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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 Coronerts
Enquiry into the explosion and fire at the Center Cinema, at hearings in May,
August, and Octobef 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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SUMMARY

A fatal accident occurred in the Center Cinema in Canberra City in
February 1977 when hydrocarbons and explosive vapours in the cinema basement
ignited while pipes were being welded. A detailed investigation of the
hydrogeology has proved an area of several hectares in which groundwater is
polluted by hydrocarbons.

Thirty drillholes - constructed to define the extent and thickness
of the pollution, and to monitor its movement - indicate a lenticular hydro-
carbon pollution plume in the 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 groundwater flow direction and velocity. The hydrocarbon
pollution plume has been estimated to contain about 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 system would be

by pumping from a deep bore.



PART 1

INITIAL INVESTIGATIONS, MARCH-MAY 1977

by

G. Jacobson



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 with hydrocarbon fluids that had entered the
building. Subsequently the Bureau of Mineral Resources (BMR) was requested
by the National Capital Development Commission to investigate the hydro-
'geology of the area surrounding the cinema, with particular reference to the
pollution of groundwater by hydrocarbons. In a background paper written
shortly after the accident, Wilson (1978) described the general nature of
hydrocarbon pollution and referred to a number of case Histories of similar
investigations in Europe and North America.

This report deals with BMR investigations in March-May, 1977, 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 measures and long-term management of the problem, Additional drill-

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

GEOLOGY OF CANBERRA CITY

A geological map of part of Canberra City is given in Figure 1.
Alluvium covers the area surrounding the Center Cinema and fills in a subdued
depression that probably represents an old water course. The alluvium is 4-6
m deep and consists mainly of clay (3-4 m) which overlies clayey - sandy
gravel (0.5 - 2 m). The bedrock beneath the alluyium is deeply weathered,

fractured mudstone in the environs of the Center Cinema.

THE GROUNDWATER CATCHMENT

The groundwater catchment of the Center Cinema approximately coin-.
cides with the topographic catchment (Fig. 2). The general direction of
groundwater flow is southwards towards Lake Burley Griffin (Fig. 9],

Groundwater aquifers occur in the basal gravel of the alluvium, and
in the fractured bedrock. THe alluvial aquifers are unconfined and a water
table is evident. In tRe fractured bedrock, groundwater attains a leyel in

bores that indicates the level of the potentiometric surface.
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The locations of the main sewers and stormwater drains in the
catchment are shown in Figure 2. The sewer§ drain southwards to join the
main interceptor sewer flowing westwards along Bunda Street. The sewers are
-sealéd pipes laid in trenches 3-5 m deep; the pipe bedding and backfill
materials are sandy, and are more permeable than the surrounding alluvium.
The trenches for sewers and stormwater drains provide a ready path for
groundwater movement. ‘

The catchment is entirely urban andvsurfaces are paved; recharge
to groundwater is therefore mainly through leakage from stormwater drains.
The stormwater drains are open-jointed in part and are laid in trenches
0.5 - 1.5 n 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 which are potential source$
of hydrocarbon pollution. There are about 60 underground petrol tanks in the
catchment, mostly with their bases set at depths of 3-4 m, which is close to,
or actually into, the alluvial gravel.

Groundwater levels‘wére not monitored in the catchment prior to the
accident. The nearest BMR observation bore is at GleBe Park, Reid; ground-
water levels in this bore (Fig. 3) show a normal seasonal fluctuation witﬁ‘

peaks in October-November after spring rainfall.

HYDROGEOLOGY OF THE CENTER CINEMA AREA

The hydrogeology* of the Center Cinema area was investigated by
diamond drilling and setting open tube piezometers in March<April 1977;
groundwater and hydrocarbon levéls were subsequently monitored. The locations
of the drillRoles are sfiown in Figure 4, and detailed logs of the drillhsles
are given in Appendix 3.. Drillholes numbered 6, 8, 1Q, 12 and 13 were'con%
structed with,sloﬁted casing in tHe alluvium, and were completed at the
alluvium-bedrock contact (Fig. 5). In drillﬁblesrl; 2, 3, 4,5,7, 9, 11 and
14, the alluvium was sealed off and slotted éasing was installed to a depth

of 11 m in tHe fractured mudstone. Rubble was-encountered in Bore 2 adjacent

*A glossary of hydrogeological terms used in this report is appended to Part
3 of this Record.

.
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to the cinema, at a depth of 7 m; this indicates that the 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 the depth of alluvium in the
vicinity of the cinema ranges from 2.9 to 5.7 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. 6). Con-
tours on the alluvium-Bedrock have been plotted (Fig. 7J and indicate a Buried
valley trending south to southeast in the vicinity of the Center Cinema.

-

Occurrence of groundwater

North-south and east-west cross-sections showing lithelogies and
water levels are set out in Figure 8. Groundwater has been encountered in
all theebores, but two bores, 6 and 8, are generally dry. THe north-south
section shows the potentiometric surface of the mudstone aquifer sloping
gently towards the Center Cinema, and tfie east-west section shows thHat tlie
water level in bore 7 is depressed below the water levels in bBores 9 and 5 on
each side of it. The generalized water leyel contours in Figure 9 indicate
that the potentiometric surface is depressed towards the front of the Center
Cinema, and that the main groundwater flow is from the northwest towards the
front of the building.

The north-south section also shows the water table of the alluyial
aquifer at a higher level than the potentiometric surface of the -mudstone
aquifer; howevef, the alluvial aquifer loses water as it approaches the
Center Cinema and it is shown in the section as merging with the potentio-
metric surface of the mudstone. The higher, alluvial aquifer is a perched
aquifer, and indicates a zone of lesser permeability: between it and the
underlying fractured mudstone aquifer.

Fluctuations of water levels in the bores haye ‘been monitored (Fig.
10). In general, water levels in the alluyium are quicker to respond to
rainfall events thHan those in the mudstone bBecause of the more permeable
nature of the alluvial aquifer, Boreliole tests have determined thie mean
values of the coefficient of permeability as: 0.45 m/day for alluvium and 0,05

m/day for mudstone (Appendix 2].
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Investigations so fér indicate that water entering the ground
reaches the alluvial aquifer first and flows In accord with the water tablé
gradient towards the Center Cinema. With,timé, water from the alluvial
aquifer infiltrates down-into the underlying mudétone aquifer, and flow in
the alluvial aquifer éeaseg. This hydrqgeological‘situation is modified in
the vicinity of the Center Cinema by pumping from the cinema sumps.

