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PREFACE 

The contents of this Record were originally issued as BMR Engineer­

ing Geology Technical Notes on 24 May, 4 August, and in October 1977. The 

original documents were admitted as evidence in the Canberra Coroner's 

Enquiry into the explosion and fire at the Center Cinema, at hearings in May, 

August, and OctoBer 1977. Minor amendments have been made to the original 

drawings and typescript in order to correct errors brought to our attention 

during the Enquiry. 
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smtr-.1ARY 

A fatal accident occurred in the Center Cinema in Canberra City in 

February 1977 when hydrocarbons and explosive vapours in the cinema basement 

igni ted\vhile pipes were being we lded. A detailed investigation of tJie 

hydrogeology has proved an area of several hectares in which groundwater is 

polluted by hydrocarbons. 

Thirty drillholes - constructed to define the extent and thlckness 

of the pollution, and to monitor its movement - indicate a lenticular hydro­

carhon pollution plume in tIle groundwater, which is present in the base of 

alluvium and in the underlying fractured Silurian mudstone. Permeability 

tests were carried out in the drillholes, and a dye tracing experiment was 

done to investigate groundlvater flow direction and velocity. The hydrocarbon 

pollution plume has been estimated to contain aoout 32 000 litres of super­

grade petrol, and is believed to have originated from a service station 

upstream of the cinema. 

Recovery operations were initiated by' constructing a shaft to 

remove some of the pOllutant, but a more effective recovery srstem would l:fe 

by pumping from a deep bore. 
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INTRODUCTION 

A fatal explosion occurred in the Center Cinema in the Cinema 

Center building, Bunda Street, Canberra City, on 10 February 1977. The 

explosion was associated I"i th hydrocarbon fluids tnat had entered the 

building. Subsequently the Bureau of Mineral Resources (BMR) was requested 

by the National Capital Development Commission to investigate tne hydro­

geology of the area surrounding the cinema, with particular reference to the 

pollution of groundwater hy hydrocarbons. In a background paper written 

shortly after the accident, Wilson (1978) described the general nature of 

hydrocarbon pollution and referred to a mUllber of case histories of similar 

investigations in Europe and North America. 

This report deals with BMR investigations in March~May, .19J7, which 

included the drilling of observation holes, and their testing and monitoring. 

It describes the groundwater regime in the area, examines its association with 

hydrocarbon pollution near the Center Cinema, and discusses the options for 

remedial Jlleasures and long-.term management of the problem. Additional dri1l­

ing is in progress to define the limits of the hydrocarfion pollution. 

GEOLOGY OF CANBERRA CITY 

A geological map of part of Canberra City is given in Figure ~. 

Alluvium covers th.e area surrounding the Center Cinema and fills in a sufidued 

depression that prooafily represents an old water course. The alluviUJ!) is 4-.:.6 

m deep and consists mainly of clay (3~4 mt wliicfi. overlies clayey· -. sandy 

gravel CO.5 - 2 mJ. The bedrock beneatIi tIie alluvium is deeply weatfiered, 

fractured mudstone in tne environs of the Center Cinema. 

THE GROUNDWATER CATCHMENT 

The groundwater catcfunent of the Center Ci'nell}a. approxil1latelr COilh 

cides with. tne topograpfiic catchment crtg. 2L Tfie general d:i::rect:i:.on of 

groundwater flow is soutIiwards, towards Lak.eB.urler 6ri:fftn CTi:g. 9.L 
Groundwater aquifers occur i'n tfie nasal gravel of tne alluvium, and 

in th.e fractured bedrock. TJie alluvial aquifers> are unconfined and a water 

table is evident. In tIie fractured oedrocK., groundwater attains a level :i:n 

bores that indicates tfi.e level of the potent:j::OJ!Ietric surface. 



1:5000 
Record 1978/86 155/AI6/1850 

FIG. I Geology of Canberra City 
Reference 
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The locations of the main sewers and stormwater drains in the 

catchment are shown in Figure 2. The sewers drain southwards to join the 

main interceptor sewer flowing westwards along Bunda Street. The sewers ar~ 

, sealed pipes laid in trenches 3-5 m deep; the pipe bedding and backfill 

materials are sandy, and are more p.ermeable than the surrounding alluvium. 

The trenches for sewers and stormwater drains provide a ready path for 

groundwater movement. 

The catchment is entirely urban and surfaces are paved; recharge 

to groundlvater is therefore mainly through ,leakage from stormwater drains. 

The stormlvater drains are open-jointed in part and are laid in trenches 

0.5 - 1. 5 TIl deep. Intersections of trenches where stormwater drains cross 

sewer pipes are ,likely to provide access for rapid infiltration of water 

underground. 

The catchment contains twelve service stations and numerous other 

motor vehicle and servicing establishments, all of wfiich are potential sources 

of hydrocarbon pollution. There are about 60 underground petrol tanks in the 

catc1unent, mostly with their bases set at depths of 3.,.4 m, which is close to, 

or actually into, the alluvial gravel. 

Groundwater levels. were not monitored in the catchment prio·;r to tIle 

accident. The nearest BMR observation bore is at Gleoe Park, Reid; ground.,. 

water ieve1s in this bore (Fig. 3) show a normal seasonal fluctuation with 

peaks in October-November after spring rainfall. 

tNDROGEOLOGY OF THE CENTER CINEMA AREA 

The hydrogeo1ogy* of the Center Cinema area was investigated Dr . 
diamond drilling and setting open tulle piezometers in Mal'cfi.~pril 1977; 

groundwater and hydrocaroon levels were suosequently,monitored. TIle locatilms 

of" the drillholes are shown in Figure 4, and detailed logs of tIle drtllfioles 

are given in Appendix 3. Drillholes numfiered 6, 8, 10, .12 and 13 were con.", 

structed with. slotted casing in tlte alluvium, and were completed at tne 

alluvium-bedrock contact (Fig. SL ln drillf1:ole.s:.1, 2, 3, 4, 5, 7, 9.., .u and 

14, the alluvium was sealed of~ and slotted casing was installed to a deptfi. 

of 11 m in tIie fractured mudstone. RuDfile was· encountered in Dore 2 adj acent 

*A glossary of hydrogeological terms used in tfii's report is appended to . Part 

3 of this Record. 
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to the cinema, at a depth of 7 m; this indicates tliat tlie mudstone above the 

rubble must have been displaced by a slip when the foundations were under 

construction. 

Depth of alluvium 

The drilling program has' proved that tlie depth of alluvium in tlie 

• vicini ty of the cinema ranges from 2.9 to s. 7 m. The two deepest pockets of 

alluvium are underlying Bunda Street immediately north of the Center Cinema, 

and in the northern part of the laneway' near Cooyong Street (Fig. 61. Con­

tours on the alluvium.,..oedrock have been plotted (Fig. 71 and indicate a Duried 

• valley trending south. to southeast in the vicinity of the Center Cinema. 

• 
Occurrence of groundwater 

NortIl-south and east-west cross-.sections showtng litfi.ologies and 

water levels are set out in Figure 8. Groundwater Iias been encountered in 

all theebores, but two bores, 6 and 8, are generally- dry'. TIle nortn.-soutli 

section shows the potentiometric surface of tlie mudstone aquifer sloping 

• gently towards the Center Cinema, and tne east-:·west section shows tnat the 

water level in bore 7 is depressed below the water levels in Dores 9. and 5 on 

each side of it. The generalized water leyel contours in 'Figure 9 indicate 

that the potentiometric surface is depressed towards tlie front of the Center 

• Cinema, and that the main groundwater flow is from the nortfiwest towards tne 

front of the building. 

The north-south section also shows the. water tafile. of tfie alluytal 

aquifer at a higher level than tlie potentiometric surface of the ~udstone 

• aquifer; however, die alluvial aqutfer loses water as it approaches tlie 

Center Cinema and it is shown in the section as m~rging with the potentiu~ 

metric surface of the mudstone. Tfie fiigIie.r, all uvial aquifer i'5 a percfi:ed 

aquifer, and indicates a zone of lesser permeafiilitr oetWeen it and tne 

.. underlying fractured mudstone aquifer. 

Fluctuations of water levels in the bores' Iiayefieen monito·red (1lig. 

101. In general, water levels in the alluvium are qui'Clter to respond to 

rainfall events' tfian tIiose in tIiemudstone oecause of th.e more permeaDle 

• nature of the alluvial aquifer. Borefiole tests· nave determined the. mean 

values of the coefficient of pel'Jlleaoi1itY' as: O.4S m/daY' for alluvium and .0 .• os 
m/day for mudstone (Appendix 21. 

