvironmental uidcnt record of the project is tlrcrefore far from good, dthough the mining company'

OTML werc quick O argue ar tlrc tinre that the shipping cornpany was responsible for the cyanide loss.

Following ia fgst ensrdnrnt in 1980 thc initial f976 Ok Tcdi agrerrcnt has bcen subject o a

series of supplenur6l agrcenrcn6 Ctornsen4 1984). 'In 1984 thc Government a.ered to.an_intcrim

uilings Aispc{ systcm following a landslide whictr dcstnoyed tre partially built uilings dap in January

of rhat par. This'intcdm disposat schenre involved trcating the uilings wittr hydrogat pcro:ide to lower

cyanide concentration and rennvat of coanc tailings through hydrocyclones prior o dumping the'Frnes

u1d slimes" directly in6 the Ok Tcdi rivcr sysrcm. Coarse uitings were to be dumped into a nearby river

valley, itself a tributary of the Ok Tedi. At this time the costs of the uilings danu and the unsuitability of
rhe area fq dam constructiotl werc both used as argurnen6 by ttre Company to defcr corsruction. It is
intercsting 30 note in this conncction Orat rcent television advertising by Ok Tedi Mining Umited states:

"Ok Tedi is one of the worlds largest mines and lowest cost producers of copper.'

Undoubtedty the failure io construct a uilings dam has conributed to the low costs of
production.

On February 28th 1986 thc sixth supplenurtal agrecrrcnt was signed under which the Company

was permitfed O ptrceea wifr1 ttrc mining of copper rich ores but to postpone the constrnction of a

permanent uilings dam until 1990. The interim Tailings Disposal Sctrene was to continue in operation

iespite the fact 6rat dre Etatc has nevcr sct aoceptabte levets fa suspended sedinpnt In effect the

Governnrnthas ellourcd thc ompany to continue unresrictcd sedinpnt discharge until luruary l99O at

which tinre the statc, on 1|1c basis of company collecad data on the impads of sodimens on the river

systcm, will sa thc rccpablc level for future discharga The impactof drcsc decisions ard evduation of
tfo Ot T€di Envirmmcntal nnnitoring programrne is prcscnted in the two contributims by Mowbray to

this volume.

CONCTJUSIONS

The development of the Ok Tedi mine tlpifies many pmjects in dcveloping countries in that

environrnental and social oonoerns have been considered secondary O the dcsire to generate revenue

which can bc used for developnrnt in the ficlds of cducation, hcalth and social welfarc. Unlike many

other such projecs howeyer, Ok Tedi's devclopment has involved rcnre consideration of environnrental

issues; whertrer cnough has bccn done to safeguard the environment of this unique and fascinating river

system rcmains to bc sccn. It ls clearly the view of some scientists both widrin and outsidc Govemment

rh.t grearcr contnol mcas|r[6 ahould havc ben impced on the minc opention than have been imposed

to eate. It is equatly clear from e reading of this collection of papers that thc absencc of adequate base-

line data on these uopical ooosystems makes any position vis-a-vis the impaca of this mine open to

question and subjcct to atBumenl The problem is succinctly summarised by Jrckson who writes in

connection with this projecc
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- 'In (xr pcsent sate of knowlodge of fie wortings of naturat sysienrs, it is only on the rarcst ofoocesions that honcst cnvironnrcnal expcrts cal agtec rs a body, and confidcntty prodict a sequence offuurrc evenls and orr3lcs. The ok rta project is not one oi rt or" occasions. Decisions have beenmade in the projcct which scem to have minimGed cnvironmental risks as much as possible in the light ofthc facts available- But the facts harrc bcan very few, casting as much light as mighia 
"ro"*, 

m6gn on aman searching a medicinc gabina futl of poison for an asprin to rclieve a worrisome headache. In the okTedi casg the experts, if they are honcsi wiu be L".pinl their fingen crossed and their environrnentalmonitoring sysoems underconsrant scnrtiny." (Jackson, nla., page tiOl

The absence of sound scientific data on potential environmental impacu always favouns thedeveloper who can all too easily dismiss ttre legitimate concems of scientists as "worst case scenarios forwhich there exists no supporting data'. Interestingly, international mining companies are prcpared (o
accept and defend "worst case scenarios- when projecting ore @nc€ntrations, but are not preparcd to dothe same for environmental considerations, prelerring in tr,ir instance to uke a conservative view ofpotential impacs.

The financial suppo( of ttre Universities and of LINEP through spREp o research andrnonioring activities which seek to extend the present knowledge base has resulted in rhe papers
contained in this volume. The issues discussed ani u,e data prcsentJd raise serious questions corrcerning
environmental damage; questions which arc now being echoed by Australian scientis6 who fear that thedecision to defer construction of a uilings dam may have serious environmental consequences for theNorthem Barrier Reef (Wolanski er at t9g4).
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WATER QUALITY AND SEDIMENT CHEMISTRY
OF LAKES BOSSET, PANGUA AND DAVII.'MBU

Jamcs H. Kyle
Department of Chemis ry,

Univeaity of papua New Guinea

ABSTRACT

Data concerning the water quality and sedinrent chemisu-y of ttuee lakes in the Fly Basin arepresented' and compared with L:ke Murray a nearby Lake in the calhment of rhe Srickland River. Thethree Fly River l:kes are found to have higher trace metal concentrations in their sediments rhan l:keMurray due to the Porphyry mineralisationJ in drey catchmenl The most important difference between
the Fly River [:tes and l-ake Murray is the rclativily high fraction of rcducible copper 13j-g.gg in oeFly River system; 0.8% in I -ke Murray). The lakes are nutrient poor, whilst rhe concentradons of majorions in l-akes Daviumbu and Pangua werc found to be higher than those for l-ake Bosser, presumabty dueto less influence of the Fly River in rhe latter case. [:ke Bosset is presurne;d to slrow grcater seasonalvariation in ionic corrcenEations than the other two lakes due o evaporadve correntration]

INTRODUCTION

Information on the wrEr and sediment chemistry of a take is important in assessing the bioticstatus of Orc water body and how it may be affected by potiution.

This surdy assess€s-the warcr quality 
_of tfuee flood plain takes and their susceptibiliry topotentid pollution following rhe oper:ation of ttre Ok Tedi mine.

water and sediment samples were collected from l:kes Bosset, pangua and Daviumbu and theFly River (Figure l) on two separate visir o the rcgion from 30 June to 3 July and from 29 November toI December, 1984.

METHODS

Two water samples werc collected from open water sites at each lake at a depth of 0.5 m(surface samples) and 0'5 m fmm rhe lake bed (borom samples) (Figure 2).' samples for anatysis ofnitnogen species (ammoni4 nitritc, nitrate and organic nitnogenl *o r,tt"rua through'GFC filrers on site.Tg.olt lm tttl- sample was added 05 mL saturated Hgoi and fre ottrer s00 ml-sample was acidifiedwith 0'4 mL conc. HCL Samples for toal phosphorus- an? nimogen reeived ff, Ecatrnenl sedimentsamples werc collecred by hand or with an etmatr dredge, transf;rred using a plastic spoon to ptastic
bags (Whirlpaks), sealed and frozen.

Ttte following methods of the American Public Health Association (1981) were used for warerqualily andyses: pH (in siru), atkalinity by titmtion o pH 4.5 wirh hydrochloric acid (method number
403), chloridc by titration with silver nitrarc using KSCIi indicator (4Oa), Ca, Mg, Na and K by aromic
abs.orption t!ecqoscopl-003A)' lulfaA by precifiarion with barium chtoride (426A), roral non-filrerabte
rcsidue by fittratian (2094)' conductivity i,izs oc by conductivity meter (205) and hardness by tiuatimwith EDTA (3t48)- Bicarbonarc concentratiors were calculated from the atkdinity. Ammonia, nitrateand nitritq and soluble rerctive phosphorus were measurcd by rhe nrethods of Stainon ct al. (1977).Toal nitrogen, organic nirogen, and orat phosphorus were measured by tfre methods of Mackereth cr al-(r978).



- l0-

ocooiaPHv o€Ft. uP||o.

a

SITE
!

I

i
I

f-

i
I

LAKE i
80ssET

I
LAKE I

PANCUA
I

L. DAVAfuBU
I

ATABUBIL

&d

. KTUNGA

l\Junctioa
oBo

MINE

IRIAN
JAYA

+\

)

1A

ie

$
e

./

1l

LAKE
MURRA

'Everill

PAPUA NEW GUINEA

o 300l-r-l-r
Kilomelrcr

-)s\o\e
s

OF
\_
\\-.

t\ \ I

\-r v

GULF

PAPUA

Figure l. The Fty River Basin, showing the location of the Lakes examined during the present study.



- ll -

+
KILOMETRES

1
rq
l:o

G€OORAPITY O€"f. UP'|c. Y.a.-

Figure 2. Lakes Bosset, Daviumbu and Pangua showing the location of water and sediment sampling
sites.



- 12-

The scdinrcnt $mplcs rcrc enalysed for otal oonccnradons of the mctds ircn. mangenese'

chromiurq zirrc, coppcr, lead rnd crdmium

Sediment spciatirn sudics *.*- 
""rri.g 

ort rsing thc nrrhods of SatOmons and Fontrer
(1980). The sedfuncnc $cr€ urct-sicvcd with milliQ waer thrurgh a 63 Frn nyhn siew pric o malysis,

O1g <63 pm frrctioo mly beirU urcd in the rpcciation sudics. Thc rcdrrciblc phasc wrs dacrmined by

extrrtion with hydroxylemturc hy&whlcide (NH2OHIIO) rfcr rdjusting o pH 2 with Aristrr niuic

acid. This witl dissolvc lrnorphons iron oridevtydroxftles urd mangarrcse oxidcs/hydmrfths, as well as

carbonates. In additiau rny cxdrangeablc nptal iors will be irrcluded in this, the first fraaion. Any trrce

nreuls ihat are essociatod wift rhegc sediment phases in any way (eg. by adsorption, co-prcipitation
etc.) will be concornmittantly rchased ino solution.

The residue from rhis procedure was lhen extrrcted with 30% hydrogen peroxide at 95 oC to

isolare rhe organic frrction. This sccond rcsidue was used to detcnnine the residual frrtion, following

digestion with a mixnre of hydroctrloric, nitric, perchlaic and hydrofluoric acids (?:4:7:6).

TAal trrcc fi61rls *tre dctermined in the sanrc manncf as thc residual fraction in thc spcciatict

studies. The samples, hourcvrr, werc not sieved o isolatc the <63 pm fraaion befae andysis.

TABLE l. Physico-ctrembal characrcristics of open water in t akes Bosset' Daviumbu, Pangua and the

Hy iUver. Data from Ogwa on &e Fly Rivcr (Maunsell ct al. 1982) and l-rkc Murray

(Osborne ct al.[9}||are-included for compuison All rcsuls expressed in mg L-l erccPt

where indbatcd n.( - notdetccted; - - not andysed)-

Fly River [:kc
Ogwa Murray

Bosset
June

Daviumbu Pangua

June Dec June

FIy River
D€c. Dec.

pH
Temperature, oC

Conductivity, pS cm-r
Non-Filterable residue
Alkalinity (as CaCOI)
Hardness (as CaCOI)

Maior lons
Calcium
Magnesiurn
Sodiurn
Potassium
Bicarbonate
Chlori&
Sulfate

Nuuienu (ue L-l)
Nitrate Surface
Nitrate Bouom
Nirie Surface
Nitite Bocom
Ammonia
Organic Nitrogen
Total Niuogen
Totd Phosphorus

21.0 zr:t 21.0 15.2

5.0 2.6 5.3 L2
0.9 L7 t.o L5
0.6 0.2 0.6 0.3

689 66.6 68.6 sl.J
0.6 0"25 2.O O.5

n.d. nd. nd. n.d.

1642 4-38
o.4-7.2 0.1-4.3
r.3-r.8 0.&3.8
0.3{.8 0.r-r.0
69-il2 6-60
0J4.4 l.0-6.0

l-5 l-8

_ 4_7

-9
- 5-9
- 12-28

10-31 2-26_

l0-80
- n.d.

5.8
32

6.4
31 26
- 929

196 204
54.6 56.3
7LO 52.0

6.8
u

l8.l
ruz
t15
r.60

0.3
02
l.l
0.8
2.1
2A
nd-

3n 64 70 130

-70
n.d. l0 n.d. 5

_10
-2510

n2 588

630 - t40 890
2r-2r14
-2

r22D 135

2010 E2
6.5 45
3.0 5

:'-

26
89.6
134

56.5
46.6

3U2
42.2
47.O

5.5

413
65.2
65.5

30.0
3.2
L6
0.3

79.3
IJ

n.d.

6.4-7.9
?J,-29

42-145
63-29r

52-92
52-tt2

52-9.6
2/t-34

12-100
0-166
5-50
?42

Soluble Reactive Phosphorus I
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RESULTS

WaterOualitv

Thcresulrs of thc watcrquatityanalyscs areshowninTable l- DaufromrheFlyRiveratOgwa
(near Everill Juttcticn) and lake Murny (scc Figure 1) arc included for comparison. [:ke Bosset is
similar lo IzkE Murray end has very low cmcentrations of tlre major ions. Thc iotal concentration of
dissolved solids in this lakc is estimatcd rs 7 mg L-1, in contrast Lakcs Pangua urd Daviumbu have much
higherconcentrations of dissolved ions (I0-100 mg L-t) approaching thar of ttre Fly River (l2O mg L-11.

The corrcentrations of ions dirl not vary significantly benrreen sampling periods in the lauer two
lakes. Unfortunately, comparative data werc not available for [.ake Bossel Since Bosset is differcnt to
thc other two and is more comparable with l-ake Murray, it appears that a greater seasonal variation, due
to evaporative concentration, is likely lo occur in l-ake Bosset as has been recorded for lake Murray
(Osborng et al. t987)-

Total Metal Concentrations in Sediments

Totel conccntnations of the meuls Fe, Mn, 7sr, Cr, Cu, Pb and Cd 'for [:kes Pangua and
Daviumbu and the Fly River are lhted in Table 2. Pangua and Daviumbu werc sampled in both lune-July
and November-Dcoembcr 1984 wtiilst ttr Fly River was sampled only during December. Data from
Leke Murray, collected in April l98l (Kyle & Grpey, 1987), the FIy River ar Obo and all three of rhe
lakes in this surdy, sampled in July l98l (Maunsell ct aI., 1982), arc included for comparative puposes.

TABLE 2 Total nretal concentrations in sediments from [:kes Pangua and Daviumbu and the Fly
River. Data from [:ke Murray (Kyle & Gipey, 198?) and Maunsell ct at- (1982) are included
for comparison.

Site Datc 7a Cr Cu Pb
rng kg-l dry *t-

cdFe Mn
%

Present Data
Pangua

Daviumbu

Fly River

Prcvious Data
Lake Murny
Pangua (Average

Daviumbu
Boset
Fly River near Obo

June 84
Dec.84
June 84
Dec.84
Dec.84

Apr.82
July 8l
of2)
July 8l
July 8l
July 8l
(Average of 2)

ll 0.1

46 4.6

5.12
5.17
5.63
5.53
5.83

:'o

89
r12
98

t0l
r20

70

1.4

l.l
0.6
0.7

l-7

t6 .41 13

3049n
40307
2J2t4
34 58 ls

504
533
493
508
5t5

680

36 3.5

2t 2.5

25 2.5

34

43

35

23
28

190

48
85

Thc sediments are dl similar in heavy metal ion comgrsition except for higher concentrarions of
Zn, Cu and Cd in the Fly River l:kes compared wittr l-ake Munray- These higher concenrrations are due
lo the pophyry mineralisation in thc tlre Star Mountains which conrain high levels of Cu, Au, Zn, Pb and
Cd. Dau on Cu and Zn concentrations from rhe Ok Tedi Environmenral Study (Maunsell cl al., 1982) are



-14-

comparablc wift drc reults of &fu sody. The dea fa thc Fly Rivcr, collectcd in Dcqnbcr 198{,'7

npntlrs eftcr thc eomlrErrcerrcnt of mining, strow clevrtcd bvcls of C\r {d'7:t compatd with thc l9El
data

Metal soeciation in sedimens

As described aborc thc hcavy nrctal concenfatim in sediments was detcrmined fa threc

fractions. The first of ilrcsc, the'reduciblc' frrtion rcprcsents that portion of the heavy metals 0rat will
become soluble and hencc biotogbdly available undcr mildly reducing conditions (i.e. at low

cqrcentrations of dissolved oryg€tt).

The sccond fraction isolates any nrctals that rre associatcd with oryanic maEer, the "organic'

fraction. It is believcd draf mdals so bound erc rrxne biologically available than those associatod with tfte

more stable mineral portion of the scdinpnt (Fssurcr & Wittma& l98l)'

The final c'residual' fruion is ttrc rcmaining residue whictr includes'less easily reducible iron

oxidevhydroxides (pmrly crystalliscd forrns) as well as minerals and deuital'silicates. This fracrion is

cqrsidered to be unavailable for biologicd upuke under normal conditions.

The rcsults of this fractionation, presented in Tables 3, 4 and 5, indicate again that in general the

compcition of all sedincnr, in tcrnrs of redrrcible organic and residual fractions, are broadly similar
with only minor differcnces ccurring bctween 0re n*,o lakes studied here, Ote Fly River and lake Murray

sediments.

Table 3. Concentrations of trace maals in diffcrent sediment phases of the <63 mm sediment from [:kes
Pangua, Daviumbu and the Fly River. (nd = not detected)

Phase/I-ake Deie Fe (%) Mn 7:r
1984

GCU Pb
mg kg-l dry wt

cd

Reducible
Pangua

Daviumbu

Fly River
Oreanic
Pangua

Daviumbu

Fly River
Residual
Pangua

Daviumbu

Fly River

n.d.
n.d.
nd.
n.d.
n.d-

n.d-
n.d-
n.d.
n.d-
n.d.

n.d-
n.d.
n.d.
n.d.
n.d-

5.3
4.3
32
2.6
7.5

r60
r50
139

143

160

rn
ru
103

126
r47

146
r49
136

l5l
rs2

June
Dec.
June
Dec.
Dec.

June
Dec.
June
Dec.
Dec.

June
Dec.
June
Dec.
D€c.

230
z8r
3.10
L84
3.r2

o24
o.26
0.49
o.47
0.21

2.01
1.98
224
2.Vt
2.42

9.7
r4.5
10.4
12.3
r3.6

2J
41
2.3
32
4.8

5r.8
73.4
6s.9
70.r
83.8

n.d.
n.d-
n.d.
n.d-
n.d.

5.r 2.r
9.3 3.9
I1.4 1.3

5.7 0.5
82 4.7

3.8 5.1

7.9 6.7
6.3 6.4
5.5 4.4
4.9 7.6

4.9 26.7
8.5 28.9
7.06 2r.4
7.3 r4J
9.1 4r.3

0.98
0.9r
0.69
0.44
r2l
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Table 4. Total rrcul ooncentration in thc <63 pm fracricr compared !o the total nreal conccntmtion in
thc whole sodiment (mg kg-t dty wt).

I-ake Faneua
(n=2)

<63 pm Total

I-ake Daviumbu
(n=2)

.63 pm Total

FIV River
(n-l)

<63 pm Total

5.05
430

78
20
37

4.8
1.0

Fe (%)
Mn
7Jr
Cr
Cu
Pb
cd

525
5lE
100

23
45

11.6
t.2

5.61
39

82
22
24
z9
0.6

s.s8
500
99
32
25

5.5
0.6

5.75
459
r02
22
54

7.5
t.2

5.83
515
r20
34
58

15.3

t.7

Thc corpentrations of the metals Fg Mn, ?rr,G,Cu, Pb ard Cd present in the reducible, organic
and residual fractions of the <63 pm fraaion of the sediment are lisad in taUte.3. The <63 um fraction
of ttre sedfurcnt was isolatcd beause in general, trrce metals are associated with ihis portiur of the
sediment (Salomons & Forstner, 1980). In general, the resuls arc similar for a1 thrcc trtes ura the split
between the various phases is comparable wirh 0rat found forl-ake Murray (Kyle & Gipey, l9g7).

TABLE 5. Percentages of tracc metals in different sediment phases for l-akes pangu4 Daviumbu and the
Fly River. Data from [,ake Murray are included for comparison (Kyle a Cip"n 198?). (n.d. =
not detected; - = not analysed)

Phase cdCuCr7JrMnFe

Reducible
Pangua
Daviumbu
Fly River
I-ake Murray

Orqanic
Pangua
Daviumbu
Fly River
Lake Murray

Residual
Pangua
Daviumbu
Fly River
I-ake Murray

55.5
529
54.3
53.0

5.0
E.6
3.7
8.0

39.5
38.5
42.O

39.0

36.0
35.4
y.9
35.0

29J
28.6
32n
28.5

15.4
13.8
r3.3
155

4.7
3.3
4.7
82

nd nd
rtd nd
nd rd
nd

nd nd
nd nd
nd nd
nd

100 100
r00 100rm lm
lm

y.3 79.9
36.0 82.9
33.1 82.0
36.s 76.3

36.6 8.2
38.0 3.7

36.9 8.8
- 0.E

29.r 16.l
n3 TL.r
22.t t42
- 272

y.3 75JyJ 74.2
41.0 77.0
- 72.0

The sum of the rnetal concentratiom in the different sediment phases is fq sorne nrctals less than
the total metal conoentration in the sodinrenl The data are compared in Tabte 4. The two resulrs for Fg,
Cu and Cd are ganerally comparable and differcnces can be explained in terms of experinrental error.
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The sum of the frction cqrccntratioos for Mq Zn rrd Ch le signifriantly lower than fte rnetal
concqrtration in the wholc scdinsrl This is probably due o locscs during the wct-sieving prrccdurer as

almmt all the sodirrcnt is <63 ;rm in size, and the result cannot bc attributed io the meul content of the

sand frrction (t63 pm). The data for this'lost" fraction have not bcn included in Table 5. The loss of
Pb is not so rcadily explainod sirrce Pb, except for antluopogenic Pb, is ncmally pr€sent almost
exclusively in fi€ residual phase (Fcstrer & Wittma4 l98l). Since &e detection limit for Pb is
reasonably high using flanrc aomic absorption methods for analysis, the differing results must be put
down to experinurtal €rror, however further experinnnul wort should be carried out to delermine the
exact nanrrc of Pb in thcse sedinrenG. Kyle & Gipey (1987) using a similar wet-sieving praedure, noted
losses in the Mn content amounting to about l0%, no losses of Fg 7sr,Cu orPb occurre4

DISCUSSION

Watercualiw

In comnron with many lakes in Papua New Guinca the Fly river lakes can be classed as

oligotrophic (nuniqnt-poor) wittr little open-water, phytoplanktonic, primary production

The lakes arc all subject to seasonal fluctuations in water levet, which can be up to 3 - 4 metres

in severe droughts; I-ake Bocset has been lnown to dry up completely. These changes in water level
affect the extensive litoral vegetation, much of which dies in the dry season. In the following wet
season, the dead and decaying vegetation may be prcsunred to rclease its nutriens into ttre water body
which then may beconre productive for a short period until the nutrients are flushed out into the Fly River
(see Osbome, et al.,1981)-

The concentrations of major ions (Ca, Mg, Nq K CL HCOf, SO4 in [:ke Bosset at the times of
sampling are lower than for [:kes Daviumbu and Pangua. These ionic concentrations may reflect the

influence of the Fly RiveC k&e Bosret being connected 0o the Fly River by a single narrow channel has a

lower level of total dissolved solids (? mg L-l) than ttre Fly River (120 mg 1-11. These data suggest that
in contrast l-akes Daviumbu and Pangua arc much morc influenced by the Fly River. I-ake Daviumbu,
although only connected to ttre river by a narow channel, apparently has a high flow through of river
water since the ionic conc€ntration (100 mg L-11 is much highu than that of L:ke Bosset This increased

ionic concentration must be due to the entry of Fty River water as the lake catchment produces little
soluble material. I-ake Purgua has relatively high ionic content (ca 90 mg 1- 11 again apparently due to a

flow through of water from the Fly River.

The most obvious and importantdiffercncc between the Fly River and is lakes and l:ke Murray
is the proportion of Cu that is in the reducible fraction. Whereas in l-ake Munay it is an insignificant
0.8%, in the Fly River and is lakes, it is an important oomponent at 3.7-8.8%. This fraction of the Cu
can become solubiliscd under mildly anoxic conditions and hence become available for uptake by fish
and other aquatic organisms, particularly benthos. Resuls of the dissolved oxygen surdies (see

Chambers, this volume) indicate that such conditions arc possible, particutarly in l-ake Pangua-

Proportions of ttre other toxic metals Zn (13.3-15.4%\ and Cr (36.6-38.0%) in the reducible
fraction are also significant Thus solubilisation of these metals rnay be a problem in anoxic waters,

which occur in lake Pangua-

The oryanic fractions of the Cr and Cu are also significant in tenns of biological availability
whereas theT-n concentration in this fraction is low. This is in line with previous studies which tend to
show that biologically avarlable Zn is mainly associated with the reducible fraction whereas for Cu the

organic fraction tends to predominate. For Cr, previous deta are scant and tend to indicate that the

organic and residual fractions are the most imporunt (Salomons & Forsmer, 1980); however, these data

are for rivers and may not be applicable to lakes.
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The frrtionation of Fe' a major aomponent of the sedimeil, is rypical of other river and lake
systems wtrcrcin nrost of thc biologicatly available rnetal is associated wirh redncible phase. The
behaviour of Mn is usudly similar to Fe' howevcr, in this case, a much higher oryanic component is
evident- This unusual behaviour can not be explained at this st4ge.

CONCLUSIONS

In general, nutrient concentrations werc low and indicative of otigotrophic (nutrient-poor) takes
with limited phytoplurktonic primary production. The dissolved oxygen data ldiscussed by Chambers,
this volume) support this thesis. Of intercst are the high nirate and nitrite concentrations in i-ate Bosser.
probably relersed from the large quantities of decaying veg€tation on the lake bed.

The exensive influence of 0re Fly River on the ionic @ntent of l-akes Pangua and Daviumbu
may mean that soluble materials (such as trace nrctal complexes, cyanides, thickeners and flotation
agens) that enter the Ok Tedi - Fly River syst€m will find their way into these lakes. Insoluble frne
material will also enter these systems but to a lesser extent due to the slower watir speeds in the lakes and
the filtering effect of the extensive aquatic plant beds on rhe flood plains and in the channels (bur see
Osborne and Polunirl this volrrne). L:ke Bosset is less affected by the river and will be little affected bv
mining activities except in times of very low water levels when river water may enter the lake.

Total Metals in Sediments

Sediments from the Fly River and all the lakes have similar concentralions of the metets tested
(Table 2). Of particular interest, are the differences in the concentrarions of Zn, Cu and C4 which appear
to be higher in the Fly River and associated lakes than in Lake Murray. More data are requirld to
confirm these observations. These rtuee metals are pin-pointed (Mauniell et at. (l9l2l as rcquiring
particular acention due to their prcsence in the gold and copper mineratisation of the Ok Tod.i mine ore.
It is possible that tlrese metals nray accumulate in the sediments of l-akes Daviumbu and pangua and the
middle Fly River.

The concennations of Cd reported in Maunsell et al. (1982) are subsranrially higher rhan in the
present srudy whilst the work of Osborne a'ld Polunin (this volume) suggesu that concennations in
sediments are variable and depend uporT the relative importance of FIy River inpua compared with rhe
surrounding catchmenl

Metal Soeciation in Sedimenrs

The toul metal concentrations in sediments, whilst importanr in rhenselves, do not indicate ttre
amounts that may be biologically available. In order to estimate the frrction of metal that may bccome
dissolved in the lake waters under different cond.itions, Ore otal trace metal concentratjon has been spfit
into three components.

The toal ionic content of the lake waters indicares rhar L:ke Bosset is less influenced by ure Fly
River, than are l:kes Daviumbu and Pangua. Future monitoring shoutd be more concentrated on Lakes
Daviumbu and Pangua.
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Tlre ecdinent andyscs indicate that at prcent drc scdfurcnt composition of the Fly Rivcr and

thc lakes surdiod rrc similar to llkc Munay. Horrevcr, the spcciation sEdies indicaed that e significant
proportion of tlrc oxfo nrctrlc h\e ud Gr could bcome solubiliscd under anoxic cottditions. Future
studies should atcrrrpt to t6t this hyaothesis by conelating race metal concentratiolls in the lak. e lvaters

widr depth and dissolved oxygen daa. Methodotogical studies are also required to nnre fully define a

suitable method for speciation studies drat will o\r€rEome the uncertainty in the F€sent rcsults, esp€cially
with rcspect to losses during wet-sieving.