A dyr tracing experiment has been conducted in conjunction with
D. Ingle Smith of the Australian National University CAppendix 2). Rhodami;e
dye was injected into the base of the alluvium in a specially constructed
borehole 7A on 19 April. The travel time of the dye into the Center Cinema
and monitoring boreholes was measured as 2 to 5 m/day. The conclusions to be

drawn from this experiment are set out in Appendix 2.

Occurrence of hydrocarbons

* Hydrocarbons with_expiosive vapours have been encountered in Bores
2, 4, 7, 7A, and 9. Because of the injection of large quantities of water
during drilling it took several weeks for the Hydrocarbons~to.enter thg bores
and establish.a column indicative of the thickness of Hydrocarbonzsaturatéd

ground. The thickness of hydrocarbons was measured on 12 May as follows:

Bore No. Thickness of-HydTocaerp column
(L
2,70
0.10
0.35
4.55

O N AN

These measurements indicate that the main part of thHe pollution plume s in
fractured mudstone to tﬁe west and northwest of the Center Cinema. |

| | { ‘ .

Hydrocarbons Have also been found on top of groundwater outside the
front of tHe Center Cinema; thHis pocket of fluids s shown on the norths
south section (Fig. 8] as being within a wedge of rubhle. The water levels-
have been measured over a period of time (Fig. 10J, and the wedge acts as a
perched aquifer when it s charged with fluids,



THE CENTER CINEMA

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 8 i 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 depth of 7 m.

Groundwater drainage

Groundwater is drained from beneatli the concrete slalbi floor of the
cinema into two sumps by a herringbone system of rubble drains. From the
sumps the water is pumped intermittently into stormwater drains outside the
building. The purpose of the groundwater drainage system is to relieve uplift
pressures on the concrete floor slab.

The total groundwater inflow into the Building was measured several
times during March and found to average 400 litres per four. Since the inves<
tigations began, hydrocarbons have been continually present with the ground-

water, particularly in the west drainage sump.

The north sump

The north sump was thie scene of the fatal explosion., It Fhbuses
sewage ejection equipment, and is not connected fo the foundation drainage
system, Two vents, abBout 4 cm difameter, penetrate the north wall at 2.6 and
3.0 m above the floor of the sump; they were installed a few years ago to
drain groundwater from outside the front wall of the bBuilding. Since the
explosion, fluid levels outside the north wall haye been monitored By fitting
plastic tubes to the vents in the wall; the levels rise rapidly follewing
railfall (Fig. 1Q). A layer of hydrocarhbons on the water outside tlie north
sump persisted through March and April. Ffigure 14 shows the rise of the
fluid level outside the nortfh sump during Heavy rain on March 15. As the
fluids rose, fumes built up to danger level within tRe sump, bBut once tlie
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FIG. |14 Groundwater levels, north sump,

15-16 March 1977
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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.through 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 April 1977 with drain-
holes radiéting out to the wall of the Buii&ing. The shaft (Fig. 15] was
excavated from 4.5 to 7 .m through closely jointéd mudstone with the joint
planes satufated with hydrocarbons. Aftér conétruction the inflow into the
shaft was 1400 litres of fluid in 10 days, including 30 1itres of Hydro-.
carbons. Additional drainholes were‘inst§11éd on 13 May to ensure that the
pocket of hydrocarbons outside the north sump is effectively drained.
Permanent ventilation is being installed in the shaft whicﬁ.willbserve as a
recovery well; fluids in the shaft will be removed By suction pump to a

tanker once a week.

Entry of hydrocarbons into the building

The Center Cinema is set in the deepest building excavation in the
city, and lies across the path of natural groundwater drainage from the north
and northwest. The cone of depression in the Qater table around the cinema
is maintained By the pumping of water from the east and west drainage sumps;
it provides a sloping surface on top of which Hydrocarbons may migrate and be
trapped against the walls of tﬁe building. Fumes were first reported in the
building in mid-1976, and hydr&carﬁbns:ﬁaye entered the building as Both
liquids and gases through the groundwater drainage system, tlkrough the
apertures in the wall of the north sump, and through fractures in the con-
crete and masonry -walls of the north sump. '
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SOURCE OF POLLUTION

BMR drilling has indicated that the 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

2 and the volume of affected rock is

area affected is estimated at 1300 m
estimated to be 2500 ms. Assuming 1 percent absorption of hydrocarbons into
the rock, the volume of product remaining in the ground is at least 25 00Q
litres. 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 programme has been initiated to outline the 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 Bores are
described in a separate report by McKay (1977); the pollutant Is described

in the report as refined petroleum product,

REMEDIAL ACTION

It is expected tHat hydrocarbons will continue to enter the west
sump of the cinema because there is no Known process that will remove the
hydrocarbons completely from the surrpunding area. As the amount of hydro-
carbon that constitutes a potential hazard is quite small compared with the
amount of pollution in the adjacent ground, remedial measures must Be taken
in the Center Cinema, and have been taken by the cinema management.

Some. free accessible hydrocarbons can Be recovered through shafts
or wells, possibly with infiltration galleries; however, the removal of
hydrocarbons from the mudstone bedrock will Ge a long slow process extending
over many years, and during that period the hydrocarbons must be regarded as
a potential source of explosiye fluids and vapours. Movement of the hydro-
carbons will be controlled by the ﬁydrogéological sftuation at any one time,
and the assessment of potential risk will mainly depend on an understanding

of groundwater conditions in the area.



-8~

Precautions against the loss of hydrocarbons in the future could
require better housekeeping by service stations in the 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 of the Center Cinema acts as a trap for ground-
water moving slowly from the northwest within the fractured bedrock, and
pumping 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 has access to the cinema
via the drainage system to ‘the east and west sumps.

