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INTRODUCTION

The purpose of this Record is to document the written material
which was issued at the Groundwater School held in Adelaide from 29th March
to 9th April, 1965. In Records 1965/85 I have dealt with the organization,
syllabus, and general scope of the School and it will not be necessary to
repeat these aspects here.

The material will be issued in two parts:

Part 1: Hydrogeology, Geophysics, Hydraulics, and Pumping
Testse. :

Part 2¢ Drilling, Bore Consiruction, Chemistry of Groundwater,
Utilization.

No attempt was made to edit the material which was written by
the lecturer in most cases as lecture notes and not for publication.
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HYDROGEQOLOGY

.by

E.P. 0'Driscoll, Chief Hydrogeologist, Geological Survey of W.A.
In these lectures I propose to deal with the fundamentals of

of hydrogeology, and I'm going to start from scratch, and assume the lis-
teners know nothing about it. ”«g\\
TN

Origin of growndwater.

To geologists, groundwater is the water that occurs freely with-
in the zone of saturation. We are not concerned with soil moisture above
the water-table.

Groundwater may have any one of three origins. 'The most uncom-
mon is magnatic or juvenile water, and I do not know of any Australian
occurrences of this, although' it has been recorded elsewhere, being recog-
nised by its deficiency in chlorine, vhich is always present in other types
of groundwater.

Ref., Simplon Tunnel.

The next type is connate water, which is really fossil meteoric
water. When sedinents are laid down on the sea filoor, or in a lake or swamp,
some of the water will be trapped in the spaces between the grains, and held
there until it is expelled by the action cf outside agents. These could be,
for example, the subsequent elevation of the rocks above sca level, allowing
the water to flow sideways under gravity and escape. Or the rocks might be
folded or tilted in a manner that exposes the elevated odge to intake from
rain or surface runoff,

In itself, ofcourse, the availability of such intake doesn't
nocessarily mean replacement of the connate water, or water of deposition,
already within the rocks. There also has to be an cutlet somewhere, before
actual replacecrient can take place. Even then, the water will move ag direct-
ly as it can towards the outlet, and only partial replacement may occur,

This matter will be dealt with more fully in the section on groundwater move-
ment.

Connate waters occur quite commonly in Australia.

Exampless North west Murray Basin,
G. A. 8. shallow saline aquifers.

Waters of this type z2lmost invariebly are too saiine for general use,
which may be a good thing, as otherwise they would be developed, and probab-
ly fail becausec of pumping,

Usually, hovever, groundwater is meteoric in originj that is,
it owes its existence to rain falling on the earth's surface, and either dir--
ectly penetrating uvnderground where it falls, or causing surface runoff which
works its way dowmwards into the rocks at more distant points.

Natural Cycle.

(Procipitation. Runoff.
Diagram
Evapotranspiration. Dowvmward percolation.

The proportion rcaching the water~table varics cnormously. Note the variable
which is vegetative cover. This can be destroyed by man, and the cycle

upset - (Siltation of dams). Note that the lcvel of the water-table rises
undor the hills,.
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Epvironmental Factors.

At this point let us consider the factors of environment
that affect growmdwater occurrence. They are

i) Rainfall,

ii) Topography.

iii) Vegetative cover, which includes evapotranspiration.
(iv) Rock type.

(v) Rock structure.

Considoration of the natural cycle shows us ‘that rain is dissipated in

three ways; by downward percolation, surface runoff, and evapotrans—
piration; and it is obvious that the influcnce of the various factors over—
laps. For example, the amount of downward percolation from rain will be af-
fected by rock type; rainfall may be affected by topography, which in turn
is related to to rock structure, and so on.

, The importance of this obserxrvation really lies in the circume—
stance that groundwater may occur in two separate areas which are similar
in all respects except for one variable, and this variation is one factor
which can completely alter the groundwater occurrencc. It becomes tho
dominant factor.

Example: Mt. Lofty. 45"-50" rainfall, very low salinity.
50 miles north, 20"-25", salinity much higher.

(i) Rainfall. So aiound Mt. Lorty, where the rock types vary but the wat-
or quality is invariably vory good, the high rainfall is dominant factor.

Howcver, low rainfall docs not nccessarily mcan that all the
growdwaters are of poor quelity. For instancce, domestic quality water
has becn obtained in certain arid arcas of Central Australia, where the
annual procipitation is 10 inches or leoss. Onc such arca is in the vicinity
of the Descrt Metcorological Station in the Rawlinson Ranges. The reason
is that whecre other conditions are favoursble, surface runoff may occur even
in very low rainfall areas, providing enough local downward percolation to
maintain small areas of good guality groundwater, which elseowhere may be
saline, or altogether lacking.

On the other hand, even a relatively high annual rainfall does
not ensure the occurrence of substantial volumes of good quality groundwater,
The typo of precipitation is important because this affects the incidence
of surface runoff, and thorefore the loczl intake eithcr from streams oxr
a8 sheet runoff from the hill slopes.

Furthermore, the rock type and the topography also exert an in-
fluence. Consider the case of a desert heeth arca such as south-east of Lake
Alexandrina, where a deep sand profile is combined with low topographic
relief. Rccent work showed that cven with a rainfall in excess of 20 in.,
the rain water penetrated vertically downwards into the sand no farther than
about 16 ft., at which depth it had all becn dissipated in wetting the soil
profile through which it passcd. In such an area, topography is important,
because wherc concentrations of surface runoff occur, the local rainfall is
augmented and the depth of penetration greatly increcased.

This can result in lensos of good water floating on the more
saline water bencath, and an understanding of their origin is important.
If such a lens results from localized concentration of surface runoff under
natural vegetation conditions and the vegetation is later replaced by dense
permanent pastures, rinoff might no longcr occur, and tho good water lens
could be graduslly oxhausted by pumping for stock usec.

One may wonder at there being runoff from sand dunes. The
simple fact is that a dry sand is far from being as permeable as one imagines,
as a simple exporiment with the garden hose will show. Ex.: Perth locality.

“\



(i) Topography. Topographic rclief is important for several reasons.
In the first place it affects rainfall, which is highest on the mountain
rangesy with rain shadows on the lee slopes., This in turn controls the
vegetative cover, and so, less directly, the surface runoff and evapotrans-
piration.

Steep slopes shed rainwater runoff quickly, cncouraging not only
sheet erosion but the dumping of rock debris as pediments and alluvial fans,
vhich may be local sources of water., Ex.: Orroroo in the Adelaide Hills.

Also these alluvials may act as intakes (much like a sponge)
in abesorbing surface runoff and passing it downwards to deeper aquifers.
Runoff from an extensive hilly catchment may deposit valley alluvials,
(e«gs Hunter R, system) and will keep the alluvials recharged, so that large
supplies are recoverable.

Hills themsclvces shed water, and in a dissectcd range this run—
off water is concentrated in the vslleys, where downward percolation may
be greatly increased. This doesn't mean that larger supplies will necessar—
ily be available, but it does mean more frequont recplenishment, and usually
lower salinity than the surrounding rocitcs, Even in a valley where the sum-
mer vriver flow becomes quite saline, the groundwater can be expected to
be much better in quality.

Ex. Wekeficld R

Blackwood R. with suline first freshet in winter.
Where streams are intormittent, with sudden floods and long dry inter-
vening periods, replenishuent conditions are usually good, but may not be
reliable enough for large town water supplics.
Ex. Tumer and Yuill Rivers-(Port Headland)

. Rawlirson Ra.

In slate country, onc adverse effect of stecp slopes may be

the deposition of an impermeable clay blanket in the valleys. In such

cascs, bore sites placed on the toe of the slopes slightly above the valley
floor may give best results.

In dense metasedimentary and igneous rock areas, steep slopes
are a disadvantage, as the weathered rock mantle is stripped away as it fomrms,
and usable groundwater may be confined to gentle slopes about half way down.

Ex. Toodyay area where creeks are saline, but wells on the slopes may
give fomestic water,

Esporance arca.

So far, the emphasis has been on the role playod by hills in
promoting runoff which contributes to the groundwater. However, the exist-
ence of hills and the occurrence of such runoff in arid climates doesn't
necessarily provide ussble water.

Ex. Mukinbudin shallow bedrock area.

Wyalkatchem, fresh to saline in 5 chains.

A difficulty that faced early workers was that flat terrain
did not necessarily mean no local groundwater.

Ex. Gregory, G.A.B. Wade, Murray Basgin.

Nowadays so much drilling has usually been donc that sub-
surface conditions can be worked out. This is not always so, however.

Ex. Badgingarra. Arrino, with clay bed, and faults; and

alternating_Perm./L. Cret.



Well-developed, steep-flanked valleys not only indicate consid-
erable loss by surface runoff, but the valleys may cut down to the water-
table, in which case the streams will act as drains inte which the groundwat-
er will flow by means of springs.

Ex. Murray R., S.A.

t

Where, as in the Murray Basin, the original saline connate water con be
replaced only if there is an outlet through which it can escape, the exisi-
ence of such a drain is of great importance. Without it, landholders would
find their properties situated in saline groundwater areas, instead of
wnderlain by good quality water which has been able to obtain ingress from
distant elevated intakes.

That streams may act as groundwater drains is probably a wore
common phenomenon than generally realised, because often the action is only
intermittent, occurring at times of low streamflow and being reversed to
one of recharge during floods. In a few cases, they seem to have little
effect, one way or the other, on the surrounding groundwaters.

Ex. Gascoyne R. Comment on barrage, which was not effective because of
slow movements and small gradient.

Plat terrains, which often occur in semi-arid regions, encour—
age the development of salt pans. Surface runcff is sporadic, often torren-
tial, and spreads out over the lowsr areas only to evaporate and leave behind
a residue of salt. Groundwater under the flats themselves is often very
salt, (c.f. Bon Bon Stn. ) but the ccntaminating effect of the salt is some-
times quite localized. The pans generzlly have a claysy floor that is at
slightly lower level than the water table round about.