Regular monitaing of Lahes Pangua and Daviumbu should continue as they are dfuectly
associated with Fly River. [.ess frrequently, Bocsetcould also be included in the programrc.
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DISSOLVED OXycEN, TEMPERATURE AND ZOOPLANKTON
STUDIES OF L/\KES BOSSET, pANcUA AND DAVII'MBU

Marcus R. Chambers
Faculty of Science

Univenity of Papua New Cuinea

ABSTRACT

Oxygen, temperature, zooplanton and oher limnological data were collected from [:kes
Bosset, Daviumbu and Pangua, typical lakes of the mid-Fly flmdplain, in tlre wet and dry seasons of
1984. In the wet season, water depth was greater by about 3 m and the water much clearer. Temperature
and oxygen levels were appreciably lower in the wet season. Temp€rature urd oxygen gradients were
Present and particularly marked in the cool wet season. 5t spocies of zooplanton were recprded from
the tluee lates. Therc werc major seasonal differences between lakes, witlr lower diversity and higher
density in the dry Eeason. There werc also seasonal shifs in zooplankton community composirion. The
deeper [:ke Pangua, an old oxbow lake, had a markedly more divene fauna than.the other lakes. In any
future monitoring of the limnology of tlnse lakes, temperature, oxygen and zooplankon should be
assesse4 although 0reir daily and/or seasonal variations, together with the lack of inforrnation on tropical
zooplankton, may make interpretation with respect to changes in water quality difficulc

INTRODUCTION

Information on the oxygen and temperaurre conditions prevailing within a lake are of
imporunce in understanding the abiotic and biotic interactions which occur within it-

The aim of this study was to describe oxygen, temperature and zooplankon in Lakes Bosser,
Daviumbu and Pangua. Two visi6 were made, one during the wet (June-July) and one during the dry
season @ecember 1984). A number of additional physical facors were recorded.

Compared with temperate regions linle is known of the zooplankton of tropical areas. Wirhin
the uopics tlre zooplankton of New Cuinea is particularly poorly known. The presenr sute of knowledge
of the zooplankon of the tropics was recently summarised by Dussart et at. (1984). The aim of the
present study was o provide base-[ne information on the composition of zooplankton in l-akes Bosset
Daviumbu and Pangua- Many zooplankton species are herbivorous and in turn arefid upon by either
juvenile or adult fish. As such they acupy a pivotal role in ecosysrem processes, converting
phyoplankton production inro a form accessible to higher uophic levels.

METHODS

Temperature and oxygen profiles were taken for all three lakes during both visits using a YSI
portable oxyS,en temperature nreter. At [:ke Bosset 6 ses of wet-season readhgs were taken from one
sampling station over a 26 houn perid to measure diumal changes. A large series of surface
temperature readings were made at llke Daviumbu during the dry season visit Flow direction in rhe
channels connecting tlre lakes with the river was noted as were lake water depth, colour, and turbidity.

Total organic carbon was determined as follows: samples were frltered through a 0.45 pm filter.
acidified to pH 2 oxidised to carbon dioxide by UV and determined by infra-red absorption using a
Barnstead Organic Carbon Analyser.

Zooplankton were collected by vertical hauls from the bed of the tal'e to the surface using a net
(mesh size 47 pm). Five such samples were taken from each lake and mean densities (numben L-l)
calculated for each of the major zooplankton I,roups - Cyclopoida, Calanoida, Cladocera and Rotifera.
Lake Bosset was santpled once during the June visit whilst Lakes Daviumbu and Pangua were sampled in
both June and November.
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REST'LTS

Gcncnl hkcdrrrrc-qbdcs

T$h t r€oods Ss.l l& fcrturcs" Dori!€ thc urct rcron (turdluly[ wltcr wrs thrrhg
from dl UE htcs irilo llrc Fly Rivcr. Tbis was rlro lhc crsa rt l:kc Deviumbu in thc'dry lcrscr
(Dcocmbcr). At lrtc Putgur dnrinE thc dry s€rsort trorrcvcq rivcr wrtcr wrs flowing into ttrc lrkc
iluottgh thc routhcrn dnrurct Thc ruspcndod rircr sodinrcrrs sanlcd quictty in thc trkc; ft lm m &om
tlE chlrurel cntrrtrce thc hkc wrbr wrs clcer (sc Osbornc & Folunin, rlris volunc).

TABLE l. Summery of flow dirccti<ras, merimum dcpds (m) wrar colour:nd Scchi dcpths (m) in
I-rkes Bossct Deviumbu end Pengua during thc wct:nd dry scrsoos.

Lake Bosset Wet season DrY Scason

Flow direction [:kc to rivcr
Maximum depth (m) 4.0
Watcr colour Humic-steincd, clear
Secchi dcpft (m) 1.8

Total Oryanic Carbon 8.4 mg L-l

Lake Daviumbu

Flow direction L:kc ao rivcr [:kc to river
Maximum depth (m) 4.0 lO
Watcr colour Humic-stainc4 clar Humic-suinc4

clcar
Secchi dcpth (m) 3.1 - 4.0 More than lm
Totd Oryanic Carbon 3.0 mg L-l

Lake Panpua

Flow direction l-alie to river River to lake
Maximum depth (m) 8+ 5+
water colour Humic-staine4 clear Turbid by

cntrance,olherr'vise
humic-stainc4
ctear.

Secchi depth (m) 26 - 3.5 1.3-1.8
Total Oryanic Carbon 5.3 mg L-l

Thc maximum &ptlu recorded rt I ekcs Bossct rnd Deviumbu wert 4 m in the wel s€ason,

falling to I m at Deviumbu in rhc dry seeson- Thc Fly Rircr hd alrc dropped by about 3 m durirg the

seme period- At L:ke Pangue the marimum d+rhs rccqdcd wcrc 8 m and 5 m during tJre wct and dry

seasons respectivety. These rcrding,s werc rrkcn from tlrc oxbow sections of the lakc where depths of up

to 19 m have been recor&d-

At both srmpling tirres the wareni of tfic letcs wcrc clcar and humic stahc4 cxccPt for drc

small aree of urrbid watcr in [-ake Pangua in Novembcr. Thc dert brown colouration probably erises

both fr.rm thc dccey of vcgctation within rh; lakc rnd from inflows from lhe surrounding floodcd
gra"slar.us. Total organic carbon values. howcvcr. werc only lvcrage for lakes-
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Tbc Scochi dcprhs of drc thrce lrtcs vrrid dndng thc *rt scrson - ftom e ninimlm of l.t m rt
t'L'? BcGt b 4 n rt hkc Deviunbu Ttc ooly seuood ompqft,m wrs rt lrtc prngur whcrc thc
SG€hi dep& in 0rcdry rcrsdr wrs ebouthelf is rctrcrson vrluc.

Temlpratuc andoxlrgcn

Tcmperatur rnd oxygan daa reorded from hkc Bssct orcr I 26trrrtr period erc trbulatcd in
Annex Table l. Figurcs I rnd 2 show dcpth profitcs basod m thcsc data Fig,ne I denpnstrarcs rhe
pcscrcc of ronrc rtrrtification with diurnd iempcrenuEs rcmainfutg suble bclov 3 m d4rh $ bctwccl
2s.8 tiln oc. Thc surfrc warer body varbs in tempenurc fiom rround 2g oc in rhe hL dtcnroon o
around2T oC in thecarly muning.

O 1610 L 30 JUNE
a 1450L | ,ruLY
a lt45 L 50 JUritE
A ITOOL I .'ULY
o OTIOL I JULY
r toooL I JULY

ANO I85OL I JULY
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Figure l - Temperature profiles for Lake Bosset over 26 hours from 30 June to t July 1984.
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Figure 2 denonstrates variations in oxygen saturation overdepth rnd time. Maximum saturationvalues ftom75-77% occurred in the afarnoql at the snrfrcc with minimum values of 15-20% at thebouom in the mqning- Such steep gradients reflecB litrle mixing of rhe water body and high biologicaloxygen demand 
" 

fu 1*: bottom, probably due to the activitiei of bacterial dntp.t*i. A diurnalpattcrn is discemable wirh highest sauration values being recorded in the laa afrernoon and lower valuesin the evening and early rnorning- The two profiles from late aftemoon of 30 June conespond morcclosely to ore early morning and earty e"ening profiles of I July suggesting an earlier cessarion ofphotosyndretic activity than on fte subsequent diy.-

Table 2 presents oxygen and temperature data for Late Daviumbu during the wet season. It canbe seen that temperature varied little with depth during this period. oxygen saturation declines withdepth and surface values in the late afErnoon are higher oan in rhe moming. Annex Table 2 details
surface tcmperature measuretnents of Lake Davimubu it differcnt times of te aay during drc dry season.
Surface temperatures are generally higher during rhe dry season (u-33 oC) comparea iitrr those of thewet seilson (26 rc). During the dty season maxirnum surface temperatures were achieved by late
aftemoon, and ilre water column was frequently supersaturared with orygen at this time, especially onsunnydays' Ovemight the take appeared to tose about half irs oxygen. very high saturation values. from
150-190% were recorded in beds of macrophytes.

TABLE 2- Oxygen concentrations, percenhge saturations and temperatures for l-ate Daviumbu during
the wet season.

TIME 2 Juty, 1030 h
Depth Temp. Oxvgen Saturation
m oC mg L-l ?o

2 July, 1445 h
Oxvgen Saturation
mg L-l 7o

Temp.
oc

6.4
6.0
5.9
5.6
5.5
4.9
4.4
3.5

0
0.5
1.0

t.5
2.O

2.5
3.0
3.5

25.9
2s.8
2s.8
25.8
2s.8
25.8
25.8
25.8

5.7
5.3
4.8
4.4
4.1
4.1
3.4

71.3
66.2
59.9
54.9
5t.2
51.2
42.4

26.2
26.2
26.2
26.2
26.r
26.0
26.0
26.0

80.5
75.5
74.2
70.3
69.0
61.3
55. l
43.8

wet season temPeratures in L:ke Pangua (Annex Table 3) were lower than in Lake Bosset;
maxirnum recorded surface temperature was 26.0 oC at 15.00 h. The temperature at g m depth was onty0'7 oC lower. Dissolved orygen, however, showed a steep decline between surface and botrom - from
around 60% to l0% saturation. Most of this declin" o""urrld wirhin the top 2-3 m of rhe warer column.

In &e dry season recordings at Lake Pangua, both water temp€ratures and oxygen levets were
higher. Surface ternperaturcs were up rc32.2oC wirh no shtification. O*yg.n tevets uito 9g.5% were
recorded at I100 h' The entire water column was well oxygenared to with in I m of rhe lake bouom and
then declined ro 26-28% salurarion.

Zooplankton

A total of 5l species of zooplankton were recorded and their seasonal and distributional
occurrences are shown in Annex Table 4. These dam are sunrnrarised in Table 3. Onty 3 of tlre 5t
species occurred in each lake on each occasion; Bosninopsis dietersi, Chydorus eurynotus and
Calamoecia ultima.
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Of thc remaining 48 spocies, five were rpcorded ooly from l:kc Daviumbu and 20 wcre
confincd solely o l-akc Pangua Of the latter, 16 werc rotifen present only during ttrc wct Eeason.

Lakcs Daviumbu and Pangua had higher spccies diversity than L,ake Bcsct in the wet season.

For these two lakcs the number of species found in the wet season was about twice 6at pres€nt in ttE dry
season.

Table 4 shows the density of zooplankton from which it can be seen 0rat Lakes Daviumbu and
Pangua had higher densities of zooplankton in the dry season hu in thc wel At [:ke Daviumbu the
dcnsity was rrarly 5 tincs higher whereas et Pangua it was dry season deruity was 19 times grcatcr than
that of the wet season.

Lake Bcset had the highest wet season density, excceding Daviumbu and Pangua by 1.7 and 8.1

times respectively. It also displayed the lowest species divenity at this tine.

In all lakes during the wet season, the different zooplankon groups occurred in the sarne relative
densities: Cyclopoida > Cladocera > Rotifera > Cdanoida This relationship also held good for hte
Daviumbu. In Lake Pangua the dry season, abundance of rotifers was 144 times greaer tran that in the

weL

Table 3. Numbers of zooplankton species in 4 major taxa from 0re Fly River lakes.

WETSEASON DRY SEASON

BosseE Daviumbu Pangua Daviumbu Pangua
30:6:84 2:7:84 3:7:M 28:l l:84 29:11:84

Cladocera 8 15 16 I 9
Cyclopoidal32O2
Calanoidalllll
Rotifera262023

Total lZ 25 39 I I 15

Table 4. The zooplankon densities (numben tr-l; in l,akes Bcset (June 1984) and Daviumbu and

Pangua (July and November 1984). P - Present in very small numbers.

Bosset Daviumbu Pangua

Zmplankon
Category June 84 July 84 Nov. 84 July 84 Nov. 84

Cyclopoida
Calanoida
Cladocera
Rotifera

21.6 r 1.7 41.6 3.1 22.7

PPPPP
7.9 4.9 25.7 0.4 6.3

r.l 1.3 16.7 0.3 43.2

Total Zooplankton 0.6 17.9 84.0 3.8 72.2
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DISCI,JSSION

All.three lakes were virtually isothermal on &e occasions on which they werc sampled
Temperatures varied liule bcnpeqr the surface urd the lake bouom and evidence of thermal ruatification
was recorded only for IaaF Bossa during the wet season (July). Sratilicuion tnight b" cxpectcd to
occur under calm conditions partbularty during the wet seasotu In the shalJwer conditions of
November/December thermal stratification would be less likely.

Diumal variatiors in temperaturc and oxygen saturation occur, with rhe lakes generally having
highest values for these parameters in the tate afternoon.

The markedly higher water temperaturcs of 0re dry season rnay be due to a combination of
cfucumstances - increased solar radiation, shallower warcr depths and reduced flow rates through the
lakes.

All ftree lakes showed pronounced oxygen undersaturation druing rhe comparadvely high water
levels and cooler temleraMes of June/July. This in turn suggests that ei*rei phytopturkton and
macrophytc photosynthesis was comparatively low at these tinrJ or that decomposer 

".ti"ity 
in tt.

sedimen6 resulted in an oxygen demand excoeding the rate of photosynthaic iroduction. This is
luggested by the steep oxygen gradients in all lalces, although this varied from day ro day. kr the deeper
Lake Pangua conditions were nearly anoxic at rhe bottom iven in late afernoon-indicating litrle mixing
with the upper wat€r layen.

Surface oxygen leveh were much higher in the dry season, and the entire water column was well
oxygenated at this time for most of is dep0r in both Lakes Daviumbu and Pangua. Seasonal variation in
biomass and productivity of the macrophytes and phytoptankton is unlsrown. Therefore it is not possible
!o quantify the varying contributions of these plants tooxygen levels within the lates. During ttre dry
season, however, photosynttretically produccd oxygen was iufficient to keep the smaller watcr volumes
of the lakes well oxygenated During the wet season such was not the case. At this lacer time, trerefore,
respiration by plants, animals and decomposers may be greater than the rarc of oxygen production fromphoosynttresis, leading o ttre marked undersaturation levils recorded-

In l:kes Daviumbu and Pangua the diversity and density of zooplankton were invensely related
wittt higher dry season densities occuning at the tirnes of lowest divenity. Alttrough density differcnces
varied considerably between sampling tinres (up o l9-times at Pangua) overall num-bers werl dways low
with the maximum a*ti,y recorded being onty 8l L-1. Compared-wirtr ottrer localities, the zmplankon
populations ofthe Fly Riverlakes appeared ro be sparse.

Higher wet s'eason diversity in both Lakes Daviumbu Pugua may be atributable at least in pan
lo 

litlorat species being flushed ino the open water of rhe lakes Uy-suonger curen6. The lower overall
density at 0rese times may in part rcflect r higher flushing rate of ore lakei with populations being unable
to maintain themselves. l,ow divenity in the dry season may be due to poor water quality; such as higher
water temp€raulres, and lower transParency. Many rotifen are known to be stenortrermic (able to li"e
only within narow temperature ranges). and therefore lhe lemperaturc fluctuatiors between lhe seasons
may affect divenity. Otherrotifen (Lccane and Brachionls) arl sensitive to pH changes.

The change between wet and dry season populations was most pronounced in the Lake pangua
rotifer comrnunities. The 20 specics prcsent in Juty had a otal density oi onty 0.3 L-1. None of rhese
species were found in Novernber and the three additional species found at 0ris time had a density of 43.2
L-1. Thus altlrough conditions may favour fewer species in rne ary season rhose that can survive exist in
comparatively high numbers.

The zooplankton comnrunity of Lake Pangua was the most variable; ore ratio for wecdry season
density was l:19 while rodfer divenity decreased 7 times between ihe two seasons compared with 3
times in Lake Daviumbu. More species were recorded in L:ke Pangua (44) rhan from Lake Daviumbu
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(30). I-ake Pangua was 0te only lakc io show dominance of rotifers (both in terms of diversity and
density) over 0tc oher planton groups. The low rbundancc and divenity of cyctopoids and calanoids
appears o be a characteristic of ropical lakes of low nutrient status.

CONCLUSIONS

Oxygen levels of ttre rhree lakes varied considerably from season to season; from day to day and
from each other. In any extensive study of oxygen levels within the Fly River system, such variations
would have to be taten into coruideration in the design of the sampling programme.

Although zooplankon have a pivotal role in the food chains and webs of the Fly River lakes it is
the least known part of these ecosystems. This paucity of data is due both to lack of study in the area and
in the tropics in generat. Thus there is liute detailed information available on eirher rhe ecology or tikety
response of this soction of the food chain to the changes in water quality which may rcsult from mining
activities at Ok Tedi.

This lack of knowledge combined with difficulties of identilication pose difficulties in the use of
zmplankon in long-term monitoring studies. Despite this it would be of value ro continue and expurd
the monitoring of zooplankton as a component of any long-term monitoring progranrme.
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Table 3. Orygen corrclntrations, perc€ntage samtions and enrperaures for I*c Pangua (a) during the
wet season (3 July 1984 and (b) ttre dry season (29 Novembcr t984) (B-Lake bouom).

(a)TIME 1400 1500

Depth Temp.
moC

Oxygen
mg L-l

Sanrration
%

Depth Temp.
moC

Oxygen Saturarion
mg L'l %

0
0.5
1.0
1.5

2.O

2.5
3.0
3.5
4.0
4.5
5.0
5.5-B

2s.6
25.5
25.5
25.s
25.5
25.5
25.4
25.r
25.1
25.O

25.O

25.O

572
s9.6
52.2
38.5
27.3
22.4
r6.l
r 3.6
t2.3
12.3

t2.3
ll.l

0
0.5
1.0

1.5

2.O

2.5
3.0
3.5
4.0
4.5

5.0
6.0
7.0
8.0-B

26.O

26.0
26.O

26.O

26.0
25.9
25.9
25.E

25.8
25.5
25.5
25.3
25.t
25.3

5.0
4.2
3.7

3.5
3.2
L7
2.5
L3
t.2
1.0

0.9
0.8

0.8

0.8

62.6
52.6
46.3
43.8
40.r
33.8
3 1.3

28.7
r5.0
12.4
tr.2
9.9
9.9
9.9

4.6
4.8
4.2
3.1
2.2
1.8

1.3

l.l
1.0
1.0
r.0
0.9

(b)TrME 1000 l 100

Depth Temp.
moC

Oxygen
mg L-l

Saturation
7o

Dept Temp.
moC

Oxygen Saturation
mg L-l Vo

0
0.5
r.0
1.5

2.O

2.5
2.8-B

32.1

32.r
32.r
32.1
32.r
32.r
32.r

5.9
5.8
5.7
5.7
5.7
5.6
1.9

80.7. 79.3
78.0
78.0
78.0
76.7
26.0

o 32.2
r.0 32.2
2.0 32.2
3.0 32.2
4.0 32.2
5.0-B 3r.2

't.2

6.8

6.5

6.4

6.3
2.0

98.5
93.2
89.0
87.7
86.3
28.2

Table 4. The zooplankton of Lakes Bosset (June 1984), Daviumbu (July and November 1984) and
Pangua (July and NOvember 1984).

Species
Bosset Daviumbu
June July Nov.

Panqua
Iuty Nov.

Cladocera
Acroperus alonoidcs
Alona afinis
Alona guttata
Alona (l ndialon! g,obulosa
Alona karua
Alona nonocantha
Alona pulchella
Alona rectangula
Alonella nana

+

+

+
+

+
+
+

+
+
+
+

+
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Bosmitu nuridionalis
Bosnirup$ dtctarsl
Ccrfulofuplula cornuta
Ccriodaprnlafuhia
C@rus curyrctus
Chydorus $favtformis
D taplutrosotru uttgulc ulatum
Duttluvcdia crassa
Ilyocrypttu spintfcr
Kurzia longirostris
Latonopsk australis
lzfligiaausuaEs
Maerothrk triscrialis
Oryurclla inlulcnsis

Cyclopoida
Ergasiltts sp.
M c socyc lops tlu rnocyc lop idz s
Microqclops varicanu
Tlerrocyclops sp.

Calanoida
Calatnoccia ultima

Rotifera
Asplanc lua bri g htwcl li
Asplanc hnopus rnulticeps
Bracffionusfalcatw
Brachionus p.tuhts
B rac hbnus quadridentat us
Ceplulodclla sp.
Dicrornphorw robustus
D iple rc hlanis prop atula
Eothcnia elongala
Kcratclla tropica
Lccanc bulla
Izcane lcontina
Lzcane luna
Lecaac papuana
Itcanc stichtaea
Itcanc ut4uiuta
Macroclaetus collinsi
Notottutlald dvenna
Plaryias quadricornis
S caridium lo n gic a udat unt
Testudinella p.tina
Trichoccrca rallus
Triclotria tetractis

Total No. of Cladocera species
Total No. of Cyclopoida species
Total No. of Calanoida species
Total No. of Rotifera species
Totd No. of Species

+
+
+
+

+
+
+

+
++
++

+
+
+

+
+
+
+
+

l6
2
I
20
39

8158
130
lll
262
12 25 lt

+
+

+
+
+

9
2
I
3
l5

+
+

+
+

++
+'

+

+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
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PROGRESS IN ELUCIDATING THE SEDTMENT RECORD OF TWO SHALLOW II\KES IN
PAPUA NEW GI'INEA.

Patrick L. Osborne and Nicholas V. C. Potunin
Biology Departnnnt, Univcaity of Papua New Guinea

P.O. Box 320, Natimal Capitd District

ABSTRACT

Lake sedimcnb usually conuin a verticd rcord of the ecological hisrory of tlre take basin and
its catchment area. Furthemnre, surfrce sodiment samples collected from a number of sites may rcveal
interesting paugns of currcnt sedimcnt dcposition within the lalce's basin. The disrribution of zirconium
in l-ake Daviumbu adjaccnt io thc FIy Rivcr indicatcs that sediment from ilre river cnters the lake and is
depositcd in ir Similarly, thc distibution of ptrotmynrhetic pignrens in the surface sedimens of
Waigani [ake, near Pct Morcsby, are clearty relatcd o the source of rcwage inpur Analysis of sedinrent
layen in short cores taken from thcsc lakes has permiucd intcrpretadons of rtrcir ecological history and
demonstrates that scdiment dcposition in shallow lakes is sufliciently chronological to make this possible.

INTRODUCTION

Lake sediments usudly contain a vertical record of rle ecological hisory of the lake basin and
its catchmcnt area This hisory ruyh rcorded in the rcmaim of organisms or parts of organisms that
once lived there; dre remains being depmired serially in rhe sedimenr ln addition temporal variations in
the loading rates of nutrien6 and polluunts such as heavy metals can often be detected by different
concentraLions in successive sedinrnt lalrrs. By analysing the layen in a lake's sedinrcnt some details
of ia hisory can bc elucidarcd A prerequisite for the establishment of a god rcdiment record is calm
conditions for sedinrnt dcposition and the absencc of martod sedirnent bioturbation. Thcse conditions
arc less likely o be nret in shallow lakes, where there is a greater likelihood of physical disturbarrce of
sedimen6 and colonisation of the entira sedinrent by both plana and animals. Despite these poential
problems a number of paleolimnological sordies have indicated that the sedirnens of some shallow lakes
do contain an intcrprcablc record (sec Osborne & Moss, l9?7; Moss, 1980; Osbome & polunin 1986).
In addition to this wrtical rcor4 analysis of surface sedimenB collected fnom a number of sites may
rcveal interesting pattems of currcnt sedirnent depcition within the lake's basirt.

This sedinrent record is'particularly useful in lakes in which major cological changes have
occurred and neod to be explained but for which ccologicat studies do not span the time-scale concemed.
Alterations in community structure can often bc comlated wirh changes in environrnental factors and this
may provide sonrc insight ino the naore of the causal agent, especially if ttre changes have resulted from
some action by man. In pristinc lakes, the record can also be used o cstablish basetine levets of
pollutanb which may increase as a result of environrnental change from proposcd developmens in the
lake's crtchment arca. Thesc data can be- providcd at a fraction of the cosr of routine monioring
programmes an4 in addition, scdiment corc studies may be used o explain p:rst envfuonmental changes
in the rbsence of sampling over extended tinr periods. It is cssential, howeyer, that adequate sampling is
carried out to cnoompass the variation in spatial distribution of sediments, both horizonally and
vertically.

Ttn poina made above are illustrated by rcsuls of studies of the sedimenrs from two shallow
lakes in Papua New Cuinea: Lake Daviumbu, Western Pro. ince and Waigani l-ake n..ur Port Moresby,
National Capital District.
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I"AKE DAVII.'MBU

StudY Area

I-akc Daviumbu is e shdlow lake filling r dcpression rdjaccnt b thc Fly River, to which il is

connectcd by ananow channcl Thcle&e is qprorimtcly 3 m decpwhcn full but has rnarkcd scasond
flucurations in watcr lercl ard mey elnoctdry ortcomplaely. Morphonnuic data arc givcn by Kylc ad
Chambers (this volume) urd information on the ba0rymetry of dre lake is givan in Maunscll ct al. (l9E2l.
Dense beds of rquatic plans ovcr ell but thc dcper parts of the lake and the diverse aquatic flora
includes the followirg dominant spcies: Btym aufurtii, BUm nowguitucttsis, Ccratophyllum
dancrsum, Echirochlu procstans. Eleocluris dalcis, Hanguana nuloyana, Hyrrcrucluu acuigluma,
Isclucmum polysnchyum, Izcria tEmrdrc. Uttuophila aromddca, Limnphila indica, Nchnttbo
aucifcra, Nyttphaea t utcrosryrma, Nytplaea iolacca, Orya rulipogon, Pistia stratblcs, Sacciolcpis
myosuroidcs ard Utricularia aurca (se,I-each and Osbornc, 1985).

Surface sedi rrent surrrcys

Osborne ct aI. (n press) were conccmed about the potential impaa of the Ok .Tedi mine on the

lakes of the middle Fly rcgicr and uscd htc Daviumbu as an examplc of one of the shdlow depression

lakes on the floodplain of this large riner. They collected samples of surface sediments by hand from 32
sites and andysedthern forZl elernents by X-ray fluorescence (see Osborne ct alnin press); amongst

tlrese elemen6 werc zirconium and phcphorus. Zironium is concentraed in the heavy mineral fraction
and ia distributiqr corelatcs with scdinrcns dcpcited mpidly. Figure I dernonstrates the importance of
the Fly River as a s<xrrce of scdimant input o lakes connectcd o the river by cvcn a nanow drannel such

as [.ake Daviumbu. This imprct is undoubtedly due o the very large urd rapid rises in rivcr level that
occur following heavy rainfdl in thc Fly River catchment arca. Although flooding occurs acrcs the
levees as well as through thc channel the clays conuining much zirconium ane deposited primarily dong
the central axis of the lakc. Plrcsptrcrus, by contnast, is more associated with biological activities such as

peat accumulatioq md is disaibution in Daviumbu is rpproximately dre inverse of zirconium (Figue 2).
Maunscll ct aI. (1982) concludod from hydrological evidencc that flows from the main rivcr o thc
backswamps rarely ocor. We suggest that, givcn the clear pattcrns of sedirnent dcpoaition obuine4
ingrcss of Fly River water to bdswamps such as l:ke Daviumbu may be an annual or even rnore
frequent, occurrenoe.

Table l. Mean concenratiom and ranges of iron, manganese, zinc, ctromium, copper and lead recorded
in 32 surface scdiment samples collected in December 1984 from l-ake Daviumbu, W6tern
hovincq Papua New Guinea. For comparison, the resuls of Kyle and Chamben (this
volume) and those of Maunscll ct al.1982 arc givan.