4. Hydrocarbon fluids and Vapours Have been able to enter tlie north
sump of the cinema thirough vents in the wall and thrqugh cracks in the
concrete. ‘ |

S. The major part of the pollution zone is northwest of the cinema;
however, additional drilling is required to define its extent, and to ascer«
tain the source'of the pollutant, '

6. Remedial, action to clean up some of fhe accessible hydrocarbons: is
feasible, but aims~at-£onfining the polluted area rather than remoying the
pollutant altogether; there is no Known process that will remove hydrocarbons
cdmpletely from the area. ‘ o

7. Civic aughbrities should consider the long term effects of adminis-

tering a built up area that contains a potential explosive fazard.
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APPENDIX 1
PERMEABILITY TESTING OF BOREHOLES
by |

R..Evans

Boreholes 1, 3, 5, 9, 10, and 12 were tested using the auger Hole
fecovery 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 équations 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 recoy-
ery. The calculated permeabilities relate only to the immediate vicinity of
the well tested. ,

Boreholés 4A, 6, 7A, and 8A were tested.by'a modified slug test and
consideration of the resultant infiltration curve, Driilholes 4A and 6 did
not resﬁond to this method of'testing. In this test a ‘slug' of water was
injected into the well and measurements of the residual Head were taken at
specified times. A graph of residual head against time was plotted and tHe
hydraulic conductivity was determined from the resultant infiltration curve
for large values of time, taken so that the transient effects, caused by the
addition of a head of wafér, will have disappeared. However, as ‘the
hydraulic conddctivity is a function of antecedent moisture content, among
other things, the values thus obtained are conditional upon this property of
the soil. Iﬁ this test there is no reliafile metﬁgd of measuring thHe antece-.
dent moisture content of the saturated zone being tested.

' Results of the tests are shown in Table 1.

The mean values of permeability are K=0.450. m/day for the alluvial

aquifer, K-0.047 m/day for tRe fractured mudstone aquifer, '

4
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TABLE 1
SUMMARY OF BOREHOLE .PERMEABELITY: TESTS

AN R

HOLE NO. ‘ AQUIFER TEST K (m/day)
1 _Mudstone Auger-hole : 0.027
recovery (A.H.R.J
3 Mudstone A.H.R. 0.085
) Mudstone A H.R. 0.032
7A Alluvium Infiltration 0.288
8 ' Alluvium Infiltration 0.865
9 " Mudstone A.H.R. - 0.010
10 Alluvium A.H.R. 0,198
12 Mudstone A.H.R. 0.080

AN NN N ENENENEN N NN\
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APPENDIX 2
DYE TRACING AND GROUNDWATER MOVEMENT IN THE VICINITY: OF THE-CENTER CINEMA, .
CANBERRA, APRIL 19 - MAY 9, 1977

by
_ D.I. Smith
(Senior Fellow, Centre for Resource and Environmental Studies,

Australian National University)

1. .Introduction

I was asked in late March, by the Bureau of Mineral Resources, as
to the feas?bility of using'fluorescenf dye as a technique for the tfacing of
groundwater movement in the vicinity*of»tﬁe Center Cinema, Canberra. Such
dyes have préviously been used for the tracing of groundwater movement but
usually in rocks with a ‘high permeability and therefore with fast flow rates.
To the best of my 'knowledge fluorescent tracer methods haVe not been .used in
strata with low permeability of the type aéSociated with the geoldgy adjacent

.to the cinema, However, it was agreed, in,conjﬁnction with the BMR and with
the City Engineer, that the methods might be of value. THerefore the experi-

ment outlined below, was undertaken.

2. Fluorescent dyeS and groundwater tracing

Water tracing by the use of dyes is a straightforward procedure. A
dye is added to the circulétion at an input site and other sites are monitored
for its reappearance. Such methods have been widely used to check leakage in
underground pipes and in that case a‘dye, often the greén‘dye fluorescein, is
used. - In this simple application, detection relies on the yisual reappearance
of the dye.

_ In recent Years.more sensitive methiods have Been employed. A dye
with fluorescent properties is used and water samples are collected for
analysis in a fluorometer. By using suitable dygs.and carefully selected
filters for tHe instrument the detection level is of the order of one part of

10

dye in 107~ parts of water, i.e., one part -in 1000 million. The visual

detection level of dye is of the order of one part in 2Q0..00Q.
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For studying groundwater movement in alluvium and mudstones, the
types of strata associated with the Center Cinema, the problems are that the
groundwater movement is slow and most dyes are absorbed into the geological
deposit. Previous groundwater tracing has indicated that the dye most suited
for this work is Rhodamine WT. The instrument 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. Tle Hole
in question was designated as CC 7A, and is located on the pavement on the
northside of Bunda Street, opposite the Cinema. The position is shown in
Figure 4 of the main report.

Some 1.8 litres of Rhodamine WT (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 the borehole to within
approximately one metre of the top of the borefiole.

The borehole was lined with a slotted plastic casing the bottom
metre (at the junction of the alluvium and the mudstone), consisting of a
screen mesh. This arrangement allowed the dye solution te pass easily: into

the surrounding strata.

4, Sample collection

Samples were coldected from a number of sites in the area surround-
ing the input borehole. The collection sites included other Borelioles and
the East and West Sumps in the Cinema itself, see Figure 4, The samples were

analysed within one to three days at the Australian National University.
5. Results

Table 2 indicates the sites and dates at which sampdes were collec-.
ted up to May 9.(the sampling program is. still continuing). The table also
gives the values for the dye concentration. All values are In microgrammes

per litre ( g/17.



TABLE 2, DATES AND DYE CONCENTRATION VALUES FOR ALL SAMPLES COLLECTED IN THE PERIOD
APRIL 19 Te MAY 9
(A1l figures given are in micregrammes per litre]
19 20 21 22 23 24 25 26 27 28 29 30 1 2 4 6 7 9 10

cc1 0.10 0.10 0.10 0.10 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 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 0.23 0.17 0.32 0.65 + + +

s 0.70  0.82 1.03

CC 6 0.18 0.27 0.20 0.28 0.20 + 4.85 * *

cc 7 0.35 0,78 ~1.06 1.28 25.00 1.55 v Vv X \'s %

CC 8 0.50 * 0.35 * * + + + -

cC 9 X X

CC 10 0.47

cC 11 0.45 0.65 0.60 AR
cc 12 0.23  0.25 0.18 v
CC 13 0.23 0.30 0.15 0.15 0.27 0.27 0.28 0.23 0.50 2.00 0.62 0.54 0.75

CC 14 0.18 0.40
Shaft * * * 0.45 0.37 0.50 0.40. * 0.54 0.50 12,5
West

Sump 0.15 0.07 0.05 + 9.07 0.23 15.00 3.25 0.18 Q.25. 0,35
East

Sump 0.08 0.13 0.05 0,05 0.05 0.07 + 0.54 0.70 0.10 0.23 0.25

X Sample consists totally of petrol, not anulysed

+

*

Hole dry

Heovy saedivacnt contaninetion, not onslysed

V  Dye visible
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For a limited number of samples analysis was not possibBle due to:

(i) the samples being composed entirely of petrol, in such
cases analysis for dye is not possible;
(ii) some samples were too heavily contaminated with sediment

for analysis.