• 
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Investigations so far indicate that water entering the ground 

reaches the alluvial aquifer first and flows in accord witn the water table 

gradient towards the Center Cinema. With time~ water from the alluvial 

aquifer infiltrates down into the underlying mudstone aquifer, and flow in 

the alluvial aquifer cease~. This hydrogeological situation is modified in 

the vicinity of the Center Cinema by pumpi~g from the cinema sumps. 

A dyr tracing experiment has been conducted in conjunction with 

D. Ingle Smith of the Aust~allan National University (Appendix 21. Rhodami~e 
dye was injected into the base of the alluvium in a specially constructed 

borehole 7A on 19 ~pril. The travel time of the dye into the Center Cinema 

and monitoring boreholes was measured as 2 to 5 m/day. Tile conclusions to Be 

• 

• 

• 

• 

drawn from this experiment are set out in Appendix 2. • 

Occurrence of hydrocarbons 

. Hydrocarb~ons with explosive vapours have D,een encountered in Dores 

2, 4, 7, 7A, and 9. Because of the injection of large quantities of water 

during drilling it took several weelSs for the hydrocarbons to enteT the OGres 

and establish a column indicative of the thickness of hydrocarDon..,.saturated 

ground. The tfiLckness of hydrocarbons was measured on 12 MaY' as follows: 

Bore No. 

2 

4 

7 

9 

Thickness of fiyd:tocaroDn colUmn 
. • ( « • • , 4 

(mI 

2.70 

0.10 

0.35 

4.55 

These measurements indicate that the main part of tae pollution plume r~ in 

fractured mudstone to 'l=lie west and n0rtIiwest of tIle Center CineJ!)a. . 

Hydrocarbons have also been found on top of groundwaterout~ide tfie 

front· of the Center Cinema; tIiis pocKet of fluNs- ts- sIiown on the nOTtfi:~ 

south section (pig. 8t as being witllln a wedge 0f ruoIne.. The wa.ter levels 

have been measured over a period of time (pig; l~L and tfie wedge acts a~ a 

perched aquifer wfien it is cfiaTged witIL flui'Cis>. 

• 

• 

• 

• 

• 

• 

• 
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THE CENTER CINE~~ 

A plan of the Center Cinema foundations is shown in Figure .11; 

cross-sections are shown in Figure 12, and the surrounding hydraulic services 

in Figure 13. The building excavation is about 81n deep, through 4-5 m of 

alluvium into weathered and fractured mudstone. There is some rubble and 

slipped material around the building especially on the north and east sides 

where subsidence of pavements is evident. Bore 2, adjacent to the west side 

of the cinema, encountered slipped material to a deptIi of 7 m. 

Groundwater drainage 

Groundwater is drained from beneath the concrete slab~ floor of the 

cinema into two sumps by a herringbone system of rubD~e drains. From the 

sumps the water is pumped intermittently into stormwater drains outside tfi.e 

building. The purpose of the groundwater drainage system is to relieve upli'ft 

pressures on the concrete floor slab. 

The total groundwater inflow into the Duilding was' measured several 

times during March. and found to average 400 1 itres per flour. Since tlie :Owes'"" 

tigations began, hydrocarbons have been continually' present with tIte ground", 

water, particularly in the west drainage sump. 

The north sump 

The north. sump was th.e scene of the fata.l explosion. rt fiDus-es 

sewage ejection equipment, and is not connected to tIte foundation drainage 

system. Two vents, aBout 4 cm diameter, penetrate tfle north wall at 2.6 and 

3.0 m above the floor of tIie sump; tliey were ins·talled a few years ago to 

drain groundwater from outside the front wa.ll of tfi.e Qutldmg. Since tIie 

explosion, fluid levels outside the nortli wall nave oeenmonitoTed OY' fitting 

plastic tubes' to tlie vents in tJie wall; the levels' rise rapi:dly- following 

railfall (Fig. 1Q1.. A layer of IiydrocarIions' on the water outside the nortJi 

sump persisted tfirougfi Marcli and April. ptgure.14 snows tfi.erise of the 

fluid level outside th.e nord!: SUIllp during heavr- rain on MarcIi 15. A~ tne 

fluids rose, fumes Built up to danger level wit~l1 tQe sump, out once tfi.e 
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rising water had pushed the hydrocarbon layer above the level of the top 

vent, the high concentration of comBustiBle gas dissipated quickly. 

Water has also entered the north sump tfiTough cracks in masonry and 

concrete at floor level of the sump. 

A stormwater main in front of the building that was found to be 

blocked is also considered to have contributed to groundwater recharge out­

side the front wall (Fig. 13). 

The shaft 

A shaft was sunk outside the north sump in Apri:l 1977 with. drain.,.. 

holes radiating out to the_ wall of the huilding. TIle sfiaft (Fig. 151 was 

excavated from 4.5 to 7.m through closely jointed mudstone with the joint 

planes saturated with hydrocarqons. After construction the inflow into tn.e 

shaft was 1400 litres of fluid in 1.0 days, including 30. l;i:tres' of fiydro-. 

carbons. Additional drainholes were installed on 13 MaY' to enSUTe that tlte 

pocket of hydrocaroons outside the north- sump is effectivelY' drained. 

Permanent ventilation is being installed in the shaft which. will serve as a 

recovery well; fluids in the shaft will De removed 0)" suction pump to a 

tanker once a week. 

Entry of hydrocarbons into the building 

The Center Cinema is set in the deepes·t BUtlding excavation in tIle 

city, and lies across the path of natural groundwater drainage from the north 

and northwest. The cone of depression in the water ta1i1e around tIi:e cinema 

is maintained DY' tlie PlDllping of water froll} tfie .east and west drainage SUJllp$'~ 

it provides a sloping surface on top of wfiich ITydrocarnonsmarmigrate and De 

trapped against tfie walls of t~e Building. Fumes- were ftTst reported in the 

building in mid-19-16, and hydrqcarB:ons Iiaye entered the Qu:Uding as· D0th 

liquids and gases tfirougJl:. tile gr0undwater drainage sys'tem, tlU'ough tile 

apertures in tIie wall of tIie nortIi sump, and tfirougn: fractures in the con..,. 

crete and masonrrwall's of tfi:e nortn SU1l}p. 
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SOURCE OF POLLUTION 

BMR drilling has indicated tliat tIie pollution of groundwater by 

hydrocarbons extends across Bunda Street at least 40 m northwest of the Center 

Cinema to Bore 9 where the thickness of mudstone Bedrock affected by hydro.,. 

carbons is 4.5 m. On the limited information available at the moment, the 

area affected is estimated at 1300 m2 and the volume of affected rock is 

estimated to be 2500 m3. Assuming 1 percent abs~rption of hydrocarbons into 

the rock, the volume of product remaining in the ground is at least 25 000 

1i tres. The pollution has persisted in the area despite several months of 

continual pumping from the cinema; however, the amount of pollutant already 

removed is not known. 

Another drilling progranune has been initiated to outline tfte full 

extent of polluted ground. Because of the low permeability of the mudstone, 

the affected area is expected to be in close proximity to the source of 

hydrocarbons. 

The analyses of hydrocarbons from the cinema and from'oores are 

described in a separate report by McKay (1977}; the polll!tant is descrified 

in the report as refined petroleum product. 

REMEDIAL ACTION 

It is expected tIiat hydrocarBons will continue to enter the west 

sump of tfte cinema because tliere is no Known process tnat w~ll remove tne 

hydrocarbons completely from tne surround:t.ng area. As, tIi:e amount of fiydro~ 

carbon that constitutes a potential hazard is quite small c(!)lJlpared witIi tfte 

amount of pollution in tIle adj acent ground, remedial 1DeasureS'lIlust lie taken 

in the Center Cinema, and r~ve Been taken Br tfie cinema 1Danagement. 