Mean

Range

Maunsell ct al.1982

July

Kyle 1984

June
Dec

Fe

4A3

2.4-10.8 2@1400 36-309 28-167 3-27

5.63
5.53

Pb

l6

Cu

62

Cr

69

3G94

7rr

t8'z

Mn

362

3635

30
2l

40
23

190

98
r0t

493
508
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Trblc I giv6 thc nean yrlu6 lrrd nnges fa thc csranrruisrs of Fc Mrt A ch, Gr rnd pb
rtcordod in thc 32 rurfrc rcdimcat remplco oltcaod ftrom h&e Daviumbu. Tlrcsc figurcs rre comprrcd
with tlrce rcpalcd by Kyh md Oranscts (dris rolurrc) rnd Marmsdl a aI. (19S2). Tlrcsc rcsule
fudicac thc importarrce of rdcqurc sampling to roount for thc veriations in ebnrcnt coaatrations
resulting frorn diffetentiel ntcs of rcdirncnt dcaositioa Kylc lrd Clumbcrs (1986) suggcsrod ulet the
high valuc rcordcd fcr?t by Marrmll et al. (1982) wricfionoous. Hovevcr, o* rilay rc6gds Zn
cficcntmtbns of over 200 ppm in 14 ramphs ftrom l:ke Daviumbu. Thc cqrccntrations of Z, roC Cu
rccorded by Kyle and Chambcn (dris rolunrc) for Fty River sodirnans samplcd in Dcccmbcr l9g4 show
eleveted lwels compaled widt thc reeults reoordod by Meunsell ct at. (ti$2', fa samplcs collccred in
1981. Errcn tlresc clcvatcd values, lrorevcr, rrc lower thrn nmt of rhe values reoordcd by us in the
surfacc sodinrcnB of l-ake Daviumbu.

Sedimentcorc samoles

Shon rcdimcnt cfi camptcs colbced in 1983 shoncd variuims in physicat rppearance
(Osbornc ct al-in prass). The surfrc lefcrof rtl cces wrs soil-litc .nd lhis was ur,acdain in orc orc
by I peaty hycr but in ohcrs by err cganic*ich clay layct Feet lalus *trc recordcd benee& rhc clay
layers in two corEs (Osbfite ct alo in press). Longer ues (up 3o 4 m) werp olloctod in l9E6 rrrd
enal;scs are in progress. Fuure invcstigrricrs shonld furclude measurcmcrtb of acural dcposition ratas
and thc monitoring of e flmd cycnt t rc if podictions rcgarding $dinEnr d€pGidon gle otrrccl
Furthcrrnore' thc surdy shorld bc crtcndcd o othcr lakcs assmiatcd wirtr rtte Fly Rivcr to scc if thc results
obtained for Daviumbu are nrlr€ generalty appticable.

WAIGANII.AKE

Study area

weigani l -eke is shalbw (c. I m) md ocarpies e vrllcy in wirich much of thc urban devclqpmcnt
of Port Moresby has ulcrr plc" Seerrge dispGet into ilp lab bcgan in 1965 and quantitics havc
hqeascd with 0rc urbanisetbo of thc cedursrt Majc charycs in thc rquetic Rore of tc hftc have
occuned orcr thc last fmy ycarr md trcsc hevc bcan daunsrtod through intcrprctation of e serics of
5iA $otograptu by Osbcnc ud Lcedt (1983). Thc main take is now deyoid of subnrcrgcd and
floating-lcaved plants. It is sunoundcd by emcrgcnt swamp dominatod by ptuagmites ta*a nitypna
oricualis- In 0re laa 1960s md carty l9?0s nymph aeids (Nynpfuides htd,ica, Nynptuca pubcsccns md
Nyyhaca dictyoPhlcbia) dominatd 6e rrca whictr is now open water. Agial pfrotqgr.pt" raken in
1942 end 1956 both show thc enrrl rrca of waigani l-rke co"ctea wi0r enrrgeni r"g"trtio. (Osbqne
rd l!rl\ 1983). Rccntly, it has bcar rhown that thc cmcrg€nt swamp sunounding rhe lakc is
declining in area (Osbornq unpublishod).

Osbornc md Folunin (1986) nr.rdc e daeihd sudy of the scdirrcnt rcsd of waigani Lakc urd
produccd disributiqr mape of rcdimcnt reumulatiqr ntcs end photcmrhab pe-rncns. The
photosynthctic pignrcnt conccntrrlion Fficrn obtain€d was relarcd ro thc sa1rae of salage inpqt
(Figutc 3)- Osbfitc ud Folunin (1986) elso olhctcd rlrort cores ftom the latc urd through analpcs of
phocptrcrus ud riitrogen cotrcertrdists, dironrs rnd plant remaim urcrc ablc io tcoo'stsuct the
ccologicel history of thc hke. Thc timing of changcs in dre feenrcs rrcrsured suggesrod scwage efflucnt
dispoe d was e pwiblc ceusc of thc nraftcd drangc obscrvcd but thc effcs of friu|e changes in water
lcvcl couH rrct bc nrledout (Osbfittc lrd Fotunin, 1980. An rnalysis of thc hcavy nral on--rcntof core
scctims fiom Wrigani hke rgrin dcnronstrtar dtc uscfulncss of scdinrcnts rs rrchives of cnvirurmenral
change @olunin ct al, in press). Fuorrc rrort shorld inrrcstigarc drc pre-urbanisetion human impacts urd
rclaa changes in the rcdinrnt rccord io dranges in thc ragaaticr history of rhe catchment rrea,
panicularly in regard io the rcplaccrrcnt of forcst by sevannr '
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Figure 3. Distribution of plant pignrent products in sedirnent samples collected from Waigani l-ake,
Papua New Guinea- (Reproduced with permission from Osborne and Polunin (f986). From swamp to
laks Recent changes in a lowland tropicd swamp. Joumd of Ecology, 74,197-2l0.l
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THE COMPLEXINC CAPACITY OF FLY RIVER LAKE WATERS

Jamcs H. Kylc,
Departnrcnt of Chemis try,

Univenity of Papua New Guinea

ABSTRACT

The complexing capacity as daermined by anodic stripping voltamrcry of lake waiers from the
Fly River is rcported Results indicated higher concentrations of 'dissolved" or fine colloidal copper in
[:ke Daviumbu than in the other two takes, hence suggesting a greater influence of the FIy River in the
case of this lake. Dan from billabongs in the Northern Tenitory of Ausralia indicate comparable
complexing capacities to 0re lakes examined from the middle Fly. Data indicate that at a plating potentid
of 4.3v to 4.6v, Fly River lakes may bc capable of complexing 0.5 pM of added copper (0.2 UM at
potentials of {.9v to l2v). These data suggest that complexation may be a potentially significant
mechanism for deoxification of coppcr ims in thesc lakes- The otal capacity of the lakes may be

irsufficient howeVer, !o cope with large influxes of trrce metals into these ecosystems.

INTRODUCTION

Trace metrls in natural waters arc pres€nt in several different physio-chemical forms which may
have quite differcnt effecs on aquatic organisms (Florcnce & Batley 1980). It is now known that thc free
metal ions of tracc metals such as zinc, copper and cadmium are much more toxic than complexed forms
of the metal ions (L:ke a al. 1979; Petsscn 1982). The metd ions may be complexed by dissolved
organic mauer in ilre water or by colloidal or palticulate nuBer. The extent to which ttris occurs in a

natural water sample is known as the complexing capacity. It is an important parameter in trace metal
toxiciry studies as it governs tlre anrount of oxic free neul ion in the watcr body.

The rcsults of complexing caprcity studies of frltered water samples from l-akes Bosset, Fangua
and Daviumbu using the Anodic Sripping Voltammetry (ASV) technique are presented. The
experiments werc performed at four different potentials (4.3v, {).6v {).9v, urd -1.2v). Standard Calomel
Electrode (SCE) and the otal ligand concentrations and nreul-ligand stability constants were evaluated at
each potential.

METHODS (after Hart & Jones 1984)

The complexometric titration nrettrod can be used to evaluate the complexing capacity of a

natural water sample. The water sample is titrated with ionic copper. After each addition of the nretal
ion, a short equilibration time is allowe4 and then the concentration of unreacted copper (or froe coppcr
ions left in solution) is determined using ASV. Initially, the concentration of 'frec' copper is very small
because nrost of the ad&d copper is being complexed However, orre the complexing capacity of the
water has been exceeded, lhe amount of 'fre' copper increases sharply. Hence a graph of 'free' copper,

or an experirnental paranrcter related o this (e.9. peak cunent) versus totd added copp€r (Figures I - 3)
show initially a small slope changing to a steep slope when the complexing ligands become saturated
with copper ions.

If it is assumed that only one ty?e of bonding ligand (L) is present in the water body, the
reaction between the added meul ion (M) and the ligand is as shown below. The conditional stability
constant (K') is defined by t quation (l) (charges have been omitted for clariry):

tMLI
tMttLlM+L:ML where K+ = (l)
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Ttre Sotrl tigad conoeorrtion, [-d, is equal o the sum of the complexed and uncomplexed
forms, i.e. [MLl plus [LJ, and is.relatcd to thc freeconccntratiqr and the conditional stability conshnt by
equation (2):

ttvfl-l= K*tMIlLrl
t+kr[MJ

This equation can be rcarranged lo:

The pramacrs [[.t] and K'can dren be evduated from a straight line plot of MVIML] versus

[MI which has a slope U[..t] and an intcrcept UK*[Ld. The conditiond stability emstenr is crly
applicable for the cqrditioru of pH and ionic strangttr underwhich it was cvaluated

Watersamplcs werecollectod frromcach of thc duee lakes, filtered on site through acid-washed
0.45 Frn niltipore filtcrs, and sorcd !t 4 oC in rcid-washcd polyefiylane bdlcs until requirod The
samplcs werc re-filtercd thtough 0.45 pm filtcn, adjusted o pH 6.0 with sodium acctat€/acctic acid
buffer (0.1 ml of 4M), dc-acratod for 16 minutcs and titratod wifi CuGD ion at constant pH. After cach
addition of CrIGI) solution, l0 minutcs cquilibration time was allowed before sripping currenrs were
measured by ASV using a PAR l74A polarographic analyser fited wirh a PAR rnodel 303A static
mercury drop clectrode- Thc solution rempcnrhrrc was 26.0 + 05 oC.

Instmmant sccings uscd wer-- plating tinr, 5 min; scan rate, 5 mV s-l; modutation amplitude,
25 mV; initid potentid, {.3,4,6 4.9 6 -l2vs SCE; clock0S s. The inirial concentrations of Cu(tr) in
the water samples werc also dctermined by ASV after digestion of the sampte in l% nitric acid-

RESTJLTS

Thc scts of titration curves of peak currert, i, versus the totd concentration of copper adde4
[CuJ, fr cach of the lakes studied arc shorrn in Figures I to 3. The slope of the steep por.tion of each
ritration curtE was used o cdorluc the free copper, Cu([), onccntration at each experinrental point urd
hencc the conccntratlcn of complexcd copp€r. These data were ploaed as requircd by oquation @) o
determine vdues of the iotat ligand csrccntnation or complcxing capacity, [4], and the conditional
stabil.ity oonstant, K+, which rre displayed in Table l, together wittr the initial otal concentration of
copper Present in the unspiked watcr (detcrmined on separatc samples). The values of K. and [[d fior
e*h of the threc lakes werc dctcnnined et four different initid plating porentials by the A*SV technique;
The different values obtained for thc arms [.4] and K. at each of rhesc potentials arc displayed visually
in Figure 4.

Q)

+l
K'[4]

IMI
tlil

IMI
ttrtr l o)
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Figure l. Perk Cuncnt vs. TotNt Cqpcr Addd at four different plating potciltials.
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Totrl Copper Addid (rnl

Figurc 2. Peak Current vs. Total Cqpper Add€d at four different plating potenrials.
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I Tottl Copp€r Added (ura)

Figrne l. lpeat currcnt ns. Toal copper Addod at four diffcrcnt plating porentials.
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TABLE f . Toral ligrndoolrortntions, Itr] in prl md onditiond si$ility oq$tlrts, K' (crpcssod as

hg K.), obtdnod fa kkcs BNt, hngue urd Daviumbu rt fanr different pladng pouttids.
Srrndrd devietim lrc givcn rd thc initid corsrtraicr of otel oqpcr in drc weg [ftlo is

hcludcdGm).

Ptanting Bcsct
Fotintial
(vsSCE)

Pangua Daviumbu

trd
olM)

log K*

{.3v
4.6
49
-t2

{.3v
{.6
{.9

.-t2

O50+0O5
0-24 t0.01
0.2)+0.02
0.16 + 0.02

6.3 t02
7.5 +O2
7Jl xO2
7.8 xQ.2

0.057

055t0.05
0.65*0.05
023 t0.02
0.15 t0.02

6.4 +O2
6.8 a0.2
75 t02
8.1 +0.3

0.008

052tO.@
051+0.05
024 +0.02
024 +0.f2

7.1 +0.2
6.9 xOZ
75 a02
8.1. +02

0.170[Culo Gm)

Thercwas elargevariationinthcinitidoncatratioosof opperin thetrlcas ftom0.0$ pMin
Pangua to OUO UM in Daviumbu AII urdpcs nrerc paforrucd in duplicae and maehing rpsuls wcte
obtaincd Thc extenrly high csrcentraion of -dissolvcd' coppcr in Daviumbu was vtrifld by
indcpendent anatpis about tre sarnc time by dre Dcparrnantof Mincrals andEneryy (unpublishcddata).

DISC{'SSION

Initid Coooer Concentratiqr

' 
It must bc rssumed that rnost of the'dissolved' oopper in the Daviumbu sample was very fmc

cotloidal copp6 drat *ould pass ttuwgh e 0.45 pm filtcr, ndrcr than true dissolved coppcr ions. This
result is further cvidencc of the effct of drc Fly Rivrr watcr on drc chefitcal mmpcition of l:ke
Daviumbu, sirrc the vcry fine colloidd coppcr must havc come ino the lakc from the mining arca via the

Fly River.

Effect of Plating Potential

In the ASV ncthod fa rresuring fr,oe or uncomplcxcd @ppcrr thc watcr samplc is elccrolysod
for a fixed tinrc, at a given ncgative poantial so ttrat thc'froe' copper is reduccd into drc sutic mcrcury
drop etectode. The pot€ntial is thcn changed so 0rat rlrc plated coppcr is 'stripped' back ino the

solution, i.c. it is'reoridiscd o copper ions. The qrrcnt produced by this oxidation reaction is
proportional to the correnfation of froc coppcr ics in rclution.

The present crpcrinrents have ghown tlrat the actual anrount of -fre" copper nrcasure4 end

hencc thc values of rhe condirional etability oonstant K', errd dtc total ligand cotpentnti(n, [<1, dcpcrd

on the potential choscn to ctectnolysc the sample. As ftis potcntial dcseascd with respcct o SCE, the

aril)unt of fre copper nrasured increased Hencc the vrlue of tlrl decrcascd rnd Kr imreasod. This

behaviour of thc 'cmstants' tIeJ end :(' wift changing initial potcntials qn bc cxplained as follour.
The natural waterr system cqrtains I number of differcnt tlryes of ligands or binding sites that bond to
copper with varying strengths (inorganic ligands, colloidd hydrous oxides, organic maucr). The copper

complexes formed between ions and dresc ligands are reducible at given negative potentids - the rnore

negative the porcndal, the mor€ types of complexcs are rcducible. The reducible copper complexeg as
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well as the free aopper ions, will ooribua o rhc-pek suipping current, and he,rcc increase the apparcntconcenration of fre coPPer ions rnd decreesc tre apguent ir*-r.,i* of ligands, tld. GcrEraltyspcating' thc complercs ilrat rcdued rr e givan pol-u r,i"i-io*ro sabitity cons11n6 than theunroduoed complexes' Hcncg as thc range of rig*ds cecreases,-rtre average stabitity consant of theremaining ligands incrcases.

Comparison with Other Dara

The most comparable dau havc been collected by Hart and ceworken (lggo lgg4) fior anumber of billabongs in the Alligator River rqgion of the Northern Territory of Australia ftable 2).These wakers used bt fu tinitial ptadnt potentiat o.g"i-iu ion setective etectrrode (ISE)techniques' The lattcr nrerhod only measures free c-opper ioru ana no comptexes at all. Hence values forfree copper arc lower rhan by Asv' which means that values of [+] are targer and K+ are smaller. TheASV data of Hart and co-waders (19E0; 1984 a, b) are in g"i; agreement with present resutrs,showing comparable values of [<I and K+.'

TABLE 2' complering capacity, [-iJ, and conditiond subitity oonstan6, K., measurod at pH 6.0 for[:kes Bosset' Pangua and Daviumbu compared wirh dau for some billabongs in the NorrhemTerrirory, Australia. Att Australian resulb determined by ASV at O.6v eicept tstana(determined by boilr ASV and ISE at pH = 6.0).

rIJ
(tIM)

7.7
7.5
7-5

o.20
0.23
0.24

logK*
({.9v)

I-akes
Bosset
Pangua
Daviumbu

Billabongs
Gulungul
Island ASV
Istand flSE)
Georgeown
I-eichhardr
Iabiluka

0.46
0.18
t.47
0.24
0.r5
0.07

7.6
8.0
5.7
7.6
8.0
8.1

CONCLUSION

It is now gencrally rgreed that dre rne:r-urernenr of complexing capacity by ASV underestimatesthe true toul ligand concentration in he wacr body. Tr,e .u#nt resuts show that by using a platingpotentid less 0ran 4'9v-' thal normelty uscd in previarsstudia, triltrer values of rhe complexing capaciryare obtained 0rat may be chacr o e rcaistic result- otlrer *off* (Hart a Jones l9g4) have used acombination of ASV md ISE to obain I bctter klee_of rrrg ot"r"o.ptexing capacity of a system. Howthesc data relate o biological rvrilability of copper iors is a questioi that requires funher investigation.complering caprcity cata inocaa rrutinc Flv !i5r lakes may compter up ro about 0.5 pM of addedcopper et e plating Potential of {3 to {-6v * 
9'.2 tv 

"t 
r pr.riru pon miat of 4.9 ro -1.2v. This is esubstantial arrount and hencc comphradon yitl be 

" signifi""it'i*t *im in rhe debxification ofcu(II) ions that may enter thc lakes ilom rtre Fly River or 6e formed in situfrom copper minerals in thesediment' The total quangq of complexing matcrial in rhe lakes will not be sufficie'r 1o cope wirh alarge influx of trace me3ll into these sysdrns; constant moniroring is rherefore rceded to ensure tharlevels of rotd trace rnerats do not increue b0.s uM in rhe rake;r,;-
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ASSESSMENT OF THE BIOINGICAL IMPACT OFoK TEDI MrNETArLlNcs, cyemnCeruo
HEAVr METAI^S

David L.Mowbrey
Birclogy Department

University of papuaNew Guinea

ABSTRACT

Tailings were sampled from the ok rodi Mine in the fl'st six monrhs of gotd production.
;HH.fif*#fl,il:t 0re uilings 

","* *or" toxic ro freshwater stuimps than fisi, rc50,s being

Acutc toxicity t6ts werE conductod o dcrcrmine dre oxiciry of heavy meal ions and cyanide obotlt fish and shrimps' Thc fsh * .*, Lsidve o copper oen cyaniae whilst rhe shrimps werB nbstsensitive to cadmiunl thcn copper tf,"n cyania.

on the basis of resulB of toxicitv tcsts' a consideradon of ailings production, water qualiryparanreters and river floy.conditions, preiictions *"r" ;d";'how far acute and chronic effc., onaquadc life would ertend aowrsreamon the ok 
Jeai ana ntRi;. It was predicr€d rl."r acute effects

ilrXi: 
be confined to thc upper ok Tedi close to 0re mine uui ct*onic effects l*rJ"-r-,a down the FIy

It was predicted that with increased production and under cond.itions of low river flow the acuteeffecb of the tailingt: 
?f t rt.""y."arr, cyaniae and fre r"di;; would be conhned .o the upper okTedi close to the mine but chronic errects-L"ra cxend dovn ttre Fty River.

INTRODUCTION

Prior to llle construction of the ok redi mine the PNC Govemment required ok Tedi MiningLimited (orML) to submit a aealJ enrimnmentat impact srarement (Maunsell ct at. lgg2). Muchuseful biological' chemical, hydrot"g"+ t*togical ands;"t*- data werc rcporred by rhe srudy,which proposed an cnvironnrenal monitoring pro{lram to include regurar monioring of rreavy rnetars,suspended solids and odtcr waEr quality pararEtcc. such monitaing has since b,Li unaenaken byorMl's Environmenul-sectiqr tondridra); pcrioaic i;ffi; was arso canied our by rhe Bureauof watcr Resources (BurR) *rticrr conilt"a {d$*r-**-;, Australian Minerat Development

AT:ffi#H?l.t do their il;; Bucklev (resaai i'ii*"a re monioirfi p,ogram a,,a

The Governnrcnt approved dcvelopment plan required the company to consrrucr a milings damto minimise pollution,of *: 
"t 

ni""t Cyta* cyuriG usea in tte ext action proc*scs werc to bePassod through e cyanide desnrction tou,c, -a it *as anti"ipi 
"a 

t., rcsiduat cyanides would breakdown whitst hetd in rhe darn r"rosrp,,tiJ.g 
Fl,", containing heavy nretats was expected to settre inthe darn on 7 January, 1984 e *i"" u"arrae acsroyea ne or"**o site of the tailings dar,, and rhegovemrEnt thcn agreed ilrat mining could prwcod using an iir"-rt tailings disposal scheme gTDs).This schenre invotvod.*hg uiun'gs ;dr'hyd-g"n froxide ;l;*o rhe concenration of cyanide;coarse bi!;"gs were to 

!e relowd bf nyarocyclon"s .n'a ourp"a-ino-a nearby valtey; and fine ailingswere lo be discharged ino dre Hy *vcr sysan From 1984 to tggo, rtre int*m #-, or dispocal oftailings continued wittr benveen itsw 
^i'i500 tonnes oro* u"iig processed per day; however, rhe

:ffi""T ff#:##t 
higher proportion of rhe finer taitings u"ing lurp"d in,o rhe or rlai River rhan
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The CrovcrnflEnt has rlwep insistcd dret e permalurt tailings darn bc built rs qui:kly rs
pocsiblc' whilc Thc Compmy hrs csrtinurlly rerffinncd thl it would indcod build e pennancot tdfingsq-. Following ftc f984 lmdslidc, dcrrils of drc rrcw hcrriort rnd dcsign *rcre o be providod by
O|[ML On lE Milch 1986 et rhc ompany.s rcques! the Gorctnnrent dcfcrrod the osrsrucrbn of i
pcnnanent tailings dem until 1990. It rimrltarpously gevc rppovel for irrcreascd gold prodgction, urd
ftr d|c conulEtpemant of opper poarcmn. Thc leult has bccn that up to 60,000 0onnes or morc of
uilings are dum@ ino thc rivcr spam eaclr day.

Considerabh has bcn cxprcsscd about tlre pcsible effecs of the railings on aquaric tife
in the Ok Tcdi and Fly Rivtr sysrcms (Dcnr,l9g5; Jrcksoqlgg5; Mowbray,lgg6). Th; oxicity of rhe
uilings, rnd their constiBant parts, and rtreir possible biologicat impacts neod o be evaluatcd

This studn which comnencod in June' l9&4, aimed at daermining how oxic ttre firrc uilings
arc !o ftsh and freshwetcr custaoea- Th6e data are then evaluaed in rhe light of: heavy nnut oxiciry
tests perfamed at t PNG sirrce 1980; and residuc data ud water quality pararneters colteod by thc
Govemrrent and by thc OTML Environngrul Sectiqr. An cvaluation of the possible biologicat eitfcct
of the reatod tailings on the Ok Tcdi and Fty Rivcrs rnd rclevant tributaries, is providea

This report does not consider the impaa of the tailings on subsistencc fisherieb or res{xucc use,
whictt was the subject of a recent ccrsultancy by Dr P. Guo of WHO/PEPAS who sordied pollution
cqttrol nreasures undertaken by Ok Tedi and briefly discusscd the tikely impact of rhe ITDS on resourcc
use, concluding that it would be minimal (Guo,l985).

METHODS

Toxiciw Testins

Animals werc doscd with mine tailings, heavy rnaels a cyanide, and crposcd o e gconrtic
series of concentrations of the oxicant for r specificd period of tinrc. Matality was nreasure4 rnO using
probit analysis a log doce-rnortality curvc was then calctlatod- Thc dose required o kiu 50% of rtre
animals was detcrnrinc4 giving ttrc LC5O. The mahod rsed in thesc cxperiments is simitar to rhat givcn
in Mowbray (197t). Twanty four hour to two hundred and sixrcen hour (t-9 day) I-C50's werc
determined under static oonditions.

Little wort has bcan done to dearmine the suitability of ushg ury of the animals which occur in
tlte Ok Tcdi and Fly Rivcr systcnts rs labretory tcst rdmels. Sonr tcsr werre oomrnenced on thc
ninbow frsh, Mclanotacnla splendtula by OTM- but resul6 have never becn prblishe4 It was
considered logistically imprrtical to transport lalgc numbcrs of animals (or large anpun6 of watcr) to
Port Moresby, and accordingln suitable animals from Port Moresby were chcen for testing.

Only four species 9f frreshwatcr animals. suitable fa oxbity testing, arc found in sufficient
numbers in frcshwater creks around Port Moresby throughort rlre year. These re the nrocquiofsh,
Gambusia afnis, the guppy. Poccilia rcticalata, tilapia, Orcoclvomis (Sarorlurdon) nussombicus urd
Ole freshwater shrimp, C,oridina nilotica. Moaquitofish urd shrimp nrcre used in the present tests.

Samoline Methods: Animds

All fsh werc colledod wittr firc nrcsh dipnets from Boroko Geck bcrween Gordons Martcr and
Jackson's AtrpoG and plrced in plastic garbage bins with about 6O litres of creek watcr. The bins
containing the fish werc then taken to the laboratory. Watercontaining rhe fish was aerated and left until
the temperaturc changed to that of thc tap water in the laboraory tanks. Aquarium watar was aerated to
remove chlorine-

Up to 200 fish werc then placod into each holding aquarium of about 50 lirres cach and dosed
with 2-4 capsules of antibiotic to reduce bacterial and fungal infection. Each capsute contained
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Mystcclin-V (250 mg of tctrrcflin HCt and 250,000 unis of nystatin) or Amphiciltin (2i0 ne of
padcitlin). Trnks wete srod rnd fsh urcre lcft fa I minimrm of 2 days. During dris pcrid dced-rnd
rnriburd fish wcrc rcrnovo4

orrc day pri<r o thc omnnenccnrnt of thc crperfunart 2G30 fernale fish of size range 2G40
mm (mean 28 mm; stardad dcvietiqr 4 mm), wtre nndomly rebcrcd and plrccd in 40 litrG experimcnrat
tants iltd lcft in thc rquaria ffi 24 houn prir o dming wift thc toxb test materials; dead and moribund
fish wcrc rcnpved and not rcplrcc( during the test period-

In thc fint $'o rtilings t615 ud Sonn of the carly tcsS with heavy merals guppies, poccilia
rcticulata, urcte inclu&d inadvaEntln with lhc nrocquiofsh. Thc precise proportion is not lnown but
is considered to have becn tow. Tcss 3 end 4 uscd only nrcquitofish. Subsequent trials showod that
mosquioFrsh and guppics did notdiffersignificantly in susceptibility o tailings.

Stuimps were colleccd wirh diprcts from e c.rek at thc rear of the University adjrccnt o
Crcretru Stagc l, utd ptrccd in lOlitc plestic buckcs conuining crcck water. tn rhe laboraory, efter the
wltcr terpera0rrc had rcchod thet of thc trpwrtcr in thc laboralory tanks, 15-25 stuimpc of sizc rmge
125-30 mm (nran 2,, trwt; rundrd dcviatiqr 3 mm), urcrc rardomt y pladin 1..5 liae csrtainers.

Thc 198l-1982 tcss (for heary mtals) urcre donc in an airconditionod rmm at 25 oC. In l98O
1984-1985 thc tcst Knm was not airconditioned but ceiting fans remained or\ keeping the water
temperature in thc unks rclativcly constanq temperaure variod between 222J oC during different
experiments but within iury one experinrcnt dre absolute range was + 1.5 oC.

Samoline Methods: Tailines

Samplcs of fine tailings (overflov slinns) from fre ITDS discharge point werc collectcd on 13
and 30 June' 4 Ocober rnd 28 Norember, 1984 and plrccd in 2 liue plastic mntainers.

Prior o rampling, dl containcrs had bcm wrshod scqucntielly in dcrcrgent, distillcd watcr. l0%
nitric acid utd distiltcd wacr. Aftcr sampling all containen werc air frreight€d ro poa Moresby wi6rin 24
hours and placed in a cold rmm (at 5 oC) until required-

Experimental Vessels

Aquaria used for thc fsh cxperiments wec all glass, joinred widr silicone sealanl The
appropriatc luxrnts of uilings were ponred ino cach tant conuining the test animals in 1O.20 litres
(experinrcnt l) ud l0 lircs (crpcrirrcns 241oI Fort Moresby tapwater; in the fust expcrinrnt l0%
tailings was placcd in r 2 liu,e container. For tasrs involving heavy mctats and cyanidc 40 litres of
tapw.tcr *crc ptaccd in the rquria Atl tanb were continuously aerated- Beforc and aftcr thc tcsts,
aquaria were weshcd with r stong solution of laborarory deargent rnd disinfectant (Plrroneg), rnd tlrcn
thoroughly rinscd et lcast twicc with tapratcr. All 8ir stoncs usod *crc either new or washcd-thcoughly
in detergcnt and distilld watcr in rn ulrasonic brth.