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

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

The sites with high positive values are:

(a) West Sump. The maximum value obtained was- approximately
15.0 g/1. The pattern of the results is shown in Figure 16,
(b) Borehole CC 6. The maximum value was 4.8.-g/l, THis

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 30 cms from the
input borehole.

(d) The Shaft. This was constructed after the dye was injected and
many of the samples are difficult to analyée. 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 g/1.

The pattern of results is shown in Figure 16.

(b) Borehole CC 13, Maximum value 2.20 g/l. Pattern of results

shown in Figure 17.

(c) East Sump. Maximum value estimated to be 1.00 g/l. Pattern

0.50 g/1.

of results shown in Figure 16.

The background values for the area are generally less than

Time of travel. The time of first appearance of the dye and the

time to the peak values are shown in Figure 18.

distances

It is possible knowing the time of trayel of the dye and the

from the input boreliole to calculate the yelocity of underground

flow. The results are given in Talle 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 poinfs.shoulﬁ be mentioned.

(i) The flow rates given are for groundwater movement and rates
for oil movement could differ. )

(ii) It is impossible to say at what undergrbund level the fastest
groundwater flow occurs but the indications are that the
measured water movement is most likely to occur‘near to the
junction of the alluvium and the weathered top of the
mudstones.

(iii) The dominant flow direction indicated is from the input Bore~
hole (CC 7A) south towards the cinema and also to the east,
However, it must be stressed that samples suitable for
analysis could not be obtained to the west of the input site.
There is an indication that a relatively small quantity of
the dye mﬁved northwards from tHe input site and this is
indicated by the low positive dye yalues in Borehole CC 13.

The experiment is still continuing and further information relevant

to the groundwater movement may be obtained.

6. Summary

The method proyed satisfactory for groundwater tracing and velocit-
ies of groundwater movement have been presented and are in thRe range of “2-to 5

metres per day. Indications of groundwater flow directien are also presented

in Figure 18,

In my opinion the information presented regarding groundwater flow
is meaningful although variations in velocity could be expected in response
to heavy rain or prolonged drought. The experiment described was conducted

under relatively dry conditions.
7. Reference

WILSON, J.F., 1968 - Fluorometric procedures for dye tracing. CHapter A12 in

Tecliniques for surface water investigation. - 'United\States Geological

Survey.



Velocity of dye

Velocity of
peak arrival

TABLE 3: VELOCITIES OF GROUNDWATER MOVEMENT FOR COLLECTION SITES WITH POSITIVE DYE CONCENTRATIONS
Arrival of dye
first arrival

Distance First arrival
in metres  in days peak in days
CC7A - CC 1 43.0 9 | 13 4.8 m/day 3.3 m/day
CC 7A - CC 6 19.2 More than 8 1.2 to 2.4 m/day
days, less
than 16 days
CC 7A - West Sump’ 30.0. 9. 10 3.3 m/day 3.0 m/day
CC 7A - East Sump’ 30.0 9 13 3.3 m/day 2.3 m/day
éC 7A - CC 13 27.5 12 15 2.3 m/day 1.8 m/day
+ In these cases distance is taken to the drains feeding the sumps

-L’[_



APPENDIX 3

LOGS OF DRILLHOLES
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PART 2
ADDITTONAL INVESTIGATIONS, MAY<JULY' 1977

by

G. Jacobison, P.D. Hohnen, & R. Eyans



INTRODUCTLON

This Teport descrihes additional inyestigations from May to July,
1977, of the hydrocarbon pollution prohlem in the vicinity of the Center
Cinema, Canberra City, and is supplementary to earlier BMR reports by Wilson
A(1978) and Jacobson (Part 1 of this Record) that discussed the background to
the problem and the hydrogeology of the area. Other relevant reports (McKay,
1977) include analyses of hydrocarﬁbn samples from the area, and their
comparison with petrol samples obtained from nearby service stations.

Additional drilliﬂg was undertaken to define the extent of the
hydrocarbon pollution and to provide monitoring bores. Drilling contracters,
Stewart Bros. of Sydney, drilled 15 bores, numbered 15-29. inclusive on the
locality plan (Fig. 1). These bores were drilled to 12 m; casing was set
at 4-5 m to seal off the alluvium, and drilling continued through the casing
to 12 m, Slotted casing was set in the fractured mudstone Below the alluyium,

Logs of the drillholes are given in Appendix 3.

HYDROGEOLQOGY*

The drilling program has confirmed and extended our knowledge of
the configuration of the alluyium. Elevations of the alluyium-Bedrock
interface have been plotted (Fig. 2), and show thiat the former valley
drained to the south and southwest with its deepest part in Bunda Street
near the Center Cinema. The valley is now filled with 4<5 m of alluyium,
including a basal gravel bed up to 1 m thick.

The fluid levels in the bores are shown in Figure 3, and Table 1
lists the water level fluctuations from March to July 1977, Assuming that
the bores are representatiye of conditions. elsewhere in the mudstone, the
upper surface of the fluids has been plotted and Is referred to as the po-
tentiometric surface of the mudstone aquifer (Pig. 3]. Because the fluid
in many of the bores consists of hydrocarbons overlying water, the distrif=.
ution of the hydrocarbons can be regarded ag a lens fleating in the water
(Text Fig. 1), and this lens raises the potentiometric surface and shows
up as a bulge in the contours between Bores 9 and 18.