Ex. Yorke Penin. W.A. calcretes.

(iii) Vegzetative Cover. Under this heading we can include evaporation
and transpiration. Vegetation, while its nature may vary with under-

lying rock type, depends on climatic conditions for its abundance, and
these conditions may in turn be affected by topography. It is of importance
because of its effect on surface runoff znd also on lesses of moisture back
to the atmosphere.

Water running ouickly off the land surface is lost as a source
of local groundwater recharge. True, it may enter the soil or alluvium in
a valley downslope and there become a source of groundwater, but it is lost
to the area on which it fell as rain. This cuts both ways, .of course,
because in semi-arid areas where bare hill surfaces shed all their rain, the
water may accumulate in the wash at the foot of the hills, and provide a
limited scurce of very good water.

Ix. Victoria Hut.

It is possible that with a heavy vegetative cover, usable water might

still have occurred; but vegetation would stop most of the runoff except in
very violent storms, and hold the moisture in the soil upslope, possibly to
be lost by transpiration etc. in such a semi-arid area.

Where vegetation is thick, the rainwater is held in the soil
through which it moves only slowly, and has ample opportunity to soak
downwards into the underlying rocks and become groundwater. This not only
improves the prospects of obitaining water by drilling, but decreases saline
ity by promoting movement =nd the flushing away of soluble salts. On the
debit side, transpiration losses increase, but rarely if ever to the ex-
tent that dovmward percolation is cxceeded, although the water table may
decline. Ex, Booboorowie. '

Evidences of the beneficial effect of vegetative cover on the
groundwater are found all over Australia, a typical example being the Avon-
Mortlock valley (Swan River, W. A.) Less than a century ago these streams
were fresh, and wells along their valleys yielded very good water. Some



still do, but clearing of the land has increased runoff and evaporation
losses to the extent that the rivers are salt, and so are many of the wells.
In some places the salt has encroached on adjacent farm lands, killing
the vegetation and rendering the land useless for cultivation.

Ex, Sisal hemp areas, N. Africa.

Transpiration losses will affect shallow groundwaters.
Ex. Bridgetown soak; saline well in granite;

Hydrogeclogists are sometimes asked their opinion as to
whether certain trees or plants indicate the prescnce of water., Some
trees, e.g. We A paperbark, may grow only in arecas where shallow ground-
water occurs, but in general tree rcots can live on scil moisture alone.
Extensive growths along watercourses etc. merely indicate more freguent
replenishment and perhaps slightly deeper percolation than elsewhere.

Ex. Gum trces Silverton (Broken Hill).

(iv) Rock Type. Geolegists classify rocks under three general head-
ings according to their origin, as ignecus, sedimentary and metamorphic.
All three familics can be further subdivided into different types, scme of
which are potentially good =znd others very unpromising os aquifers.

(a) Imeous Rocks. The commen plutonic type, granite, is widespread,

and its potential as an aquifer varies a great deal. Granite is dense and
crystalline, and completely imporviov 4n ‘the hand specimen. However, it
weathers readily into quurtz and clay,thc products having different grain
sizes and physical properties, so that the weathered products are readily
gorted by agents of erosion. This means that in granite country, sediment
and alluvium may have a laorge proportion of sand, making it very permeable,
Although they cannot safely be sited on high ground because the hard rock

iz at shallow depth, wells and bores are often quite successful in the val-
ley floors, or near the foot of a long slope., Also, the hill crests are of-
ten bare enough to shed water like a roof into the clestic material downslope.

Ex. Olary.
Southexn N. S. W. = War Service Land Settlement Schenme,
Hd. Rounsevell, S. A
The development of a weathered profile, however, and the
importance or otherwise of the mechanical effect of sorting and redeposi-~

tion by agents of erosion, arec gf coursdependent on several factors.

Ex. W. A. central wheatbelt, with arid climate, flat terrain and thin
goil cover. X

W. A. Darling Ra. with high rainfall, heavy timber, active streans,
very littlc erosion.

Another thing to consider in granite country is the length
of the slopsc. In very permeable material, unless frequent recharge occurs
the wgter may escape downslope.

Ex. Cooma area.

Till recently, granites have rarely becen drilled because of their
hardness. Hammer drills have altered this.

Bx. Exfoliation joints in rail cuttings.

The above comments can also apply to other dense igneous rocks such as
porphyry.

Ex. Yass "porphyry".

Very occasionally caverns may occur, possibly as a result of mineral
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Lo Wayatinah dolerite, 60 x 30 x 30 ruves
However, they are quite unpredictable, and cannot seriously be considered
from a hydrological viewpoint. More important, particularly in hypabyssal
rocks, is the development of jointing, and decomposition along the margins
of dykes due to shearing.
Ex. Serpentine dam.
Northampton diorite dykes., Explain salinity variation between
granulite, cherty quartzitc, diorite. Increase in Pb and Cu
‘under pumpings in bores near d kes.

Ag agifers, volcanic rocks vary, being very good when they are

eruptive and contain tuffs; poor when of the gquiet fissure type.
Ex. Gragin, (Worth-cast of New South Wales%

Coolah.,

Antrim Platecau.
My personal advice to the young field geologist is to treat volcanic rocks
with caution when selecting bore sites for landholders. Quite apart from
doubtful permeability, the roéks can be very expensive to drill. Ex., Boy-
anup, (South-west of W. A.). We must also remcmber that basic rocks like
basalt weather to a clay which can offectively blanket the underlying rocks
and prevent intake. Ex. Delungra, granite sand.

Sometimes the soil cracks badly. Ex. Blacksoil plains.
(b) Metamorphic Reclg can roughly be subdivided for our purposes into
quartzites and marbles; schists and amphibolites; and migmatites and Arch-
aean gneisses.

Quartzites arse almost always good watcrbearing beds, oxcept when
- heavily re-silicified. .
Ex, Aldgete S. §, Adelaide area.

Pentecost S.5., Kimberleys.

Grant Ra. S.S.
The best type, in my experience, is the fairly friable, sugary kind with
an outcrop thickness of 100 feet or more.” An ideal boresite would be located
near a creek, to reach theotop of the sandgtone at about 100 feet depth, the
bed having a dip of 30 -50". Limit of depth for large supplies is about
350 feet., Quartzite usually yields the lowest salinity water because of its
lack of soluble minerals; and large supplies because it is a competent rock
which fractures readily when folded., The joints do not become clogged with
clayey decomposition products, and the cracks stay open, allowing ready in=-
gress and movement of groundwater. Ex. Manoora.

Marble, which has similar physical properties but also resdily
becomes caverncus as a result of solution along the joints, is often capable
of giving very large supplies. Also it is easy to drill. However, it can
have its disadvantages. Ex. Reef types nct extensive, ¢.g. Brukunga,

Angagton, Secend Valley.
Also the water is high in carbonatc, a disadvantage for industrial use.
Dolomitic slates can be very difficult for the geologist, because occasional
bores quite unpredictably produce large supplies, but the bulk are very poor.
Ex. Lenswood area. Myponga Dati.
Slates and phyllites, usually associated in the field, can generally be
relied on for stock supplies when drilled. In some areas the harder and more
competent slates quite consistently yield limited irrigation supplies when
first drilled, but this has its dangers, as constant punping at 2,000 g.p.h.
or so, as for market gardens, usually dewaters the rocks.
&Q Mt. B&I’ker, Se Ao Montacutoe,
fomment on mex. and min, depths. for stock. and irrication.

The schist—amphibolite group represents the highly metamorphosed -
and very micaceous rocks, and is very variable, As a gencral rule the bore
yields are small, becauso although intensely sheared the rocks do not have
an open joint system. The abundant ferro-mnag winerals readily decompose and
yield soluble salts to the grouwndwater, which tends to be saline. Where



the schists are "knotted", in my experience they are such poor aquifers
that it is rarely justifiable to recommend drilling. Also, intense
metamorphism of pre-existing sediments of varying type is often accompanied
by small localized "granitisation", which adds to the difficultics of
drilling.
Ex. Kanmentoo Gp. (Mt. Pleasant, S. 4.)

W. 4. Greenstoncs.

As a general sumiary, I have observed that although the .alluvial
products of an eroded granite commonly may be expected to yield very good
quality groundwater, the weathered material in situ frequently contains ra-
ther more saline water. In comparsble rainfsll areas, on the other hand,
basic volcanic rocks usually provide lbw-salinity water. There may be
physical reasons for this, such as differences in permeability, and the
matter might repay a little rescarch. Unweathered but jointed acid ig-
neous rocks, on the cther handy though yielding small supplies, often prod-
uce very good quality water, again perhaps for physical reasons such as
elevation, and the relative freedom of groundwater movement provided by
the joints.

Ameng metamorphosed or partly altered sediments the rock type
itself exerts marked control over both salinity and supply. In strongly
folded and well jointed Proterozoic rocks (e.g. Adelaide system) quart-
zites and marbles invarisbly provide quite large suwrclies having a low sal-
inity, reflecting the open nature of the joint system found in competent
rocks, and the relative lack of soluble sodic minerals. Rocks of the slatey
and phyilitic type have tighter joints, which impede the movement of water
through them, and also provide more soluble salte and consequently more
saline groundwater., Schists and greywackes (0.5, Kanmantoo Gp.) appear
tc decompose fairly readily and give saline weters, with the result that
even in a restricted area, bore water supplies may vary from one extreme to
the other, depending on rock type.

Archaean gneisses, and most of the migmatites I have secn, are
on the whole the worst types of rock we mect., Drilling conditions are
difficult, supplies are small and often non-cxistent, and the water is usu-
ally very saline. As is often theé cesge with strong metamorphism, the joint
system may be very poorly develcpods Ex. DBoston Island, S. A.