Conuinca rsed for skimp experimarts were made by rcnnving tlrc ops of used 2 litre glass
wine llagons, washed rs abora. Thc appropriatc rm<rrnts of tailings or hcavy nrrals werc poured ino
erch @ntainer, rnd made up to 1.5 litrcs with Port Moresby tapwatcr. AII unks wcrc continuously
aerated-

Dosins

In tcsts I and 2 (Junc) measured quantitie's of tailings were poured direcrly from individ.ral
collection conuiners. lt was assumcd that thc teilings in qch plastic container were similar; subsequent
rreasurement of density and pcrccnt scdimcnt revealed that this was not the case. Thus for tess 3 and 4'
(Octob€r rnd Norcmber) tailings from all plastic conrainers were 'pooted' and mixed beforc any dosing.
Tailings were then poured direcrly into the aquaria containing rhe fish or shrimps.
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For oxbity testing widr hcavy nrctals ndcymidc, stocl rclutinns of chemicds and rpgopriate
dilution scrics werc pGparcd in volurrfric flasts. For thc most part, thc appropiaa anpunts of diluted
chemical were pipcucd directly ino aquuia. In e few cascs, rvcighod unounts of sorne rnetal sals werc
plrced direcrly into the rquerie. All csrccntrarinns uscd are crpressed as ug L-l Opb) or mg L-l 6pm)
of the isr. Chemicals usod *tre CuSOISHZO (Cu2+1, Pb(tIOf)Z {Pb2+;; ZnSOIJHZO (7:P+7;
FeSOq,?HzO $&\ CdClz (dz+l andNaCt{ (C.I).

Test Desisn

Tcsts were conducted under sutic cqrditions, with a single rendomly assigned dose being added

to the water in erh experimental vessel at thc beginning of tlre tesu The animals were not fed during

t6ts, and werc recorded as dead when movement ccased and the individual did not respond o
mechanicd stimulation.

Sutisdcal prwedures foltow tlrosc given by Finney (1971), and as ort-lined by Mowbray
(19?8). The computcr progreffine was taken from Mowbray (1978) modified by Salter-Dukc (pers.

comrn-), run on a Prirne 250 computer.

Phvsical Analyses of Tailines

The density and percent sedirnent+ of the uilings were determined by passing the tailings

through a Gallenkamp No.2 sieve of pore size 40-50 mrL or through Whatrnan No.8 Filter Paper of pore

size l0 mrn-

Chemicd Analyses of Tailines

Tailings collected in Jung 1984, were analysed by DrJ. Kyle of LJPNG for otal rnetals using the

method specified by Meshach (1984) for mineral phase. Tailings collected in both Ocobcr and

November, 1984, were andysed for frec cyanidc (6tJ and heavy nrctah (Ctt, Pb, 7-n, Fe, CD) by
AMDEL of South Ausralia using EPA methods outlined in USA EPA (1979).

Samples collected for cyanide andyses were fixed by adding 2.0 mt lON NaOH to 2 litres of
tailings; uilings collected for heavy nrcul andysis w€te fued by the addition of 2.0 ml corrccntrated

HNOI. Both Moresby wat€( and diluted uilings used in the series of toxicity tests were also andyscd;

samples were fixed with addition of 1.0 ml of cidrer alkdi or acid. Toul rtcoverable rrclels C[RI\,{)
(Buckley, 1984b) and ftree cyanide levels werc determined for all samples. Samples from the oxicity
experiments were also passed through r 0.4G050 mrn sieve, and filterable (solublc) residucs wcrc also

determined.

RESULTS

Toxicitv of Ok Tedi Tailines

LC50's and associated statistics determined for cach test using boh organism are given in
Appendix Tables I and 2. A summary of results is given in Table I below:

Tailings were much morc toxic o shrimps than to mosquitofish and tailings becarne

significantly more toxic o both species as mining proceeded Clable l).

dry mass of solids e
l0oml volume of uilings

*percent sediment
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TABLE l. Four rnd Ninc day LC50't of Ok Todi Trilings b rmsquitofhh Garnbusia qitis, trd,
frcshwetcr shrinpg &ridina nlloli6. Trilings ocrccntration is cxpresscd rs: pcrcant of
origind tailings by volunr.

Tailings Dac Erposue(days) Fish Shdrnp

13.6.'84
30.6.'84
4.10.'84
4.10.'84
28.11.'M
28.11.'84

In thc ftrst two t6ts, nnrtality was nrrsurod only ovcr e 96 hour pcriod In tlrc css on C.
rtIodca with ailittgs collcrcd on 30 lunc, rnd on nrmquiofsh wi0r ailings oollectcd on 13 June,
animals were still dying rft€r 96 hurs. Consoquently thc tests using ailings colleced qr 4 October and
2t Novcmber ran for 216 hours (or9 dan). Conrol rnortality of nnsquiofhh was too high at216 houn
for tests of tailings collcctod m a Ogobcr. Fish nrrtality due to ailings scem€d !o cease rftcr 144 horm
in bodr t€sb. Shrirnp rnortdity ccascd after 96120 houn.

Contnol nortaliw

The control mctatity at 96 hours in drc fint two fish tess was greater th m lWo,being 25% and
17% fsr thc testittg of samples colletcd on 13.6.'84 and 30.6.'84 respeaively. These rnortalities were
unaceptably high, due to taihot (eithcr bacterid r frrngal infection). Subsequent tess resulted in
effectivc control of this monality by dooing the fish widr 4 cqaules of Mysectin or 4 capcules of
Amphicillitt, or two of both, for 2 days bcfac tlrc comrenoenrntof the oxbity tests. Control nnrtality
at !}6 hours was roducod o 9% rnd 3% fu Myst€clin and funphicillin respcaivcly, urd a 2.fr fot z
mixurc of both. Cmscqtrcntly in expcrinrns 3 and 4, fish wcre rcatd with boh antibiotics for 2 days
bcfore thc uids began. Control rnrtality in cxperinrcnt 3 was hss than l% at96 hours, still l% at l,l4
hours but tosc to 9% at 196 hours. All fsh in trrc conrol unks were dead by 216 hours. In arpcrimnt 4
control rnrality was 106 rt 96 hours but had riscn o 48% et 216 hours. In all c:rperiments shrimp
conbol rnrtality remahcd bctow l0%. Corroctions werc made forcontrol mortality in the calculation of
LC50's (Finney, l97l).

Toxiciw of Heaw Meals md Cyanidc o Tcst Animals

I-C50's and associated statistiqs rrc givan in Tables 3 and 4 of the Appardix. A summary of test
results is given in Teblc 2 Although the LC50's of heavy nptals dctcrnrined at differcnt tinrcs may differ
significantln such diffeterrccs arc small when compared to $c differences in LC50's between the
individual heary metds and cyanide.

Thc relative oxicity of heavy ntuals urd cyanidc to nnsquitofish was found o be:

coppcr > cyanidc > cadmium > zinc > iron > lead-

The relative orbity of heavy maals and cyanide o sluimgs was found to be:

cadrnium > copper > cyanide > zinc > imn > lead.

Differenccs in I-C50's arc all significant Mosquitofish being more susoeptible to copper urd
zinc &an the shrimps: Shrimps werc rxlne susc€ptible to iron, cyanide and cadmium, while lead was

equally toxic to both organisms.

4
4
4
9
4
9

t75
9 0.5

1.5 0.3
0.8 02
12 0.1

0.4 0.1
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TABLE 2. 44ay [.Cfl)'s of soluble hcevy neuls etd So cyanidc to nrosquitofish,Gaar,busiaqffunsand
freshwater shrimpe , &ridina allotica. (1rg I; r or ppb) (+24 hotr I-C50).

Ctemical Dateof tcst Fish Stuimp

copper (Cu2+1

Ceometric mean

kad @b2+;

zinc C7tfl+)

Geometric mean

iron fe2+;

Geomeuic mean

cadrnium(Cd2+1

cyanide (CN-l)

l7s
r57
57 194

77
r28
100

56500 53500

4350 4650
2900
3300
3500

20000 E450

34m0
zffi

1700 19

05:'80
i05:'8I

12:'81
05:'82
I l:'84

I l:'84

07:'84
08:'84
I 1:'84

09:'84
l0:'84

I 1:'84

0l:'85 316792

Data given in Appendix Tables t-4 indicate that although heterogeneity was significant in nrost

of the sets of data it was never excessively high. Values of ttre statistic 'g' were greater than 0.4 in only
5 instances out of 99 sets of data indicating drat dre data are statistically secure.

Physical Andysis of Tailines

The physicat properties of the uilings differed significantly, (Iable 3); a summary of overall

dau is givan in Appcndir Table 5. Trilingp pmducod at the end of November, l9E4 werc the most derse

and contained tlrc highest mass of particulatc matter.

TABLE 3. Density and percentage scdimnt of Ok Tedi uilings- (different superscrips indicate

significandy different values).

Date of sample
collection

Density of uilings
g rnl-l

% Sediment
g ml--l tO2

13.06.'84
30.06.'84
04.10.'84
28.1l.'84

l.o7a
l29b
1.28b
t.42c

l4a
42b
44b
5lc
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Chemical Analysis of Tailings in the River Water

Rcsults of endyscs of heavy nrtals from river wat€r sarnplcs collcted in 1984 arc shown in
Table 4. HeaVy maal enalyrcs perftrrrrcd by Kyle are total nrtals; those by AI{DEL are toal
rscovereble mctals. Thc level of oal rccoverable nretal is atimatod by Kyte (1984) o be 60-100% of
dte total partiorlarc lcscl but cxrct valu6 depcnd upon metal speciation. In 0ris rcpon it is assunred to
b€ 50%. Results supplied by Kyle were basod on dry weight (mg tg-l; of sedinrns, but w€r€ converted
into values based on volunp 0rg fl); total particulate lerrls reported by Higgins (1934) for June-
Septembcr havc bcen rdjustcd to r volunrtric basis and ere included forcomparison.

The data given in Table 4 show results of andyses of water samples uken fiom tlre ITDS
downsEeam o Kuambit on days whcn uilhgs samples were collectod for oxicity tests. The values for
tailings sampld on 4.10.84 and 27-?8.10.84 seem very small compared to values rcportcd by Higgins
and Kyle. The number of samples colleacd was inadcquate for statistical andysis. Despile this, it would
seem that lewls of heaqy rculs (as oal rsverablc mads) in the waterdecreasc as tailings are diluted
downstrearn- Thc ftce cyanidc level drops immcdiately.

Chemicat Analvses of Tailines in Experimentat tanks dosed wid LC50.

Data fiom analyses of water samples coUected on 4 Ocober and used in oxicity tests are given
in Table 5. Some samples were fixod immediarcly in tlre fiel( but rnost samples were transported to Port
Moresby then frozen and werc frxed at the tinrc of the oxicily experiments.

TABLE 5. Heavy nrcal lenels (pg fl) and free cyanide (mg I--l) in tailings used for toxicity testing,
November-December 1984 (faitings collected on 4.10.'84 Analyses by Afv{DEL). CIRI{ =
total rccoverable meul; FR - filtcrable or soluble residues)

Samples No Pb fur Cd Cu
pg L-l

Fe Ctl(free)
mg rl

Tailings 4.10
(frxed imnr;diarely)

Tailings 4-10
(frozeq frxed 3.12)

l-5% uilings
LC50 fish

O.27% taitings
LC50 shrimps FR

TRM
2

TRM

l 15 350 3.9

30 u0 3.5 t35

9 ll90 5.5

345
- 0.20

880 79000.

8920 0.02
l0

0.20

280
l0

l 59 250 2.s 7n
r 0.5 28 0.5 24

TRM I 350 2A0 67

r 40 19 3.0 13

TRM
FR

3160 0.08

Moresby taPwate{
Control fsh

Moresby tap-water
Control shrimp

TRM
FR

TRM
FR

l8
0.5

100

l0
0.01

o.o2
t0

150 0.8 26
22 0.7 4.5

250 3.0 96
9.0 0.9 7.O

t8
l 1.5

On the basis of oxicity tests performed on 4 November, the 96 hour LC50 of the October
tailings were determined to be l-5% arl.d, 0.27% for mosquiofish and shrimps respectively.
Approximately 25 fish were then placed in four dosed tanks and four control tanks. After 96 houn
mortality averaged 5l% for frsh in the dosed tank and 8% for fish in the conrol with little variarion.
Approximately 20 shrimps were placed in each of 8 dosed tanks and 8 control tanks. Mortality was
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variable within the treatmenis. but averagod 58% fordosod shrimp ard6%for conuol shrimps. samplesof water in tlresc tanks were then fued-Results of analyscs showed that diluted ailings ,tiu *rroin"arclatively high hvels olheavy nretals, particularty of total recoverable h,Ta,Cu and ne. rrr" high levelof cadmium CIRM) O.Z7% railings is inexplicable.

DISCUSSION

The fundamental question under consideration is how oxic tailings might be to the animals 6ratlive in the ok redi and Fly River systems. In this study nrcsquitoFsh and-fresh--water shrimps were usedas test organisms, their susceptibitity to tailings, 
ryeds to be compared with that of animah acurring in

the ok redi and Fly River system; unfortunately data for such r$i.t are not available.

In Table 6 a comparison is made benvecn 96 hor II50's for heavy nretars and cyanide of tlepres€nt test animals with the LC50's of the most sensitive fsh and anhropods recorded ldtiamore urdFirth, 1983), (t educ et al, l9B2; Mowbray, l9g4).

TABLE 6' 96 hour lf50's of soluble heavy metals (rc I--1; and free cyanide o mosquiofish,
fushwater shrimp, and o0rer fsh and freshwater rnf,.po*.

Pollutant
Arttuopods

Least
Sensitive

Mosquiofish Most
Sensitive

kast
Sensitive

Shrimp Most
Sensitive

copper
lead
zhc
cadrnium
cyanide

>100,000
540,000
200,000

74,000
?

100
56,500
3,500
1,700

790

100,000
64,000
32"000
32"m0

?

194
53,500
4,650

t9
316

5
?a
40

3
400

l5
1,200

93
I

28

It is clear that exceF for the effecs of cadmium on the shrimp neitrrer test species is as sensitiveto the test pollucants as the.most sensitive spocies cxamined to datc. skidmore and Firttr (lgg3) reportthat mosquitofish and guppies ane morc seniitive to copper than many orher fsh; and porctya. a closerelative of caridina, is more sensitive ro copper ac-sb = r2o ug L:ift;;;; otJ n*n"u*
crusta@ans and molluscs.

One can specllate that animals in the ok Tedi/Fly River system may be tolerant of heavy nrtals.Data from Maunsell ct aI., (Yol- 2, lg82) gives the iouowinj-range of values of solubte copper(expressed as filterable rcsidues) at various sites beforc the main cirsruction work began.

TABLE 7. Fitterable residues of copper in waters around Ok Tedi Mine in tggl-19g2, in pg t-1.

Rurge of Median Range of bvels recorded

Ok Mani
Tabubil Ford
Ok Tedi at

Worongbin
Fly at Kiunga

0.8 - 5.0
2-5.0

0.5
l-

0.5
0.2s

10.0
20

3l
15 (l@?)

3

2-5



-s4-

Onc scanringly rnomalcrs vrlue of 1600 trg L-l wss rccodcd at Kiunga spart fmm that, lcvels
of solublc coppcrrcodcd pioro mining rre similrr to lercls oomnonty fannd in unpollutod wrtcrs in
Austrelia end thc US.A Mrunsdl a aI. (19821lrd BucHcy (l984e) bclicvc ttErc is no rer.m !o
tuppocc Otat quath spocics in tts Ok Todi havc . naorally high olerancc to coppcr; or o rny othcr
hcavy rneal. To datc no Soricity eils hew b€cn pedonn€d on fisl\ crusteeans or other edhropods, fiom
the Ok Tedi River systerL

Skidrnorc and Firth (1983) csrcludod that, atprescnt, r€liabte generalisatioru about the order of
scnsitivity of quatic animals b heavy nrtals camot bc made. L:rge differenccs in susceptibility o
heavy rneuls exist bawcn dl spcirx. Undcr thc circumstanoes, Ore best evaluation of oxicity can only
be made using thc nroquitofsh and stuimps as 'indicalor spocies', and relating the resuls to evailrble
data. Single spocies of fish or utlu,opods from the Ok Tcdi region would probably be no more
'reprcsentative' of dl species in the river system than are the mcquiofish ard shrimps.

River water samples fiom the Ok Tdi and upper Fly River systems bcfqe construction of the
mine cornnrncd gave sodinEnt levels ranging fnom 05 - 2929 mg L-l wift rncdian rangrng from 29 -
185 mg L-1. Prior o thc oonstruaion of thc minc crly thcc spccics 0rat cqrld tolcratc levels of
suspendcd sotids aborc Z)0 mg L-l for ertcrded periods, coutd have sunived in the,mainsueam of the
OkT€di systenL

Maunsell ct al. (19821state drat healthy fisheries werc maintairpd at Ningerum during minc
cqtstruction under conditions of high suspanded solids. Limited data are available on the toxicity of
'inert' suspen&d solids, although no prccisc daa cxist conceming lenels of "inert' suspendcd solids
which can be olerated by anfunats. Maunscll ct al. (Yol.6 1982) reponed that concentratiqrs of
suspendcd sotids lethd to fish range frrom 100 30 20,0m mg L'1. OTML (1984c) rcport srrnrival of fish
at levels of srspcnded solids ftrom 300 o 100,000 mg L-l for perio& ranging from 3 days o 5 wecks.
MosquitoFsh arc krown to oleratc higher lcrrcls of suspcnded solids and lower oxygor levels than mury
other fish.

For many oxic substarss, susccptible rnirnats exposcd to a lethd dose in toxicity tcsts wilt die
within 4 days. For sonr Soxins horcvcr, it tatcs 9 days or cyen 30 days and longer. It is important o
determine the timc after which no firtlrcr dcath ocqrrs due to thc oxk substancc (thc 'irripient period').
In thce tesB where all rusccptible animds die within 4 days, rhe 96 hour I-C50 is dso the incipient
LC50. For heary nralq it has boen found tha nnrtatity occuns up o 9 days, hence the 9 day LC50 is
also determined (and is thc incipicntlf50).

Atl rcsts werre donc by pouring thc tailings into Pqt Motesby tapwater. Toxicity of heavy
rnetals is known 30 vry erormorsly undcr diffcrent experirurtal conditions, e.g. ptl temperature and
water hardness. OTML Environment l:baaory regularly nonitors tlrese facrors at runy locations both
upsrEatn and downsream of thc mine (table 8). A comparison of watcr quality data for locations
downstream of the mine, Port Mocsby tapwater and in the erperinnnul tanls is givan in Table 8.

Although tcmperatue and pH are approximately the same, for test and field conditions,
hardness differs. Port Moresby tapwater is soft, whercas water in the rivcr downsoeam of the mine is
usually of medium hardness, drough rt tirEs it varies from soft rt low rivcr flow to hard at medium or
high river flow. Brown (1968, citcd in Ski&mrc rnd Finh 1983), Hart (19E2) and Maunsell ct al. (19821
show that therc is a logarithmic rclationship bctwecn oul hardness and oxicity fu heary glptak, though
it varies depending qr the nretal; as handness Lrcreascs toxicity decrcases, it is thercforc pcsible o
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Tabh 8: Vduce of pI{, tcmpcrl0rc and lurdrrcss of Ok Tcdi end Fort Moresby wat€$. (*daa derivcd
ftom OTML).

FIELD'
I-@dity

WATER QUALITY PARAIVIETERS

Measure pH Temperaure Hardness
mg L-l Ca@3

OkMani

Tabubil

Ningerum

Konkmda

Kuambit

Median 7.742 22 ?G80
range 75-8.? 2V24 36100

Median 75-7.6 n tT,
range 72-79 17.5-21.5 7S-LS6

Modian 7.7-7.9 E 90-t?2
range 65-85 2l-26 48-314

Mcdian 72 58
range 5.G8.3 23-29 tZ-88

Median 64
tange 6.8-8.1 25-27 24-94

E)@ERIMENTALTANKS
Port Moresby
urywater range 6.9-7.5 n-26.5 40

Tailings range t.9-9.0

Fish Tanfs
0.5%-17.8% Tailings nnge 2.3-8.0 2Z-28.s
231% Tailings range ?.8{.6 ZZ-ZBS

StuimpTanls
0.l%-6.3% Tailings range 7.3-7.8 22-29.s

adjust the If50 valucs for hrdncss. Tests wcre dorc by pouring uilings into watcr of hardness of 40 mg
L-l Caclc3. Median hadncss at Ningcrum is 90 ng L-i CaOo3 @uckby, 1984b). In rhis sody it is
assurned lhat lhe hardness of river watcr varies betwen 40 mg L-l and 100 mg L-l CaCOl.

Under fic lauercnnditions rnost heavy mctals arc probabty about hatf as bxic 8s in the former. Hardness
probably does not rffcct rhe oricity of cyanide (Leduc cr al- l9&2);and ia cffct if ury on oxicity of rhe
suspended rctids is unkrown.

Sienificarrcc of r€suls

The present tess clearly show trat Ok Tedi tailings are quite oxig dreir acure effects acurring
at dilutisrs of up O 250 tinres for nrosquiofsh and 1000 rinres for shrimps.

It is not possible o statc categorically whether heavy metals, or particutate nutter, or suspended
solids done, <r an interaction of one or nxre corutiEents werc rcsponsible for the observed mortatity.
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From a comparison of lf,So's of lreary metds andcyanide ul fsh and shrimps (fable 2)' and

rhe corrccntretions of thc sotuble chcmicats in erpcrinurul tanks do6cd with lf,50 srnounts of uilings
filtcrablc residues (FR) (teblc 5), one can poctulae possible causss of nnrulity. Thc conccntration of
copper in the fsh tanks wa approximatcly 0.14 to O.42 of fie leftat dose Conccntrations of- lea4 zinc,
cadmiurq iron ard cyanidc werc insignifrcanu The corrccntratftrn of disrclvod copper, cadmium and

cyanide in shrimp jan rrere 0.m, 0.16 md 025 of tlre lethal docc respectively. No one heavy maal
appean to be the sole cause of death; dthough copper was pCIsibly the rnajor conributor to fish death,

copper, cadmium and cyanide could all have contributod o shrimp rnrtality.

Even though the mtal recoverable lerrels of heavy nreals seem high in dre test tanks, lhey are

probably of no biologicd signifrcance in these tcsE, sirrce metd complexes almmt certainly existed in the

tailings changing the oxicity of the nretal ions pr€senL Recent studies relating metd oxicity o
speciation have shown that oxicity is a function of free nctal ion concentrations, and thu metal

complexes are generally less oxic (Borgmann and Rdph, 1984). Copper and cyanide ions are both nrorc

toxic than mo6t copper cyanide comphxes (Gawne 1986). Interrctions (including syncryistic or
antagonistic effecB) of heavy metals and cyurides, and their complexcs, could also poasibly occtr (sec

Mowbray 1978). It has bcen argued by Evesson (pea. comm.) ttrat residud chlorine fiom the tapryatc( if
pr€sent may have reacted with thiocyanae, a rclatively nonoxic cyanide complex, io form highly oxic
cyanogen chtoride. This is unlikely given the 2 day aeration of the upwater prior to its use in the tests.

In the tess being reported herc, the coocentrations of suspended solids at the LC50 values, for
trials with mosquioFrsh were estimated to nmge from 400 to ?500 nrg L-l; fc shrimps,200 to 2800 mg

1-1.

Table 9. Corrclation coefficiqrts for dcnsity, percentage suspended solids and 96 hour I-C50 of tailings.
(n.s = not signifient at 0.05 level).

suspended
solids

I.c50
shrimp

I.cs0
fsh

density

suspended
solids

+0.96
p.0.05

4.E2 4.97.
n.s p<0.05

4.84 4.99+
n.s p<0.05

+0,89
n.s

The corrclation between LC50 of shrimps and both density and percenuge suspended solids is
significant, suggesting that the physical properties of the tailings may have caused Ore death of the

shrimps. Alttnugh the corr€tation between If50 of fish and the physical prop€r- ties of the tailings is

high, it is not significanl

One can rcnudvely conclude that copper was a contributing frcrcr ro fish mortality, suspended

sediment causing shrimp mortality. Although heavy metals and cyanide could also have been

conributing factors in the latter case.

Morulitv Effects of Ok Tedi Tailinss in the river svstem

Using data supplied by the Department of Minerals and Eneryy (DME), BWR and OTML
(1985a,b), calculations have been made to determirp the dilution by river water and the concentration of
tailings in the river system at various sites downstream of the mine to the Fly River @'Albertis Junction)
(Figure t). These values are then compared with the [.C50 values obuined for mosquitofah and shrimps
for tailings collected in November, 1984.

r.cs0
fish
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oTML (1981c) csililtutcd ahr drc rotal dischargc rrrc of finc uiling ino rhc rivcr systcm uqrtd
bc o28 m3 rcel- Infamedsr wrs requestod fmm BWR ud DME an orrl disdrarge nrcs of reilngs
lnto tl* riwr systcm fr l9&{' o trnac bodr uilings slirncs duonJh the Moacow Tunrrcl into dre okMeni md the mndpilc undcrflos into thc ok Ningt specifrcetiy rrd"d-*;;; * clrctonepcrformanoq ic" thc cplcrc split bctu,sr slirrcs and sandl for thc ;-t rar Jurrc-July l9&1, Novcrnber-
Deccmbcr 1984, ud Much 1986; rnd on rv€ragc perccnt solids in uilings unicrr entcrea thc MoscowTunnel for rhe pcriod July 1984-Junc l9g5 rnd for March 19g6.

This request n s not nrcl; no infamui<rn was made avaitable o thc autha on discharye rates in1984. Inforrnatian ev:itable to ftc BwR in lanuary, Fcbruary, Novembcr and Deccmber, lgEj rrd
subsequently ptovidod 3o thc euilror shows that thc discharyc raa f.rn the plant varied greatly, from 60m3 h-l @ 21ffi -3 h'-l- 

^$sugrnq e typica! tow dischirge rare (I-DR) of 300 F3 tr-l; an ayerage
dischuge rate (ADR) of 1250 m3 h-l; end r high discharge rate Arbnl or rzm.i n-i, drat s0% Oyv-olume) of thc uilinp cntcn drc rincr systcm; that moet cnet as dne uilings (stinns) via rhe ok Muri;
that e smdlcr frrctim cnGrl s lc-hatc (sudpile-undcrflow), frrom thc -.n" t"iringt dump. via rhc okNingi; orat most of thc rrspandcd soli&, heavy maals and cyanidc are dischargod in rhc frnc ailir€s,
thcn it is cstimatod thatLDR is 0.06 m3 sc-I, ADR is 0.2t m3 scc-l; and rDR;;-ojiJ-id,*-r. 6;;
the actual discharge ratcs rpproximatcd what was predicted

OTML (1984b, 1985a, b) girrc daa on the long t€rm n€an deity flow nres (in m3 sgc-ly favarious stations .1one F 9k T"di md Fly Riven. using ttrcse data together with discharge ra6 dara,
values arc derived for dilution frctort rnd pedhred *n""iuariqrs of tailngs. ralings arc tumed not
30 set'lc out due 3o d|cir smalt sizc (l5o pm) and the fast flowing naru€ of rhc river. Prodbtcd riverdilutions ard tailings ccrccnra&rns ere given in appendix Tabb? togerher with rhe extent or tailingsdilution by the rivcr systcnl

Thc Bureau of Wetar Resoulccs elso provided dara on rivcr flow rares ar modian flow (e5g) andlow flow (QgO) Gtgur" l). Tebbs ? rnd 8 in the eppendix give river dilutions and predhred tailings
cooccntrations undcr hesc conditicrs.

Tailings cqrcentations et sitcs downsream of rhe mine arc plotted in Figrucs 2-4, togethcr with
the 9day I-c50 of teitings o bottr rnimals. fui adjusted 9 aay tcso is also give-n, using carcctions forwatcr hardness- Thc gday I€50 of reilings to mosquiofrsh and shrimp are 40ffi nrg L-l erd 1300 mg L-I respea.ivelv. Thc edjuitcd gday lf5d"s arc 8000 and 2600 -g rlr rcsoeJ;.it tnlil ngures rtretailings concentrations _q-,."t date poins are approximate. I-arye dilution ogcurs wherc main
tributaries entcr drc ok Tedi rrd at ic confluence *irit or" Fly River which conributes 60 - 70% of thetotal flow below D'Albertis Junctiog dcpending upon rivercondidons.

Thc dilution of uilings rnd thcir concentrations at long term rrcan and nrdian daily fbwcadidons rre similar- Undcr low flow conditions dilutions downstream are much less, rnd
conccntrations of railings rre much higher; river watcr is also gcncrally softcr.

Undcr conditions of evcrage discharye rates (ADR), low discharge rar6 (I-DR) and high
discharge rates (HDR); zones of rcutc cffcrs may be predictd-Tabre 10.