4
BASS GAS '
25Mm

OM Bore seét in mudstone
" |OA Bore set of base of allwium
OR Bore in fill and slip material

* Hydrocarbons in bore on
25777

Record 1978/86 158/A16/1668

FIG. | Location of bores
and hydrocarbon pollution



C o
0 Y o N o
S
T R E T
] o4
562-3 563-5%
5658 %
% 565"
S
12
9
L)l
>
D |
5¢I11
025
[by
%
©23
2:0
I
13
sb. KN
®xg62:2
2 7
5616 4 LG 56
B u -0 560-2 . 05
07 N b a 7 \ 562-1 Py s
0]
= 20 0% 180 Yo, ez
562:2 _ 5 s .
5609 3 O4 8.3 r
562 6,0 * X 460-7 % “®
Center Cinema Py sora~s6(2 56 & \
- 1% x NOI &
29 2 5606
R o) 5pf-4 56, »
X 561-2 x461.7
o 024
561-9
=
28 s
560'6
Record [9708/86 | 58/AI6/1869
0] 30 60 SOm
I L A A l b 1 1 1 l d A L A J

alluvium - bedrock contact

Osel 4 Bore

Showing reduced /evels of
X 560.6 Hole or trench

FIG.2 Contours on the alluvium-bedrock contact

r—5é3——. Elevation of alluvium-bedrock contact {m)



Ground Surface -—2a—

Water Table

Oil
Water H

Text
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After Holzer, 1976

Text Fig. 1

The broken contours in Figure 3 have been drawn to correct for the
effect of the hydrocarbon lens, and show what the potentiometric 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 the movement path of underground fluids in this

area.
TABLE 1
WATER-LEVEL FLUCTUATIONS, MARCH-JULY, 1977
Water-level below ground(m}
Bore Aquifer Max Min Fluctuation
(@)
1 Mudstone 5.34 5.61 0.27
2 Mudstone 4,21 4,90 0.69
3 Mudstone 5.25 5.62 Q.37
4 Mudstone 5.38 5.55 Qa7
4A Alluyium 2,24 4.84 (dryJ 2.6aQ
5 Mudstone 2.12 4,83 2.71
6A Alluyium 2,80 3.47 (dry) 0,67
7 Mudstone 4,98 5.29 0.31
7A Alluyium 4,51 4.83 Q.32
8A  Alluyium 2.65 3.92 (dry) 1,27
9 Mudstone 4,11 4,52 0.41
10 Mudstone 3.33 4,25 0.72
11 Mudstone 4,39 4,69 0.30
12A Alluvium 2.98 "3.73 0.75
13A Alluyium 4,13 4,41 Q.28

.14  Mudstone 3,06 3.49 0.43
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Dve tracing experiment

A dye tracing experlment tﬁat was being conducted In conjunction
with D. Ingle Smith of the ANU was mentloned in the earlier report
.(Jacobson, Part 1 of this Record). The experiment was continued to July 12.
The later results are set out in Appendix 1 of this report. THe dye experi-
ments were designed to trace the movement of water in the affected aféa.

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 ‘reasonable in
sections of the gravel and in moderately weathered and jointed mndétone, But
it is difficult to reconcile velocities of oyer 50 metreés per day with the
low gréundwater gradient existing in the area. As the high velocitles
followed heavy rainfall, it is considered that factors otfier than normal
groundwater processes were involved, and that an influx of water into the
system via the stormwater drains may have set up transitory conditions

responsible for the high velocities.

Permeability in the mudstone \ .

Permeahilities in the mudstone derxved by the Auger-<Hole Method
ranged from 0,01 to 0.085 metres per .day- (Jacobson, Part 1 of this Record];
however, -these were conducted in extremely to Righly weatHered mudstone,
which contains a high percentage of clay, and the values-may~n6t be repre-
sentative of the mudstone affected By the pollution plume which ranges from
an extremely weathered to a slightly weatﬁered'condition. At greater depths
the jointed nudstone is less weathered, the joints ﬁa?e fewer ciay\coatings,
and the permeability will be higher. . |

A subsequent analysis of permeability based on inflows to the shaft
“and joint frequency in the mudstone indicated tﬁét a permeability of about
one metre per day is to be'expected in the moderdtely-weatﬁered mudstone
with slightly open joints at depths of aBout 7110_ﬁetres. ' '
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A relationship exists between Fﬁe‘velocity of movement of dye and
the permeability of the medium in which it moves; the permeability indicated
by a dyve velocity of from 2 to 5 metres per day would range from 1 to 2.5
metres per day assuming an effective porosity of one percent.

The mudétone 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 componeént of higher permeability attributable to the overlying alluvium,

THE POLLUTION PLUME

The pollution plumé comprises  free hydrocarbons overlying a diffusion
zone of water and hydrocarbons held in fractures and pores in the rock ‘ '
(Wilson, 1978). _ '

The thicknesses of hydrocarbons measure& in drillholes from May to
July are listed in Table 2. The extent of the pollution plume is shown by
the isopachs of hydrocarbdn thicknesses in the driilholes (Figure 4A]. The
area of the plume on 25 July. was abéut 5318 m2, and it extended Beneath the
neighbouring Civic Theatre and the car park at the rear of the Manchester
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 iﬁ eachiborehole the 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 m 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 hydéocarﬁons has been noticed with time,
and hydrocarbons are being.foﬁnd in bores that were not previously contamin-
ated (3M).

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 the 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 Cinemé. 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).

TABLE 2
MEASUREMENTS OF HYDROCARBON COLUMN IN BOREHOLES

tHeasurements in metres

Bore 12 May 27 June 4 July 11 July 18 July 25 July
2 2,70 1.78 1.78 1.82° 1.78 1.80
3 - - - - trace 0.03
4 0.10 0.17 0.11 0.14 0.12 0.11
4A - 0.05 "~ 0.01 £ilm 0.01 £ilm
7 0.35 0.27 0.22 0.30 0.29 0.30
7A - 0.02 0.01 £ilm £ilm £ilm
9 4.55 4.78 4.69 4.68 4.90 4.65

16 - - 0.03 0.01 0.01 0.03

17 - 1.82 1.86 1.91 2.06 2.22

18 - 4.44 3.30 3.38 3.37 3.50

19 - 0.13 0.14 0.17 0.24 0.20

23 - 0.11 0.12 0.38 1.02 1.17

24 - 0.54 0.74 . 0.92 0.98 1.18

The volume of rock containing the pollution plume is estimated to
be about 7840 ms. 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 gallons] has been
estimated to be hydrocarbons (see Appendix 2].