Some, free accessible IiydrocarB-ons' can fie recovered tfirough. sfiafts 

or wells, possibly with infiltration galleri'es; Ii:o\'le'Ver J tIle removal of 

hydrocarbonS' from tile mudstone bedrock will ffe a long slow process extending 

over many years, and during tfiat period the hydrocaroons' 'J!Iust o-eregarded as 

a potential source of explosive fluids and vapours. MoveJ!lent of tIie Ilydro-::, 
, 

carbons will be controlled by tlie Iiydrogeological s.:ituatiun at anyone time, 

and the as'sessment of potenti-al risk will mainlY' depend on an unde;rstandmg 

of groundwater condttions in tIle area. 
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Precautions against the loss of hydr~carDons in the future could 

require better housekeepil1g by service stations in tJie area, and it would 

seem appropriate for tank and pipeline installations and operating procedures 

to be closely scrutinized. , 

CONCLUSIONS 

1. The potential for hydrocarbon pollution exists Because several 

service stations are located in the groundwater catchment, and buried tanks 

and pipes rest in permeable gravel that will transmit polluted groundwater. 

2. The deep 'excavation 6f the Center Cinema acts as a trap for ground-

water moving slowly from the northwest within the fractured bedrock, and 

p~ing from the drainage sumps in the cinema creates a cone of depression in 

the water taBle on which hydrocarbons are drawn towards the building. 

3. Groundwater contaminated by hydrocarbons lias access to the cinema 
, 

via the drainage system to the east and west sumps. 

4. Hydrocarbon fluids and vapours have been able to enter tIie nortlt 

sump of the cinema thro~gh vents in the wall and through. cracks in th.e 

concrete. 

S. The major part of the pollution zone is northwest of tfie cinema; 

however, additional drilling is required to define its extent J and to ascel'", 
, 

tain the source of the pollutant. 

6. Remedial, action to clean up some of the' accessihle hydrocarbons· is 

feasible, but aims at, confining the polluted area ratIter tfian remov:j:.ng the 

pollutant altogether; there is no Known process· tIi:at will remove fiydrocaroons 

completely from tB..e area. 

7. Civic authorities should consider tIle long term effects of admtnts ..... 

tering a built up area that contains a potential ~losrve nazard. 
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APPENDIX 1 

PERMEABILI1Y TESTING, OF BOREIfDDES 

by' 

R. Evans 

Boreholes 1, 3, 5, 9, 10, and 12 were tested using the auge'r Iiole 

recovery method. This method consists of the withdrawal of an amount of water 

from the hole and, the measurement of the subsequent recovery of the water 

level. Owing to the assumptions made in the derivation of the equations used 

in this test, care must be taken to use measurements taken Before the inflow 

to the hole is governed by the cone of depression. Therefore, the relevant 

measurements are taken'within the first 20 percent of the water",level recov ... 

ery. The calculated permeabilities relate only to the immediate vicinity of 

the well tested. 

Boreholes 4A, 6, 7A, and 8A were tested5y a JIlodi;fied slug test and 

consideration of tI'le resultant infiltration curve. Drillholes 4A and 6 did 

not respond to this method of testing. In this test a 'slug· of water was 

inj ected into the well and measurements' of the residual head were taken at 

specified times. A grapQ of residual head against time was plotted and tfie 

hydraulic conductivity was determined from the resultant infiltration curve 

for large values 6f time, taken so that the tran~ient effects, caused Br tIle 

addition of a head of water~ will have di~appeared. However, as-the 

hydraulic conductivity is a function of antecedent moisture content, among 

other things, the values thus obtained are condhional upon tfiis property of 

the soil. In this test there is noreliafile metfi9d of measuring tIie antece~. 

dent moisture content of the saturated zone being tested. 

Results of the tests are shown in TaBle ~. 

The mean values of permeal11lity- are K=0.4S0 m/dar for the al1uv:j::al 

aquifer, K ... a.047 m/ day for tfie fractured mudstone aquifer. 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

HOLE NO. 

1 

3 

5 

7A 

8 

9 

10 

12 

-.11-

TABLE '1 

SUMMARY OF BOREHOLE PERMEABf:L-ITI:'\ 1'££1'S 

AQUIFER TEST KCrn/day) 

~1udstone Auger-hole 0.027 

recovery CA.H.R.l 

Mudstone A.H.R. 0.085 

Mudstone A.H.R. 0.0.32 

Alluvium Infiltration 0.288 

Alluvium Infil tration 0.865 

Mudstone A.H.R. 0.010 

Alluvium A.H.R. 0.:198 

Mudstone A.H. R. 0.080 

" " ' , ~ ,,'-, .... ," "- .. 
! 4 
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APPENDIX ·2 

DYE TRACING AND GROUNDWATER MOVEMENT IN:, Tim VrCINI1Y OF '1'BE<CENTER CINEMA, 

CANBERRA, APRU 19 ",' MAY 9, 1977 

by 

D.1. Smith. . 
(Senior Fellow, Centre for Resource 'and Environmental Studies, 

Austra'lLin National UniversityI. 

1. Introduction 

I was asked in late March, by the Bureau of Mineral Resources, as 

to the feasibility of using fluorescent dye as a technique for the tracing of 

groundwater movement in the vicinity of the Center Cinema, Canberra. Such 

dyes have p~eviously been used for the tracing of groundwater movement but 

usually in rocks with a 'high permeaBiE'ty and' therefore with fast flow rates'. 

To the best of my 'knowledge fluorescent tracer methods have not oeen,used in 

strata with low permeability of the type associated with the geology adjacent 

to the cinema. However, it was agreed, in conj unction witlt the 13MR and with 

the City Engineer, that the methods might Be of value. Tlterefore the expert... 

ment outlined below, was undertaken. 

2. Fluorescent dyes and groundwater tractng 

Water tra'cing' by the use of dyes i'5 a straigJitforward procedure. A 

dye is added to the circulation at an input site and other sites are monitored 

for its reappearance. 

underground pipes and 

used., In tfiis silnple 

of the dye. 

Such methods fmve Been widely used to check leaRage in 

in that case a ,dye1 often tlte green dye fluorescein, is 

application, detect:iJ;>nrelies on the visual reappearance 

In recent years more sensitive metIiods nave l}een employed. A dye 

with fluorescent properties is used and water samples are collected for 

analysis in it fl uotometer. By using stiitaTile dyes and carefully' selecte,d 

iil tel'S for tIle instrwnent tlie ,detection level ts· of tIie order of one part of 

dye in 1010 parts of wa~eT1 i.e~, one part :in .10.00. -million. Tlie visual 

detection level of dye is of tIie order of cme part in 200.000.. 

• 

• 

• 

• 

• 

• 

• 

• 

, 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

-13-

For studying ground\vater movement in alluviwn and mudstones, the 

types of strata associated with tne Center Cinema, the problems are that the 

groundwater movement is slow and most dyes are absorBed into the geological 

deposit. Previous groundwater tracing fias indicated that the dye.most suited 

for this work is Rhodamine WT. The instrwnent used for the analysis of the 

dye is a Turner Model III fluorometer. The method of' operation is given by 

Wilson (1968). 

3. Procedure in the Center Cinema investigation 

After consultation with the BMR, it was decided to inject the 

Rhodamine dye into a borehole drilled specifically for the purpose. Tlie nole 

in question was designated as CC 7A, and is located on the pavement on tIle 

northside of Bunda Street, opposite the Cinema. Tile position is shown in 

Figure 4 of the main report. 

Some 1. 8 litres of Rhodamine lIT (that is, 360 grams of dry weight 

. dye) were added to the borehole on April 19. The dye was' carefully poured 

into the borehole and water was then added to fill tfie Dorehole to wttfiin 

approximately one metre of the top of the borefiole. 

The borehole was lined with a slotted plastic casing the bottom 

metre (at tlie junction of the alluviwn and the mudstone)~ consd:sting of a 

screen mesh.. This arrangeJllent allowed tIle dye solution to pass' easily' into 

the surrounding strata. 

4. Sample collection 

Samples were coldected from a mmiB-er of sites' in tIle area sur'round", 

ing the input borehole. The collection sites included other Doreholes and 

the East and West Swnps in the Cinema i.tself, see Figure 4. TIi:e samples were 

analysed within one to three days at the Australtan National University. 

5. Results 

Tab:le 2 indicates the sites' and dates at wfiich.. sampdes were collec.,., 

ted up to May 9., Ctne saJ1lpling program i:s. sti:ll continuingL Tfi:e table also 

gives the values' for tfi.e dye concentration. All 'Values are in 1II1crogrammes 

per litre C g!ll. 