To check ttrc validiry of ttrcsc prodictions, comparison can be made bcrwecn dara in appendix
tables 6{ with data in Trble 16. Prccise data on the everage pqcent solids in uilings discharged into ttrcMoscour Tunnel are needod to improrc rlrc aocuracy or oesc predictions. DMElstimar6peren6ge
solids o be up ro 5i%; assuming that tailings
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Figure 3. Prrodictod csrcenrations of teilings in rivcr wrtcr rt sitcs downsueam of the dischargc point
(Moscow Tunnel), undcr nrcdian flow oonditions, in mg g-1, ploucdon e log scalc.



-61 -

Figrrc {. PlGdic[cd .-.1b1f* of trilings in rivtr wrtcr rt sitcs downsrcem of thc dischrrye point(Mcorr Tunncl), un&r low ftow @oditioor, in ng L-1, plotod qr r bg scetc.



-62-

T$lc lO 7lrrcof rureefrm o fish nd rfuimpc undcrdificrqrt uilings dirdrerye nas ud river fbrr
csrditiqu.

FISH ADR
(028 m3 scrl

LDR
(0.(}6m3soc'l)

HDR
@3tm3rcc-t;

nnen flow

rnedian
flow

lorv flow

rborcTebubil
Br*lgc

rbove Tabubil
Brfrlgc

bct*tanTrbubil
Bridgeo
Ningerum

*cll rborc
Trbubil Brirtege

well abovc
Tabubil Bridgc

wcll rbovc
Trbubil Bridgc

bJqlnd
Tabubil Bridga

just below
Trbubil Bridge

bcbw Trbubit
Bridge
bbclon,Niqcrum

SHRIMPS ADR
(028 m3 scc -l)

LDR
@.06 m3 sc -l)

HDR
(038 m3 Ecc -l)

rnean.flow

nrcdian flow

low flow

aboveTebubil
Bridge or o
abovcNingcmm

below Tabubil
Bridgcoro
jrst rbovc
Ningemm

well below
NingcmmO
Ifunkqda

well rbove
Trbubil Bridge

wctl above
Trbubil Bridge

above
Trbubil Bridge
3o hdf wry to
Ningerum

betow Tabubil
Bridgc orto
belowNingerum

below Tabubil
Bridgeoro
belowNingenrm

well below
Nlhgcnrmo well
bclow Konkonda

erc 5O% suspandcd solids, tlrcrr thc prcdicld aonccnbatiocs of tailings in appendix tables 5 - 6 would bc
twicc the s$pcnded solid onccnrrtiqrs givcn in tablc 2 in Mowbrrry (othcr rrticlc in this volunr).
Derpia enormxrs variablity ard rmdl numbcr of srmplc involvc4 thc highcr vrlucs erc probrbly a

bettcr apprcciatian of the rctud siotrtion. This rppeers o bc true u tcast downriver o Ningcmm. Below
Ningerunr, tre levcls of suspendcd solids decreasc npidly suggesting trat scttling ort is occuning.

Tailings production is fiought !o havc varied from I7J00 to 25,000 tonnes pcr &y in larc 1984
ard 1985 (exc4t for the onc npnth whcn the minc was rcmpanrily closcd). It wes erpecrod b reeh
30.000 tonn6 p€r day in 1986; end it was gojectcd to rcrh @,000 tqrnes pcr dey by the cnd of 19t8.
Consequently rhe ratcs of discharge of tailings wifl irrcreasq dilutions downsrcam of dre minc will bc
less and tailings @rrc€ntrations grcatcr. Acute :ifects could rerch furt'rcr dorvn thc river, ls shown in
Figue I - 3 under what is termed 'double high discharge rares' (DHDR). Assuming that constiuens
remain similar, thar at low flow, acute effects to fish would erterd downstream from Ningenrm to aborc
Konkonda; and to shrimpc fbm below Konkonda to Kuambic
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Frctorl lxtt omsidcrod $orrc hctudc ilrc drsrgir€ onrposition rnd drrnoctistics of drc qr
body rs mhing pooeCs. Brdgmrnd la.dr of smpsrdod rotils ma h.ry srtrls dro EGd to bc
cmsidcro4 rs drcoc mry irner* dE 'bri*y'of dE rivrrwtr. on $c dhcr hfi4 trith$ Jrd
tcdirElS mey scnlc our hrviqg tftc riwrwrar less oxh; rhc herqr ruds fiuy bc rpdrrcGd doc toe&aptftn 

'nd 
ioo'crchnrge rnd odrcr phyrlel/chcnrial proccrcs rorcnrving cohpo,r.oa ftronr rircr

wecrrudcting itkss oric. ttnUrennse,crrrdonof rhccoperfromtlegold"A**UArorcdtrc!
thc annuns of opper rnd cnni& h rfrc uilings rnd so redrrce thc ermunb rctcascd ino thc rivcr
systcm.

Thc rud bxfuity of the tdlh$ and the crtcnt of thcir cffcs downsucem coul4 in fact, be
tcstcd by bioassey ests using sanplcs of rivcryrtcr rnd local species.

Fossiblc chronic cffects of Ok Tcdi Tailines on drc rivcrsratcm

Thc dationship bcttilq LC50 rrrd rhc hvcls wtm cluonic cffccs bcoorre signiticent, are
rdoqurrcly ditotstod md rununrrisod in thc Ok Tcdi Envirsursrrd Stlcnrcnt (Meurscl iol 6 l9&),
in Hrrt(1982) md in Skidrrnrc mdFkrh (1983).

In thc rbscneof daem thc lcvcts u wtrich hcavy maats ceusc chronic effcs en .4pticati<rn
frcta' is uso4 bcing thc fr.ctiflt of thc 'reptabtc ufe lcvel of e slrort rcrm (96 lro6) LCS0 velue.
Application factors may trc uscd rs r rwgb guilc o whet arc safc corpcnruians of polluans. The
foltowing critcria hevc bccrr doprod by EpA (19??, rs rceored in Stidrprc rnd Firttr, fisf) UV AWRC
(from Hart, 1982) md AWRC (ftrom Hrrt,lga; reporad in Mlursctl 19g2, vol Ol respectivcfy.

T/{BLE ll. Application frors for hearry mrafs, and frcc cyanida

HeavyMenl EPA
C.ritcrie
(USEPA

AWRC
Gicrir

ln?l Glrn,l982)

AWRC
Critcrir
Grt' terll

Cu
Pb
Zn
cd
Cyanide

o.t
0.0r

:.0'

0.05
0.01
0.ms

0.1

0.05
0.01

0.01
0.01

In odcr o &armirrc, 'maximum reptebtc bxic csrccntrations' botlr warcr quality date rnd
dctailod bxicity data arc roquircd. Thc hncr gc otrtty lacking fc aquatic rnimals dm rhc Ok Tedi
end Fly Rircr Systems; to obtrin thqn sr uould neod o dcarmirp thc nst rnsitivc spocies fiom rcutc
bioassay tcsts, followed by ctuonic rurdics.

For thc purposcs of this surdn it is 'conservativcly' rssumed that thc cluonic cficas of tailings
9Tu1 .t conccntntiqps ebovc 0.1 x 96 hor LC50, this bcing rhc highcst rpplbarion frcta (for coepcr)
lisrcd rbovc (using rhc EPA critcria). In rddition it is rssunrca mi0rc ruip"naua soli&, inrssociation
wifi thc hcarry nrtals end cyurklc could causc duonic cficts, tluurgh inrerrtions. On rhis basis thc
cstccntrrtions of Novcmbcr, 1984, uilings which mry causc cluonic cffecs would bc cstimatcd to bc
1200 mg 1-l (0.r r 12000 n€ L-l) for ish md lso rng L-l (0.1 r 1500 nu u:i11;**r with rrc
rdjustnurt for herdncss. Maunsctt ct al., (l9*2lruggess ilret chronic oricity is rrct-effocrod by trardncss,

1{1 viar is open o qucstion and if rdjusunenrs *ere made, corcantrrtions would be 2400 ng L-l ;;
300 mg L-t fa fish and-shrimpe respcaivcly, one can predia that ehronic .-.Tec6 on wogld ccur elong
stretches of rivcr as deuilcd in Tabte 12.

These predictioru arc not rll that different from rhose of rhe original EIS for fish (Maunseil. ar
al., (1982)' Vol.l: p70 Fig. 3.6). Effcs on susccptible animats (with simitar sensitiviries o rhe shrimp)
would
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Tebb 12 i7fitc of chronic ctrocs on fish rnd sluinp undcr difrcrqt ailings discftrrge racs rnd rivcr
flow conditftrns.

FISH ADR
(028 m3 seell

LDR
(0.06 m3 sc-l1

HDR
(0.38 m3 scc-l;

ncan flow
belowTabubil
Bridgeco
Ningenrm

well above
Trbubil Bridge

well bclow
Tabubil Bridgc o
belowNingerum

rre;dian flow
urcll bcbw
Tebubil Bridgc
oNfugcrum

well above
Tabubil Bridgc

well below
Tabubil to bclow
Ningenrm

lorv flow
udl bclow

'Ningenrmto

below Konkonda

well above
Tabubil Bridge
!o halftffay to
Ningerum

abovc Konkonda
to well below
Konkonda

SHRIMPS ADR
(028 m3 sec-l1

LDR
(0.06 m3 ses'l;

HDR
(0.38 m3 sec -l)

nrean flow
well below
Konkondao
Kuambit

aboveNingerum
o wcll bclow
Ningerum

Fly River
confluence to
wcll below
Kuambit

median flow
below Konkonda
o Kuambit

above Ningerum
to well below
Ningerum

Fly River
contluence to
well below
Kuambit

low flow

extend further downstream than aiginally prcdicted. If discharge rarcs were o double (eg DHDR), then

at low flow rates the chronic cffecs o fish could ext€nd from bclow Konkonda to Kuambit; and sfuimp
many km downsteam of Kuambit-

Since chronic effects of heavy metds on aquatic organisms are well known to occur et levels

one hundredth of acute levels (where application factors equd 0.01), one could predict that profound

biological effects may well occur for many km further ctwnstreanl than originally envi:rged.

The uilings which travel below Ningerum and enter the Fly, contain high levels of particulate
heavy metals. Some of this many well reach the lake ecosystems of 0re middle Fly and the Fly Delta.
(See also Kyle; Osborne & Polumin; Chambers; this volunre). Of this a fraction may well be mobilised
later, becoming soluble and producing concentrations which may exert chronic effects. Dent (1985)

well below
Kuambit

Konkonda to
Fly River
confluence

well bclow
Kuambit
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believcs this may bc ooc of thc prftrciple long-arm effes. Thc hthal cffeca of hcavy nretals in the
uilings arc due only b rhe solubtc fracNiil (ard probably drc isric fractiqr of 0ris).

Field studies rrc rs ttt tn lialc advanoed o romtely prcdict thc long tcrnr ctuonic eff6gs of
ihc railings on thc river system, (OTML 84c, 85+ b, sce Morbray rhis volunr). Hart and Lake (19g4)
statc ftat it is vcry diffrcult 30 prcdict cffccts of lreary mtals on aoosystems, very litrle is lnown of dre
proccsses cotttrolling thc bchavirrrr of hcavy metals in nanrnl cnvirurmcnts. Fron such as spociatioq
transportation, transformation bctween oompartnEnts end 6eir uttimaa fate, are urquantiFred

Other Conseouenccs

It has been publicaly aryued by OTML that the above effecs will be confined to the main river
channel, it is also erBucd drat many animats may well migmte o si& streams away from tlrc main river,
and so avoid tlrc high sedinurt lcveh, urd associacd conc€ntrations of heavy nptals. The spcies
compcition in side sbeams is difrcrcnt from thar of rhe main Ok Tedi as repotted by Roberts (197b) ana
Maunscl[ ct al., (1982: Vol. 6). Many river frsh that c{ulot blerarc thc new riverine conditions will
disappear and not migntc o thc side strcans. Furdrernrcre sonr of the fsh species ned o migratc ftom
thc sidc stGams to thc lower rerhes of drc rivcr and thc Ewamps for brccdint (Robcrts, l9?g) and hence
will be afiected during ccnain phrses of their life cple. Populations are proUiUiy mainrained by repeatod
rccolonisation from odrer sidc stearm; the condition of the main river may well prevent srch events
from occuring and may lead !o 'isolatod' popluions in sidc sr€ams which will be-more susccptible o
exdrction. spccies divenity in rhe side streams will thercforc bc derease4

Reantly Austrrlian scbntists (Wolurski ct al,l9M:. Heiruohn and Wolans! l9g5; McGhee
1985) havc crpcssed conccrn rhat 0rc inseased scdinrnt and hcavy nrcals in rhe Fly-Ri"", *.ro r"y
cffcct orgenisms partiarlarly phytoplankton and corat in ttrc Northern sector of trc Crea Banier Reef.
whilc such impacs rre less likcly o oecnr than impacs on the Middle and lower Fly rircr systcms, they
rcgrEscnt a llal conccm which may influcncc Australian scientists concerned with the implementation of
the Joint PNG/Austelian Torrcs Strait Treaty.

Thc ares of cfrct of toxic tailings pedicrcd by rhis study .rE shown in Tables l0 and 12, are
similar o thosc prEdictcd by Manuscll ct al., (Yol l, l98t) thorgh amore exbnsive impact could result if
spccies sG rttrc scnsitivc o tailings than assumod It is rssunred that tlre animels in the river syrs1gm
have similar sensitivities b tailings as dre test oryanisms.

The nnet critbal siarations will rrisc when large volumes of tailings arc discharged under low
river flow conditions, at which tirrc thc watcr tcnds o bc sofrcr. If such conditiom lasted for aro'nd 9
days the imprct could wcll bc biobgicrly signifrmt o rhe Fly River and beyond- It is under these
conditions that uilings discharye mtes must bc reduced o lcssen thc,or* of impaiu

CONCLUSIONS

l- Toxicity tcsb hevc shown rhat drc oilirgs produccd in November, 1984, are very toxic, having
9day LC50's rs low as 0.4% and 0.1% for freshwatcr fsh and shrimps respoctively.

Tailings colletcd in Octobcr md Novcmbcr,l984, just aftcr gold productiqr had comrnenccd,
were found to be significanrly rmre oric than thosc collcrcd inJune, l9M. Thesc tailings
were also significandy mce bxic to shrimps than to mosquiofish.

2. It is not possiblc to conclude what oxic frcon in rhe raitings killed rhc animals; it is suggesred
ftat an intcraction of all rhe constituenb may have kiued rhc frsh, and that the suspended sotids
pobably killed rhe shrimps.
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3. On the basis of dte t6ts donc on nrosquiofish end sluimpc, and uking inio rcount the anrcunt
of tailings prcscntly podue( wetcr quatity paruuas rnd rircr flow ccrditions it is prcdictd
drat thc rartc cffccts of thc uilings on fish undcr npan (a nndisr) florr condititms will ertend
o Tebubil Bridgq but rt brr flow corld cxtcnd down brads Ni4enrm, rnd on shrfunps udcr
nrean (a mcdian) flor oonditiors will cxrcnd !o Ningenrrn, but at lon flow to beyond
Konkode Chmnb cffects on fsh under modim fbwconditions will cxtcnd o Nirgmrrrr' but
at low llowcould ertando Konkonda Cluuriccffc an rluinpc undcr both rncdiu rnd low
flow conditirns will ertcnd bclow Kuambit Wi0r inqeascd prcduction both rue and chronic
effcs could urcll cxtend mucl further downsteanr. Spocies with similar susceptiblitics as

nrccquiofsh rnd rluimpe *ould bc similarly cffcctcd. Effeas below Ningenrm could bc
reduccdduc !o scdimentuion. Chronic effcts muld cxtend down the Fly due to rcnrobilisation
and accumulation of drc heavy meals bound in the suspendod solids. How far downsteam the
effecs will actually rcrh cannot be prcdicted
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EVALUATION OF TI{E OTML MONTTORING PROGRAMME AND HEAVY METAL
RESIDUES IN OK TEDI AND FLY RIVER SYSTEM. I9EI.T9t5

David L. Mowbray
Biology Deparrnent

University of Papua New Guinea

ABSTRA T

A rcview of both chemicd moniuing and biological studies conducted up to &cember l9g5
was conducted. This included s0rdies done beforc mining activity commenced, during the construction
phase and for the first eighteen months of gold processing.

I-evels of suspended solids increased greatty in the Ok Tedi and ar airnes exceeded allowable
levels- Thcir biological cffecs trc unlnown but it is likely that inolerant species have disappeared from
these arcas. I-evels of soluble rretatc have rcmained lower than initially predicte4 but triitr levels of
particulate copper, often exceeding the'PNG standald" could have an impact, and flushes of ;higher 

rhan
accephble" amounts of soluablc copper ard cyuride arc frequent. One exrensive fish kil has been
confirrrcd Biological studies show that some fsh and invertebrare populations have been affected in ttre
Ok Tdi River. Lcad @ncentratiorui have increased in some fuh sampied. The biological data avaitable
is insufficient and difficult to interpet

No conclusion could be made concerning the magniorde of the impact to date.

INTRODUCTION

To evaluate tlre impact of thc tailings on organisms in the river syrtem it is imporunt 16 comparc
actual levels of hcary metds, cyanide rnd suspended solids in the river system at difiercnt times and to
draw corrclusions concerning possibte dranges in concentration since mining activity commenced. This
review relates the levels occuning to generally recognised 'acceptable safe levels' for aquatic
ecosystems; to standards set by thc Governnrent and to known 'no-effect levels'. Levels of suspended
solids, heavy rner4ls and cyanide arc compared o the PNG srandar(s set at Ningerum; to lf50's.; to
concentrations in the oricity test experimentat tanls (Mowbray this volume), and o estimated chronic
levels- Adjusrnents have bccn made for hardness. The concentrations which cause no chronic toxicity in
the more sensitive species can be regardcd as a .no cffct rtueshotd'.

Dissolved melals are lhose from water samptes passed through a 0.45 pm filrcr. Dissolved
forms include free metal ions and complex and colloidally bound metal species all of which arc generally
biologically availabte. Comparison with oxicity data assumes soluble rretals are mainly in ionic forms;
particulate metals are ttroae rcained by a 0.45 pm filter.

Data sources

The daa that is available oo residue leveh, either in water or animal tissues, comes from the
sounces listed in Table l.

Ok Tedi Mining Limitcd (OTML) regularly evaluates changes in concenrrarions of suspended
solids and heavy nntats plus other hydrological, water quality, biologicat and heatth data in each .six
monthly environment rcport' (OTML 19E3, '84b, '844 '85a, '85b, '86a). OTML (l9g4c) and B,rckley
(1984b) reviewed likely biological imprct of the Interim Tailings Dispcal Scherne (ITDS). OTML
predicted that the ITDS would cause the grearest impact on the upper reaches of rhe Ok Tedi; a moderate
imprct on the river between Tabubil and Ningerum; a minimal impact downsream of Ningerum; and no
significant nor unaoceptable impact on the aquaric rcsources of the Fty river. Buckley pfricteo a large
impact that would be environmentally 'rotaliy unaccepaable", estimating much higher ievels of 

"op[,
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than aaually oocur lt prscnt. Thc following is e rwiew of dre prescnt sinration rcgarding rcsidues

togethcr with qiticisns el}d rcoruncndetions.

TABLE l. Llpt of rcurocs consulrcd in dteining dea fa dris lwicw, rnd in in evaluation of &c prescnt

rnonitoring Fogramrrc.

Bcfore mining aaivity
comrnence4 1982

During the constnrction phasg
July-June 1984

During Ore processing phase,

under ITDS

Predicted impact of ITDS

Boydana d.,1974.
Maunsell (1982) OTES:
Vols 1,2,6

orML(1983)
OTML(1984a)
oTML(r9t4b)
OTML(19&4c)
oTML(1984d)

Higgins (1984)
OTML(l98ae)
oTML(1984f)
OTML(1985a)
orML(1985b)
OTML(1985c)
OTML(1986a)

Bucklcy 1984a
Buckley 1984b

Sampling sitcs for which dat sc rvaihblc arc indicrtcd in Figurc t of Mowbray (this volune).
The number of samplcs mde at tnost locstions, wcre generally fcry (es for Jutuary'- June 1985); and
results may not be rcprescntativc of drc sie. An additiond problcm with nnct of the OTML dau is that
the water is only samplod at cach sitc once per nunth. Ttt€G is no guerantee that tlrc sample is

reprcscntative of thc cntire tinrc pcriod Regular daily (or two hourly) monitaing at one or two lcatims
(Ok Tedi Bridge urd Ningenrm) show cnorrnous flucurations within and baween coruecuiirc days,

which may depend in part upon river flor conditions, discharge ratcs and the'grade of ore (high or low
copper) being processod at thc time.

Daily (and cyen two hourly) sampling (Ecurs only rt trrrc locations due to financid and

nunpower constraints. Conccntratigrs of disdved and particularc heavy nntals (copper, zinc had and

cadmium) and cyanidc have been rpniored a numbcr of timcs r day at the lowcr Ok Tcdi Bridgc
Tabubil. Except for cyani& hvcls such data, harc bccn publishcd (OTML 1985b)- Concentrations of
frec cyanide levels and dissolvod copper levels at Ningenrm have alrc boen monitored since July 1985.

Results for 1985 have been pubtished as 'figures' in OTML (1986a). Since levels appear to rcgularly
exceed criteria (see below), it is important that tlresc resuls be published in full or in ubles.summarising
resutts in each'six monthly envinonmentd report'.

The mine did not operat€ during the period l8 February, 1985 io 2l March, 1985, due to ctcure
by the Governnrent, rcsulting in reduced levels of tailings discharge into the river for this six-monthly
period. Most data have not been andysed statistically since liule of ttrc raw data have been made

available. The following review is based on comparison of means (or medians) and ranges only, except
where otherwise suted.
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RESULTS

Susoended solids and sediment load

Levels of suspendcd rclids bclow the junction of Ok Mani o just bctow the juncrion with the Fty
River have remained much highcr than was the casc before cqrsrucdon commenccd. Increased levels of
susperded solids in the fnst half of 1985 compared to beforc construction at Profile 3 werc 12 fotd;
though OTML (1985b) shtcs th:t ircreases were 25 fold For the scord half of 1985 these were 18 fold
(my estimate) end 36 fold (Ok Tedi's cstimatc). Throughout 1985, at Ningerum the increased level was 6
fold; Konkonda 7 fold; at Kuatnbit 2 fold- Maximum levcls rt Ningerum werc 40 tinrcs higher than
before mining, and maximum levels at Ok Tedi Bridge probably even higher Q5 times). This increase in
suspended solids, due to tailings discharge and mine wastes, is dso rcflected in the otal sediment load
which has increased by 2 to 4 times its preonstruction levels- During the construction phase levels were
even higher (See Table 2).

Ievels of suspended solids at Ningenrm regularly exceed the standard of 1000 mg L-l
recommended by Bucktey (l98ab); tfte mean for 1985 was three to four times dre 95 percentile level and
ttte 1985 median twice tlre 95 percentile level recommended by Buckley (1984b).

Before mining comnrencod the river alternated beween perids of high and lorv sedinpnt levels.
The ITDS effectively ensur€s a continuously high level of suspended solids, with possible consequent
lms of organisms which cannot tolerate such conditions. Poesible effecs of the incrcased sediment are
discussed by OTML (1984c).

Cvanide soill from OkTedi Mine

On 19 June, 1984, 1080 m3 of free cyanide of about 300 pg [-:l were releassd into the Ok
Mani. This was cstimated to be diluted to 500 Fg L.l when it rcached the Ok Tedi (i.e. 600 fold
dilution), and 200 Ug L. l at Ningerum (1500 fold dilution). Over the period 2l June to 28 iune, 1984,
dead fish and prawns were obcerved in the Ok Todi Rivcr down o Ningerurn (conFrnr;d by OTML) urd
according 0o newspaper repor6 local villagers rEported many dead fish and tortoises and a dead crocodile.
People stopped fishing in the Ok Tedi and Fly Rivers fc a short while, only retuming to fshing in the
river with some fear and rcservations. Another small cyanide spill was dteged to have occurred in late
1984, killing numbers of the freshwater prawns, but this has never been confirnnd-

Mercury

Itmb (1977), Kyle (1981) and Kyle and Ghani (1982) andysed mercury residues in fish species
from the Fly and Strickland Rivers. They found higher residue ooncentrations (occurring naturally) than
in most Frsh sampled elsewherc in PNG. Buckley (1984a) recomnrcnded that mercury levels should be
moniorcd with high priority since natural levels are high. This has not boen done (or data never
published) !o datq and the effects of mining on rnercury levels are not known. Maunsell ct aI. (1982)
reportel that mercury levels in ore are low, and that operations should not affect natural levels.

Coooer residues (Table 3)

Slight increases in dissolved copper levels seem to have occurred when construction of the mine
commenced; increases have persisted with use of the ITDS, the highest on the Ok Tedi being recorded in
the second half of 1985. All levels were well below tevels lnown to b€ acutely toxic; were generally
always below the levels found in the oxicity test experimenul unks (Mowbray, this volume); and were
nearly always below the accepted PNC standards at Ningerurn Mean levels at Ningerum and occasional
maxima at Haidauwogam. Ningenrm, Kokonda and Kuambit have all rcached levels at which chronic
effects are known to occur (Hart, 1982, Maunsell Vol 6, 1982).
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Therc has bcn a massirrc increasc in particutate oopper levels downsream of the mine since
construction began. PNG standards for Ningenrm arc regularty exceeded. According to Fuetley (l9g4b)
Ore Water Rercurces Act has been breached many tinns.

The biologicd significarrcc of these levets is unlnown. The imrne.diate effecrs are probably
minimal, but these residues could bccome solubilised and lrter lead o an increased rate of renrobilisation
and bioaccumulation of lhc copper, particutarly further dotnstream (see Kyle, this volunre). Such
particulate copper could cause a majr environnrcntal impact in the long term.

Lead residues (Table 4)

The concentration of soluble lead seemed to have reorrned by early 1985 to preconstruction
levels after an initid irrcrease during the construction phase, although it was also high during the initial
perioa of gold processing. Lcrals senrcd !o hara increased again in tare 1985. tt is interesting 0o note
that in 1984, Ievels a Bulnmdaing also inexplicably increased Occasicrally in 1984, the levels at
Ningerum cxceodcd the PNG st{dads. The levct in one experimenral tank was higher rhan in nearly att
river samples but even this probably caused no effcl

The amount of particulate tead is still well above preconsnucdon tevels. Excep for periods in
tlrc early construction phasg levels have rcmained below ttre PNG sundard. Thase residues probably
have no immediate effect on animals in the river, but bioaccumulation may (Ecur.

Zinc residues (Table 5)

There has bccn no apParcnt changc in soluble zinc residues, although at times even before
mining consuuction commenced conccnretions have excoeded levels tikely o cau* chronic effecs.
There has becn an increasc in particulan zirr coreentration since mining curstruction comrnenced, but
thc immediatc cffca is unkrorvq ottnr than possible bioaccumulation. l.cvels have remained betow the
PNC standar4

Cadmium fTable 6)

Thcre has boen no spparcnt change in dissotved cad,mium since beforr mining activities
commenced Cadmiunr, like zinc, has episodically occuned at levcls lnown to cause chronic effecs.
Eisler (1985) rcPorted that concentrations as low as 0.8 pg L-l can cause both acure and cluonic effecrs
on freshwatcr rnimals and that effcas arc mct probablc where concentrations exceed 3 Fg L-t. Thc
shrimp, Caruha niloticasccms b bc particularly susccprable to cadmium (Mowbray, rhis volume). One
might predict that mimals living in drc Ok Tedi systcm arc rxlrc tolerant than the styinp. No obvious
increasc has occurred in particulaa cadmium levels during l9&4 exccpt possibly at Haidauwogan and
Ningerurn Thcre se no PNG stsndards fa cadmium; orrc needs ro bc ser, possibli 3.0 pg f l.

DISCUSSION

Residues at lowcr Ok Tedi bridge at Tabubil

OTML (l9E5b) states that orar ilre first welve monrhs of operarion of the ITDS. there was a
decrcasc in dissolved lcad concentrrtion, but an irrrease in particulate copper concenration. Overall, a
comparison with PNG standads shows that levels of dissolved ooppcr, zinc and had at times cxceeded
$e PNG standards; attholgh means ete welt below the sundards. 

-Clable 
7). The observed .flushes' of

high conccntruions of disrclved copper could be acurcty toric !o many of the organisms in tlre river if
they persisted for a few days.
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TABLE 7. Conccntrations of dissolvcd rnd partiarlrtc mad npasured et low€r Ok Todi Bridgc at
Tabubil fc period July l9&{-Juty tlSS (fr,om OTMI. 1985b), in gg ft GNG Slandare
Detcnnined by multiplying Ningerum standard by 2.5. Total pcticulaa, Standard assurEs
toid recoverablc - 50% total partictlate).