It sometimes havpens, of course, that rocks mapped on a region-—
2l scale as being Archaean {undiff.) vary in character over short distances.
Ex. Toodysy Rly. cutting, 9 rock types. If they can be mapped from out-
crops, some individual beds may repay drilling.

Before leaving this section there are one or two special cases
of interest which can be' mentioned. In parts of W. A. such as Hyden, Wilg-
oyne, Kalgoorlie, as far south as Hsperance, thc basement is Archacan, but
in some places even drinking water occurs, where runoff is being shed from
outcrops. Ex. Hyden

Esperance

Upslopce, good water, not permanent.
Downslope, saline, permancnt.
Wilgoyne - 01d Hstd Well.

As a general rule in these 10 inch rainfzll arcas, if bedrock
is less than 80—jOO feet deep, no water ocgurs. If the bore is drilled
more than about % mile from the hillslope, the water is saline.

Ex. Breakways.
EXe Tertiary remnants on ancient peneplain - cf BEsperance of calcretes.
Ex. Quartz veins, Darling Ra.

(c) Sedimentary Rocks. Although by force of circumstances many of us
work a great deal among moetamorphic and igncous rocks, the most important
aquifers in Australia are of course the sediments. They arc widespread,
often contain pressure water of good quality, and in many places are being
developed for industrial and domestic usce. Unfortunately the usors seldonm

10
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realize that there is a finite limit to the volume of water that can safely
be extracted from any aquifer system, and increasing demands continue to be
met by expansion of the supply work, till the stage is reached where output
exceeds replenishments and the water is being mined.

Ex. Wicherina (Geraldten) Uley-Wanilla.

X Water levels will always decline under pumping, which is often
seasonal, and the decline in itself need not cause concern, provided that
the level recovers each winter. Gradual and continuing decline indicates
overpunping, and water levels should.be measured at regular intervals
throughout the whole year. Ex. Adelaide Plains. Tomago Sands, Long Id,
(New York). Need for observation bores.
Watch for contamination, either by trade wastes and domestic effluent, or
salt water intrusion.

Sediments can perhaps best be dealt with here according to
their environment, which is of two kinds; that in which they were laid
down, and that in which they now occur because of subsequent structural
movements and the passage of time. Hydrological conditions in the older
and well-compacted rocks resemble those in metamorphic rocks; and my
subsequent comments refer to the less well-compacted types, covering a time
range of about Permian to Recent.

Conditions of deposition are important because they govern the
physical nature of sediments as regards grain-size, areal extent and
thickness, and the character of the beds occurring in an alternating
sequence. The geologist must learn to assess the past history of an area
before he applies himself to developing it as a source of water.

Ex. OSwamp deposits, individuwally small, may recur elsevhere.
"Back-dune' swamps (paralic{ suggest proximity to sea-coast. May be
repeated on a retreating shoreline.
Alternating marine and freshwater beds may mean salinity variations.
Ettrick Marl and Buccleuch Beds.
Coralline limestones may end suddenly, because of their reef growth,
and effect of muddy water -- Myponga.
Continental type beds may contain gypsum aggregations, with likelihood
of local high salinities.

Permian marine beds contain boulders - Pinjarra. There are many
such examples, and the point we should remember is never to skip the field
investigations or the exploratory drilling, because very often unexpected
things turn up.

Ex. Arrowsmith R, (North of Perth)

The original conditions of deposition may still - though not always - affect
the groundwater salinity. Connate water is known in several places e.g.

G. A. B.: Murray; Rottnest Id. Its preservation in the rocks will depend
on other factors such as structure, permeability, intake. However, it is
probable that few aquifers now contain precisely the same salinity water as
that in which they were laid down. For one thing, this presupposes their
complete enclosure, above and below, in impermeable material, which in
nature is rare.

Ex. K. Hoeger. (Paper delivered at Canberra Hydrology Symp051um 1964)

//'“ 1 (S "T“Q’d‘
1 s
///{ K{(Son~ct)

R .

Ex. HAd. Shaugh area.
What generally happens under hydrodynamic conditions is the partial or
imperfect replacement of water.
Ex. Airport bore, Adelaide.

Mayall's Bore, Derby.
It is important to realize that very few rock systems can be in complete
hydrestatic equilibrium and. also that water transfer in some directions, or
through some parts of the system, may bs very slow indeed, compared with
others.

I
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b L (d) Sand Dune Supplies. Explanation of how they formm, and the limitations
" of supply. Large supglies in some places where dunes are extensive.
Ex, Port Grogory. (North of Geraldton)
Lancelin (Worth of Perth)
: Onslowe.
Miami Beach, scuth of Rockingham.

(V)Rock Structures.

Under this heading we :ay include folds, joints, faults, bedding
and weathering.

Feolding with or without marginal faulting is the cause of our
numerous pressure water basins, all that has happened in scme cases being
that one edge of a permeable sequence has been tilted upwards and exposed
to intake from and atmespheric sourcs. Most of our larger basins have more

" than one aquifer, and these may or may not have a common intake.

Ex., Murray Basin - Knight Sandss Gawmbier L/s.
Perth Basin - Mandurah-Carnnrvon
Canning (inland intake not obvious)

- hdelaide (ref. K.R. Miles)

Fitzroy Besin.

Explain why-different aquifers have differcnt piezometric levels. Iolding

is important to the geologist siting bores in hard sediments and metamorphics.

(a) Faulting.

Ex. Northemn Perth Basin.
- . Adelaide Basin.
Piric-Torrens.
Faulting may dislocate an aquifer and interrupt groundwzter movement.
- This will be rcflected in the isohalsines and the isopotentials.
Ex. Arrinog Allanookas Deniliquin.
Fault zones m-y be filled with gouge or minerrls, and not permeable.

(b) Joints. Discussion. MNay be well developed in one rock, poorly in an
adjacent one, Exfoliation joints, Effective depth to vhich water can be
transmitted. Jointing in dykes. Joint-bedding relationship as a key to
overturning in folds.

Mineralisation.

In-filling with clayey products of weathering.

Jointing in limestones, enlarged by sclution,

(¢) Caverns. How they are formed, and their relaticnzhip to the water

table.

Bx., Oscar Ra. tunnel.
Poocher Swamps
Bordertown.

Port Macdonnell.

Seceord Valley,

Papua.

L/stone blocks at Narzcoorte.
Interdune flats at Pyap.
Blowing bores, Maggen, Weikerie.

(d) Bedding planes sometimes, but by no weans always, facilitate water
novement through rock. In coarse sediments it is common to find alternating
coarse and fine laminae, and water will move nore freely through the coarse
layers, which however, may not oextend very far individually. In indurated
- sediments, suck as most Proterozcic and Palaeozoic and many Mesozoic rocks,
. water movement is more dependent on jointing than on bedding, Its real
importance is that it tells us where the rock extends underground, which
of course we must know in choosing a bore site. (c.f.Yatzla quarry.) Deter—
mining the attitude of a bed is often difficult in the ficld. Ex., Sturtian
Qte., Ra.nge rd,
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The task may be hindered by the development of structures
which lock like bedding, but are not. (e.g. - jointing, minor slicks.)
The only real lead is to observe the attitude of current bedding,
Ex, Sturtian Qte cast of World's End. However, current bedding itself
can also be misleading, because it may be on a lerge scale. Ex. N, Bond}
Hawkesbury Ss. The field geologist must never rely on one small outcrop
when determining attitude. If possible, stand off at some distance and
observe the traces the beds make in a hillside, as often this will show
thelr attitude when a close-up look at the cuterops will not.

(e) Weathoring may affect rock by

(i) dissolving it away. This mainly affects limestones,
dolomites, aeolianites
(ii) hardening of the rocks by r9811101fic~t10n, such rocks
are usually poor aculfer
Ex. Penticost Ss. (Wyndhams
Some quartzites in Mt. Lofty Ra. area.
Permian sandstone, Poole Ra,
(iii) causing some of its less stable minerals to decay.
Felspars and ferromsgs are usually affected and the hard rock may
become a soft clayay mass.
Ex. Keepit Dam,
Torrensian Slates and phyllites.

Sometines the weathering is a very quick process.
Ex. marcasite, which causes corrosion.
Depth of weathering is variable.
Clay may £ill joints and impede the passage of water,
Ex, valleys at Baskot Ra Terra rossa fillings at Mt. Gambier.

In the search for water among crystzlline rocks, weathering is
of very great importance. In those paris of the Darling Ra. wwhich are
granitic, conditions vary from one flank of the valliey to the other,
Crecks flow westward, and usually the northern flank is bare, or covered
with a thin skin of soil and laterite. Tho southorn flank has = much
doeper soil and weathored rock cover. (reason,) '

The real importance of the weathering is the profile which
regults. It can be generalized zs:
(1) Laterite gravels and clay, to 8 ft. thick, ———

Soil.

Pisolitic laterite with earthy maitrix.

Maszive laterite, concretionary, iron~cemented.

(i1) Gibbsite-kaolin clays, up to 20 ft. thick. ——~—

Laterite~Gibbsite yellow sility clay, minor laterite nodules.

Kaolin clay, resulting from complete decomposition of granite in situy
micas absent, felspars kaolinised, some residual quartz
grains.

(iii) TFerruginated zone, ———

This is the zone of groundwater fluctuation, where iron may be deposited

to form a "hardpan", but usually just discolours the clays.
(iv) Quartz-residual phase, to 20 ft. thick, ———

Mostly quartz grains and some decomposed felspars. Disintegrates into a

mass of clayey sand when immersced in water.

or

Mica~quartz-residunl phase, found only sbove schistose
parent rock, =mphibolite or banded gnelos Micas are
slightly weathercd and form about 50% of rock.