I 

, TABLE 2, DATES AND D)c CONCENTRATION VALUES P0R ALL SA}WLES COLLECTED IN THE PERIOD 

APRIL 19 TEl MAY 9. 
(All figures gi'Ven aye in mrcrogrammes per litre) 

19 20 21 '"'., .<.- 23 24 25 26 27 28 29 30 1 2 3 4 5 6 7 8 9 10 

CC 1 0.10 0.10 0.10 0.1'0 0.12 0.18 0.18 0.57 1.70 1.57 0.25 0.37 0.90 

CC 2 0.23 0.55 0.25 0.20 X X X X 0.30 0.70 0.87 

CC 3 0.85 

CC 4 0.25 0.375 0.325 0.45 1. 02 0.60 0.33 0.35 0.54 

CC 4A 0.20 0.17 0.27 0.30 0.23 (J.23 0.17 0.32 0.65 + + + 

CC 5 0.70 0.82 1. 03 

CC 6 0.18 0,27 11.20 0.28 0.20 + 4.85 * * 
CC 7 0.35 0.78 1. 06 1.28 2S.0Q 1.5S V V X V V 

CC 8 0.50 * (J,35 * * + + + 

CC 9 X X 

CC 10 0'.47 

CC 11 0.45 0.65 0.60 I ..... .... 
CC 12 0.23 0.25 0.18 I 

CC 13 0.23 0.30 0.15 0.15 0.27 0.27 0.28 0.23 (J.50 2.00 0.62 0.54 0.75 

CC 14 0.18 0.40 

Sfiaft * * * 0.45 (J.37 0.50 0.40, * 0.54 0.50 12.5 

11est 

Swnp 0.15 0.07 0.05 + 'J.07 0.23 15.00 3.25 0 . .18 0.25. 0.35 

E".st 

Swnp 0.08 0 • .13 0.05 0.05 (J.05 0.07 + (J. 5'~ 0.70 0.10 0.23 0.25 

- - '--: ... "- _ ....... -
" 

, ~ .'. . -, , - , ---... ---
X S:1J1p] e c:ollsl~ t::, total1)' of jl<.;l'l'ol, not ,ll1:1l/,:,c'd 

+ lIole dry 

* HC~l\'r sl~dj"'I(:lll COIl t (J i;Lin.!.t J. nn, /lot :'n:;];'~cd 

V Dye yi si.hll" 
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For a limited munber of samples analysis was not possiBle due to: 

(i) the samples being composed entirely of petrol, in such 

cases analysis for dye is not pos'siBle; 

(ii) some samples were too heavily contaminated with sediment 

for analysis. 

Positive dye readings were obtained from a ntunoer of sites and these 

can 'be divided into those with high or low dye concentration values. 

The sites with high positive values are: 

Ca) \'Jest Sump. The maximum value obtained was approxi3!lately 

15.0 g/1. The pattern of the results is sfi:own in 'Figure 16. 

(b) Boreho 1 e CC 6. The maximum value was' 4'.'8, 'gil. TItis 

positive value is from a single sample as on a numBer of 

occasions the hole was drY'. The pattern is· shown in 

Figure 17. 

(c) Borehole CC 7. Values of several hundred g/l were obtained, 

and from April 28, all the samples have a strong visual posit­

ive. However, this borehole is located only 3D ems from the 

input borehole. 

Cd) The Shaft. This was constructed after the dye was injected and 

many of the samples are difficult to analyse. However the 

sample collected on May 9 is a strong positive with a value of 

12.5 g/1. 

The sites with low positive values are: 

(a) Borehole CC 1. The maximum value is approximately' 1.75' gil. 

The pattern of results is shown in Figure 16. 

(0) Borehole CC 13. Maximum value 2. 20.g/1. Pattern of results 

snown in Fieure 17. 

C:cl East Sump. Maximum value estiJnated to bel.DD gil. Patte'l'n 

of results shown in Figure 16. 

The background values for tILe area are generally less dian 

0..50. g/l. 

Time of travel. The t:iJJle of ftrst appearance of tfi.e dye and the 

time to the peaR values are shown in Figu~e -18. 

It is pos'sible knowing the t::Pne of travel of tlte dye and the 

distances from the input borehole to c,alculate tIte -velocity of underg'round 

flow. The results are given in TatUe 3. 
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The general velocity of the groundwater movement is in the range of 

2 to 5 metres per day. 

In using these figures a number of points should be mentioned. 

(i) The flow rates given are for groundwater lIlovement and rates 

for oil movement could differ. 

(ii) It is impossible to say at what underground level the fastest 

groundwater flow occurs but the indications are that the 

measured water movement is most likely to occur near to tIle 

junction of the alluvium and the weathered top of tne 

mudstones. 

Ciii) The dominant flow direction indicated is from the input oore~. 

hole (CC 7A) south towards the cinema and also to tIie. east. 

However, it must be stressed that samples suitaBle fer 

analysis could not be obtained to the west of the input site. 

There is an indication that a relatively small quantity of 

the dye moved northwards from t~e input site and this i~ 

indicated by the low positive dye values in oorenole CC 13. 

The experiment is still continuing and fUTtfier infoTl!lation relevant 

to the groundwater movement may be obtained. 

6. Summary 

The method proyed satisfactor¥' for groundwater tracing and yeIClcit~, . 

ies of groundwater, movement have been presented and are In tne Ta.nge e)f ·'z.'to' 5 

metres per day. Indications of groundwater flow directie)fl are also presented 

in Figure 18. 

In my opinion the infoTTIlation presented 'regarding g,roundwa.te:r flow 

is meaningful although variations in velocit¥' could oe expected In response 

to heavy rain or prolonged drought. The expertffient descriBed wa~ conducted 

under relatively- dry conditions. 
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TABLE 3: VELOCITIES OF GROUNDWATER MOVEMENT FOR COLLECTION SITES WITH POSITIVE DYE CONCENTRATIONS 

CC 7A - CC 1 

CC 7A - CC 6 

CC 7A - West SlUIJP + 

CC 7A - East Sump + 

CC 7A - CC 13 

Distance 
in metres 

43.0 

19.2 

30.0 

30.0 

27.5 

First arrival 
in days 

9 

More than 8 

daysJ less 

than 16 days 
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9. 

12 

< < 

Arrival of dye 
peak in days 

13 

10 

13 

15 

Velocity of 
first arrival 

4.8 m/day 

1. 2 to 2.4 m/day 

3.3 m/day 
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2.3 m/day 

+ In tliese cases distance is taRen to tIie drains feeding tfie sumps. 

Veloci ty of dye 
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INTRODUCTION 

TN-s re.rort de~crthe~ add~Jtonal investigations from May to July, 

1977, of the hydrocarhon pollution prohlem in the vicinitY' of tlie Center 

Cinema, Canberra City, . and is supplementary to earlier BMR reports By Wilson 

(1978) and Jacobson (Part 1 of this Record) that discussed the Background to 

the problem and the hydrogeology ~f the area. Other relevant reports (}1cKaY', 

1977) include analyses of hydrocarIl"on samples from the area, and tlieir 

comparison with petrol samples obtained from nearDY' service stations. 

Additional drilling was undertaken to define the ~tent of tlie 

hydrocarbon pollution and to provide monitoring Dores. Drilling contracters, 

Stewart Bros. of Sydney, drilled 15 bores, nWI\bered 15~R inclusive on the 

locality plan (Fig. 1). These bores were d~illed to 12 m; casing was set 

at 4-5 m to seal off th.e alluvium, and drilling continued tfi'rough tfie cas'ing 

to 12 m. Slotted casing was set in th.e fractured mudstone ffelow tfi.e alluvimn. 

Logs of the drillholes are given in Appendix 3. 

HYDROGEOLOGY* 

The drilling program has confi,rmed and extended our Rnowledge of 

the configuration of tlie alluvium. Elevati-ons, of tfie alluv~~.QedrocR 

interface have been plotted (pig. 21, and show that tlie former valleY' 

drained to the south and southwest with its deepest part in -Irunda Street 

near the Center Cinema. The valley is no~ filled wtta 4~ E of alluvtuffl, 

including a basal gravel be.d up to 1 m thJ..'cR.. 

The fluid levels in the bores are sfiown in Ftgu'l'e 3, and Tao.le .1 

lists the water level fluctuations from Marcfi to JulY' 1917. Assuming tfiat 

the bores are repr~sentatiye of condttions. elsewnere in Ute'1DUdstone, tIle 

upper surface of tfie fluids has been plotted and ~' re~erred to as the po~, 

tentiometric surface of tIle mudstone aqu:i::;fe';l;' (ftg. 3L .B:ecause the flu:i::d 

in many of the bores consists of hyclroca,rfions oveu-lY'ing water J tIle distl'~. 

ution of the hydrocarnons can be regarded a~ a lens'float:i::ng in tfie water 

(Text Fig. 11, and tIlis lens raises tIW potentio1!letrtc sUl'face and 5floWS 

up as a bulge in tIie contours hetween Dares 9.. and 18. 
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Text 
Fig. 1. Cross section through hypothetical oil lens. 