Elennnt

DISSOLVED
PNC

Number Mean Max Standarda Number

PARTICUI-ATE
AdjusedPNG

Mean Mar Standardab

1.4

l19

93s

9v

9y

935

355 r25

u5 zfi

tJ1 r2.5

136 50

930

926

9U

925

Cu

Zf,r

cd

Pb

ll.6

I l.l

05

4.0

453 756s 576

199 9999 2000

50

26?n

50

ll00

The mean for partiorlatc oopp€r is close to the PNG standards, indicating that the standards ue
often exceeded- I-cvels ofzinc, cadmium and lead have also exceeded the standards.

More detaihd data wcrc given by OTML (19840 and summarised in Higgins (19E4)) for the
four month period ftorn Junc-S+Embcr 1984. For ttris pedod conccntrations of soluble residucs at the
Ok Tedi Bridge werc dcErminc4 and arc givan in Table 8, together with PNG warcr quality sbndards.
PNG standards are set at Ningcnrq but arc multipliod by 2.5 o give standards for thc Ok Tedi Bridge at
Tabubil. Similar data are given in Table 9 for total rnetal concentrations for suspended solids and frce
cyanide.

Thcsc data dcnnnstratc that the acccptablc residue levels (as d€remrincd by PNG standards) are
not often cxceedo4 Medians and 90% percentile valucs fq the hcavy lptalc, cxccpt for particulate
copper, are well bclow the rceptabh hvels. Occasionally levels of soluble coppcr erd lee{ and of dl
particulate metals honwer, do cxcccd thc dlowable lcvcls: 7% of rtl partiartatc copp€r readings are
above'this leveL Dissolvcd cyanide bvels have oocasionally cxceedod thc mean daity altowabld level
but not the maximum allowable hvel. Thcre arc at prcsent no standards for suspended solids, but l0% of
readings arc grcater thsr 1570 mg L-l; this is e vcry high lcvel, J readings oxceedcd thc levcl of 2500
mg L-1. Bucktey (1984b) racommads drat drc 95% percentile standard should bc 500 mg L-l at Tabubil
Bridge (25 x 200 mg L-f;. In facg Townscnd (pcrs. comrn) contcnds that levels of susp ndod solids in
the river arc generally indicativc of discharge ratcq i.e. when thc rninc was opcrating a! high or low
caprcity, suspended solids were high or low.

Figures I and 2 illusrae that average drily levcls of particulaa coppcr and srspcndod solids
exceeded standards (or recommended sundards) in the perftd from 13 June o 9 Sepambcr 1984.
However the nreu values for the perid are significandy less than the standards C-tcs$. Data were not
log ransformed so results could bc compared o those Onvfl. presented by geomeuic means for these

data arc smalter than the arithmetic means. Monthly readings ar" nd rcprcsentativc of the real siuration.

Residues at Nineerum (Table 9)

The PNG standards for accepuble safe levels for residues emanating fiom the Ok Tedi tailings
arc set at Ningerum. which is about 73 km downsream of the mine.

The company has performed regular analyses of soluble copper and free cyanide leveh at
Ningerum from Juty 1985 to check compliance with Governnrent standards. The data
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medc available was for 0rc pcdod July-Novarber, 1985. Thcse data are summarisod in Tabh 9 and
Figures 3 ard 4 which irrclude the mean md range givan in Tabte 8.

TABLE 8. Solublc and totat residues of heavy m€tals Gg L. l) rctal cyanide (pg f l) and suspanded
solids mg L-l in ilre river warer rt Trbubit Bridgc (from 2lT samples).

Heavy MeaI Median 90 Range PNG Times standards
Fercentile standards exceeded

125 I
504

"::

162
15 0.1
23 0.3
2.7 0.V2

-2t8
-136
-r76
-4

6
4
6

o2

s
o
L
U
B
L
E

copper
lead
zinc
cadmium

r6
5
5
I

l?s 536 l -232A 288
94 3s7 l0 -?f,20 550
104 482 15 4230 l0o0
2.r 7.7 I -50 25

copper
lead
zirrc
cadmium

T
o
T
A
L

Suspended solids
mg L-f

CyanideFg I- l

538 l',0

z5

r8 4168 (2500)

8.8 3
130 0

-27
500

Estimated lcvels from June l9&4 rccident

Tablc 9 shows drae dre nrclut ooruentration of soluble oopper was 30 pg L-1, and nrean of mean

{ilv averpe was 26 pg rl. Bodr the npan and mean of mean a"iiy *n."nradons of free cyanide were
42 W L-r. Thc standards fc sotubh opper and fre cyanide arc regularly crceedod; 19% of readings
gxyeA{ the acccptable standards of 50 Ug L'l for soluble copper; (rhe maximum rcading being 215 UgL'lr. 33* of the individual rcadings croooaea rhe mcan uaily sunia* of 35 14 I-:i ii. nu" cyanide.
The maximum insananous lcnel of 52 pg L-l was never exccedc{ (the highaireading being 47 14lu.l); tt" ttt-daily rundards.rrcc ercccOeC 38% of the tine. Cii"lc" levets arc much higher than
originally FEdbEd- lt sccms cyanidc is bcing relcascd from thc maat complcxes mor€ readity ttran was
originatly thought would be thc casc. Cyuridc lerrcls rr Ningcrum oncn reactr those which can causc
chronic effcs (Sec below).

Dent (1985) alrc rcportcd drat between June and Novembcr 1984 there were numerous
occasions when the warcr qudity critcria for copper, lead , cadmium and cyanide wcre all exccedod either
at thc Ok Todi Bridge or at Ningcrum or both. OTML (1986a) showed rhat for thc six monthly period
frornJuly to Norcmber 1985 tlrc rrcan dissolved copperoonc€ntrrtion was 36 Ug f l comparedlo-26W
1-l (for July to Ocrobe0. In frt Figuq 33 of Oiu- (1986) shows drat for late Ocrober through
November the PNG stendard of 50 pg L-l was rcgutady exceeded widr a maximum at thc end of
Ocobcr/early Nove'rbcr of approximately 225 pg L-1. Dis:olrrcdcoppertevels frequenrlyexcccded
Ote PNC standard in 1986 (D.E.C. pen. comm). The rnean froe cyanfdc cor,entration ior July o
November was reported,by OTtvtL ro bc 3.6 Fg L. l (compared ro 4.2 pgl-l). This rcflecrs lower cyanide
levels in November 1985. High cyanide levels also were recordod througout 1986 (D.E.C. pcrs. comm.).
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TABLE 9. Solublc rcsiducs of copper and fre cymide Crg I;l) a Ningenrnr, fmm July-l.fovembcr
1985, (dau tebn ftom daily rcpors supplitd by OTML ul BWR). Comparcd with PNG
standads (soluble oopper - g) pg L-l; frcc cyrnide - 35 Fg r--l meximum daily rvengc)

Monft Noof
days

Noof Maximum Dailyrverage lrdividud Nooftimes
samples 'recordcd Ug L- l samplcs rtandard crccedcd

Ug L-l mean standard mean standard
by

deviation deviation &ily indivftlual
avcrage samples

copper

(t9%)
cyanide

July l7
August 3l
Sepbmb€r E

Octobcr 9

Total 65

July 14

August 3l
Scpcmbcr 16

Ocober ?S

Novembq l0

Total 96

83

54
u
I
4

38286
24173
1670
2050

26 20 30

2t5
tu
57
E6

16
181

6
5t

444

8108
348
566
3310
444

454

78 47
145 38
95 40
r50 26
56 37

524

329 (r4%'

43
47
29
36
l8

-36 (38%)173 (33%)

Heaw metals in river and lake bottom sediment

A few analyscs havc bccn pcrformed on heavy metal residues in surfrce and bocom sedinrnt
and core samplcs in the tower Fly rivcr end lake systems. Some samptingi was done bcfac nining
constnrction commcned (Mlrnsell VoL 6 1982) around Bcsct rnd Obo srd dowmream O the rnuth;
and Gipcy (1983) sampled l-rkc Murray. Polunin and Osbonre (this volume) sampled Lake Daviumbu
nearObo in lae Novcmbcr 1984. Studies of trace nral spcciation by Kylc (this volunc) showod that a

significantly high propottim of the trrce maals mangance, chromium, zinc copper md iron (but not
lead and cadmium) wene 'biologically available'.

Dent (f985) rcportcd ttrat Delft Hydraulics L-aboratory has predicted that sedirnenb rcaching
the sea will contain 320 mg L-l of coppcr, and that over a mine life of 30 ycan, the result of sediment
dispod into tlre rivcr will cause the depcition of lm &ph of pollutod sedfuncns ovcr en.atca of 1000
km-2 in thc offshore dclta. Potcntial pollution of the Tones Sraits area has led o sonp conern bcing
expressed by Ausrdian scicntiss (McGhec 1985; Dent, 1985; Heinnhn & Wolanski, 1985; Wolanski ct
al. 1984).

Further samples should be collected over the next few years io dc{ermine the hcavy maal
content of the bottom sediment. This will indicaa if significant amtxrnts of heavy metals are
accumulating in flood plain lakes and if animds face possible increescd exposurE to heavy metals.

Studies to determine both heavy metal residues (copper, cadmium,lead, zinc and cyanide) in freshwater,
esurarine wlter and scdirncnts of the Ok Tedi/Fly river system proposed by rescarchers at PNC
University of Technology for 1987 and l98E (as well as similar studies of the Bulolo and Jaba Rivers) are
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undcrwsy. Such surdhs should also furclu& clrcmical spcciation; ia imporrane in biorcqrmulatiqr has
been strcssod (Nclson rnd Dontiq 1985; Grwrrc, 1986).

EVAIJUATION OF IMPACT ON BIOT.OGICAL COMMUNTNES

OTML (l9E5a, b) statc that drc cficctsof dischaqging the tailings ino rhc river syetem appear k
be lcss damaging on rqurtb cornnrunirres dtan was previursly perceive4 presumably in 6[-OIES
(Maunsell ct al.Yol1, 6, 1982). They claim this despite the higher than predicted amounc of suspeoded
solids and particulatc hcavy nrctals in thc rivcr, rnd occasional high levels of soluble copper and ft,ee
cyanide.

lt is aryuod that thc impaa due o mining is small compared o nauual calamities. Jrcksoq
(n.d.) staed that drc Ok Tedi cccystcm is capablc of dealing with huge inpus of natural sedimants and
chemicals. This wrs dcttpnstnrtcd eftcr drc massiw collapse of part of the Hindcnbury Wall in l9??; he
stated that bcfiffii thte and e half ud five milliqr tsmes of rwk cntcted thc Ok Tcdi sysam wirhin a
mattcr of days. hrge fsh kills v61p qorc{ howwer within tluee months, hc fish populations had
returnod to normal (Irksoq n.d-). Although obviorsly grcat, the magnitude of the imprct of dre land
slide will never really be lnown.

The argument by OTML that dre mine imprct is small in comparison, and that the river
ecosystem is rcsilicnt is rt bcst tcnrnus. 6.4 miltion tonnes of sedinnnt arc entering the Ok Tedi river
system, ovcr r ycar of whbh nmt rrc dctivod ftom the mine. The prcsent sioation is thercforc quite
differcnt, OTML continuorsly diucherges largc arnouns of suspendd solids and chcmicals ino dre rivcr
systcm end will continue o do so for up o five yeerr (or morc). The imprt of rhe mining rtivities may
not be so quickly rwemiblc, rs fiat of 'qrc-o(f nauml eaustr,ophes.

A large ernout of carly biologieal dau have ben summarised in Maunsell ct at.l982); some of
thc mort rcccnt data havc bccn summaiscd in rhc sir-mmthly rcpcts. Intcrpraatim of the evailable
data is often difiieilL due o scasonal cfreas, tirnc of sampling, location cffects lacl of replicacs md
effects of floding It apgrcars from thc data rvailable (OTML lgE4d; l98i 8, b; 1986a) that sorp fish
and invcrtebna poputatirxrs havc ben rffcacd down to Ningenrm (ower fish catctres at NingcnrnL
irErea!€d physiological str€ss - es rcflcaod by high kidney and livcr indic€s qr cadish at Ninicnrm;
lorrer invertcbna divcrsity rt [r*rr Ok Tcdi Bridgc reduoed ealrturc rates of grawns at Sawniltl. 16
prsscnt no tangibb proof sccms cvidcnt of cfrcs on biological communities below Ningcrum, but
compari$ns ofen do not prcdatc thc mining aonstruciim which comncmcd in f983. Lcrg tcrnr renas
may takc e few ycars o bcconp evidcnr

Data sr hcary mael residucs in nsh dssuc rnd in pawns has bccn collcced (OTM. lgEib)
and parrly published in OIML (1984b, d; l9E6N). Much daa on hcarry marl rcsidues in mimals samplod
beforc mining coltshraftn comnpnecd uc lcordcd in Boydcn ct rL (194) and Maunscll er aL (Vot. 6
1982). Kylc (his volunr) rnd Kylc €l d, (1986) rlso malyscd heavy rmnt rtsiducs in whotc fsh
collctcd in thc Ok Todi in l9tl pria 30 cmstruction of thc minc. All found highcr hvels of Cu, Z^,U
in animal tissue ttan rcportod in rnoct unpollued w.ters elsewhere. In tfic 1986 sir-manthly rcport
(OTMI- 1986.) r comprrircr is nadc of rcsiduc lcrels in duae fish spcies sampted bcfqe gd rftcr
mining constructiqr comrncnccd Unfstrnealy no piopcr rutisticel andysis of deu roems to hevc bccn
done; rbsoluE rages nr'rely sccm b harrc ben oomparea (erccpt for lead residua). Also cnors or
omissions hera bcn madc in summsry trblcs both in the Maunsell rqort (Vol 6, p lll) and in thc
OTML tcport (1986 Teblcs l2A - l2C ). Degitc rhis a comparircn of nrans and ranges of residuc in
fish tissue is givar in Trble 10. It sccms from thcse dera rhn no differerccs cxist in rcsidue
cqrccntrations in tissues in cithcr location or tinre, eroept possibly for had in flesh of all ttuee species.
Lcad residues rppeer o bc increasing. All reiiduc levcls are still *cll bckow the Australian NHMRC
Standar-ds. again erccpt for had. Thcsc srandards arq cadmium 1.0 mg kg-l; copper 50 mg kg-l; lead 7.5
mg kg-l; an4 zinc ?50 mg kg-l-
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These corrclusioos arc highly suspect due to the absence of proper staristical analysis; all residue
data need o bc andysc4 and monitoring needs to bc reessessed. 

- 
hoper anatysis stroUa give some

indication of whethcr ttrc rnimals are accumutating ercessive levets of heavy maals; give some
indication of rcanl expocure, and indicate whether tailings have significantty increased exposurc r,
unacceptable levels.

No sampling has been done to date o monilor heavy metal residues in bivalve species in rhe
delta in the Gulf of Papra or in lhe nearby Torres Strait Such a prcgram would provid! a valuable
assessment of the heavy nrctds reaching these areas and their levels ofliotogical availability (phiilips,
1980)- Denton (1985) propced such a program using the giant clanq Tridacru rnaxitnd for the Torres
Strait (ard Great Banier ReeQ. SPREP (1986) has also funded a study by UpNG rcsearchers (including
the author) to monitor heavy metal residues in suitable bivalve tp""i.r, in the Fly River Delta which
comnrenced in 1987.

Sixth supolemental agrecment

The initial Ok Tedi Agreerrent was signed by the PNG Government in lg76 (pNC, 1926), but
since then it has been subject to a series of ammendnrenB (Townsen4 l9g4).

On 28 February, 1986 the Govemment of PNG signed the Sixth Supplemenul Agreenrent
(PNc' 1986), which was later rar.iFred by parriament on rg Mar'h, 19g6.

Basically dris supplemenul agreenrcnt allows for the postponement of construction of a
permanent tailings dam until I January, 1990. It ratifies the acccpable levels of hearry metals and
cyanide at Ningerum; it decres thu an environnrental study wilt be done to determine 0re impact of
suspended solids on ttrc Fly River. However the acceptable levels of such suspended solids will nor be
deternrined until afier the study is compteted, i.e. by rnt later ttran I January, l9-g9.

The 'rccepable levels' of hcavy metals (at Ningerum on the Ok Tedi River) might be
considered high and much less sringent than overseas standards. Compared io crireria recomnrnded by
USEPA AWRC (Hart, teaZl and American Fisheries Society (AFS) (Skidmqe and Firth, r983i
standads set at Ningcnrm are high; but are considered ieasonable under the circumsances
(Buckltiy,l9844b).

- Buckley (1984a) reported llrat a maximum accepuble level of free cyanide of 5 pg rl was set

!t * lsylit gttdgg EPA sundards were laier set at Ningerum 0o uc 3.2 d 1-l 1*"an'&nly average)
and 52 Fg u^ (marimum dlowable hvel) (SHATEPA l9?9). Under rhe new agrpemeot the levcb of
free cyanide allowable havc been incrcascd to 30 Ug g-l lmean daily averagJl, ane !o ?0 Fgi-i(marimum dlorvable lwcl). This was donc on the recomnrendation of bm,o- Ld a wHO consulranq
Mr P. Guq (Guo, 1985) who recomnrndcd that the water quality criaria for rhe Ok Tedi shoutd be based
on resource usc. These siaria are inadequatc f9r protcction of aquatic ccosystcra, and the EpA
standards for freshwetcr of 3.2 pg L-t rd 52;rg u'l should be reuinq4 Levels olbebw zO pg L-l a;
acutely oxic (and fast rting) r, Eome fsh; Lcvels of 5-40 trg L-l are Lnown lo cause chronic or
sublethal effecs (OTM- 1984c; Mowbray, 1984). An exccllenisummary of thc effecs of cyanide ontqu:lf oplFn t is-that by Leduc ct al {1982),who state that in gencral, @ncentrariorls grear.er rhan 100
Fg ut of CN- can be cxpectcd o kill scnsitive frsh species; invertebrates are garerail! less sensitive.
Concenrations of below 50 pg I--l cause chronic effecs. I-educ ct al. (1982) slares thar at high
concentrations cyanidc is rnrc toxic at high temperaEres, but at low conoenE"atiom it is more toxic at
lower temperaorres. Cyuridc is nrore toric at low levels of dissolved oxygen, Harr (1924). Accordingly,
lccepable levels of cyanide, i.e. ttre PNG standar4 should not be increased but should be maintained at
EPA recommendcd levels.

Buckley (1984b) recommended to the Govemment that the maximum allowabte levels of
suspended rclids at Ningerum be 1000 mg L-1. This was not rccepted by the Srac and acceptabte tevels
of suspended solids have never been set. In facq rhe Sixrlr Supplementai Agree.ent gives ,h..orp-y
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until I January. 1989 befae the Surc wilt determine acccptable levets of suspcndod prrticulatc mau€r.

With increased productioq this in cffcct mcans thrt thc corrcantruions of suspendcd solids, particularly
in thc Ok Tdl will remain very high with oonsoquent cnvironnrnal impaa. The magniurdc of this
imprt is a mattcr of debate. ecccpeblc lcvcls at Ningerum must be set immediatcly end shoild be dorrc

in consultation with reognised authorititx not ernployed by either DME nor OTML Thcse standar&
could later bc anpnded in thc light of tlrc popced -Environnrentd Study".

When changcs are rnade to standads (Le. sundards or allowable levels of chemicals in he
river), such changes should be prblished and justified publicly. It appean that thc oompany would like
tlre rcceptable levels to bc higher sila thcy are ornently often cxceedod (as is thc casc fa copper and

cyanide). Furthernprq sirrce the lcvels for suspended solids recomnrcnded by Buckley (1984b) could be

often exceeded it is 'convenient' nd to set an rccepuble level. Implicit in the Sirth Supplenmtal
Agreenrcnt is thc inference that no guarantee can be given that the lower Ok Tedi would not be greatly

affecte4 and that this is the 'cost' thltneeds to be tolerated for the economic viability of fte pmjct

The tcflns of reference of dre Environnpnul Imprt Surdy under the Sixth Suplcmantal
Agrecnrcnt were forwarded to OTMLon the Zth July 1986 (PNG, DME 1986). The surdy is concenp;d

both with rhe otat imprct of the mining oper,ations on the Fly River and with a re+valuation of all
eftluent and environmentd monitaing data so farcollectcd- Hopefully this has included rn assessmentof
tlre impact on the lower Ok Todi River, though this is not definitely stated, only impliod.

Ttre "Environnrental Study' is not only concernod with the impact of suspended solids - but
includes a criticd re+valuation of the impact of suspended solids, cyanide and the hearry nrtals,
particularly copper. This must involve a criticd evaluation by independent bodies of the Fescnt
biological studies.

CONCLUSIONS

The River levels of suspcndcd solids poducod by the tailings are very high having increescd l8
fold at hofile 3 bclow Trbubil urd 2 fold u Kuambit comparcd to backgrornd levels. Sodinrnt
loads have increasc4 levcls grcatcr than 1000 trg L-r havc bcen excecded a number of times at

Ningerum. The biologicel eficct of thesc high levcls is unlnown; it is likely that some species

which canmt toleratc thc cmtinuously high sediment levels will disappear.

Lcvels of soluble nptals have remained lowcr than was initially prtdicto4 but high levels of
particulatc copper, oftcn cxcccding thc PNG standand, could have an imprcr Flushes of river
water cmtaining 'rbovc rceptablc' amounts of solublc ooppcr and ftec cyanidc arc frequcnt
One reportod kill of frcshwatcr rnimds occurrcd when a vcry high level of free cyanidc was

ccidenally rcleascd ino the rivcr system.

Biologicat studics.to date show that uilings havc affated sonrc fish and invcrtebrate populations

down river as far as Ningenrm. To daa there is no ungible cvidcnce that effecs ertend bcymd
Ningenrm. Much of the evailablc biologicd dau is difficult to interprcL To date it seems that

rcsidue concenradons of lea4 but nor copper, zinc and cadmium, havc irrreased.in sonp fish.
On the basis of data published to datc, it is not possible to prcdict the magnitude of the imprct of
mine development on the lower Ok Tcdi and Fly Rivers.

RECOMMENDATIONS

Tlese rocomrnendations were originally submiued to Government in 1985. Since $ren a number
of reports have been published in line with recommcndation 4. Recently OTML has published

further reviews of their hydrological (OTMI- 1985b) water quality monitoring (OTML, 1986c)

and biological sampling prograrnrnes (OTMI- 1986d).
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I It is suottgly rcoomnendod ftat OTML Environnrnt Scction commencc r€gular bioassay csa
o dclcrminc thc oxicity of thc tailings. Thcy shouH usc rt minimum two local spocics whictr
can be cpily handbd md trmsportc4 rre small md are rcedily avrilable in larBe numbcrs. One
speics should be rclaively tolennt of tailings, thc otlrcr sensitive. orr the basis of rhcse tasts
nrercures should be found to roducc thc oxicity of the tailings.

2 It is rcommelrded that the pcsent standads for hcavy rftetels ard the original standrrds fa fre
cyanide in watcr bc rdhcred to and that standards for suspendd solids be set immodiatcly.
These standards should always be subject o revision in the tight of new data - but should not be
chutged for 'convenbrrc'. Any charges to standards shonld be publishcd and justified The
'Environnrnal Surdy- propoced under tlre Sixth Supplencntal Agreemant should irrcludc an
evduation by indepcndent scicntists of tlre effects of bottr suspended solids and heavy rrcals of
the further 3 years ofdischarging tailings.

3 Ways mrrsa be fourd to rsduce levels of suspended solids immediately and io ensure high levels
of copper rnd ftoe cyanirte in thc ailings se also reduc€d- Discharge of uilings ino the river
must be redued at tinps of low river flow rates.

4 All data on heavy maal residus in animals should be published ai soon as pocsibla Anatyses
should bc donc to dcicrminc conoentrations of heavy rntals in bocom sodirens in the lower
Fly River and lake sysrens.

5 It is rccomncndcd that u indcpendcnt scientist assist in evaluating the biologbal shrdies done
b date and have acccss to rll 'in-horse' data.

6 It is recomnrcn&d that an 'Evaluation Commicee' be immediately csablished by Governnrenc
lnitially, it should assist in implenurting the environnurtal study undcr 0re sixth supplcmenral
agrEtlHlL It should assist in rcasscssing thc otal environnrental sampling and data collection
plogrulrrE b dac, rnd dacrrnirrc thc tikcly impce of continuing, rt incrcased production, the
intcrim ailinp disposd schenrc. This commiuoc shoutd irrcludc in&pardcnt scientiss and a
rcpresenadve of thc pcoples living on the Ok Tedi and Fly Rivers. Ir slr,ould at all tinps have
asoess to'in{rouse' date.

Postscrioc

Sincc thcsc pap€rs urcre writrcn rwiars covering ttre period ro mid l9E6 by Ot T€di, is consulun6 and
Govemntnt consultatts hene dl bcen publishd elthough no "independent review" has been done.
Cop,Per prcduction has coruEncc4 production levels and consoqucntly tailings havc both increased
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PRE-MIMNG TRACE METAL LEVELS IN FISH FROM THE FLY RIVER

James H. KYLE
Department of Chemistry

University of Papua New Guinea

ABSTRACT

Concentrations of the trace rnehls, zinc, copper, lead and cadmium in fish from the Ok Tedi
river prior to the onset of mining are reported- C-oncenrations were determined for whole specimens
rather than the flesh done sirre whole fish are consumed in this region. Thrce spcies werc anatysed
during the presant study and the resul6 compared with data for other species examined during the course
of the Ok Tedi Environnrental Sody. Variation within spcies was found o be grearer than variation
between species and the order of concentration was found to be zinc, copper, lead and cadmium.
Concentrations of cadmium were found to exceed the Australian National Healtlr Sundards whitst those
forcopper, lead and zince were below these standards.

TNTRODUCTION

Roberu conducted an extensive ichthyological survey of the Ok Tedi - Fly River sysrem in l9?8
describing ll new species (Roberts, 1978), while The Papua New Guinea Deparunent of primary
Indusu-y Fisheries Research Division has subsequently canied out a number of surveln of the region
(Gwyther 1980; Ercmu 1980; L:'a 1980; Roberaon and Baidam 1983). In order to obtain informarion on
pre-mining subsisterrce lisheries in the area, a number of surdies were performed prior to fte
comnrenc€ment of mining in May, 1984. Hyndman (1979) and Welsch (1979) rcported information on
the role of aquatic biota h village nutrition while L,amb (1974), Boyden er al. (1975) and Kyle & Chani
(I982a, 1982b) determined concentratiqrs of heavy nretetr in various aquatic plans and animats. In
addition, the mining oompany has continued to monilor fsh populations and trace menl conccntrations in
fish since 1982. These data are at presert unpublished.

All of the above sEdies have helped to provide some baseline knowledgc of tlre condition of
pre-mining subsistence fisheries in the region. Because of the low-levels of fish abundance in rhe area
@obersot and Baidam 1983), any one study can only conEibure a small anount to the total lnowledge
of fisheries in ttre region.

The aim of the present study was to assess the pre-mining concentrations of the trace metals
zinc, copper, lead and cadmium (Zn, Cu, Pb and Cd) in some Ok Tedi tish species- Resuls arc reported
for 42 specimens comprising tluee of the nrost cornrnon species found in the area. Thc fsh were caught
by Roberrson and Baidam during a visit to the region berween 3l March and 14 May l98l; details of
their methods of capture are reported elsewherc (Robertson & Baidam 1983), while the sampling sites are
indicated in Figure l.

METHODS

Samole Preparation

All fish specinrens werc caught with gill nets and handlines. Weighr and tengrh data were
recorded in the field before the fsh were stored in plastic bags on ice for retum tio the laboratory. For
long term storag,e, whole or partial fish specimens were macerated in a staintess steel homogeniser, oven
dried at 105 oC, ground to a powder in a porcelain mortar and stored frozen in plastic topped polyrhene
vials. The percentage moisturc in each specimen was determined during the drying process.
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Figure l. Map of the study area showing the sampling sites, minesitq waste dumps and formerly
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It should be noted that dt results are fa the whole fsh specimen (except where indicated)
whereas much previous data has becn for donsat muscle tissue only or different org,ans. Since the pegple
in the Ok Tedi rcgion tend to consume the whote fsh rather than just the muscle tissue, ard since miny
of the fish collected werc very smalL it was considered appropriate to analyse the whole fish.

Sample Disestion

Approximately 1.0 g samples of the dried fish specimens were weighed into t00 ml glass
erlenmeyer flasls fitted witlr air condensers and digested with l0 mI nirric acid for 12 hrs then cooled.
Perchloric acid' (70%,5 ml) was added and the solution digested for a further 7 hours or until the digest
solution became colourless. The air condenser was then removed and the solution evaporated to neat
dryness (l-2 rnl). Hydrochloric acid (2 nrl) was added and tlre sample dissotved in mitti-Q water and
made up to 50 ml. One reagent blank was included for each five samples.