(v) Moderately weathered granite or granite-gneiss.
(Can't break drill cores in the hand). This grades
dowmward into fresh rock,

1%
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The quartz-residual phase of zone (iv) is the important one
because of its higher permeability. Local drillers refer to it as "gravel".

: Depth of weathering is of first iwportance in an arid area.
Ex, Ernabella. Recent work in the Eastern Goldfields, of W. A., gave
results worth cutlining., In scme mines, which are invariably sited on
crush zones, groundwater occurs down to considerable depths. In Hill 60,
Mt, Magnet, potable water is found to 150 feut, brackish water in a few
joints at 1000 feet, and brine at over 1400 feet,

Away from the crush zones, we found the rocks too poorly
jointed for groundwater ab-#epths of 50-1000 feet below the top of the
hard rock.

There are four mein rock types. Greenstones (amphibolites)
weather readily and deeply to a relatively impervious puggy clay, and give
poor supplies of saline water. Dips are steep, and drilling conditions
usually difficult.

Metasediments, which resemble the greenstones, have similar
characteristicsy but the quartz-jaspilite bands, which form strong
outcrops are usually well jointed to some depth. Where surface runoff con-
centrates, localized intske conditions are good enough to provide stock
quality water.

When they are silicified, metasediments behave similarly to the
crystalline rocks.

Granite and gneiss provide bare outcrops that shed surface
runoff, and shallow usable supplies frequently are recoverable from the
weathered rock periphery, although the bores tend to silt up.

In the northern areas particularly, a leached pallid zone
similar to the Darling Range quartz-residual phase gives good supplies,
enough to provide irrigation at Albion Downs.

Quartz veins also remain as a hard, resistant frame-~work in
weathered rocks; break into blocks, and admit surface water fairly readily.
In earlier days, successful wells were often sunk on such veins.

Brealkkaways are worth investigating, especially when laterite-
capped. Describe.

Valley alluvials are gencrally very clayey and lime-cemented,
and a poor water source. However, rubbly ironstone gravel deposits at the
foot of hillslcpes often yield good stock water. Leached calcrete and some-=
times an open box-work of opaline silica commonly occur near the bottom
of large drainage lines, often close to salt lakes, and these are invariably
good. At Wiluna they give irrigation water, this area being at a relative-
ly high level. Farther south around Sandstone, which is lower, they tend
to carry salty water; and still lower and farther south they are absent,
the alluvial valleys being salt.

Not all calcrete waters are of good quality, of course. As
a general rule, water alcng the margin is good, but it mey become salt near
the centre. [Ix. Pilbarza.

A feature of the calcretes is that their occurrence is readily

predicted by photo=-interpretation. So also are the

. Alluvial Fans, because of their spreading stream pattern and dense
mulga growth, as well as an unusual photo-pattern of cusp-shaped groups of
gecrub at the top of the fan, and thought to be points of fresh-water intake.
On the ground their dense scrub growth, clay-—sealed surface,; and light
flood-washed debris can be recognised. The groundwater is usually good
near the intake, and on large fans for perhaps as much as a mile downslope.

This ends the section dezling with factors affecting ground-
water occurrence., Let us now consider how it moves.

111
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Groundwater Movement.

For our own eonvenience we arbitrarily divide groundwater
into non-pressure and pressure water. Terms "water table", and "hydraulic
or piezometric surface'.

Non-pressure waters usually have a local intake or series of
intakes which may be quite extensive, and respond quickly to rain.
Ex. Fluctuations in w/teble at (Pinjar
L. Gnangara
Golflands
(Mt. Gambier
Ex. Broome, in relatively flat bush country;
Co. Cardwell
Hunter valley alliuvials
Drains acting as intskes east of Coorong.

The tyve of intake is important, and its duration.

Compare flash runoff to streams, swamps and lakes.
The chemical quality can vary.
Ex. Blackwood R.

Wakefield R.

Rhine R.

Stinking Gully Creek.
Unless augmented by surface runoff concentrations, rain does not penetrate
very far into most rocks.
Ex. Co, Cardwell experiment.
Sometimes it rides on a clay band at shallcw depth. Perched.
Ex. West coast, 5. L.

As water frecly moves downslope along an aquifer, it may

become confined, and under pressure. Illustrate.
Types of intakes.

Sﬁﬁple overlap, €.g. G. Ao Bs

Faulted. A4delaide Plains.

Perth coastal

Effects of block faulting in Mingenew area.
Comment on Canning Basin.,.

15~
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Origin and use of term "artesian".

All ground water will flow wnder gravity if it can, although
it is subject to other influences such as capillarity, osmosis.,

Groundwater gradients.

Consider limits of steepness and flatness. Effectiveness of
Gascoyne barrage.
Reason for watertable being high under hills.

Pressure water,

Where an intake is high up, water entering it will build up a
pressure that is tranamitted to all parts of the aquifer. However, it
will not cause movement or replacement unless there is an outlet somewhers.,
Ex. G.A.B. mcund spgs., and gulf of Carpentariz.

Murray Basin springs in river.

Perth Basin, submarine springs.
Flowing bores will locally relieve the pressure. Blestic compaction.
Decline of flows.

Water moving downslope under gravity will take the casiest
path through an aquifer. Rate of movement., Note that water can move up-dip.
Differential replacement. Ex. Adzlaide Airport bore.
Arrino.
Furthermore, with gradual replacement of saline water in a thick aquifer,
the best quality water usuvally is found near the top, the salinity tending
to increase with depth.
Ex. Port Lincoln.
Mandurah.

However, in the Perth Basin, water in the bottom of the South
Perth Shale is poorer in quality than that in the underlying Claremont
Sandstone., This may be a permeability effect.

The degree of replacement of connate water will vary according
to the rate of movement possible for the intske water.
Ex. South side of Murray main basin.

Variations in water level.

Tidal effects. Ex, Torrens Island.
N.W. New South Wales.
Barometric effects.
Caution, beware instrumental errors.
Effect of a rising water face. Ex, Leeton sandbeds.
India.

Springs. Crigin, and method of development.,
Can they be damaged? Can natural supply be increased?
Mownd springs.

Depth to which water occurs. In pemmeable rocks, the limit to which intake
water will penetrate is theoretically governed only by the intake head
available, and the relative densities of the waters. Fractical consider-
ations. ‘

Salinity.

Origin. (i; Cyclic salts.
(ii) Weathering of minerals.
Consider the control exercised by rock type and by rainfall,
Salinity rises during pumping.
Ghyben~Hertzberg theory. Ex. Pacific atolls.
Derby - modified type.

I ¥
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Witrates, Iron.

Presence; and origine.

Contamination.

Lodes. Ex. Northampton Fb, Cu.
N.3.W. arsenic mine,.
Mine dumps. Ex, Captains Flat.
Marble Bar.

Industrial wastes. Ex. Mil-lel,

N.3.W. abattoirs.

London chalk.

Plating works, Adelaide.

Poocher septic tank.
We have very little lmowledge of the travel of pathogens, and research is
needed.,

Things to remember,

Water is completely logical in its behaviour. If it seems to
do something uwnexpected, be assurod that this is either because you haven't
got all the necessary facts, or you haven't interpreted them correctly.

In tackling a problem of hydrogeology, = field man must be able
to assess the relative importance of the factors listed earlier which
control growndwater occurrence, This ability comes only with training and
experience. In my opinion it takes a minimum of about four years varied
expoericnce before a learner can be relied on to work without fairly direct
supervision, and even this mininum will depend on his ability, and more
egpeclally his common sense.

Given the ability to assess field conditions properly, the
hydrogeologist has certain tools at his command. These will include photo-
interpretation; (gﬁ. Hackathorn, ete. ) surface mapping to help determine
stratigraphy and structure, and particularly the possible presence of
surface intakess (EE. Regional Mapping); drilling, vhich gives us detailed
information on stratigraphy, salinities, and water levels; and palasontology.

Often much of the drilling has already been done by landholders,
and the first step in almost every project is a field census to collect
every available bit of information on well locations, bore logs, surface
levels (barom. etc.), and salinities. (Field salinities, Techtron or
Philips.) Parmcrs often have chemical analyses tucked away among their
records, and it is worth spending a fair amownt of time to get them, and
any other records. Remember that one missed fact may result in an incorrect
interpretation. One missed bore record may result in expensive drilling
to obtain the same information.

The study of the hydrodynamics of an arca must include cross-—
sections, an isopotential map, and a salinity map. If you have enough
information to compile these, you have all you should recasonably need.

If not, go and get it. You cannot base an adequate opinion on inadequate
data.

Hydrogeology falls in general into cne of three categories,
which necessitates a flexible approach.

(1) Census Work, often a continuing and long-tcrm project to collect data,
and give us a proper knowledge of the area. This work is good basic train-
ing. Comment on procedure.

(i1) Government projects, such as tovm water supplies, This usually invol-
ves officers from other departments. Comment.

(iii) Advice to landholders. This is at once the most difficult and the
nost rewarding of our work,

17
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Always take your time. Usually it is advisable tc do a limited boire census
of surrounding properties, followed by a look at the local geology, then

a mental sumning up. I personally have found it best to call first on the
farmer, say who you are, ask him just what he has in mind, and what drilling
etc. he and his neigrbours have done. Then explain that you will have to
walk over the area to examine ity that this usually takes some hours; and
you will report back when finished. Meke sure he will be home.

.. At all cost, politely discourage him from coming with you.
Your amblingabout may impress him as pointless; he'll drive you up the wall
asking quoestionss and the neighbours probebly won't talk openly in his pres—
ence.,

With the neighbours, just say who you are and that you are
doing a groundwater survey. Ask what they know about local drilling, quar-
ries, tunnels, mines in the area., Never discuss another neighbour's busi-
ness, ovven if asked a direct question. Cross—chedk information; some farm-—
ers will suppress information about failure bores, for example. Lastly,
never rush them. The average landhclder will take an hour or more to get
around to telling you what youw want to know, and it is always time well
spent. However, what you are told has to be realistically interpreted;
@.g. hard rock; unlimited supplys good wotery deep drilling.