After Holzer, 1976 

Text Fig. 1 

The broken contours in Figure 3 have been drawn to correct for tne 

effect of the hydrocarBon lens, and show what the potenti.ometric surface 

would be if there were no hydrocarbons present. The flowlines in Figure 3 

have been drawn to intersect the modified potentiometric contours at 

right-angles, and indicate tne movement path of underground fluids in tills 

area. 

Bore 

1 

2 

3 

4 

4A 

5 

6A 

7 

7A 

8A 

9 

10 

11 

12A 

13A 

11 

TABLE 1 

WATER-LEVEL FLUCTUATLONS, MARCIi-JlJVf, ~9J7 

Aquifer 

Mudstone 

Mudstone 

Mudstone 

Mudstone 

Alluvium 

Mudstone 

Alluvium 

Mudstone 

Alluvium 

Alluyium 

Mudstone 

Mudstone 

Mudstone 

Alluvium 

Alluvium 

Mudstone 

, , . t 

Water-.level below ground (ml 

Max 

5.34 

4.21 

5.25 

5.38 

2.24 

2 . .12 

2.80 

4.9B 

4.51 

2.65 

4 • .11 

3.53 

4.39-

2.98 

4,.13 

3.0.6 

Min 

5.61 

4.9_0. 

5.62 

5.5.5 

4.84 _ (dlYl 

4.83 

3.47 (drrl 

5.29-

4.83 

3.92..@'.I7Y'L 

4.52 

4.25 

4.6.9-

3.73 

4.41 

3.49. 

Fluctuatton 

QuI 

0..27 

0..6:9 

0..3] 

0. • .1..7 

2.60. 

2.7~ 

0.67 

0. • .31 

0..32 

.1.27 

0:.4.1 

0..72 

0. ... 30.. 

0. .• 75: 

0..28 

0..43 
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Dye tracing experiment 

A dye tracing experiment tfi.at lv-as Being conducted :In conjunction 

with D .. Ingle Smitfi. of the ANU was mentioned in tIle earlier report 

(Jacobson, Part 1 of this Record). The exper~ment was continued to July· 12. 

The later results are set out in Appendix 1 of tllis report. TJie dye expert"" 

ments were designed to trace the movement of water in tIle affected area. 

Dye movements of 2-5 metres per day were initially recorded under normal 

flow conditions, and values of greater than 50 metres per day were arrived 

at after periods of heavy rain. 

Velocities of 2-5 metres per day would be considered'reasonao1e in 

sections of the gravel and in moderately weathered and jointed mudstone, fibt 

it is difficult to reconcile velocities of oyer 5Q metres per day with tfi.e 

low groundwater gradient existing in the area. As the high ve1od:tte~ 

followed heavy rainfall, it is considered tJiat factors otlter :than nOTIlla1 

groundwater processes were involved, and that an influx of water into tfi.e 

system via the stormwater drains may haye set up trans1.tory conditions 

responsible for ,tIle high velocities. 

Permeability in the mudstone 

Permeabilities i!l the mudstone dert,ved by th..e. Auger",Ho1e MetIiod 

ranged from 0.0.1 to 0.085 metres per .day' Qacob~son, Part.1 of tills RecClrdI; 

however, ,these were conducted in extremely to IUghly weatfiered mudstone, 

which contains a high percentage of clay, andtIie values may not oe repre~ 

sentative of the mudstone affected Dr tne pollution p1~e wfiiclt ranges from 

an extremely weathered to a sl~gfi.tly weatfiered condition. At greater deptfis· 

the jointed mudstone is less weathered, the joints nave fewer c1a~ coatings, 

and the permeaBility will be higher. 

A ~ubsequent analysis of perJl)eabi:1ity D.ased on inflows to the' snaft 

and joint frequency in the mudstone indicated that a permeaot1tty' of anout 

one metre per day is to be expected tn the moderately weathered mudstone 

with slightly open joints at depths of aliout 7-~n metres. 
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A relationship exists between the velocity of movement of dye and 

the permeability of the medium in which it moves; the permeability indicated 

by a dye velocity of from 2 to 5 metres· per ~ay would range from 1 to 2.5 

metres per day assuming an effective porosity of one percent. 

The mudstone affected by the pollution plume is in a variably 

weathered and jointed condition, and it is expected that the permeability will 

range between 0.1 and 1 metre per day. The higher permeabilities derived 

from dye velocities have been disregarded because they are thought to contain 

a component of higher permeability attributable to the overlying alluvium. 

THE POLLUTION PLill1E 

The pollution plume comptises·free hydrocarbons overlying a diffusion 

zone of water and hydrocarbons held in fractures and pores in the rock 

(\IIilson, 1978). 

The thicknesses of hydrocarbons measured in drillholes from May to 

July are listed in Table 2. The extent of the pollution plume is shown by 

the isopachs of hydrocarhon thicknesses in tIle dri'llholes (Figure 4AI.. Tfie 
? 

area of the plume on 25 July was about 5318 m:-, and it extended BeneatIl the 

neighbouring Civic Theatre and the car park at tIle rear of the Manch.ester 

Unity building. Bores intersecting the pollution plume receive slow inflows 

of water and hydrocarbons and take some time to attain a stable condition 

after being drilled, and in each borehole tp_e base of the hydrocarbons 

equates to the base of the pollution plume at that point. 

Isopachs have been constructed to show the thickness of rock 

affected by the pollution plume; a thickness of 4.9 l!I was measured in bore 9 

in Bunda Street on 18 July, and the deepest part of the pollution plume is 

on the north side of Bunda Street at a level of about 556.8 m (see Fig. 5). 

Some variation in the thicknesses of hydrocarbons has been noticed with time, 

and hydrocaroons are being found in.bores that were not previously contamin­

ated (311l. 

Values for porosity of the, rock have been estimated from measure­

ments of joints in drill core as 1. 3 percent. Estimates of porosity by 

relating porosity to tne flow velocity of the dye tracer gives 0.15, 0.6 and 
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1.0 percent for different parts of the groundwater system near the Cinema. Not 

all fluid in the pollution plume consists of hydrocarbons, and percentage of 

hydrocarbons in the pollution plume has been calculated as 41 percent (see 

Appendix 2). 

Bore 

2 

3 

4 

4A 

7 

7A 

9 

16 

17 

18 

19 

23 

24 

12 Hay 

2.70 

0.10 

0.35 

4.55 

TABLE. 2 

MEASUREHENTS OF HYDROCARBON COLUMN IN BOREHOLES 

27 June 

1. 78 

0.17 

0.05 

0.27 

0.02 

4.78 

1. 82 

4.44 

0.13 

0.11 

0.54 

tleasurements in metres 

4 July 

1. 78 

0.11 

0.01 

0.22 

0.01 

4.69 

0.03 

1. 86 

3.30 

0.14 

0.12 

0.74 

11 July 

1.82 . 

0.14 

film 

0.30 

film 

4.68 

0.01 

1.9-1 

3.38 

0.17 

0.38 

0.92 

18 July 

1. 78 

trace 

0.12 

0.01 

0.29. 

film 

4.9.0 

0.01 

2.06 

3.37 

0.24 

1.Q2 

0.9.8 

25 July 

1. 80 

0.03 

0.~1 

film 

0.30 

film 

4.65 

0.03 

2.22 

3.50 

0.20 

1.~7 

1.18 

The volume of rocK containing the pollution plume is estimated to 
3 be about 7840 m. Assuming one percent volume of the rock consists of'water 

and hydrocarBons in fractures and pores, the volume of fluids in the ground 

would be 78 400 litres, of which about 32 000 litres (7000 gallonsl has been 

estimated to be hydrocarbons (see Appendix 21. 
The pollution plume is not necessarily stationary; the recent 

entry of hydrocarBons into bore 3 aBout 5 months after it was drilled means 

that the plume could be spreading laterally and/or moving southward. If 

the source of pollution has been cut off, then the pollution plume will. 

become thinner as it spreads; however, there is as yet no evidence that 



would indicate whether hydrocarbon leakage has ceased or is continuing. 

r.1onitoring of the plume will be r~CJ.uired until its location has been 

stabilized. 