Reapents and Classwarc Preparaiion

Niric acid (analytical reagent grade) was twice distilled before use. Perchloric acid (20%) and
hydrochloric acid (35%) were analytical rcagent grade used as received. AII glassware was soaked in
l0% niric acid for at least 24 hours before use. All sample handling and digestion was carried out in a
clean air cabinet-

Atomic Absomtion Analyses

Tinc sul.d' copp€r were determined by conventional flame Atomic Absorption Spectroscopy using
a Varian AA 175 Spectrophotometer with deuterium lamp background correcrion. Sundard solutions
were prepared by dilution of spectroscopic grade 1000 ppm srandards.

Anodic Striooine Volummerv (ASV)

The concentrations of lead and cadmium were too low to be determined by the above method.
Hence, they werc determined by A*SV using a Princeron Applied Ressrch (pAR) Model l?4A
polarographic analysercoupled with a PAR Static Mercury Drop Electnode (Model 3034).

A l0 ml diquot of sample was pipeued ino ttre etecrrolytic cell and de-aerated for 12 minutes
with high pnty nitogen. The sample was then electrolysed for 5 minutes at apotenrial of -t-2 v versus
SCE (Standard Calomel Elecrode). The stirrer was stopped for rhe last 15 seconds of the plating rime.
The voltammogram was then recorded- The concentrations of Pb and Cd in the original sample were rhen
determined by the npthod of standard additions, using 20 pI aliquos of a sundard containing 1.00 p pm
and 0.4 ppm Cd.

RESULTS

The raw data giving the concentrations of the trace elemenrs 7-n, Cu, Pb and Cd in th€ 42 fish
specirnens, are given in Annex l. The data are reported as mg kg- l based on rfre dry weight of rhe whole
lish specirnens. So that ttre data can be compared with other rcsuls quoted on a wet weight basis, the
percentage moisture in each specimen has been included.

It will be noted that for a number of specimens, no rcsult is recorded for zinc- This was due to
the fact that the anatytical results were extremely high (in ercess of 1000 ngkg) and were considered to
be due to contamination. Unfonunately, tirne constrains did mt permit repetition of these anatyses.

A summary of these data is given in Table l. inctuding means and standard deviations for all
specimens grouped by species and by sample site. Tabte 2 presents a comparision of the present data



- ro2-

with tlrc ranges r€port€d by Maunsell at al. (19821 while Table 3 presents a comparision with the

Austrdian Foodstuff standards.

TABLE l. Means and standard deviations (in brckets) for 0re data in Annex Table I for erch spcies of
tish examined by site and by species. The mean trace rrrctal concenEations rr€ mg t-l kg
basod on the dry wcight of the fsh.

FAMILY and Sampling No. of Mean Mean Mean % Mean Metal Concentration
species Sitc Specimens Weight l-ength Moisuu,e 7^ C! Pb Cd

G) (mm)

PLOTOSIDAE
Neosilwtu gjellerup

Species mean

ELEOTRIDAE
Oryeleotrisfinbriatur

Species rnean

Mogurnda nugurnda

Species mean

19.6 1.84 1.59
(r2.7) (2.92) (r.41)

u.o 420 0.81
(r9.9) (2.93) (0.51)
4r.4 2.8 1.09

(16.6) (0.47) (0.4e)
9.E6 3.55 0.89

(s.58) (4.23) (0.84)

25.1 3.32 0.93
(1e.5) (2.87) (0.6r)

15.0 0.88 1.58
(4.r) (2.0e) (1.43)

51.6 2.48 0.63
(21.3) (1.74) (0.47)

226
(76)

LN
(20)
r5l
(8)
83

(16)

4

3

3

l0

7

7

7

2l

I

2

3

J

4

86
(31)
144

Qn)
6l

(26)

l16
(l ls)

?s
(12)
4l
(8)
'l.l

(3.4)

25
(16)

l9
(4)
u

(23)

23
(ls)

225
(23)
247

(152)
205
(301

t20
(32)

Lzl
(e)
ll9

(37)

78.4 238 23.4
(0.5) (le) (r7J,
79.6 297 zLS
(2.8) (e7) (10.6)
75A 290 r32
(5o) (23) (5.2)

77.8 269
(se)

76.5 23r
(2.3' (1241
77.7 196
(1.2) (lOe)
77.8 llr
(0.6) (67)

77.3 186
(l12)

1'ts 243
(0.s) (r9l)
77.8 198
(1.3) (5s1

1.08 1.56
(2.05) (1.82)
L46 2.s2

(4.02) (0.e0)
22r 0.70

(3.75) (0.8r)

r20
(241

ll 77.6 221 31.6 1.60 l.l5
(lv) (23.6) (2.03) (1.16)

DISCUSSION

The most complete sordy published to date on trace nrtal concenrations in fish.from the Ok
Tedi - Fly Rlver is tlrat of the Ok Tedi Environmental Sudy (Maunsell cr af. 1982). Liver and/or muscle

samples werc examined from 562 specimens comprising 27 species from 2l sites in the river system.
The metals determined were 7st, Pb, Cu, As, Hg, Cd and Mo. No data werc inclu&d for the three species

of lish examined in this study, even though they are commonly caught and consumed by subsistence
fishermen in the OK Tedi region (Roberson and Baidam 1983). The present results, are generdly
comparable with data from the Environmental Study (see Table 2).
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Tabh 2. Conc.cntrati<n of trrcc rErels in fish from drc Ok Todi rcgim (mg kg-l wa weight). The
pr€scnt data for wholc fish rre compared with thc overall species mean rang6 obaincd in drc Ok Tedi
Envirurmcntd Study (Marnsell ct aI19821.

Species
Conoentration (nrg kg- I )

cd
Mean Trace Metal
7^ Cu Pb

N. gjcllcrup

O.fimbriatus

M. nugurnda

Ok Tedi Studv

MuscleTissue

Liver

ffi 4.3

42 5.7

49 7.r

0.41

0.75

0.36

0.3s

o.2r

0.26

6A-29 0.23{.710.1304.15 0.05{.10

19-800 2.449 0.15-20 0.09{.74

In the data Fovidcd by Maunsell ct aI. (19821and that fiom the presenr study, there was wide
variation witltin species with dre standard deviation in nrost cases being high in relation to tre nrcan. In
additiotu Maunscll ct al (19821found e wi& variation betrveen different spccics (Tablc 2). Vuiation
betwecn spcics was not found in the prcsent study (thc meims are not statistically differant presumably
becarse all thc fish examincd were in a similar sizc rangc and from dre same rcgion of ttp rivcr sysrer\
whereas in thc Maunsell surdy thcy wae of different sizes and from different locations.

Evcn 6ough drcsc wide variations occurre4 the prescnt data are comparable wittr rtrose of
Maunsell ct aI. (1982). The trace rrctal concentratioru are in the same ader (Zn > Cu > Pb > Cd) and the
whole fsh rndyscs of thc prcsent surdy ue ganeratly higher dran muscle tissrrc but less than liver
concentrations. This is to bc crpcctd sincc tracc nptals icnd to accumulatc to a gr€ater extent in internal
organs such as the livcr rnd kidncy dran in muscle tissue (Forstner & Wittman l9Z9). In general, the
concantruions of lead rnay be considcrcd o bc of thc sans ordcr as those reportcd in Maunsell cr. al.
(1962) wtrereas zing copper rnd cadmium corrcenrations arc ganerally higher. The corrcentrations of
cadmium are sufticiently high o bc of corrcern.

Table 3. Conparisicr of trrc ncal csrccntrations in whote fah (mg/kg wet weight) wirh Australian
Netional Hedrh and Mcdical Rcsearch Courrcil standards (1980) fc musctc rissue.

AUSTRALIAN STAI.TDARD
mgkg-l WaWeight

PRESENTDATA
Mcan Range

Z;inc

Copper

L,ead

Cadmium

r50

r0

l5

42{o

4.3-7.r

0.364.75

0.21-0.35

The Ausralian National Hedth and Medicd Research Council, (NHMRC, 1980) have
recomrnended standards for trrce rEtals in foods (including fish). Thcsc standards refer b the muscle
tissue of tlre fish as this is thc portion drat is usually colsunrc4 Thc Fly River people however normalty
consume the whole fish. Ii is imporunt, thereforc when considering health standards for these people.
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thu ttre whole fish analyscs should be compared with hcalth critcria rather than just muscle tissue

anatpes (Maunsctl ct aI. l9E2); this is dorrc in Trblc 3. From ur inspction of thesc data, it is

immediaaty evident that the fish analysed do not rEct dre NHMRC standard for cadmium. This docs not
rnean that the fsh should nevcr be cacn. Health standards src normilty conservative cstimates of the

concentrations of trrcc mctals 0rat may bc harmful if thc fish re eatcn in reasarablc quurtities (say 500 g

per weck), with the rppll;ation of r safety frcts of En. HcrEc, hannful effects would bc noticcable if
500 g pcr week of fish conraining 2.O nrg kf l Cd or 5S0 g per nek of fish conuining 0.2 nrg kg-t CC

were consumed-

The Ok Tedi peoph do not rely heavily on fah for their foo4 unlike the people in the middle to
lower Fly River (Kyle and Ghani 1982a). Robertson and Baidam (1983), whan they collecred the prcsent

specirnens, noted that fish consumption was gcnerally low, with consumption ranging from one med per

week to one nreal cvery three wecks. Hyndman (1979) notcd howwer that fsh, frogs and reptiles are

culturally'womans food" and consumed nrorc by young childrcn and wonren nprc than by man. The
conoentrations of trrcc metds obseryed in the fsh should be of no majorcorrccnr assuming consumption
remains low. Incrersing quantitics of minc wastc h the rivcrs will probably lead o increases in h6€
base level metal concentrations and continued nnnioring is drercforc vitally imporunr Such monitcing
should be of analyses of trace metals in thc whole fish specinnq rather than thc muscle or liver, to give a
better indication of what is actudly being consunred by thc laal people than do the separate tissue and/or

liver analyses, currently being performed-
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Annex l. Weighr, length. perccnt nnisnrre and tracc metal concentrations in mg kg-l dry weight for all

fish spainrans uuly$d. Thc samplc sitcs ere indicated in Figue 5.1. Thc wholc fish was

rnalysed cxapt whcrp indiclcd

FAlvlILYrndSocies Sampling Wcight

@ae of sampling) Sitc (g)
I-argth Moisturc
(mm) Content

%

Metal C.onccntrations
mg kg-l drY weight

Zrt Ct Pb Cd

PI.,oTOSIDAE
Ncosilurus gjcllcrup
(ll April l98l)

(27 April l98l)

(22 April l98t)

ELEOTRIDAE
O xyc lc o tris fi ntbriat us
(20 April l98l)

(22 April l98l)

(23 April l98l)

(4th April 1981)

ELEOTRIDAE
Mogurnda mogurnda
(ll April l98l)

(23 April l98l)

2

125
92
5l
76

400
NA

r0
9t
46
46

v
l6
l6
t2
45
26
29
47
3s
42
52
32
32
47

8.1
5.3
2.O

t3
8.5
7.0
5.6

225
230
200
2r5
359
307
74

239
194

183

138

llr
u6
99

159
r28
135

153

r46
145

164

l5l
t42
156

90
7l
55

r06
92
86
92

78.1.
78.1r
79.2.
78.3*
El.5+
81.0+
76.4
742
80.9
7l.l

79.0
76.9
?6.0
77.8
77.0
77.O

7r.7
79.r
77.8
78.8
77.8
77.9
77.3
75.4
78.r.
77.9
77:l
77.3
78.2
78.6
761

76.7
77.1
77.5
77.2
78.3
71.8
?9.8
77.6
?8.0
76.3
7't.5

2rr u.5
249 105
237 r0.5
us 48.0
408 29.O

23r 14.0
252
3m 13.0
271 18.5

- 8.1

220
390
195

220
r08
83

400
306
r05

0.175 1.65

0 0.20
0 4.10

4.15 0.30
7.10 r.95

0 2.05
028 3.55
0.10 0
6.5s l.@

0 0.50

19.0 2.25 0.70
25.0 2.50 1.55

65.5 0.85 0.43
25.0 225 0.37
r0.0 7.45 0.23

8.8 825 l.l5
t4.4 5.85 r.zs
20.0 3.00 l.4s
52.O 2,10 0.98
r5.0 1.70 0.70
55.0 2.40 r.25
51.0 225 0.55
46.0 2.ffi 0.?5
51.0 1.70 193
4J r.88 0.65

5.3 0.85 1.05

s.6 - 0.20
m.6 loj 2.5s
rLz 7.10 0.15
10.3 0.30 l25
10.3 0.70 0.35

l5;
130

360
r20
46

10e

r92
L64
44

ll5
lll
il5
IE
135

20
t48
r62
ll8
90
75

t7
l5
t7
?2
26
l9
43
59
t?
r0
6

316 r9.5
5V2 13.4
49 19.5
- 9.0

288 15.5

59 r3.0
200 48.5
150 51.0
zrs 61.5
280 7r.5
147 19.5

0 3.93
0 0.05

5.r5 1.45

0 0.23
0.10 2.30

0 150
L25 0.30
2.00 0.98
2.95 0.4E
5.00 0.15
020 r.E

* body w/o head. tail or gut analysed
+ Dorsal muscle tissue only analysed

0 = Not detccted - = Not analysed
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GIYING AWAY THE RIVER: EI{VIRONMEITITAL ISSUES IN THE CONSTRUCTION OF
THE OK TEDI TVilNE IgtI{4I

Bill Townsend
Department of Minerals and Energy, Papua New Guinea.

ABSTRACT

The role of the State in thc development of the Ok Tedi mine is reviewed and corrlusions drawn
corrcerning rErons for tlre failure to implenrcnt adquate environmental safeguards. The adminisradve
and oryanisational pathways through which the Sutes financial and environmentat intereso were
irrorporated into project planning and implernentation are ourtined and it is conctuded that problems of
managenrent and co-ordination resulted in environrnenul considerations being ignored or playing r
sccondary role to financial oonccrns. The adoption of e'fast trrck' approrch o devclopnrcnt has rcsulrcd
in significant financial losses through abandonment of enginecring projects such as rhe hydredam only
after significant expenditures had already been made. The project is judged to have a pooc environmenrat
and accident record.

TNTRODUCTION

Tht Ok Tedi gold and copper deposir, laated in rtre Sw Mountairs near lhe tndonesian border,
was discovered in 1968. lnitial proving of the ore deposit and setting up the projecr was done by rhe
Kennecott Mining Company, who considered the project to be primarity a copper mine (Jackson, n.d.).
After Kennecott dropped the project on March la l9?5, Papua New Guinea continued developmenr of
the mine with technicd advice from Behre Dolbear, a mining consulrant from New york City. As rhis
project was being developed it was considered by many to be rhe comentone of rhc Papua New Cuinea
economy.

After further drilling and the drarnatic inc.rease in gold prices in 1980 the mine was considered
as an ercellent example of suged developnnnt, wirh the gold ore at the top of the deposit and copper ore
underneath. In Stage I the ore at the lop of Mount Fubilan would be processed to crrract gold. Stage II
included two processing lines; one for gold and one for high grade copper ore. Finrlly, Stage III involved
proccssing relatively large quantities of low grade copper ore. With rhis staged mining procedure shown
to be feasible, a new company was formed with three private parrners: BHP of Australia, AMOCO Oil
Company of lndianq and a German consortium of companies. Papua New Guinea, with a 20 per cent
share, becarne thc fourth parher and plans were developed to bcgin construction of the mine. Bcchtel
and Morrison Knudson lntemadonal (B-MKI) were selected as the prime contractor and the pre-
construction work began in May, 198t.

*This paper was made available only after 0re other contributions had been edired and compiled for
publication. It is included sircc il provides signilicant insights ino rhe organisation and adrninisuation of
Govemment invotvement in the Ok Tedi project. Dr Townsend was employed by MRDC from March
l98l-December l9&4 wittr prirnary responsibilily o advise the State on technical matters and to co-
ordinate the activities of the Stete's technical personnet working on rhe OTML Project" Recognising rlre
problems of a conflict of interest withi:r tlre Department of Minerals and Energy the Covernrnenr laer
transferred the Bureau of Water Resources to the D€partmFnt of Environment and Conservadon. Hence
r,tuch of the technicd advice rnich was ignored dunng tlre developrnent of the Ok Tedi projecr is now
available o the National Executive Council and Government via an independent Minisrry. Hopefully rhis
will lead to rrore careful consideration of environmental issues in future mining projeca wirhin the
country. Editor's footnote.
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Construction of the Stage I infrasructure, conuining thc facilities and support systems ncelsary
to mine gold, was arthcised in mid-1981. The agreement bdween OTML rnd the Staa is contained
primarily in the Mining (Ok Tcdi Agreement) Act 19?6 dared ?2 March 19?6 the Mining (Ok Tedi
Supplernntal Agreerrcnt) Act dated 26 June 1980, and the Construction Feasibility Surdy, ten yolunts
which give details about the transportation systems, townsites, power supply, pftEess planq ore r€seryes,
and wastc disposd. In general the 1976 Ok Tedi Act specified the componens which thc mining
company would build and the Feasibility Snrdy listed quantities and the construction sequence. The
Supplennnul Agrcement, Schedule B, described the requirements of the Environnrentrl Impact Study
and the environmental managenrnt program which were o be canied out by OTML.

This paper will discuss construction of the Ok Tedi project and agreements that rclate o
protection of the river system in order to show specihcdly what happened o the environnnntal
programme during Stage I construction. It will not discuss the thinking and negotiations thu led o 0re
agreed environnrcntal prograrnme (Pinta 1984). Nor will it discuss the anticipated imprctof the mine on
the local peoples environment, both social and physical (Jackson, n.d.). Others have sudied the actud
social imprct of Suge I construction and mine operation (Hyndman, 1988; Ulijuzek ct aI., 1987).

PAPUA NEW GUINEA'S GOAL FOR ENVIRONMENTAL PROTECTION.

It was understood by the State that mining and development of the-townsite, mine, hydroelectric
facility, and waste disposal system wonld have a major environmental impact on the immediate area of
the mine. What the State wanted was to limit the mine irnpact to the area adjacent to the upper Ok Tedi
River. In order to do this is was neqessary to control the impact of the mine on fte river system. Thus,
the State's commitment to environmental protecticjn was centered on limiting the impact the Ok Tedi
River, in order to avoid the environmental disaster which accompanied the Bougainville Copper Mine
(Hyndman, 1988).

From 1975 until 1979 while the project. was still considered to be economically marginal
because of low copper and gold prices and inadequate ore reserves, the mining company was not
agreeable to the State's rcquirement to contain fte incompetent waste material which was scheduled for
disposal in dumps adjacent o the mine on the South side (the "Southern dumps"). The material originally
planned for disposal there is made up of about 130 million tonnes of soil and soft rock which will
decompose quickly and enter the Ok Tedi river system very soon after being deposite4 The agreement
ended up at the arbirary figure of 60 miUion tonnes of incompetent waste which could be disposed of in
the Southern Dumps. When metal prices rose to relatively high levels in 1979 the mining company
finally agreed o this condition.

The planned protection of the environment consisted primarily of the tailings darn on the Ok Ma
which was on the critical path fu construction. This meant that any delay in beginning or completing
construction would delay operation of the completed plant Transportation of the uilings from the
Process Plant, originally at Teranaki, to the Ok Ma reservoir was to be by pipe-lines, a completely closed
system. ln ihe event of major storms or malfunction of 0re prirrcipal system, the cyanide would be
neutralized by chemical treatment of the tailings. Functioning of the tailings dam o neutralize the
cyanide by natural decay and retention of the tailings fines by settling out of the particles was not
considered to be automatic. lt was considered necessary by both the State and the Mining company that
the effluent from the reservoir be monitored in order to ensure the desired protection of the river system
in 0re event of major storrns or other conditions that could reduce the effectiveness of the tailings pond.

Environmental monitoring aird an Environmental Impact Statement (ElS) were defined in the

Supplemental Agreement- Jackson, (n.d. page 85), doubts that OTML u.s serious about environmental
protection because of the small sum that was specified for the Study. The Environrnental Impact
Statement presented by OTML has serious shortcomings, including a limited time span of measured
rainfall and stream flow records, limited inforrnation about the chemical and physical properties of the

tailings, and a skeahy survey of the naturat environment. These factors were severety criticized by the

State's environmental consultant (Buckley, 1984). Nevertheless, in spite of ia limited scientific rigour
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thc EIS dcc ontein r lot of uscfirl infcnerioo rnd rc6 dowrt gutdclhcs whtch sould povi& e lcvet of
procctkn o thc river systcttr TIF EIS wri[clt by OIML'r qrsuttme givcs criuitib cncmicd me
prticulea polludon of thc ok rcdi Rivcr ftoor rhc tdlin$ drm efilucnt

TIEIE is uttccrtdnty rnd r grert &rl of dcbea coccrning thc lcvel of &mage carued by vubus
rylu-r* to specific plants ud mfunds tbetlivc in urd rdjrcento r rivcr syscnr ln environnpntrlist
witl htcrprct deu ro that ftc grcy trcr of uncertrinty il conslOcrcC unrepable a et lcrst dsky. Art
entr€prc|Eur' on thc otbcr har4 wil bc $stching for thc limit bcyond which damagc will ocor rnd thus
willtcndbconsidcrthcgpyrreaofunccrtaintyrsrccptebla'Ihatls,tlrcrcistoiaroagoifitcannotbc
clcarly p(ovcn. In ordcr o prevant stdcmrtc in ncgotirrions it wrs dcidcd not o rOdrci this issue until.ft1Tft" opcretioos hrd bcgun (Pintz l9S4 p.90). fnc problcm with this &feml is urar rcsolving thc
cstfiht bewccn thc cnvirqrmcntalist lrd anrqrcncurial inrcrp.?tation of data is rp ersict rrtcr mi-niA
has bcgun Oran it was beforc mining started.

Thc agrccnrnt to pos$onc rhc docision on rcccptable cnvi(nncotal irnpacr put the burdcn of
dcision ald cnfaccnrcnt o drc Saa in 1983, whcn OTI\rfl. Erlucstd rpprovel if rfri fnarim Trilings
Schanp. As e practicd issuc rlt of thc strff who ncgotiacd ttri rgreernint had lcft govcnrmcnt by rhc
time that dacisioru necded !o be made.

- Dnring construction and comnpncensrt of mining qpentians, (frrom 1982 rlgurgh l9g4),
OTlv(L grthercd much datg as required by the agreement, and talhcd to runy tcchnicat rpocialists on
environmentd issucs. This gave O|[ML r geat &al of time and infonnarion o ce"etop mi rupport ia
vieuryoint The Statc, on the other hand, had atl new staff and mse limited resonrces and suppott fon
presenting thc otlrcr sidc of 0re cnvirqrmentat argunrcnu Meanwhilg reduccd pofiability of he mine
hardened OTML'I Esolve not !o spcrd thc rnoncy ncccsssry o build rtre tailings 
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TABLE l. Sequerre of Evens for Stage I Construction

February 1981
May 18, l98l
August 18, l98l

September l98l
January 1982
November 17,1982

January 1983
March 1983
March 1983
August 1983
November 1983
January 7,1984
January25,1984
February 1984

May 1984
December 31, 1984

March 18, 1986

January I, 1989

January l, l99O

FirstMRDC staff hired
Begin he<onsruction phase
Authorization given for Suge I
construction
SecondMRDC staff hired
ReoryanizeMRDC
State informed project is cight
months behind schedule
Terminatc Ok Menga hydro construction
OTMLTaskForce
Rc-cganizcMRDC
OTML prescnts Interim Tailings schenc
Visit Malaysian minesite
Irndslide at Ok Ma dam site
Statc approves Intcrim Tailings schenr
MRDC receives 1982 environnrental
monioring report from OTML
Begin operation ofprocess plant
Deadline for OTML to letcontrrcs for
half of uilings dam construction
Parliarnent ratifies Sixrh Supplemenul
Agreement
Environmental study due on impact on
Fly River
Permanent tailings dam construction to
begin
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GOVERNMENT ORCA}-IIS ATION

As both an rctive shareholder and ttre oryner of the natual tesourue, Papua New Guinea
recognised that there would be decisions !o make. In order 3o co-ordinatc its role on the Ok Tedi Project

the National Executive Council set up r three-level orgarisation; a small group of senior ministers !o
control potiticd diccussiorrs, a comminee of public servants to co{rdinate thc government deparurents
involved in 0re project, and a separate company (Mirnrat Resources Development Company) to nunage

tlre State's interest in the projecr

Originatly the State's negotiaon who wrote the project agreernent were public servants working
at the First Assistant Secretary level. The departments of Minerals and Energy, Finance, Justicg and the

National Planning Office were most active at this time and formed the working core of the Ok Tedi
Management Commiree. Many of the individuals who were active in the negotiations werc penonally
commired to protection of the cnvironrrent but none of dre core departments had environnrental
protection as a primary departmental resporsibility. The Water Resources Bureau is charged with
protection of the counry's rivers but they were not active in planning the project- During negotiations

and planning, there was no one present who was primarily concerned with protection of the environmenl

In order to manage and co-ordinate the State's interest on lhe Ok Tedi project it was planned o
set up a separate company for the project This was considered necessary because many of the

government deparunents were not oryanised to support the project in an effective way, particuluty
considering that there would be unusud demands made by the projecr This company, Mineral Resources

Development Company (MRDC), win never completely csublished after the initial appointment of a
managerin September 1981 was a failure; nor was MRDC ever given authority to represent the State.

The intention, in 1981, was that MRDC would ceordinate and manage the activity of govemmental

departments on the project and would thus be working at thc secretarial level. By 1983 whcn the original
tailings scheme was being abandoned by O'IMI. MRDC had been re-organized to function as a division
wittrin Minerals and Energy. At this tinp MRDC reported o 0re Ok Tedi Co+rdinator who reported to
the Fint Assistant Secreury. Thus, following reorganization the Statc's coordination team was now
funcrioning well below the secretary level with a conespondingly weakened ability to influence policy
decisions and to co-ordinate the States role on the project. All repors and recommendations from MRDC
went through Minerals and Energy and were supported or vetoed depending on the Depanment's
progranrme.

Ar rhe same time that Ok Tedi project mattcrs were being more deeply buried within Minerals

and Energy, the mining company was building an active nunagement organization which was based

prirnarily in Port Moresby. (Bechtel had e cenral office in Melbourne an4 of oourse, tlre construction
activiry was centered at Tabubil.) The management of OT?vIL tried o gain as complete control of the

project as possible by making contirct wittr key ministen urd providing information about the project to

the Sute. In order io keep information flowing between the Sute and OTML, weekly brielings were held

in the Department of Minerals and Errcrgy between OTML managernent and representatives of the State.

These meetings were useful for communicating detailed information, however, major issues and

decisions abour the project did not go through this channel. OTML Management found it expedient to go

directly to the decision-makers, the Secrctary of Finance, and the Secretary of Minerals and Energy as

well as governnrent ministen.

The State's designated representation on the OTML board was the Secretary of Finance and the

Secretary of Minerals and Energy. Both Secretaries Morata and Agooi4 however, who were major

forces for the Sute in defining the Ok Tedi Agreement, had lefi their government positions by the time

thar rhe environmental issues came up in 1983 and had been replaced by new appointees. The Ok Tcdi

Act designates the Secrerary of Minerals and Energy as the point of contact for OTML and in l98l the

Secretary used MRDC as his designated agent for this liasion. By 1983 MRDC had been completely

bypassed as the pointofcontact.



- r lt -

Ministers of the various departnrents who sit on the National Executive Council are the prircipal
decision-maters for the Sute. The nonnal procedure for communication with &cse Ministcn is r welt
eshblish€d part of govemmeot which is very cumbcrsonrg particularly in comparison with a fast-moving
mining projecr In order for the project coordination team to mate a recomnrendation 0o the Minister for
Minerals and Energy it was necessary to get the approval of the Department's Ok Tedi Co-ordinaot the
First Assisunt Secretary, and then ttre Secrcury. Because of this cumbersome procedure, rarcly did
MRDC brief any Minister and never did MRDC appear before the Nationat Executive Council. Oil,fl-
on he other han4 could talk to anyone who would listen. It was easy for OTML personnel to get an
audience with ministen who werc fnrsuated with departments that could not give ttrim timety briifings
about this larye end cxciting project- Unlike government departnnnrs, OTl,fl- was quick o give up-o-
datc information, espocially when imporunt issues were at hand- OTML's Cenerat Manager often
escorted key Ministers around the project and often discussed issues with the State's Direcors. Never
once did the General Manager attend the State briefing sessions that had bcen set up for comrnunication
witlr the State. The cumbersonrc procedure established for the State's aepartmen'ts doing business in
combination with oTML's direct access !o Ministers and key personnel undercut thc Siate's project
managerEnt 0eam and effectively removed technical considerations from the decision-making prooess.

The wealness of the State's decision-making process is itlustrated by the Task Force which was
established by the OTML Board on March 8, 1983. The Board was concerned abour consrruction lagging
behind schedule and incurring massive co6t overruns. Ttn Task Force was set up to review the whole
project managernent and the construction progranL All shareholders were represented on the Task Force
including the Sutg which was represented by MRDC's Assisranr Murager tlctrnicat. This appointrnent
seemed a major breakthrough, this being the fint time the go"ernmenihad been given an equal mle on
technical nutters.