When a landholder asks for geological advice, that advice to
some extent will be conditicned by his financial circumstances. Comment.

But whatever advice you give, make sure you explain your grounds
for it, and make sure the farmer understands what his chances are. He's
going to put 2 lot of money on your advice, and he's entitled to be told
precisely what you think, and why. This end-of-the-day talk with the fare
mer is the hardest thing for the young field man to learn to handle.

First you have to make up pour own mind what to recommend and whys;

then you have to cxplain it all to the fammer, who may have other ideas of
hisg owng then you have to resist being coaxed into agreeing, against your
better judgement, to a bore site that isn't as good as the one you suggest,
but is where the farmer wants the water. Sometimes a compromise is possi-
ble, and this is one reason why early on ycu should find out what he himself
has in mind.

This vrings me to another point. Always write a report of an
inspection, and send the farmer a copy. This ensures

i) the inspection is adequately done.
ii) the landholder has a record, and s0 do you.
Comment.

Divining. Comment.
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GROUNDWATER INVESTIGATION OF TIE POLDA BASIN
DYRE PENINSULA, SOUTH AUSTRALIA

by
R.G. Shepherd, Assistant Senior Hydrogeologist, Mines Department, S.4.

ABSTRACT

The Polda Basin, located near the west coast of Eyre Peninsula,
is an area of fresh and brackish growndwater. In area the pasin exceeds
1,200 square miles, extending inland for more than 30 miles and with a maxie
gun length of about 50 miles.

Water occurs at depths varying from a few feet to mcre than
50 feet., The aguifer, which is seolisanite capped by dense limestcne, has
an average thickness of about 15 feet.

At the base of this aquifer is a sandy clay which is the upper
bed of the Tertiary succession in the area. A stratigraphio bore near
Polda has shown that Tertiary sand and clay bave a thickness of about 200
feet. Sediments of Jurassic age occur beneath the Tertiary and consist .of
clay, sand and lignite, resting on Precambrian basement at a depth of 560
feet.

Water occurring in the Tertiary and older sediments is brackish,
with salinity increasing tc more than 7,000 parts per million in the deep-
er aguifers.

In the upper aquifer there is a considerable area where good
quality water occurs. Test drilling has shown that there are three sep-
arate areas where salinity of the groundwater is less than 1,000 parts per
million. In the first of these, near Polda homestead, sn zrea of 50 square
miles has been proved. A second area of probably at least 200 sguare miles,
lies south west of Polda. Drilling is in progress in this area. In addi-
tion, a third arca of at least 25 square miles occurs north west of Polda
homestead. '

Very salinc groundwater, in places exceeding 14,000 parts per
million, occurs in a swampy depression a short distance west of the Polda
area. A sandy clay occurs in the swamp and is the upper tad of the Terti-
ary succession.

Growndwater contours ghow that thers is a westerly fall in the
water %able of about 5 feet per mile.

The basin has outlets in the form of springs along the coast
and in numercus salt lakes in the coastal area. Intake to the basin is
from local rainfall which averages 16 inches per annum. In areas where the
water table is at shallow depth, e.g. in the Polda area, a relatively large
proportion of rainfall probably reaches the water table.

Good quality water in the vicinity of Polda homestead is now
being pumped through a 15 inch pipeline to the trurk main at Lock, 20 miles
to the east. The water is pumped from a 200 yard trench at the rate of 1 m.
gallons per doy. Pumping lowered the water level abeut 4 fect before July,
1964, but winter razinfall completely replenished the aquifer.

Pump tezts on two 15 inch bores were done in 1963 and these show=-

- ed that yields of 20,000 gellons per hour could be cbtained. Recently four

43 inch diameter bores were drilled at half mile intervals south of the
trench. Two of these were pump tested for 7 days and yielded 38,000 and
42,000 gallons per hour respectively, the specific yields being 46 and
66 gallonS/per foot of drawdown.

per minute

The two remaining bores had much lower yields because the aqui-
for is thinner and is probably less permeable.

These results show that this type of bore is an effective
method of obtaining large yields from the Basin.
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SURFACE WATER TECINIQUES

by
G.T. Roberts, Geologicsl Survey, S.A.

The general significance of surface water hydrology is dis—
cusgsed in the context of groundwster studies. The overlap zone between
surface and groundwater is examined and the major points of interacticn
are considersd in terms of recharge to groundwater and losses of ground--
water to surface run-off and cvapo-transpiration.

It is suggested that hydrogeclogists should familiarise themsel-
ves with the main technigues in use at the present vime to measure surface
water resources with the ultimate cbject of delineating ground and surface
resources in detail, and providing the basic data to complete inventories
for specific areas.

The lecture is designed to survey the cormon basic techniques
in use in the field and in the office for the wmezsurement and recording
of flowing surface water. Brief mention is also wade of static water in
the form of lakes and swamps.

Streams and Rivers

Two main measurcment categories are noted.

1e Water controlled by artificial structures.
2 Watural flows.
Category 1. The main types of artificial flow measurement structures
are described and the limitations of accurascy noted.
Caterory 2. This provides the main problems for hydrographers. Two

main cperations are involved,
(ag Measurenent of water level or stage.
(b) Measurement of discharge.
(a) Water Stage
Various problcems associated with the measurement of water
stage are noted. Modern water stage recorders are described together
with basic details of instsllation and maintenarce.
(b) Discharge :
The theory of discharge measurement is outlined, Field
techniques in common use are described, including current meters,
chemical or radloactive agents and so-called indirect methods such as slope—
area techniques. Euphasis is placed on simple measucments which can be used
to oestimate flood flows in remote arzas,

Office procedures are briefly outlined and illustrations are
given of the interpretation of hydrographs, particularly in the field of
gramdwder studies.
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GEOPHYSICS

INTRODUCTION
by
W. Wiebenga, Bureau of Mineral Resources, A.C.T.

This discussion will be restricted to shallow basins or
valleys. Although deep basins are fundamentally not different, the
question of size and depth requires a more structural approach involving
different techniques conmon in o0il exploration.

Geophysics in ground-water exploration yields two types of
information. Although they often come from the same set of data, distin-
guishing between them will clarify what may be achieved by applying
goophysics. The two types are:

(a) The quality or character of the rock.
In this case the survey data are translated into geological terms
or into quantities useful to engineers or hydrologists.

(b) The location of the rock.
This mainly concerns depth measurements; the accuracy of these
involves the typical geophysical problem of how to sort the
relevant data from backgroundmoise or disturbing factors.

Since it is not possible to compress the whole field of
geophysics into a few hours, only a limited number of the more common
methods and their applications will be discussed. These are shown in the
accompanying Table 1.

An inspection of the Table indicates that the main problem
facing the user of geophysical data is their translation into geological
terms and engineering quantities. For this reason the geophysicist
generally requests a geological report, which should include available
drillhole data and logs, borehole water yields, rainfall data, etc.
Geological data and theory can then be applied as controls in the
interpretation. The following examplcs may serve as an illustration.

In a hydrological seismic survey in Queensland a shallow layer
with a 7000~ ft/sec velocity was disclosed. Either "weathered bedrock"
or "compacted sediments" could fit the interpretation., Because no controls
were available at the time of the. survey, and because theory indicated
that no favourable conditions existed for the occurrsnce of aquifers, this
formation was named bedrock. From then on for practical reasons bedrock
was defined as a formation with a velocity of 7000 ft/sec or more.

In the same area the average ground-water resistivity was
about 60 ohm-metres or less (control). With a formation porosity for
unconsolidated sediments of about 35%, this corrosponds to a formation
resistivity of about 250 ohm-metres. Hence; subsurface formations with
resistivities in excesg of 250 ohm-metres are dry or partially dry.

During the same survey, chemical and geological theory were
used as controls to outline permeable sub-surface zones suitable for re-
charging, Clays, deposited in a saline, marine environment, have abgorbed
salts which are not easily flushed out by fresh water. Also the clays are
more or less impermeable. In this survey large variations in formation
resistivity were disclosed which could not be explained by variations in
growmd~water salinity or fommation porosity. Therefore the low-resistivity
formations were interpreted as clayey formations of low permeability, and
the higher resistivity formations as permeable sands suitable for recharge.
However, the controls are not applicable in coastal areas where sea water
may be expected to invade the near-surface sands. N

Another example of geological control was shown in a survey
for underground water at Yuendumu, Northern Territory., Rogistivity surveys
indicated shallow subsurface valleys. Magnetic traversing showed the pres-—
once of high, sharp anomalies caused by near-surface bodies. Because the
asgociation of magnetite with coarse, unsorted sands or gravels is very com-—
mon, localities with high, sharp anomalies within the valley zone were con-
sidered as favourable targets for drilling.