The pollution plume is not necessarily stationary; the recent
entry of hydrocarbons into bore 3 about 5 months aftér 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.
Monitoring of the plume will be required until its location has been
stabilize&.

The pollutioﬁ plume is élongated to the south-southeast. If the
flow lines derived from the corrected pdtentiometric 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 norfh-northwest upslope along

_the flow lines.

REMEDIAL MEASURES

The present recovery operation from the shaft outside the Center
Cinema is removing about 200 litres of hydrocérbon liquid per month. In
addition, an unknown amount is removed as vapour by the exhaust fans over
the drainage sﬁmps of the Center Cinema, or is pumped out as a liquid with
the‘water.

A-proportioﬁ 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 the slow movement of the
pollution plume to the sbuthssoutheast, it would be more effective to locate
"such a bore in the lane near the Center Cinema to the northwest of bore 2.
An assessment of pumping from a bore for the removal of HRydrocarbons from
this area is made in Appendix 2.

The bore should be about 20 cm diémeter with a casing of about

15 cm diameter set in a sand and gravel pack; the depth of the Bore shiould
‘be about 30 metres. The bore should Be pumped to give a low yield of less
than 12 m3 per day almost continuously, and the amount of RKydrocarhons in
~the outflow should be monitored.

A pocket of hydrocarbons remains against the west side of the
Center Cinema near bore 2, and is considered to Be close to an entry point

into the cinema‘s drainage system. If required at a later date, a bore could
' be used for the recovery of hydrocarbons by regular pumping"with.a yacuun
pump. However, it is considered tRhat the bore recommended above wouid

prbbably’remove hydrocarbons from this pocket.



CONCLUSIONS

The following conclusions should be regarded as additional to

those stated by Jacobson (Part 1 of this Record).

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 moving slowly down gradient in the direction of the

flow lines.

4. The investigations so far do not indicate whether the source of
hydrocarbon pollution is still contributing additional pollutants, or Has

ceased.

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

would be expected to help stabilize the pollution plume.

RECOMMENDATIONS

1. That a bore be sunk in tlie area for the purpose of removing water
and hydrocarbons by pumping, and that the volume of hydrocarbons pumped from

this bore be monitored; and

2. that any building located above thie pollution plume Be closely
inspected for possible entry points of vapours, and that the need for long-

term surveillance be considered for such buildings.
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APPENDIX 1

RESULTS OF DYE TRACING EXPERIMENT

by

D.I. Smith
l(Senior Fellow, Centre for Resource and Environmental Studies,

Australian National University)

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 tke boreholes and the
details of the dye injection were also described and preliminary results
presented for the period April 19, to May 9. This 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
May 15, samples were collected from boreliole CC9. Previously 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 works

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

Results of dye collection and analysis

In general, dye did not appear in the sampled boreholes until
April 27, and a detailed account of this sampling period is given in the
preliminary report. After the first pulse of dye sulisequent samples show
that the concentration in individual Borelioles varies greatly: with time.
This is illustrated in Figure 6, for boreRoles 3, 4 and 5; the rainfall
throughout the period is also shown. These Borefioles are typical of the
dye concentration pattern exhibited By all the boreholes although the

absolute dye concentration shows consideralile variation.
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Table 3 lists thé 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 shows thiat there is a relationship between periods of
heavy rainfall and peaks of dye concentration, the peaks lagging the rain-
fall. 1In 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 samples were 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, and in the adjacent borehole CC7A.

Interpretation of the dye data

The preliminary report suggested that the dominant flow direction
was from the input borehole (CC7A). south towards the 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 be used to suggest

the dominant underground groundwater flow direction.

TABLE 3: MAXIMUM DYE CONCENTRATION FOR- INDIVIDUAL- BOREHOLES

N UTIUNAND T T YN Y NN RN
Maximum dye concentration Date of occurrence of
Borehole (in micrograms per litre) maximun dye concentration
CC1 21.60 June 1
CC2 1.45 June 1
CC3 7.53 June ‘1
CC4 1.76 May 20
CC4A 1.12 June 1
CC5 4,60 May 26
CCé6 4,85* May 6
CC9 1.86* June 9
CC11 Q.78* June 21.
CC13 9.80 June 17
East Sump - 10.10 May 3Q
West Sump 15.00 April 29
Shaft 12.50*% . May 10

T ——

* Indicates a limited number of samples
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TABLE 4: DETAILS OF DYE CONCENTRATION, June 17-23

Hours after maximum Peak dye Hours after
rainfall to dye concentration rainfall to dye
Borehole increase in g/1 peak
CC1 32-52 3.50 78
CC2 32-52 1,05 : 78
CC3 20-32 0.58 78
CC4 10-20 0.65 78
CC4A 32-52 0.50 104
CC5 Less than 10 0.92 52
Ccco 32-52 1.54 52
CC11 32-52 0.78 78
CC13 32-52 2.20 78

The preliminary report indicated that groundwafer flow velocities
were in the range of 2 to 5 metres per day. This flow rate can Be considered
as applicable to flow 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 Table 5 and are in the range of 8-80 metres

per dax.

These velocities are high by groundwater standards and this may
reflect the contribution to the groundwater flow from the yarious storm

water drains in the area of tfe experiment.

Conclusions

!
1

1. ‘ The technique has been successful in tHat it has produced infor-
mation on the velocity and direction of groundwater movement.
However, in presenting these results it must be emphasised that
there need be little relationship between thlie direction and espec-
ially the velocity of the groundwater and any overlying pool of

hydrocarbons. It is not technically possilile to use fluorescent
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dye techniques to trace hydrocarbons directly (i.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 what underground level the fastest
groundwater flow occurs but the indications are that the velocities
calculated from the dye studies are most likely to occur near to

the junction of the alluvium and the weathered top of the mudstones.

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

plume discussed elsewhere in this report.