The pollution plume is elongated to the south-southeast. If the 

flow lines derived from the corrected potentiometric surface (Fig. 3) are 

superimposed on the plume (Fig. 4A), then it is expected that the source 

of the pollution will be found to lie to the north-northwest upslope along 

the flow lines. 

REMEDIAL rrr:ASURES 

The present recovery operation from the shaft outside the Center 

Cinema is removing about 200 litres of hydrocarbon liquid per month.~ Tn 

addition, an unknown amount is removed as vapour bf the e~haust fans over 

the drainage sumps of the Center Cinema, or is pl.lIllped out as a liquid with 

the water. 

A·proportion of the hydrocarbon pollutant could be recovered By 

pumping from a bore. A recovery point would generally· Be located near the 

thickest part of the pollution plume, but because of tIie slow movement of the 

pollution plume to the south-southeast, it would be more effective to locate 

such a bore in the lane near the Center Cinema to the northwest of bore 2. 

An asseSSTIent of pumping from a bore for the removal of uydrocarbons from 

this area is TIade in Appendix 2. 

The bore should be about 20 cm diameter with. a casing of about 

IS cm diameter set in a sand and gravel pack; the depth of th.e Dore snouid 

be about 30 metres. The bore should Be pumped to give a low yield of less 

than 12 m3 per day almos't continuously, and tfie amount of Iiyclrocaraons in 

the outflow sh.ould be monitored. 

A pocket of hydrocarBons remains against tIie west side of tfi.e 

Center Cinema near bore 2, and is considered to b-e close to an entry point 

into the cinemats drainage system. If required at a later ,date, a DOTe could 

be used for the recov~ry.of hydrocarnons By regul?-T pumping" wi.th. a yacuUJI} 

plimp. However. it is considered tftat the bore reco1IllI\ended aBove would 

probably remove hydrocarBons from this pocket. 
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CONCLUSIONS 

The following conclusions should be regarded as additional to 

those stated by Jacobson (part 1 of tIlis Recordl. 

1. The hydrocarbon pollution plume has a maximum thickness of more 

than 4.65 m, it occupies an area of over 5318 m2 and contains about 78 400 

litres of contaminated fluid including about 32 000 litres of hydrocarbons. 

(7000 gallons).' 

2. The source of the pollution lies upslope along the flow lines to 

the north-northwest from the centre of the pollution plume. 

3. The pollution plume has not stabilized; it may be spreading 

laterally as well as l'loving slowly dO\vn gradient in the direction of the 

flow lines. 

4. The investigations so far do not indicate wllether the source of 

hydrocarbon pollution is still contributing additional pollutants, or lias 

ceased. 

5. Punping from a bore will remove some of the hydrocarbons, and 

would be expected to help stabilize the pollution plume. 

RECOHMENDATIONS 

1. That a bore be sunk in the area for th.e purpose of removing water 

and hydrocarbons' by pumping, and that th.e volume of hydrocarbons pumped from 

this bore be monitored; and 

2. that any building located aBove tRe pollution pl~e be closely 

• . inspected for possible entry points of vapours, and tnat the need for long.,. 

term surveillance be considered for sucR. buildings. 

• 

• 

, 
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APPENDI:X 1 

RESULTS OF DYE TRACING EXPERIMENT 

by 

0.1. Smith 

(Senior FellO\v, Centre for Resource and Environmental Studies. 

Australian National IJniversity) 

This report should be read in conjunction ,with the preliminary 

report presented as Appendix 2 of Part 1 of this Record. 

In that report' an account was given of the technique of groundwater 

tracing using fluorescent dyes. The locations of the boreholes and the 

details of the dye injection were also described and preliminary results 

presented for the period April 19, to May 9. TIus final account of the 

expermient includes the analysis of samples collected up to July 12. 

The total number of sample sets collected was 38 and the only 

major addition to the sampling scheme previously described was that. from 

Hay 15. samples were collected from borehole Ce9. Prevtously the collection 

of samples ,from beneath the thick layer of hydrocarBons in that Borehole 

had not been possible. Other minor breaks in the collection -record for 

individual holes are due to the interference of various construction worRs 

and the fact that a limited number of boreh.oles were occasionally dry. 

Resul ts of dye collection and an'alysis 

In general. dye did not appear in the sampled DoreQoles' unttl 

April 27. and a detailed account of tIlls sampling period is' given in the 

preliminary report. After tli.e first pulse of dy-e sufisequent saroples' snow' 

that the concentration in indivi.dual Dorefi:oles 'Varies greatly' witn, time. 

This is illustrated in Figure 6, for Dorefi:oles 3. 4 and 5; tfi:e rainfall 

throughout the period is also shown. These DOTefioles are typical of the 

dye concentration pattern exfii:oi:ted by all t1ie Doreholes al tftough. the 

absolute dye concentration shows consi'deralUe, vari.ation. 
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Table 3 lists the maximum dye concentration for each sampling site 

and the date of its·occurrence. Figure 7 shows the spatial pattern of 

maximum dye concentration for the various sites. 

This data ShONS that there is a relationship between periods of 

heavy rainfall and peaks of dye concentration, the peaks lagging the rain­

fall. In order to investigate this lag in greater detail several sets of 

samples were collected in the period following the rain of June 17 and June 

18. Eight sets of sar.1ples ,,,ere collected over a period of a week. All the 

boreholes sampled exhiBited a peak of dye concentration within this period. 

Figure 8 shows representative dye patterns for this period; the boreholes 

used for illustration are CC3, CC9, and CC13. The time of the onset of dye 

increase and the time to peak concentration are given in Table 4. 

It should be noted that high dye concentrations persist in both 

the input borehole, numBer CC7, a~d in the adjacent borehole CC7A. 

Interpretation of the dye data 

The preliminary report suggested th.at tIie dominant flow direction 

was from tile input borehole (~C7AI south towards tIie cinema and also the 

east. These observations have been confirmed from the later studies, and 

the maximum dye values given on the map in Figure 7 can De used to suggest 

the dominant underground groundwater flON direction. 

TABLE 3: ~1A.'{ll1UM DYE CONCENTRATION POR, :t"NDI:V{])UAL< B0REHOLES 

Borehole 

CC1 
CC2 
CC3 
CC4 
CC4A 
CC5 
CC6 
CC9 
CClI 
CC13 
East Sump 
West Sump 
Shaft 

Maximum dye concentration 
(in micrograms per litrer 

21.60 
1.45 
7.53 
1. 76 
1.12 
4.6.0 
4.85* 
1.86* 
0.78* 
9.80_ 

10.10 
15.00 
12.50* 

* Indicates a limited numoer of samples 

Date of occurrence of 
maximum dye con~~ntra~ion 

June 1 
June 1 
June'l 
May 20 
June 1 
Mar 26 
May 6 
June 9: 
June 21-­
June 17 
l~ar 30 
April 29:.. 
M~r' 19, . 

, •• t c 
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Borehole 

CC1 

CC2 

CC3 

CC4 

CC4A 

CC5 

CC9 

CCll 

CC13 

TABLE 4: DETAILS OF DYE CONCENTRATION, June 17-23 

Hours after maximum Peak dye Hours after 
rainfall to dye concentration rainfall to dye 
increase in gil peak 

32-S2 3.50 78 

32-52 1.05 78 

20-32 0.58 78 

10-20 0.65 78 

32-52 0.50 104 

Less than 10 0.92 52 

32-52 1. 54 52 

32-52 0.78 78 

32-52 2.20. 78 

The preliminary report indicated that groundwater flow velocities 

were in the range of 2 to 5 metres per day·. Tfiis flow rate can Be considered 

as applicable to flOl'l under normal conditions (there was no rainfall in the 

period). The dye peaks in Figure 6, and more particularly those in Figure 

8, are related to heavy rainfall events. If the assumption is made that these 

individual peaks represent a new pulse of dye from the area of the input 

hole velocities can be calculated that represent fast flow velocities. 

These velocities are given in TallIe 5 and are in tfle range of 8":'80 }!letres 

per day. 

These velocities are high by groundwater standards and this may 

reflect the contrinution to the groundwater flow from th.e various storm 

water drains in the area of tne experiment. 

Conclusions 

1. The technique. has been success.ful in tIiat tt lias produced infor.,. 

mation on tne velocity and di':"rection of groundwater movement. 