Ll
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TABLE 1 - GBOPHYSICAL MBETHODS IN HYDROLOGY

. 7%

METHOD ROCK GEOLOCICAL APPLICATION APPROXIMATE CORRELATED ACCURACY DEPTH
CHARACTERISTIC | RELATES TO RANGE WITH MEASUREMENT
" s 4 £t /sec
Seismic S°z¥3/22i301ty Unweathered Bedrock 13000 + -(ZOéOO 3 Porosity Under favourable
Refraction : Slightly Weathered to Weathered ' Cleavage, §°“i;t1°ns 108 of
Bedrock 8000 + - 15000 + Bedding, ep
Minerals,
Weathered Bedrock ) 6000 + - 8000 +

Compacted sediments Faults or Shears

4000 + - 6000 +

Very Weathered Bedrock ) - Groundwater level

Water-saturated sands & gravels € 4000 hd in unconsolidated
sands
Clayey Unconsolidated sediments 1600 + - 2000 +
Dry sands
._F_ .
, S (ohm-metres) i
O Resistivity Resistivity Non-porous Unweathered Bedrock o Maior Factors Often uncertain but
"7 Depth Probing | (ohm-metres) . ajor ractors Qualitatively
z - Dry, sandy formations > 300 + Salinity of Pore Correct
. - Solution
Fresh water formatlons) _ 21 - 300 +

To be used with
controls

1000 p.p.m. Minor Factors

Brackish formation ) - ' 6-20 . Porosity and
1000 - 3500 p.p.m. Cementation
Saline formations ) - (\6
30CO p.p.m.
. A ; (g/cm3) Porosity
" Gravity DenSlgy Subsurface Valleys or Basins 1.9 - 2.7 Seismic Velocity Accuracy depends on
. Reconnais- (g/cm ) Overburden and available control,
‘ sance _ Bedrock usually not very
,MethOd) ! great
#.“_N“ﬁ —— T U i i 1 Sharpness of Anomalies
) , & Heman— Updulatlons in Bedrock Bedrock Features 0 285 i
Magnetic 'zﬁiuﬁzgnetisation Basic Dykes Magnetite Concentrations gives indication of
- ' : T . g in sands and gravels depth

P . ] > : !
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"GEQPHYSICS IN ARTESIAN BASINS
by
W. Wiebemga, Burcau of Mineral Resources, A.C.T.

Artesian basins cover hundreds to thousands of square miles.
Although there is no fundamental differencé between the exploration of
large, deep basins and small, shallow basins, the exploration cost of
large basins is very high. Hence, it is important to start investigations
with cheaper reconnaissance methods, followed up by more expensive methods
to obtain detail.

Important items to know about a basin are: the boundary, the
shape and the thickness of the sedimentary fill. In connection with these
probleoms, the basement may be defined as a more or less old, metamorphosed
sedimentary or igneous rock of low porosity (and permeability) and high
density in which the chance to find aquifers is very low. This definition
is rather loose and elastic and may be changed or adapted to the specific
requirements of a geophysical survey. For instance, basement may also be
defined as a rock with higher seismic velocities (say 14,000 to 20,000
ft/sec), with higher specific gravities (say 2.4 to 3.0), or as a rock
containing many intra-basement magnetic features. The character of rocks
filling the basin generally show a strong contrast with basement rocks.

The geophysical techniques in artesian basin investigations
resemble those used in oil exploration. A logical investigation sequence
would be:

1, Ceological and hydrological survey

Mapping of outcrops, old river courses, etc. Collecting of data
of existing bores (yield, depth, temperature, drillers' logs,
gamma ray logs, bore~water resistivity and salinity). The above
information can be used as a control for the interpretation of
geophysical data.

2. Reconnaissance asromagnetic surveys of ground magnetometer surveys

The cost of acromagnetic surveys is high for small arcas. However,
for vory large arcas the cost per square mile becomes very low,
Magnetic surveys generally indicate the boundaries of the basin by
high-gradient, sharp magnetic anomalies. Rough, qualitative depth
estimates are also possible.

3. Reconnaissance gravity surveys

These are usually made along existing roads or tracks, with a
station interval of one to five miles., Shape and approximate

depths may be determined with the availeble geological control,
Arees may be selected for detailed gravity surveys e.g. to determine
the course of sub surface valleys. A big disadvantage of gravity
surveys is the requirement of accurate topographical surveying
(levelling), which can become very expensive. For the determin-
ation of shallow sub swrface valloys or channels, a dense observ-
ation net is required, which is not very practical if large areas
are involved.

4. Seismic refraction survevs
\7),

In large areas, it is more economical not to design continuous
seismic refraction profiles, but to place the seismic refraction
"spreads" at regularly “spaced" intervals, viz. to sample an area.

The advantage of seismic refraction work is that it gives
both depth and seismic velocity of a formation. Seismic velocity
correlates with rock porosity (rock type). From seismic refraction
data 2 basement-~ or bedrock- contour plan can be constructed.

hA
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Together with geological information, seismic refraction data
provide excellent control for magnetic and gravity surveys.

Resistivity surveys

These can be used to detect locations of salty, impermeable clays,
or to detemine the approximate bowndary hetween fresh- and salt-
water sediments.

Seismic refraction data, and available borehele inform-
ation give excellent control for resistivity surveys (resistivity
depth probing or electrical sounding).

With commercially available resistivity equipment, the
depth range covered is usually less than 500 ft. For deeper
penetration, special equipment has to be built.

Drilling

After interpreting and combining the data of the surveys mentioned
above, target arcas for drilling may be selected., Boreholes
should be drilled with rotary drilling and mud. This makes it
poesible to apply electrical losging methods.

With electrical logging, aguifers and salt- and fresh-
water horizons are casily recorded.

¢
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SETSMIC REFRACTION METHOD
by
E.J. Polak, Bureau of Mincral Resources, A.C.T.

When an explosive charge is detonated in a shallow hole, the
seismic waves radiate in all directions. Geophones placed on the ground
dotect these waves and send corresponding electric impulses along a cable
to be amplified and photographically recorded. Waves travel from the shot
point with velocities dependant on the properties of the rocks traversed
and on the type of wave motion.

When the recording station is located some distance from the
shock source the refracted longitudinal wave is the first to arrive. In
this wave the rock particles are excited along the direction of propagation.
Subsequently there is a stronger vertival movement caused by the arrival
of the refracted transverse wave, in which the movement of particles along
the refractor is normal to the direction of propagation. If, as is gencr-
ally the case, therc is more than one sub-surface interface, thers will be
a corresponding number of arrivals of each of these wave types. Generally
the last wave to arrive (opart from an air wave) ig the ground roll, a very
complicated movement of ground particles resulting from the passage of the
shock wave through the near surface layers. If the velocities of at least
two of the waves are knowm it is possible to calculate all the dynamical
properties of the rocks traversed.

Although the vibrations produced by an explosion consist,
predominantly of longitudinal waves, they arc refracted at a discontinuity
and travel along an interface as both longitudinal and transverse waves.
The "transverse" wave discussed above is that which travels along the
interface as a transverse wave but between the surface and the intexrface
as a longitudinal wave., A wave travelling along a discontinuity must enter
and leave the discontinuity at the critical angle given by Snell's Law
(equation 1).

On a seismic record the shot moment is recorded, followed by
deflections on cach trace giving the times of wave arrivals at each geo-
phone. Timing lincs are superimposed on the record st 10 millisecond
intervals,

-The arrival time of each wave at each geophone is plotted
against the distance of the goophone from the shot point, and a time-
distance curve is obtained. Figure 1 shows a time-distance curve obtained
from field results. The rcciprocal of the slope of a segment of the T/D
curve gives the wave velocity in the roefractor. Figurc 2 shows a four
layer geological cross section, with the velocities in the lower layers.
higher than those in the upper ones. The waves are rcfracted at the inter—
faces according to Snell's Laew., If the same geophone spread is shot in
opposite directions the velocities obtained from the T/D curves are numer—
ically cqual only if the interface in question is parallel to a plane con-
taining the geophones. If the interface slopes away from the shot point
the estimated velocity will be less than the true velocity. Conversely
the estimated velucity will be higher than the true velocity if the inter—
face slopes towards the shotpoint. If the travel times in both directions
are known the critical angle of refractiony; the angle of slope of the
interfacc and the true velocity in the refractor can be calculated (equat-
ions 2 to 4).

The depth of the refractor can be calculated from the time-
distance curve and scveral methods for doing this sre given in the text
books. Most commonly the sccond segment of the T/D curve is projected
back to intercopt the time axis at the shot point and the intercept time
ty, is obtained. The thickness d, of the top layer is then given by
equation 5. In the same way the thickness dp of the second layer is ob-
tained from the third segmont of the curve (equation 6) and, in the general
case, dp.q by usc of formula 7.
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This method gives the depth of the interfacc below the shot
point. To find the depth to an interface along a traverse a set of geo-
phones is placcd along a straight line and shots are fired at both ends of
this line (Fig. 3). The depth of the refractor is then calculated from
equation 8. Vg is an average velocity and can be found from the equation
(7). This is knowm as the reciprocal geophone mcthod.

For accurate depth determination by the seismic method each
layer must be characterised by a higher seisimic velocity than the one
immediately above it. In ground water investigations, in areas where
a perched water table exists, velocity reversal may occur, and a low
velocity bed may be sandwiched betwecn two of higher velocity. In this
case there is no refracted wave travelling along the upper surface of
the low velocity layer. To determinc the depth of the wndorlying re-
fractors a velccity must be assumed for waves in the low velocity layer.

In ground water investigetions the velocity of seismic
waves commonly varies between 700 and 24000 ft/sec. The volocity in a
rock depends on many factors, among them being composition, consolidation
texture, porosity, fluid content, pressure and dircction of propagation,
As the velocity in water is 50600 ft/sec, velocities lower than this in-
dicate that the rock is dry or only partially wet. Velocities in excess
of 15000 ft/sec characterise consclidated, low porosity rocks, from
which no appreciable quantity of water can be obtaincd. Fig 4 gives the
velocities of seismic waves in those rocks likely to be of interest in
groundwater investigaticns.

4k
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RESISTIVITY METHOD
. by
P.E. Mann, Bureau of Mineral Rescurces, A.C.T.

General

In the resistivity method, current is supplied to the
ground by a pair of electrodes and the potential is mcasured between
two addition points. The ratio of potential to current, multiplied by
a gpacing factor, gives apparent resistivity as a function of spacing
and, hence, as a function of depth penctration. This applicetion makes
it possible to determine the depth to basement or bedrock, to water
level and to beds of stratigravhic importance as long as the formation
boundarics are marked by changes of resistivity or resistivity discon-
tinuities. This procedure is called "electrical sounding", "electrical
drilling", or "reeistivity depth probing'.