The terms of reference were "The study shoutd determine the required course of action to
achieve gold production at the earliest practicable date and at the towesr possible cost. The srudy should
consider all alternatives, including alternatives which do not accord withixisting agreemen6, and should
consider defenal of any expenditure that can be practicably deferred'. The Task Force interviewed
senior management of B-MKI and OTML at Tabubil and at Melbourne. Construction was reviewed for
the whole project and all schedules and altemadves were reviewed. Several things became clear to the
Task Force:

l. The project was far behind schedule with |iule chance of making up lost time. wirh
construction of the Ok Menga hydro-electric facility permanendy stopped and the Tailings Dam
construction remporarily sbpped all resources could be diverted to constructing the process
Plant- It appearcd that the plant could be operating by June 1984, only a small slippage in rhe
original schedule of operation by May lg, t994.

2- OTML management and B-MKI were openly hostile toward each orher and the situarion had
developed where each party seemed to be actively concemed with defending its posirion.
Although B-MKI had made mistakes, the Task Force felr tlrar B-MKI was rhe prolect's builder
and ways should be sought to ease their work The Task Force observed that OTML
nunagement was developing an organisation which was ineffective and duplicated the function
of B-MKI. The Task Force felt that OTML management should be reduced so as nor to
duplicate B-MKI's function and that he construcrion tasks be clarified.

The Task Force completed iu report on March 25, 1983 and gave it to OTML's General
Manager for his review and discussion. The major difficulty which rhe Task Force faced was in
recommending measures to colrect thb deteriorating management situation which OTML had developed.
After reviewing the report, the General Manager senr ir, along with his reburtal to rhe Board. Each of the
representatives rronr the three private shareholders discussed that Task Force report with their own Board
members. The State's decision-makers, however, did nol seek input from the State's representative.
Instead the Prime Minister was briefed by OTML manag,ement about ropics where its own failings were
being reviewed. The Prime Minister then instructed the State's two direcrors what position to take
regarding the report. At no dme did any minister or departmental secretary, including rhe Snre's board
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rnembers, discuss the report or he findings of the Task Force with the State's reprcsenurivc who had

been involved in a cqrcentrated two-week review of thc project which included intewiews with Bechte!
Morrison and Knudson International, and OTML managerent at Tabubil, Port Mqesby, and Melboume,
Australia. By this tine OTML nunagernent had developed such gmd communications with 0te op
levels of governnrent that the State in this case had less independerce than the private sharelrol&rs.

A critical factor in the State 's oryanization on the Ok Tedi fject was the conflict of interest of
some key individuals and deparrnents on the project. Tlre npst serious case of this was within the
Deparunent of Minerals and Energy, the State's point of conuct with OTML. Minerals and Ercrgy had
the interest of OTML in mind through the Secrctary who was a member of the Board- As a direcor, the

Secretary is prirnarily responsible fq the effrcient implenrntation of the mining prcject- As Secrctary of
Minerals and Energy, his responsibilities are different and come into conflict with his responsibilities as

Direcor. The Departnrent of Minerals and Energy includes the Mines Division, charged with safety on
mining projects around the country, and the Water Resources Bureau, charged with safe and effective use

of the country's water rcsources. The Chief Inspector of Mines and the Direcor of the Water Rercurccs
Bureau both needcd to function freely under their own Etatutory regulations. Positiors relating o the

shareholder role were usually formulated by the Division of Policy and Planning while positions relating
to standards and regulations were formulated by the departnent's technical staff: the Mines Division, the

Wa0er Resources Burcau, and the Geological Survey.

Often on the Ok Tedi project the Department's position as shareholder conflicted with iu
position as enforcer of standards and regulations. When in conflict, the Department almost always took
the position of the State as shareholder. This nreant tlrat when the Departnrnt found iself in conflicting
roles it usually chose the position which was not supported by its own technical staff. This was clearly
the case when on January 25, 1984 the National Executive Council accepted OTML's request lo stop
construction of the Ok Ma tailings dam and start construction of the Interim Tailings scheme.

The State's decision to stop construction on the Ok Ma dam and start construction of the Interim
Tailings scheme was made in tlre face of conrary tahnical input and recommendations from technical
staff. Technical staff and institutions who recomrnended against the Interim Tailings scheme include:

l. The Ausralian Minerat Development l:boraories (AMDEL), who had been hired by the State

o advise on environmental issues including the Interim Tailings scheme, advised that the mine
not be allowed to operate using the proposed scheme (AMDEL Report No l54l).

2. The Chief Inspecor of Mines recommended that OTML and the State concentrate all efforu on
efficient construction of the agreed tailings systerl

3. The Direcor of the Bureau of Warer Resources was adamantly opposed to dumping uilings
directly ino tlre river system.

4. MRDC considered the system ineffective for protection of the environment and recommended

that the original system be built as quickly as possible.

In spite of unanamous opposition to the proposed scheme by the Sute's technical advisors NEC decided

to accept OTML's recomnrendations on environmental protection.

CONSTRUCTION

Altlrough consuuction of Stage I began in mid-1981, the State never did establish its

organisation for managing is role in the construction project. As a result, the State was barely able to
produce the required land lease agreemenn and then only after a monumen[al effort. The project's

management team, Mineral Resources Development Company (MRDC), never reached its authorized

staff level of seven. Only two professional staff were hired. (This comp:ues poorly with the State's full
time project manag,enrent team of four for the Bougainville project). Even so the two staff that were
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hired were severely limited in ttru they were given no authority o make decisions or direct rctiyirbs.
Thesc 3wo were able to accomplish signifhant tasks only becausc of the good will of dcparunorts that
wanted to support the projecr

In addition b not setting up an adequate manegem€nt tearr1 the State was ineffctive in using
the staff which it did have on the projecL For example, in May 1981, beforc Stage I construction was
formally auttrorize4 MRDC's Assistant Manager Technical, a Civil Engineer, recornmended that 1lre
Statc employ an internationally established geo-technical engineer as a consulunt to advise the State and
project on soil stability problems. This request was prompted by his observation that there were mury
visible landslides in the upper Ok Tedi basin, particularly near the Ok Menga gorge which was being
developed fc hydroelectric power. The prqposal requested the minimum of ouside consuttation which
would be centered on the Ok Menga hydroelectric dam and the Ok Ma uitings dam. The r€quest was
turned down, primarily by staff from the National Planning Office who comnrnted that 0re cost of US$
50,000 was too high.

In early 1983 construction of the Ok Menga hydroelectric frcility was sopped because of a
massive block of land that was moving as a result of the power house construction. The tunnel had been
completed ttuough the right bank to gain access to the Ok Menga basin and tre turbines had been ordercd
and shipped !o Kiunga for storage. Consruction of the Ok Menga faiitity has never been resumed, but
before it was sop@ OTML had spent US$ 89,t78,084 on it.

Later in 1983, consrucdon began on the Ok Ma uilings dam in a frantic attempt !o have it on
line in tirne for production even Orough thc design had not been completed and geotogbal features of dre
site had not even been mapped. The wcll-published landslide of January ?, 1984, resultcd in 0re
termination of constructim of the tailings darn This cvcnt was not unpredictable in that a minor slide in
the same area occured two weeks earlier and the construction of the decant tunnel on the right bank
produced a continuously moving land mass thu was carefully controlled. Even so'tlre aboned
construction of the railings dam.had cost rhe project US$ 64,319,1j8.

The State's 20 per cent share of he OTML erpenditure on the two aborted dam consruction
Projects is more than US$ 30 million. This is more than 500 tincs rhe funds rcqucsted o advise the Sure
on this aspect of the projecr Much more serious thur ttre imnEdiat! financial toss o the Sua is the long
term impact on the project of not having hydroelecuic powcr or thc environrnenal protection offercd by
the tailings danu One cannot say what would havc happened if rhc propoccd consultant had been hircd
however, thc probability of failure on either one of thesc projects would have bcen grcarly reduced if the
State had made a proper technical review.

Ano&er cramplc of the Shte's ineffectivc use of staff on the Ok Tedi project is the construction
Progress report MRDC presented on Novcmber 17, 1982, o thc Ok Tedi Managcment Committcc (made
up of reprcsentatives from thc departmans of Financg Mincrals and Energy, Justice and the Nadonal
Plannfug Officc). Ttrc report indicatcd lhat construction was eight months behird schedulg a delay
which would produce massive cost overuns that would rcduca the profitability of the project. One
should relrember lhat when ttre project was considercd economically marginal OTML was not willing o
include the environmentd protection which the State requiro4 Further, the report sated that since the
tailings dam was 0re last major component scheduled for consruction in Srage I, it was in the Statc's
intetest !o monilor this portion of the project carefully. The Management Comrnittee agreed with the
report and recornnpndation. Minerds and Energy had taken over the direction of MRDC however, and
was acting as the co-ordinator for 0re Statc's activities in construction of the mine. Minerals and Energy
had iB own agenda of reducing the cut-off grade for gold ore as well as activities on other mining
projeca so that the warning about cost ovetruns was ignored and the direction ro actively monitor
OTML's implenrntation of the tailings dam was not punued.

The State's ineffective use of staff is further illusrated by the history of the design of the Ok Ma
Darn- The Ok Tedi Task Force was set up in March 1983 with representation from all four shareholders.
One of the recomrnendations of tlre Task Force was that the Ok Ma Tailings Dam design be finalized
imrnediately so that construction could be properly planned- The State's representrrive wrore rwo
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separirte memos o Minerals and Energy with the scl(,ng FoomflEndation drat thc Starc push for e
meeting of intcrcstcd partics io convene until 0re dcsign was findizrd- The Statc'r Cldcf Inspoctor of
Mines tmk a similar position, however, the department dccided against taking the reoommendod rtion.

On January 7, 1984 a nussive earth rnovement causcd OTML to stop aonstruction of the Ok Ma
tailings darn A numbcrof frs should bc pointed out about conditions associated with 0re Ok Ma Dam
failure.

l. Construction had begun on the dam foundation even though 0re dam design had not been
completed at the tirne of ttc failure.

Construclion had begun on ttre dam foundation even though the geological features of the dam
site had not been mapped at the time of thc failure.

Immediately after the landslide, Bechtel stated that the dam could be built on the same site widl
the dam moved 200 meten upstrEanL

In the Ok Ma -Post Mortem" by Hollingsworth and D'Applonia it was stated that the dam could
be built on the same site by moving it 150 meten upstrearr"

The decision to terminate corutruction of the Ok Ma Dam and the National Erecutive Council's
decision to approve the Interim Tailings Scheme was done with no technical input from the
State. The whole cxercise was handled in the administrative and political arena

The impact of the January 7, 1984 landslide on thc Ok Ma dam site was tlrat the State's chuces
of meaningful protection of the river system were reduced to nearly zero. In this rcgard implementation
of the Ok Tedi project by the State duplicated the experience of the Bougainville projecu that is, uilings
arc dumped into the river with no effective treatment.

OTML's Management of lhe Environmental Proeram

Ok Tedi Mining Limited corsistently followed a simple strategy during Stage I Construction o
undermine the State's position on environnental protection. This strategy consisted of three pars:

l. Keeping the State's technicd staff as far away from meaningful discussion of project
cornponents as possible.

2. Removing the 60 million tone limit on incompetent waste agrecd for the Southern Dumps.

3. Proposing a highly visible but inadequate mode of tailings disposd after tlr failure to construct
the agreed tailing darn

OTML's intention to keep the State out of technical review and significurt discussion was made
very clear at the beginning of the pmject The company's General Manager said more than orre that he

did not want the State to get involved in technicd issues. When euly planning of the Ok Menga Dam
was started, Bechal sent some of their technical erperts to the site for visits and review of the dau. This
required that all visitors to the project pass drrough Port Moresby both coming to and leaving the project.
These people were instructed by OTML Managernent not lo visit or talk !o tlre State's project
nranagement team (Merno dated August 7, 1981). This action effectively undermined the State's
technical position by keeping information away from key staff. Unfortunately it also tended o
undermine the whole projecr It was agreed rhat the project would be built by the 'Fast Track' approach
where the engineer and construction company are the same. This eliminated one lechnical review of the
design which occurs. in typical projects where the engineer and contraclor are sepiuate. When OTML
successfully undermined the State's technical review of specific project designs, they effectively
eliminated a second rcview which occurs in typical projecs. lf OTML had an adequate staff of technical
personnel then these two short-circuits in the review process would not have seriously affected the

2.

3.

4.

5.
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projecL OTML's technical timitations on the project and lack of commitnrent o technical rigogr becanr
painfully obvious through State I construction. The crpenditure of over US$ 200 miltion on dams ttrar
are useless and/or abandoned was r very high pricc to pay on s project that is now considered marginal.

At the beginning of Stage I consrucdon OTML expressed concern abour tlre limitation of
dumping only 60 million tonnes of incompetent waste in the Southern Dumps. When it becanre clear that
Ote State incnded to uphold the agrcement, OTML Management lmked for an alrernate merhod of
confining the waste. The plan that was actually pursued was to build the Ok Mani diversion weir to
collect both ttre material from the Southern Dumps as well as tlre tailings that were proposcd to be
dumped ino the Ok Mani watershed. The riv-er ptus all of thcse mine wastes were ro be divertcd ttuurgh
a 4 meter diameter tunnel into tlrc Ok Ma reservoir. The State's tochnical suff immediatety cxpressed
concern about whether or not lhe scheme woutd work. The size and frequency of flod peats on tlre Ok
Mani was questioned and eventually OTML increased the design flood peaks on the bt Uani *t ict
meant that a second tunnel would be required to handle the floods up ro fte annual peak flow. Of greater
concern was the envisioned movement of the nuterial down the Ok Mani valley. The State's technical
staff as well rs OTML's consultan$ who wrote fte Environmental Impact Snrernent envisioned the
incompetent waste moving down ttre valley in sudden uneven movement, which is how natural systems
usually work. The concern by the Sute was that these surges could easily bury or clog up t}te tunnel,
making the whole system inoperative. After commissioning a modet study at Murly Vale in Australia
and then later a separae echnical review by Kloen Lronhoff late in 1984, OTML finally conceded frar
the system would not worlc In Ote meantirne US$ 20 million U.S. was sp€nr on driving the tunnel from
the Ok Mani basin tfuough to rhe Ok Ma basin.

It became obvious that the uilings dam was far behind schedule in August 1983 and drat ir was
unlikely that tailings impoundment would be possible when the prcess planr was ready for operadon. Ar
this time OTML made a lot of noise about protecting the environment, held special meetingi at Tabubil,
and sent a delegadon to Malaysia to observed a tailings impoundment project that was being used at the
Mamut mine- There were several imporunt differences beween the observed Marnut disposal system
and the one which Ok Tedi was proposing. Fint of all, the rainfall at the Malaysian site wasa fraction of
the rainfall at the Ok Tedi site. More importantly Ore system ar rhe Malaysian site was comptetely
contained, with no significant waste entering the watershed. At Ok Tedi, the proposal was to discharge
most of the wastes directly ino the river with only superficial reatment. The Shrc's technical staff
recomrnended rejection of the interim uilings scheme for several reasons:

l. Construction was far behind schedule urd the last thing rhe projecr needed was an add,irional
demand on already overloaded construction staff.

2- Tfre proposed scheme would do very little to protect the environmenl Ir was felr Oar taiLings
with fine particles and a high concentration of heavy meuls would cause substantial damage o
the river system.

3- OTML, with its hit-and-miss construction record, was proposing ro build a large pile of sands
which could easily fail in a cata;trophic manner.

It is enlightening to consider O'l-ML's explanation of the lnterinr Tailings environmenral impacr.
The argument for using cyclones to split off the course fraction of uilings for storage on dte downstream
face of the Ok Ningi Dam was that it is the coarse particles rhar damage fish gills. when the Stare
expressed concern about the impact of cyanide and otrer chemicals on Ore marine life in the rivers the
response was "fish exhibit avoidance behavior". That is, fish don't like to live in rivers thar have high
levels of particulate pollution so they migrate to tlre side strear$. This means that since the chemicals are
confined to the main stream they won't hurt the fislr. 'Ilre State responded wirh "lf the fish are in the side
stIean$ to avoid the fines tlren why shcuk the project spend nroney to remove the coarse parricles from
thc tailings?" This argurnent was never answered by O'IML.
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OTML'S COMM TTMENT TO ENVIRONMENTAL PROTECTION

Three separate irrcidents are described briefly here o show the level of OTML's commitment to
environmental protection. The fint one has o do with the rive,r nronioring which OTML is rcquired to
report to the Sute at six-month intervals. Water samples are collected at a number of statiors from the
mine down the Ok Tedi and Fly Riven and analysed onse a rnonth for heavy metelc and particulate
pollution. The first report pe{io( from July 1982 through December 1982, corresponded with r severe
drought- This interyal also corresponded with tlre major construction effort o build the access road to the
mine and develop dre site for 0re prccess plant consruction. This construction location and effort put
massive amounts of heavy metals into the river systern Unfortunately for the State 0re results of the river
sampling were not reported until more than one year later so that all consideration of Ore Interim Tailings
scheme and approval were completed before the results werc reported. Also, because of the severe
drought, water holes which are prefened for drinking water dried up and local people moved o the rivers
for drinking water. In particular. the village of Bosset moved several miles to camp adjacent to the Fly
River to get drinking water from the Fly River. This delayed environrnental r€port was the State's fint
clear indication that heavy metd pollution would be a serious probtem.

On June 14, 1984, a barge being towed rcross the Gulf of the Papua leaned far enough !o one
side that 15 containers of sodium cyanide and some stainless steel containers of hydrogen peroxide slid
off the barge into the water. This accident caused one of the containers to bunt open, setting free 180 60-
liter drums which had a specihc gravity of approximately one, depending on the amount of sodium
cyanide in each of the drums. This meant that they would float near the surface where they were carried
towards shore by ttre wind and currenl There was considerable discussion about recovering the 14 intact
containers as well as the 180 dnrms that were set free from tlre broken conhiner. Most of ttre 180 dnrms
were found but none of the 14 containers were found. It was speculated that the drums in these
containers imploded as they sank, spilling the sodium cyanide. A barge was prepared with the cranes and
hoists necessary to salvage any containers that were found. Meanwhilg it was discovered that the
stainless steel hydrogen peroride tanks lost in he sarne incident were not economically salvageable.
Upon discovering this, OTML immediately dropped the salvage operation and dismantled the barge.

On June 19, 1984, approximately 1000 cubic meters of untreated uilings were dum@ into the
Ok Tedi River. These tailings contained free cyanide at a concentration of between 100 and 400 PPM
which, when diluted, would produce concentrations of cyanide at Ningerum, ?3 km downsueam from the
mine, of about 200 PPB. This concentration is considerably higher than the agreed criterion of 5 PPB and
is coruiderably higher than levels which fsh can tolerate. Hundreds of fish and prawns and seveml
crocodiles were killed. It is reported that at least one villager collected and ate dead fish and one tortoise
was eaten by villagers. Two days afier the spill, on June 21, OTML environmenBl staff found ten dead
fish and one crocodile at Ningerum. OTML said that ttreir upper manag,errent because aware of the
seriousness of the situation on June 27 . The incident was not reported to the Department of Minerals and
Energy until July 3, two weeks after it occurred.

From these critical incidents in which the mining company failed to release information or take
action one can judge that environmental safety has been a very low priority in the project.

ENVIRONMENTAL DAMAGE FROM INTERIM TAILINGS DISPOSAL

The original Ok Tedi agreement included a pipeline to transport uilings from the plant to the Ok
Ma Reservoir. Capacity of the resirvoir was calculated such 0rat there would be adequate time for the

fine tailings particles to settle out and the free cyanide, which is quite unstable, to decompose from
exposure to natural sunlight and oxygen while in the reservoir. Even with such a large reservoir it was
not certain that the effluent would be sufficiently clean. Therefore, a programme to monitor the levels of
free cyanide, heavy metals and particulate concenuations was proposed. The clear intention of the
ag,reement was that there would be no significant impact on the Ok Tedi River from operation of the
mine. It was always understood that tlre Ok Ningi and Ok Mani tribuwies would have significant inlpact
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from the minc and that during conEtruction there wouH be rn unavoidable impcl However, the
agBcmcnt rnd thc Envirsrmcntat Inrpra Suenrnt furtudod lcvets of contamination that would r*,rr"
thc-continuancc of aquatic life in thc Ok Tcdi River irsclf. Ccrteinty 0rc Fly River, hto whbh the Ok
Tcdi flows, would crperiencc fit serious impact from the mine opcrating as oiginallyppnned.

with thc construclion of ilrc Interim Teilings Scheme it was obvious that rhc project could not
suy within the agrccd marimum hvels of contamination. The State was faccil wiur trrc proulcm of what
critcria o adopt for heavy metal, partictlatg urd cyuride pollution. OTML insisted that wirh rhe cyanide
detor q/stcrn operating the cyanide was neutratizod and thc uilings rendcred totalty inerr That is, there
would be no chcmical impact bccause orc uitings were supposedty non-toric.

Thc government's project managenrent team and Dircctor of the Water Resources Bureau felt
that professional advice should be sought and measurenrcnG of heavy metals in the river system
determined independently from OTML In onder to do 0ris water samples werc taken from rlrc ok Mani,
ok Tedi, and Fly River for uratysis. In addition uilings from the opemting ptant were collected and sentto the Univenity of Papue Ncw Guinea for toxicity testing. 

- 
AI'IDEI- Thc Arsralian Mincral

Dcrclopment l-aborataics, was emptoyed under the direction of O" Direcor of the Wacr Resourccs
Bureau to review thc rcpors prepared by OTML on the cnvironmenral impact of thc interim reilings
rcheme and b advisc the Starc on critcrie for acccptabte contamination of the iiver syscrl AMDEL was
highly critical of thc lnterim Tailings scheme and OTML's presented informaion (or lack of it).
AMDEL recomnnnded levels of cyanidg heavy merat, and particutare pollurion of rhe Ok Tedi River for
adoption (Buckley, 1984). This recommendation formed rhe basis for criteria esublished for ore Fojectby the Bureau of water Resources. It is clear that these criteria werc exceeded severat tines by Suge I
process ratcs- Obviously if the mining nrtet werc increased eyen more to accomrnodatc Stage Iior Suge
III then there would be morc and larger breaches of thc criteria (sec Mowbray this volumc).

Perhaps the best way !o crpress thc impact of tailings on rhe Ok Ted.i and Fly Rivers is to project
the imprct erpected on acquatic lifc (Mowbray, this volumel. Mowbray conducted toxicity tess at
I.JPNG on live mosquito fish and shrimps collectcd near ore Univenity. Hc used samples of raitings
collectcd in June and Novembcr 1984 o dctcrminc rhe concenradons which wouta ttt hatf of rhe
animals in 9 days, a smndard measurc of toxicity. The result found was that taitings concentrations of
'0o4 and '001 would kill half tlre mosquito fish and shrimps respectivety. usin! oese resulrs and
calculating thc concenlration of tailings in rhe Ok Tedi and Fiy Riven ir was derermined how far down
the river thc tailings would bc toric ernugh to poison the animals tesred. It was calculated rhat for high
production levets and low river flow the slujmps woutd be affectcd for all of the ok Tedi River and a
major portion of $e Fly River (Mowbray, 19g6).

ln order to consider the impact of mine wastcs on the Ok Tcdi River system scveral things musr
be considered- Fint of alt parthutatc pottution and heavy merats arc not inuoduced ino 6re Ot ieai uy
tailings alone. A substantial input will corne from thc srable Northern Dumps and thc ur$table Sourhern
Dumps. Because of the pollution from the dumps as well as tlre residuat iaitings particles which have
settled out to tltc river bed, impact from the mine will continue tong after mining ias stoppcd. This of
course nreans ihat stress on biological systems is expected to continue after mining operations have
ceased.

Another way to consider the impact of uilings on the riyer system is to use OTML's own
assessmenl of the Interim Tailings Scheme (OTMI- October, 19E4, Addendum No.l). This docunrenr
was prepared in October, t984. five monlhs after 0re tTS began operation. For 30,00 tonnes per day
processing ratg from t985-1990, OTML predicts that suspended sedinrent conccntrations wilt reduce rhc
fisheries status in thc Lower Ok Tedi'fmm good to one of between poor and extrenrety pmr. That is,
OTML projct a 'moderac to severc biological impacr on the [,ower bt r.ai and a minor impact on tlre
Fly River'- For ircreased mine process ratcs scheduted for Stage III wirn no tailings dam OTML says
that 'excessive concentrations of suspended solids will decimate the fish populations in rlre Lower OK
Tedi'. The irnpact of this tailings disposal on thc Fly River at Kuambir, rlre frst large seulement on rhc
Fly River below the mouth of the Ok Tedi River, woutd be to reduce it from a good fishery ro between
poor and erttemely poor. OTML's projection of impact on the Middle Fly is 0rar Orerc would be reduced
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numks of fish 8pccics rnd individuals. In both crscs OTML srys lhrt local poqlc shorld bc
conrpensetcd fr erpcnscc incued by having o go by nntor bost to Ewrmps fa rubsiscrcc fshing.

TTIE STATE'S OPTIONS

During Stegc I construction OTML succassfully changed ttre level of environnpntal protcc-tion

to its own benefic In 1981, rt thc bcginning of Stage I coruructioq thc Statc's position, which OTML
agwd t€b war thu there would bc no rignificrnt pollution of 0rc Ok Tcdi rivcr fmm opcretict of the
proccss planr By 19E4, rt thc and of Strge I consuuction, thc discussion was 'what is rn ecccpteble lcvel
of pdlution of the Ok Tcdi rnd Fly Riven?' Thus, the Statc had rctrcatcd from the position that thcrc
was to bc no pollution of the river system to a position of unccrtainty about exactly what level of
pollution to acccpl

In ordcr !o determine how much toxic wastc can be discharged ino thc Ok Tcdi and Fly Rivers
an environnrntd strdy is being done. However, OTML is mating the majc expenditurc on the sMy
and direcring 0rc collection of data Thc Statc has been unwilling o make major erpendiuucs on
environmental protection and is poorly staffed o direct such a snrdy. One can bc sure that staff wishing
!o stay employed by OTML will be looking for data to support OTML's position on fte environnpntal
impact of mining operations.

A carcful and thorough study of the impact of the Ok Tedi mine on the cnvironment should
assess the bodies of water adjacent to the Fly River. These irrclude [:kes Bosset and Murny whiclr have

some conrmercial fshing value as well as lhe swamps rdjrccnt o the Fly River. Also, the Fly rivcr &lra
area and Torres Strait should bc considcrcd for possible impact A short-term load of tailings is not likcly
to produce a significant impact on these targer bodies of water, however, over the life of the mine the
build-up of heavy metals could bc enough to produce impacts on sensitivc plans and animals. The
approach to environmenul npnitoring and rnalysis used by OTML is not likely to bc adequarc o predict
this impact reliably. They simply arc not tating enough samples for analysis. If OTML h carcful with
their work and reporting then they should be able to assess the impact of mining and tailings dispcal on
the Fly River itself.

CONCLUSIONS

Everybody wants to prot€ct dte environment and have safe fshing industries and oher by-
producs of a healthy river systenl The crucial question is how much a company or country is willing to
spend o auain a particular level of environmenal quality or protection. For the mining company the

aruwer is to do as little as posible because it reduccs profits. A country, on the other hu4 has

responsibilities other than profit Quatity of life for its citizens beconres a factor as well as development
of human rcsourees so rhat the country is more able o conrol is fuure. In the case of the Ok Tedi
project the State, under two successive govemments, was not willing o spend the money neoessary to set

up the project management tearn Further, the staff lhat were hired were'not given adequatc autfiority to
represenr the Stare. In the originll agreement tlre State did not requirc an appropriate funding level to do

an adequate environmental impact study. When the project deviated from ahe original agreement 0re

State was not willing to fund environmental monioring which its consultants recomrnended. In January

1984, after the Ok Ma landslide, when OTML petitioned the National Executive Council to drop the

agreed environmental protection prografirme the State capitulated without even consulting its own
technical advisors.

Finally tlre State agreed on March 18, 1986 to poseone construction of the tailings dam until
January l, 1990. This is essentially the end of Smge II, which mearu that most of the gold ore and high-

grade copper ore will have already been mined. What the project was scheduled to face in 1990 was

Stage IIl, mining of a large quantity of lower grade copper ore. The revenues from Sage III in today's

metals market will not come even close to paying for the construction of the proposed tailings dam.

Thus, by agreeing to postpone construction of the tailings dam until 1990, the State agreed o conditions
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undcr which tlrc possibility^of constructing thc dam wcre nearly zero. one can conclude rfrat in the cascof the ok Tedi projat the covemment of-rrpr. New cuinca oa not ute rhe necessary sreps 1o produccthe environmental protection which it clainr.j as one of ils initial goals.
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