The velocities are fast by groundwater standards, in the range of
2-5 metres per day under normal flow conditions and increasing to
values of greater than 50 metres per day after periods of heavy

rain. To some extent these values may be enhanced by the effects

of the stormwater drains within the area.



TABLE 5:

SUMMARY' OF GROUNDWATER VELOCITIES

Distance
from input

For peak of June 12 - June 23

-

For period April 19 - May 9 (see

‘preliminary report, Table 3)

Velocity for

first arrival*

Velocity for
dye peak arrival

Velocity for
first arrival

Velocity for dye
peak arrival

1 43 m 24.5 m/day 13.2 m/day 4.8 m/day 3.3 m/day
2 44 m 25.2 m/day 13.4 mw/day - }
3 78 m 78.0 m/day 24.0 m/day - -
4 . _ 26 m 41.5 m/day 7.9 m/day - -
4A 26 m 14.9 m/day 6.0 m/day - -
5 38 m 91.2 m/day 17.5 m/day - -
6 ' 19 m - - 1.2 to 2.4 m/day -
37 m 21.1 m/day 17.0 m/day - -
11 75 m 41.7 m/day 23.0 m/day - -
13 27 m 15.4 m/day 9.4 m/day 2.3 m/day 1.8 m/day
West Sump 30 m - - 3.3 m/day 3.0 m/day
East Sump 30 m - - 3.3 m/day 2.3 m/day
* Average value taken from Taﬁle 4
® ® o o o o o



APPENDIX 2

AN ASSESSMENT OF PUMPING FROM A WELL FOR THE REMOVAL OF HYDROCARBONS AND

Ty

GROUNDWATER PROM'THE POLLUTION PLUME BENEATH BUNDA STREET

by
P.D. HoBhnen § R. Evans

This section compares the effectiveness of a bBore of 20 cm diameter
and a shaft of 2 m diameter in creating a cone of depression that will entrap
hydrocarbons from the pollution plume that extends from the north side of
Bunda Street to the south of the Center Cinema.

Analyses have been carried out for unsteady»state condition#, i.e.
dewatering of the aquifer until a recharge Boundary s intersected, and for
steady state conditions corrected for partial dewatering, where the recharge

rate (R) equals the pumping rate (le,

UNSTEADY STATE ANALYSIS

Before carrying out an unsteady state analysis, the radius of the
cone of depression was calculated that would be needed to intersect suffic-
ient cross-sectional area of aqulfer to give a recharge equal to thie selected
pumping rates of 6 m*/day and 12 mZ /day This assessment of recharge used
natural hydraulic gradients and Hydraulic cenductivity calculated for the
mudstone, and indicated that a radius of influence of aBout 30 m would giye
rechérge equal to the pumping rate, '

Using the equation hw Qw 1n 2-Z§¥§2£~ which s a valid
4W kD T S
approximation for small yalues of r S r"8 (See Fig. 9.for explanation of terms],
4kDt

where S is equal to the effective porosity, calculated earlier te Be abeut
0.01, and r_ equals the radius of influence, then the time necessary for the
development of the cone.of depression to assuged steady state conditiens



FIGURE 9

EXPLANATION OF HYDRAULIC PARAMETERS

o

Surface

Potentiometric Surface

D=25m

h drawdown in Bore or shaft(m)

h, drawdown at radius r from pumping Bore Cm)_.
Qw constant pumping rate @3/ day]

D saturated thickness of aqui:fef(m):

T, effective radius of cone of depression'

k  hydraulic conductiyity of aquifer (n/day]



of T, ~ 30 m would be two days. Thus, after t= 2 days pumping at 12 m3/day,
the predicted drawdown in the pumping bore would bBe about 4.4 m, and this
should be the steady state drawdown.

STEADY STATE ANALYSES

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 thHe pumping well.

The aquifer is considered to be unconfined.

The coefficient of permeability (k) ranges from about 0.1Q 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 m, 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, This condition dictates a maximum withdrawal rate of 12 ms/day from -

the pumping well.

TABLE 6

DRAWDOWNS WITHIN THE CONE OF DEPRESSION

Calculated for various values of k and Qw from the Thiem equafion

corrected for partial dewatering.

hw - hr = QW . Inf Te Steady state equation
2T kD T,
r, = 0.1m r, = 1m T10° 10 m Pumping rate, hydraulic conductivity
hr 0.19 m 0.13 m 0.06 m k 1,0, Q, = 6; or, k = 0.5, Qw =3
hr 0.4 m 0.26 m 0.08 m k= 1,0, Qw:lz; or, k = 0.5, Q, =6
hr 2,17 m 1.3 m 0.96 m k = 0.1, Q, = 6; or, k = 0.2, Q12
hr 4.36 m 2,6 m 0783 m k = 0.1, Qw = 12; or, k=0.05, Qw = §




Calculations of drawndowns 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 BORE ON THEORETICAL MAXIMUM YIELD

_From the equation in Table 6

Q - h_2NkD
Tr

In _&
Tr

w

The effect of increasing the radius of the bore by a factor‘of 10,
from 0.1 to 1.0 m, will, for the same drawdown, increase the‘theoretical
yield of the bore by 66 percent, or providé the same yield as the smaller Bore
at a lesser drawndown, - |

If h,=4.43m, K = 0.1 m/déy, D=25m r, =33m and r = 1.0m,

- then Qw = 20 m3/day.
If r = 0.1 m, and the other conditions remain unchanged, then Qw = 12 ms/day.
Conclusions

1. The shape of the cone of depressibn 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 the surface, and will ensure a higher yield-and a
steeper cone of depression from which it should Be possible to draw off

hydrocarbons.

3. There is no advantage to be gained by a large diameter shaft
because the prediéted drawdown levels5sef out in Table 6 are small, and the
increase in drawdown that would take place wifﬁ.a 20 cm diameter Bore in
preference to a 2 m diameter Shéft wou1d,not be detrimental to the performance

of the installation.

4, A bore Sd m' deep and 20 cm diageter would cost in the order of
$5000, whereas a 2 m diameter shaft of depth capafle of perforﬁing,tﬁe same



task, about 20 m deep, would cost of the oxder of $25 000. The above figures
include the cost of a basic pumping installation, but other special equipment

associated with the recovery of hydrocarBons would add to the cost.