If the spacing is kept constant and the arranzement is meved
as a whole, horizontel veriations in character of variations in depth
of a given formation mey be determined. This is called "resistivity
traversing",

Units
The rosistgnce to current of an elecment of length 1 c.m.,

and cross section A cm” ise

licm
o Elem )

dimensions in brackets. Po is a moterial constant enlled resistivity,
and is expressed in ohm—-cm or ohm-metre. Conductivity () is the
reciprocal of resistivity, and is expressed in mho/cm or mho/metre.

Rosistance (ohm) =

Resistivity as a hvdrclogical parameter

When the resistivity method is applied to hydrclogical
problems, the following assunptions are generally mades

b) The rock pores are interconnectced.
¢) The resistivity of the minersl grains or rock frame is very high,
~and for practical purpose treated as infinite.

(d) Rocks under the water table are water saturated, rocks above
the water table are dry (high to infinite resistivity). Be-
tween these two groups is a transition zone which is often teo
thin to be taken into account. '

(e) With most commercial resistivity moters measurements are made
with low____ frequency (square) A.C. current to counteract polari-
zation. In the theory the A.C. current is generally treated as
a D.C. current.

%ag The current flow is electrolytic (by ions in pore solution).

For water saturated rock the following relation holds approxi-

matelys
P = Pw P = Py/P® (1)

in which

P rock resistivity,

F formation factor,

Pw resistivity pore solution,

P porosity, and

m cementation factor, ranging between 1.25 (for shallow

’

unconsolidated sands) and 2.2 (for highly cemented sandstones).
Also, the resistivity of the pore solution is approximately inversely
proportional to the salinity S oxs

%0
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Pw = 5000/S + ohm metre (2)

for temperatures of about 20° ¢, and S is the salinity in p.p.m.

As en example, take a near surface unconsolidated rock in which P is
about 0.33 or 1/3, and me 1.3, and t = 20° ¢,

From (1) and (2) it follows thats

e e e ":." J ey
= PG UTT D CAhvenw @ C.»/,-é
~ 14

v

~

This shows that if the porosity of sediments varies within narrow
limits, resistivity measurements may be used to estimate salinity
conditions. Vice versa, if the roviotivity or sslinity of tho pore
solution is accurately known, resistivity measurcments may give the
porosity of the rock,

Resistivity inhomoponecus medium

Imagine two current clectrodes (Fig.+) C, and C, at distance L apart
(C, C, =L). In line and between the current electrodes aro two potential

electrodes P,and P2° P1C1 =Ty, P1C2 = oy P201 R1, m = R2.

1
Then the ground resistivity is
5 - 2T d
,.'(; - -)Z 4 T’,':“ L Z - _ﬁ. - __:;, (4)
o ;} g ,(;:' {/‘
where V is the potential between P and P and I the current between
C and 02

In a non homogenecus ground (e.g. with vertical discontin-
uities or layered formations of different resistivities) the resistivity
P is replaced by an "“apparent" resistivity Pa.

Blectrode Configsuration

Many electode arrangements are possible but two are commonly
used.

In the Wenner eysten (sec Fiz., 2a)

PiCq = PoCs = a = -31L PpCq = CoPq = 22
where a is the electrode spacing.

Substituted in (4) givess

p FoN S ra %_/- = 0277-. T ';/{ -’;)

e

If horizontal discontinuitics in the sub-surface are present, the same
expression is used but the ordinary resistivity is replaced by the apparent
resistivity Py, i.e.

’ —a— - ;’ .
/I? x AT % = O.(l" A, “(« / - )
oA

-In clectrical sounding the separation "a" is gradually incrcased from

1 £t 6 in (log a = 0. 2) to say 400 £t (log 2 = 2.6) by amounts whioh give
equal increments of 0.1 in log a. For convenient interpretation log P, is
plotted against log a on.a scale of say 1 wnit in the logarithm = 2 inches.
Theoretical two-layer and three-layer type curves have been calculated and
plotted on the same scale.

In resigtivity traversing a suitable cleetrode spacing is
adopted and the wholw array moved along traverses.

In the Schlumberger system (Fig. 2b) the distance P1P2(= )
is kept small compared with Ly usually L>5 A . The centre of P1 and Po
1s located midway between Cy und Co,

2 - R2 R1 T, = and, Ty 11, Ty and R2 equal g approximately.
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Substituted in (4) gives:

7 L2y = ,77[-2..
PrZ T T 7z X (6)

and if the resistivity is replaced by the apparent resistivitys
% s TTLEK
P, = 2 LD %é __fi < (6a)
4 4L - <A

Equation (6a) may also be written as a differential equation:

2
P, = 74 AY : 6b
: gz #E€ ()

In electrical sounding the distance L (or L/2) is increased with each
measurement until the potential between P, and P, beocomes toco small to
road accuratoly then the distance A is stgpped up to L/5 and the process
repecated until the limits of the equipment are reached. For interpre-
tation log Pa is plotted against log L/2. Theoretical two and three
layer curves have been calculated. In resistivity traversing +he die-
tance L is made very large, and the potential electrodes P1P2 are noved
between C1 and C2'

Al

Interpretation technigue

It can be shawn that for "practical" purposes the Wenner
and Schlumnberger two layer curves are identical if the apparent resis-—
tivities (on the log scale) using either system are plotted against the
same "current electrode spacing" parameter. Hence one set of interpre-~
tation curves can be made up for both systems. A theoretical discussion
on interpretation techniques can be restricted to the Wenner system,
implying that this automatically applies to the Schlumberger systein.

For a two layer Wenner problem the apparent resistivity Pa is

Pa = Py(1 + 4F) (7)
in which F is a converging series in terms of a/h1 and
Py -~ P
k = sl 8
P2 + P1 ( )

P4 and Pp are resistivities in the first and second layer, h4 thickness

of first layer, and "a" the Wenncr electrode separation. k is a parameter
which determines the shape of the two-layer curves, in which log Pa/P1 is
plotted against log a/h1. Curve fitting techniques are used to determine
resistivity and depth from the date.

MultiQIayer interpretation using the two layer curve method

In the instances where thore is s multiple number of horizon-
tal layers (Fig. 3) having resistivities Fqy Po, P3y ¢ees and thicknesses
hqy, hp, h3; +... respectively, a technique of resistivity interpretation
is used, involving the repeated application of two-layer curves. The
method was suggested by Hummel (1932), who showed that two layers having
resistivitvies Py and Pp and thicknesses hq and hp could be considered as
one theoretical layexr of thickness (h1 + hp) and resistivity Py whero

(hq + h2)/Py = (hy/Pq1) + (h2/P2) (9)

This relation is approximately valid if the assumption is
made that there is no flow of current across either of the bowndaries
betweon the layers in the section beneath the potential electrodes. This
condition will be satisfied where Py is less thon Py and less than Ps,
but it will not be satisfied where Pp is greater than Py and P3.

In the condition where Pp is groater than P4 and Py another
rolation, given by Maillet (1947), will be approximately applicable:

(h1 + h2 )Py = h4Pq + hoPo (10)

34
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This assumes that all the current crosses the boundaries in the
area wnder consideration, which is approximately correct if the spacing
between the current electrodes is relatively large compared with the thick-
ness of the top layer.

Plate 2 shows a plot of Hummel's relation, and Plate 3 a plot
of Maillet's relation, cach on a double logarithmic scale. It is seen
that the two sets of curves are similar, each being the mirror image of
the other about the line k=0. This means that if both equations 9 and 10
are plotted on a double logarithmic scale in terms of P /P, and (h,+H )/h1,
then the curve for a value of kequal to y from equationm9 &ill be Af he
sam¢ shape as one obtained from equation 10 with k equal to -y; but this
will appcear as a mirror image.

Since the condition for satisfying the Hummel relation is
that P, is less than P,, i.e. k is negative, and the condition for satis-
fying %he Maillet rela%ion is that P, is greater than P,, i.e. k is posi-
tive, both sets of curves can conveniently be incorporated in one set of
help curves. (Plate 4)

By use of this set of help curves in conjunetion with the
two=-layer type curves, it is possible to interpret a multi-layer case
by succesgsive reductions of the top two layers to single equivalent layers.

Ambipuity in Hummel and Maillet Relations

Bguations 9 =20d 10 may be written in the formss

(Kyum K30 = flaf ) o by fo B (11)

and

SE ek )P K (R B (12)

Hence, using Hummel's relation for a low-resistivity layer
between two high-resistivity layers, a layer of a certain reaistivity
P,, and thickness h.may be replaced by a layer of higher or lower resis-—
tivity and larger or smaller thickness respectively as long as the ratio
h2/P2is kept constant.

Using Mailiet's relation for 2 high-resistivity layer be-
twoen two lower resistivity layers, a layer of a certain resistivity
P, and thickness h, may be replaced by a layer cf lower or higher resis-
tIvity and larger or smaller thickness, respectively.

This illustrztes the basic ambiguities inherent in resistivity
depth prcbe interpretation. Additional control in the form of borehole
information or seisnic data is required o make depthis and resistivity
estimates accurate or relisble. Nevertheless, valuzble qualitative
information may be obtained.

Multi layer curves

In addition to two-layers curves, several authors have publish-
ed three layer curves. Although useful, they still do not give the complete
answer, and the basic ambiguity wenticned in the previcus paragraph is
not removed. For a quantitatively correct interpretation controls are nec-
egsary at scme places.

Depth control

The following examples illusitrate how depth control is ap-—
plied in electrical szcunding.