However I in presenting these results' it 1!lust fie emphasised tfiat 

there need be little relationsfiip Between the direction and espec.,.. 

ially tIi.e veloci tr of the groundwater and anr overly--ing pOOl' of 

hydrocaroons. It is not techhi'callr possd::fHe to use fluorescent 
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2. 

3. 

4. 

dye teclmiques to trace hydrocarbons directly (1. e., by adding 

dye directly to the hydrocarbons) although suitable radioactive 

tracers may well be satisfactory' in this respect. 

It is impossible to say at Nhat underground level the fastest 

groundwater floN occurs but the indications are that the velocities 

calculated from the dye studies 0re most likely to occur near to 

the junction of the alluvium and the weathered top of the muds·tones. 

The movement of groundwater is dominantly to the south with a 

secondary component to the east. This reinforces the interpre­

tation of the groundwater contours and the form of the hydrocarbon 

plUI!le discussed elsewhere in this report. 

The velocities are fast by ground,vater standards, in the range of 

2-5 metres per day under normal flow conditions and increasing to 

values of greater th..1.n 50 metres per day after periods of Iieavy 

rain. To some extent these values nay be enhanced By the effects 

of the stormlVater drains within the area. 
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TABLE 5: SUMMARY' OF GROUNDWATER VELOCITIES 

For peak of June 

Distance Veloci ty for 
from input first arrival* 

1 43 m 24.5 m/day 

2 44 m 25.2 m/day 

3 78 m 78.0 m/day 

4 26 m 41.5 l1J/day 

4A 26 m 14.9 m/day 

5 38 m 91.2 m/day 

6 19 m 

9 37 m 21.1 m/day 

11 75 m 41. 7 m/day 

13 27 m 15.4 m/day 

West Sump 30 m .... 

East Sump 30 m 

* Average value taken from TaBle 4 

• • • • 

12 - June 23 

Velocity for 
dye peak arrival 

13.2 m/day 

13.4 m/day 

24.0 m/day 

7.9 m/day 

6.0 m/day 

17.5 m/day 

17.0 m/day 

23.0 m/day 

9 .. 4 m/day 

~ 

..,. 

• • 

For period Apri 1 19 - May 9 (see 
preliminary report, Table 3) 

Velocity for 
first arrival 

4.8 m/day 

1. 2 to 2.4 m/ day 

2.3 m/day 

3.3 m/day 

3.3 m/day 

• 

Velocity for dye . 
peak arrival 

• 

3.3 m/day 

1. 8 m/day 

3.0 m/dar 

2.3m/day 

• • • 
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APPENDIX 2 

AN ASSESSMENT· OF Pt».1P lNB FROM A WELL POR THE REMOVAL OF ElYDROCARBONS AND 
( , -, , 

GROUNDWATER PROWTHE POLLUTION ·PLtJMERENEATH !lUNDA ·STREET 

by 

P.o. Honnen & R. Eyans 

This section compares tne effecttveness of a core of 20 cm diameter 

and a shaft of 2 m diamet~r in creating a cone of depression that will entrap 

hydrocarbons from tIie pol1ution plmne tfiat extends from the north si'de of 

B\Dlda Street to tile south of tIle Center Cinema. 

Analyses have been carried out for unsteadY' state condition~, i.e. 

dewatering of the aquifer until a recharge Bounda~ is intersected, and for 

steady state conditions corrected for partial dewatering, where the recIiarge 

rate (R) equals the pmnping rate (~l. 

UNSTEADY STATE ANALySIS 

Before car~~g out an unsteady state analy&i~, tfie Tadtus of tUe 

cone of depression was' calculated that would ce needed to intersect $Uffic~. 

ient cross-sectional area of aquifer to give a ~ecfia~ge equal to tIie selected 

pumping rates of 6 m~/day and 12 m~/daY" Tlits asseSS1ljent of Tecfia-rge used 

natural hydraulic gradients and fiydraulic conducttvttr calculated for the 

mudstone, and indicated tliat a radius of influence of acout 3.0 111 wcmldgb'e 

recharge equal to the pumping rate. 

Using the et!{Uation \f ;:; ~. In 2. 2S.~ Rp~ wfiicn. ts a va.ltd 

411' RD r;~ 
approximation for smal1 values ofr2S (See Ftg. 9.fOO? ex:planati:on of te;JlJJS>L 

4RDt 

wliere S is equal to tIle effective poro~ttY" calculated ea1.'Ii:e'l' to lie aTiout 

0.01, and re equals tlie radius of Wluence, tfien tIie t:PJje nec~ fO'l! die 

development of tIie cone .. of depres-ston to a~ed stea.dY' state condttl::ons 
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FIGURE 9 

EXPLANATION OF HYDRAULIC PARAMETERS 

Surface 

drawdown in 

drawdown at 
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constant pumping rate 3 
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saturated tfiickness of aqu:t:ferCm.L 

effective radius of cone 'of depress-ion 

h.ydraulic conductiyity' of aqutferGn/darI 
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of r ~ 30 m 
e 

the predicted 

should be the 

3 would be two days. Thus, after t= 2 days pumping at 12 m /day, 

dra'\fdown in tfie pumping Bore would Be about 4.4 m, and this 

steady state drawdown. 

STEADY STATE ANALYSIS 

The steady state equation is the Thiem equation in which the dis-

• tance to the closest piezometer to the pumping well in the Thiem derivation 

is assumed to approach the radius of tfie pumping well. 

The aquifer is considered to Be unconfined. 

The coefficient of permeability (k) ranges from about O.lQ to about 

• 1. 0 m/ day, and values at both ends of this range were used in the analysis. 

The saturated thickness of the aquifer has been estimated at 25 m. 

The proposed pumping rate was selected by determining the theoretical 

yield of bores for diameters of 0.2 m and 2.0 ro, intersecting aquifers with 

• coefficients of permeability of 0.5 and 1.0. m per day. 

The most important constraint is that the foundations of the Center 

Cinema not be dewatered, as it would facilitate the entry of additional 

hydrocarbon vapours into the drainage system beneath the foundations of the 

• theatre. TIlls condition dictates a maximum withdrawal rate of 12 m3/day from 

the pumping we 11. 

• 

• 

TABLE 6 

DRAWDONNS WITHIN THE CONE OF DEPRESSION 

Calculated for various values of k and ~ from the Thiem equation 

corrected for partial dewatering. 

h - h == w r 
2lr kD 

In (r: ej Steady state equation 

r = 0.1 m r = 1 m rlO= 10 m Pumping rate, hydraulic conductiv w w 

• h 0.19 m r 0.13 m 0.06 m k 1.0, ~= 6; or, k = 0.5, ~ = 3 

hr 0.44 m 0.26 m 0.08 m k = 1. 0, ~=12; or, k = 0.5, Q = w 6 

h .2.17m 103m r 0.96 m k == 0.1, Qw = 6; or, k = 0.2, Q =12 w 

• h r 4.36 m 2.6 m 0.83 m k = 0.1, ~ = 12; or, k=0.05, Qw = 6 

• 

ity 



Calculations of drawn downs of the potentiometric surface have been 

made for various likely combinations' of hydraulic parameters and these are 

tabulated in TaBle 6. 

EFFECT OF RADIUS OF SORE ON TIlEORETICAL MAXIMUM YIE.LD 

From the equation in TaBle 6 

h 2lrkD 
~ = _w __ _ 

In 
r e 

r w 

The effect of increasing the radius of the Bore by a factor of 10, 

from 0.1 to L 0 m, will, for the same drawdpwn, increase the theoretical 

yield of the bore By 66 percent, or provide the same yield as the smaller Dore 

at a lesser' drawn down •. 

If h = 4.43 m, K = 0.1 m/day, D = 25 m, r = 33 m, and r = 1.0 m, w e w 
3 then ~ = 20 m /day. 

If r = 0.1 m, and the other conditions remain unchanged, then Q = 12 m3/day. 
w 

Conclusions 

1. The shape of th.e cone of depression after pumping for a long time 

is independent of the well diameter; at a constant pumping rate, a change in 

the radius of the pumping well will change only the drawdown in the well. 

2. A bore should fully penetrate the fractured mudstone aquifer to a 

depth of 30. metres from·th.e surface, and will ensure a fiigher yield'and a 

steeper cone of depression from whi.cfi. it sfiould De possiole to draw off 

hydrocarBons. 

3. There is no advantage to be gained bY' a large diameter sfiaft' 

Because tIle predicted drawdown levels set out in TaBle 6 aTe small, and tfi.e 

•• 

• 

• 

• 

• 

• 

• 

increase 'in drawdown that would take place with. a 2Q em diameter oore in • 

prefeirence ~o a 2 m diameter shaft ·would not Be detri:J!lental to the performance 

of the installation. 