REDUCTION 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 salt water was adapted for this
purpose.

The pollution plume has a lens shape. In the thickest part of the
- plume, the depth of the base of the lens below the surrounding water table
was seven times tle height of the top of the lens above the water table (see
Text Fig. 1). Because part of the pollution plume is a diffusion zoene in
which water and hydrocarbons are present in variouS'proportions; the distri-
bution and volume of hydrocarBons for various parts of the plume were
required in order to calculate an adjustment to the fluid surface.

From graphs for Australian oilfields in which water saturation
is plotted against height of the hydrocarbon column above water table, the
proportion of hydrocarbons in each bore was estimated and the thickness of
the plume reduced to a thickness representing 100 percent hydrocarben
saturation. The column heights for 100 percent Hydrocarbons were reduced
to the heights of equivalent columns of water By the Ghyben-Herzberg
relationship which in this case was 1.00 - 0.75. An average hydraulic con-

. 1,00
ductivity of 0.5 m per day was assumed for the rock containing the pollution
plume. ‘

The reduced levels were then plotted on Figure 3 and the water
levels contoured; flow lines were then plotted In tHe direction of maximum
gradient across the contours,

The volume of hydrocarbons contained in the pollution plume was

calculated at 32 000 litres, 41 percent of the total fluids.



"APPENDIX 3

LOGS OF DRILLHOLES
by

R. Evans: § T. Kaczerepa
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PART '3

MOVEMENT OF THE GROUNDWATER POLLUTION PLUME,
JULY-SEPTEMBER 1977

by

G. JACOBSON



MOVEMENT OF THE GROUNDWATER POLLUTION PLUME

The groundwater pollution plume in the vicinity of the Center
Cinema, Canberra City, has been monito%ed in observation bores for several
months. Two additional bores, 30 and 31, were constructedvin August.
Measurenents of the thickness of the column of hydroéarbon pollutant in
- the bores have been done ‘using a measuring stick covered with water finding
paste, and the results are summarised in Table 1.

The variations of hydrocarbon thicknesses in individualvbores over

several months are summarised as follows.

Bore Variations in thickness of lhiydrocarbons

2 Erraticj probably monitors a pocket of hydrocarhons trapped
against Center Cinema basement wall,
3 liydrocarbons first observed in July after several months

observation; only a trace remains.

4 Thickness constant at about 10 cm.

7 Thickness constant at about 25 cm,

9 Thickness generally about 4.5 m; slight fluctuations.

- 16 Formerly a few centimetres thick; only a trace remains. ’

17 Originally over 2 m, but appears to be thinning,

18 Over 3 m and becoming slightly‘thinnef. H

19 Becoming thicker from 20 cm to 64 cm. _
23 ; Ovef 1 m of hydrocarbons in July. None remains.

24 Thickness increasing, greéter than 1 m,

30 Borehole recently completed. A few centimetres of

hydrocarbons observed.

Isopachs of hydrocarbon thickness at 29 September 1977 are shown
in Figure 1, and have been compared with the position of the pollution plume
early in July, The tail of the plume has extended southwards along the
direct;on'of groundwater flow, and a substantial amount of the pollutant
has now bypassed the Center Cinema. The plume HBSrretracfed slightly on the
north side; however, little change is apparent in the thickest parts of

the plume.
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here is as yet no measurable change 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 ak the northwest corner of the Center
Cinema has had no observable 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 beres 22, 25 and 11, are consistent

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

TABLE 1
MEASUREMENTS OF HYDROCARBON COLUMN IN BOREHOLES

(measurements in metres)

Bore 251Ju1y' 1 August 8 August 16 Augusf 9-12 Sept 21 Sept 29 Sept

2 1.80 1.79 - 1.57 2.59 2.60 1.52
3 0.03 0.01 £ilm £ilm - film -
4 0,11 0.12 0.05 0.12 - 0.07 0,08
7 0.30 0.26. 0.21 0.24 - 0.25 0.24
9 4.65 - 4.45 " 4.48 - 4,40 4.37 4.62
16 0.03 0.04 film ~  film - - -
17 2.22 2.04 2.00 1,73 1,57 1.58 1.45
18+ 3.50 3.44 3.32 3.27 3.13 3.07 3.12
19 0.20 0.18 0.1 0.17 . 0.80 0.61 0.64
23 1.17 0.12 0.08 0.04 - - -
24 1

.18 1.15 1.20 1.20 1,36 1.47 1.29
30 - - - 0,08 0,05 0.03



APPENDIX

GLOSSARY OF HYDROGEOLOGICAL TERMS

by
E.G, Wilson

AQUIFER

An aquifer is a body of saturated permeable rock or soil that will
yield quantities of groundwater to wells and springs. A confined aquifer is
one from which water will rise under pressure when tapped; water in an

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

POTENTIOMETRIC 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, and if the aquifer is confined (artesian] the potentio-.

metric surface may be above the surface of the ground.
WATER TABLE

The water table is the upper surface of the zone of groundwater
saturation of rock or soil; it is a particular potentiometric surface

that exists when groundwater is unconfined.

HYDROCARBON POLLUTION PLUME

The hydrocarbon pbllution plume comprises fluids held in fractures
and pores in soil or rock that are contaminated by  hydrocarbons; the fluid
in the pollution plume will range from pure hRydrocarhbons at the upper surface

of the plume to pure water at its base.
TSOPACH MAP

An isopach map shows the thickness of a tabular or lenticular
body. TIsopachs are lines of equal thicKkness.,



FLOW LINE

A flow line is tlie direction of movement of fluids deduced from
the form of the potentiometric surface; the direction of flow is the

direction of the steepest gfadient of the potentiometric surface.
POROSITY

Porosity is a property of a rock, soil or other material that
contains voids; voids may be spaces between sand grains, open fractures

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

voids in a material.

PERMEABILITY

Perméability'is the capacity of a roék, sediment or soll to transmit
a fluid through its voids. A rock containing voids is porous, But it is
‘only permeable when the voids are interconnected and will allow fluid to

flow. .

CONE OF DEPRESSION

The cone of depression is the potentiometric surface of a Body of
groundwater that has the shape of an inverted cone. It develops around a

well from which water is being withdrawn.
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