4. .A bore 30 m' deep and 20 em di~eter would cost in the order of • 
$5000, whereas a 2 m diameter shaft of deptIi capalUe of pe'l'foTHIing .tIie same 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

task, about 20 m deep, would cost of the order of $25 000. The above figures 

include the cost of a basic pumping installation, but other special equipment 

associated ,~i th. th.e recovery of flydrocarfions would add to the cost. 

REDUCTIUN OF LEVELS OF THE POTENTIOMETRIC SURFACE TO REMOVE THE .... 
DOMING EFFECT OF THE HYDROCARBON POLLUTION PLUME 

In order to generate flow lines to indicate the movement of ground­

water, the doming effect of hydrocarbons in the pollution plume had to be '. 

removed. A modification of the Ghyben-Herzberg relationship used for deter~ 

mining the shape of a fresh-.water lens in saltwater was adapted for this 

purpose. 

The pollution plume has a lens shape. In th.e thickest part of the 

plume, the depth. of the base of the lens helO\, the surrounding water table 

was seven times tIle height of the top of the lens above the water table (see 

Text Fig. 1). Because part of the pollution plume is a diffusion zene in 

Nhich ''iater and hydrocarbons are present in various proportions, the distri..,. 

bution and volwne of flydrocarfions for various' parts of tlie plume were 

required in ordeT to calculate an adjustment to the fluid surface. 

From graphs for Australian oilfields in whicK water saturation 

is plotted against height of the hydrocarEion column above water taole, the 

proportion of hydrocarBons in each bore was estimated and tne thickness of 

the plume reduced to a thickness representing 100 percent hydrocaroen 

saturation. The column heights for 100 percent n:.ydrocarbons· were reduced 

to the heights of equivalent columns of water oy the GfiyOen~HerzQerg 

relationship which in tfiis case was 1. 00 - 0.75. An average Iiydraulic con..,. 

1,00. 

ductivity of 0.5. m per day was assumed for tILe rock containing tIie pollution 

plume. 

The reduced levels were then plotted on Pigure 3 and the water 

levels contoured; flow lines were then plotted in tlie direction ofnaximum 

gradient across tIie contours. 

The volume of hydrocarY2.ons contained in the pollution plWJle wa$ 

calculated at 32 00.0 lttres·, 41 percent of t~ total fluids·. 
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APPENDIX 3 • 
LOGS OF DRILLHOLES 

by • 
R. Evan~ & T. Kaczerepa 
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MOVEMENT OF THE GROUNDWATER POLLUTION PLUME 

The groundwater pollution plume in the vicinity of the Center 

Cinema, Canberra Citv , has been monitored in observation bores for several . . 
months. Two additional bores, 30 and 31, were constructed in Augu~t. 

!leasurements of the thickness of the column of hydrocarbon p<;>llutant in 

the bores have been Lione using a l;,easurinp, stick covered with water finding 

paste, and the resul ts ,are summarised in Table 1. 

The variations of hydrocarbon thicknesses in "individual bores over 

several months are summarised as follows. 

Bore 

2 

3 

4 

7 

9 

16 

17 

18 

19 

23 

24 

30 

Variations in thickness of hydrocarbons 

Erratic; probably monitors a pocket of hydrocarbons trapped 

against Center Cinema basement wall. 

Hydrocarbons first observed in July after several months 

observation; only a trace rem~ins. 

Thickness constant at about 10 cm. 

Thickness constant at about 25 cm, 

Thickness generally about 4.5 m; sliglLt fluctuations. 

Formerly a fe,,, centimetres thick; only' a trace remains. 

Originally over 2 m, but appears to be thinning. 

Over 3 m and be coning slightly thinner. 

Becoming thicker from 20 cm to 64 cm. 

Over 1 m of hydrocarbons in July. None remains. 

Thickness increasing, greater than 1 ffi. 

Borehole recently completed. A few centimetres of 

hydrocarbons oDserved. 

Isopachs of hydrocarbon thickness at 29. September ~977 aTe sftown 

in Figure 1, and have ~een compared wtt~ tfie pos~~ton of t~e pollution plume 

early in July. The tail of the plume has extended soutfiNards along the 

direction of groundwater flow, and a sUDstantial amount of the pollutant 

has now bypassed tQe Center Cinema. Tne'plume lias retracted slightly' on tne 

north side; 

the plume. 

however, Ii ttle cIiange is apparent in tIie thickest parts of, 
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There is as yet no measuraBle chang~ in the volume of pollutant 

in the ground. 

There is no positive indication that the source of the pollutant 

is a continuing active one. 

Pumping from the shaft at the northwest corner of the Center 

Cinema has had no obs'ervable effect on fluid levels in nearby Boreholes. 

The slow movement of the plume. its "half pear" shape, and the 

absence of pollutant in the oBservation bores 22, 25 and 11, are consistent 

with the source of pollutant being close to, and north of, Bore 9. 

TABLE 1 

HEASUREHENTS OF HYDROCARBON COLUHN IN BOREHOLES 

(measurements in metres J 

Bore 25 July 1 August 8 August 16 August 9-:12 Sept 21 Sept 29 Sept 

2 1.80 1. 79 

3 0.03 0.01 film 

4 , 0,.11 0.12 0.05 

7 0.30 0.26 0.21 

9 4.65 4.45 

16 0.03 0.04 film 

17 2.22 2.04 2.00 

18 3.50 3.44 3.32 

19 0.20 0.18 0.15 

23 1.17 0.12 0.08 

24 1.18 1'.15 1. 20 

30 

1. 57 

film 

O. ;12 

0.24 

4.48 

film 

1.73 

3.27 

0.17 

0.04 

1.'20 

" 

2.59 

.,., 

1.57 

3.~3 

0.80 

1.36 

0.08 

2.60 1.52 

film 

0~07 O.OS' 

0.25 0.24 

4~37 4.62 

.,.. 

1.58 1.45 

3.07 3.1.2 

0.61 0.64 

1.47 1.29., 

0,05 0.03 
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AQUIFER 

APPENDIX 

GLOSSARY OF HYDROGEOLOGICAL TERr·1S 

By 

E.G. Wilson 

An aquifer is a body of saturated permeaole rock or soil that will 

yield quantities of groundwater to wells and springs. A confined aquifer is 

one from which Ivater will rise' under pressure wh.en tapped; water in an 

unconfined aquifer has a free surface and is at atmospheric pressure. 

POTENTIOHETRIC SURFACE 

The potentiometric surface is an imaginary surface representing 

the levels to which. water will rise in wells or Bores. It refers to a 

particular acquifer, a"nd if the aquifer is confined (~rtesianI the potentio.,., 

metric surface may be above the surface of the ground. 

WATER TABLE 

The water table is the upper surface of tIle zone of groundwate-r 

saturation of rock or soil; it is a particular potentiometTic surface 

that exists when groundwater is, unconfined. 

HYDROCARBON POLLUTION PLUME 

The hydrocarbon pollution plume comprises fluids lield in fractures' 

and pores in soil or rock that are contMlinated oy Iiydrocaroon$'; the fluid 

in the pollution plume will range from pure fiydrocaroons at tIie upper surface 

• of the plume to pure water at its base. 

ISOP ACT! MAP 

• An isopacfi.. map shows tIle thickness of a tabular or lenti.cular 

Body. fsopacfis are lines of equal tIlicRness. 

• 



FLOW LINE 

1\ flow line is tfie direction of movement of fluids deduced from 

the form of the potentiometric surface; the direction of flow is the 

direction of tf"le steepest gradient of tIie potentiometric surface. 

POROSITY 

Porosity is a property of a rock, soil or other material tfiat 

contains voids; voids rriay be spaces behfeen sand grains, open fractures 

or solution cavities. Porosity is commonly expressed as the percentage of 

voids in a material. 

PERMEABILITY 

Permeability is the capacity of a rock, sediment or soil to transmit 

a fluid through its voids. A rock containing voi.ds is porous, Qut it is 

. only permeable when tl"le voids are interconnected and will al10w fluid to 

flow. 

CONE OF DEPRESSION 

The cone of depression is the potentiometr:j:.:c surface of a Qody- of 

groundwater that has the shape of an inverted cone. It develops around a 

wel1 from II'Ilich water is being witIidrawn. 
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