(a) A seismic survey in a shallow basin discloscs (Fige 4) dry soil
and sand (velocity 2000 ft/sec) to 20 £t, water saturated sands
(velocity 5000 ft/sec) to 100 ft, then woathered bedrock (velocity
7000 ft/sec). Bores in thc area indicate saline water in or close
to the weathered bedrock. The porosity of the sediments is about

3>
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0.33 or 1/3. Electrical sounding data give 5 ohm metre to 20 ft,
20 ohm metre to 150 ft and 1 ohm metre below 150 ft, i.e.

>
Pq < P2 &Py

The resistivity results are reduced to the seismic results by
applying the equivalence rule based on Maillet's principle, viz.

Electrical sounding indicates a 20 ohm metre (slightly brackish)
layer to 150 ft. However, the bedrock is not 150 but 100 £t
which gives an adjusted resistivity.
P = 150 = 20
2 %100 - 20

Substituting in (1) p, = PpPR the values P = %, m = 1.3 and

Py = 320 gives P, = 16 ohm metre and using the formula S = 5000/P,
(for t = 20°C app.) gives S = 5000/16 = 300 ppm salt. This means
fresh water in the sediments to a depth of about 100 ft.

x 20 = 320

(b) A seismic survey in a shallow basin discloses sediments of 4000
to 6000 ft/sec to a depth of 100 ft, overlaying unweathered bed-
rock of 15000 ft/sec. However, geological evidence suggests
about 20 ft weathered bedrock Zsay granite wash), too thin to
be detected by,the seismic. The porosity of the sediments is
about 0.33 or 35

Eloctrical sounding indicates 100 ohm metre (fresh water)
to 80 ft, 21 ohm metre (fresh to brackish water) to 200 £t and
below 200 £+ a nearly infinite resistivity, i.e.

i€ P 2>PaL P3

However, the depth of the bedrock is not 200 £t but 100 f£t. The
resistivity data are made into agreement with the seismic resultsh,P
by epplying the equivalence rule based on Hummel's principle P'= <=

h
_ 100 -~ 80
200 - 80

Substituting in Py, = PoP the values P = =, m = 1.3 and Pp = 34
gives Py = 0,8 ohm metre and using the formula S = 5000/Py (for
t = 20° app.) gives S = 5000/0.8 = 6000 pym salt. This means
saline water above the wnweathered bedrock, and below about 80 ft
within the weathered bedrock.

Po . 21 = 3.5 ohnm metre

The two examples above show that seismic and resistivity methods form
a good combinaticn in hydrological investigations.

Roesistivities of sands and clays

Instead of assuming an average porosity of 0.33 for shallow,
unconsolidated sediments a range of P = 0.33 X 0.08 may be considereds

P = 0,25 for unsorted sands and gravels,
P = 0.33 for clayey sands and
P = 0,41 for sorted clays.

Further, assume for a concrete example fresh ground water
(5 = 100 ppm, Py = 50 obm metres). Table 2 shows the parameters computed
with the usual formulae.
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TABIE 2
P for
Name P P , Py =50
{(ohm metres)
sands and gravel unsorted 0.25 0.165 303
clayey sands 0.33 0.237 211
clays sorted 041 0.314 159

Note that the resistivity of sand and gravel could be about twice the
resistivity of clay.-

Now it frequently happens that much lower resistivities are
found (say down to 10 ohm metres) than may be expected from the data, i.e.,
the ratio betweon observed possible maximum and minimum resistivities is
much higher than 2 (exclude dry formztions). In these instances there
may be some interesting explanations such as 3

(a) The sediments werc originally deposited in a saline environ=-
ment, In contrast tc clays, sands show a wmarked capacity to
absorb salt. In the subsequent geological history grownd water
has flushed out the sands whereas the wpermeable clays have
retained the salt. This means that the low to very low resis-~
tivities are associated with clay, medium to moderately high
with sands and gravels, and very high resistivities with dxy or
partly dry formations.

(b) Weathered bedrock is often formed by the breakdown of minerals
forming salts and clayey formations. Hence, weathered bedirock
is often asscciated with low resistivities in contrast to the
flushed out overlying sandy formations. In coastal areas where
there may be saline water encroachment, the general range of
resigtivities may be very low. Webter mixing may take place,
and it will be difficult or impossible to distinguish sands
from clays by resistivity work only. All which nay be said from
resistivity mecasurements isg +that the water, irrespective of
whether it is in sand or clay, is saline.

9
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-Joh-
RESISTIVITY EQUIPMENT TABLE 1.
Approximate Approximate Resistance ranges Current and Output Remark: )
Instrument & Manufacturer Duty free weight & size (ohm) frequency Voltage naris
cost
Megger Earth Tester Evershed & Vignoles £250 23 1b Commutated DC 90V Power insufficient
Ltd. London. . 1Y[n x M x " 50-300 cps ‘for c1—Cé}>4oqi
: (ig 0-1000 ohm : (i) o-1, 10, 100, 1000 hand cranked
(ii) €-3000 ohm (ii) 0-3, 30, 300, 3000 generator
"Y.E.W. specific earth Yokogawa Electric £160 23 1b 0~0.3, 3, 30, 300 Commutated Dec 370V Same as above
‘resistivity tester. Works, Japan 200-300 cps
110 hand cranked
generator
Tellohmeter Nash & Thompson £220 30 1b 0-0.3, 1, 3, 10, 100, A.C. 11 cps 150V Same as above
: Surrey England 14" x 11" x 5" 100, 10,000 Battery operated '
vibrator.
- Geophysical Megger Everahed & Vignolss £850 Generator ) 0-0.3, 1, 3, 10, 30 Commutated DC 110V Very bulky.
.- Ltd., London 15" x10"x10")104 1b 25-60 cps Power insufficient
' ohmmeter ) hand cranked for 01—C2)}200Qi
12"x10"x 6" generator
Terrameter A.B.BE.¥. Co. (i)&£740 G-Box 18 1b 0-1.0, 100, 10,000 Approx. A.C. 4 cps 100, 200 Power insufficient
Stockholm Sweden 14" x 8" x 6" square wave from 400V for C1-02)>500'i
V-Bos 13 1b battery operated
14" x 8" x 6" transistor
oscillator
(ii)&770 High power 0-0.1, 1.0 A.C. Power source 10, 100, No practical
G~-Box 180 1b accumulator 300,400V experience
available
Resistivity meter Bureau of Mineral - Detector 0-.01, 0.1, 1.0, 10 D.C. 4.5, 9. Slow operation
RM1 Resources 15" x 9" x 8" 100, 1000 Dry cell 18, 45, used for
3 Battery bozxes batterifs 90, 270, C 1—c2< 3000
100 1b. 540V,

' NOTE: C1-02

= current electrode spacing.

3 t

Table is not intended to be exhaustive.
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LOGGING
by
E.J. Polak, Burean of Mireral Resouvrces, £.C.T.

In well logging the physical properties of the rocks per~
etrated by the drillhole are continuously recorded in terms of depth.
The logs obtained give relatively detailed imformation on scme proper—
ties of the rocks or the fluide contained both in the drillhole and in
the rocks. Further/mgﬁeaccurate cross—-section of the area can be obtained
by correlating the logs between drillholes.

The following properties can be moasured:

Electrical resistivity of the rocks - which indicates the
content, salinity and distribution of water in the rock.

Spontancous potential - which compares the water in the
drillhole with the water in the rock.

Natural gsamma radiation - which is proportional to the
concentration of radicactive elements in the rock.

Induced radiation - which veries with the hydrogen content
of the rock,

Velocity of ground waves - through the formation, which
depends upon the formation porosity.

Temperature gradient - which is related to the thermal
conductivity of the rock and the fluid enclosed in the rock.

Diameter of the hole -~ which varies with the degree to which
the rock resists erosion and sclution.

In all these methods an appropriate probe (Fig. 1) is low=
ered into the drillhole on the end of a cable and measurements cf the
relevant property are taken and recorded while the probe is being winched
out of the hole.

A. Electrical Logging

" Electrical logs are of two typess (1) resistance or resis-
tivity; (2) spontaneous potential. The former is obtained when an elec—
tric currcnt is applied to a circuit containing two current electrodes
A and B (Fig. 2)3 one of the clectrodes must be placed in the drillhole.
In single electrode logging {resistance log) the drop in potential be-~
tween the electrode in drillhole and that on the surface is measured.
Alternatively in multiple electrode logging (resistivity log) the fielad
set up by the two current electrodes A and B is investigated by a pair
of potential electrodes M aund N, of which at least une must be in the
drillhole,

The spontanecus potential test measures the electric current
generated spontaneously in the drillhole. The electrode arrangement
isg the same as for the single electrode resistance log, but no external
source of current ig applied.

Considering the ground, including the drillhole, to be an
infinite, homogoneous and isotropic medium, a formula espressing the
apparont resistivity can be obtained. The formula is exactly the same
as that used in the earth resistivity method (formula 1)e Therefore
the spacing of the electrodes gives an effective control over the radius
of investigation. The generally accepted spacings used in two electode
arrangements are:

q(
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micro normal 1 inch
short normal 10 or 16 inches
long normal 40 or 64 inches

in three electrode arrangenentss
micro lateral 1 inch
lateral 16 ft.

The radius of investigation of the single electrode arrange-
ment is approximately double the diameter of the probe. Therefore the
effect of the drillhole fluid will be highest for the single electrode
arrangenent and very small for long normal or long lateral.

The resistivity of the s0lid material in the rock is in
general very high and electric current flows through the rock largely by
ionic conduction in the fluid saturating the pore spaces. The conduc—
tivity of a rock thus depends upon the amount of fluid in interconnected
pore spaces and upon the conductivity of that fluid.

It has been found that the resistivity of a water saturated
formation increases when

(1) the salinity of the formation water decreases
or (2) the porosity of the formation decreases, or both.
Formula 2 relates these factors.

Fig. 3 shows the registivity of a formation as a function of
porosity and type of waters The cross-hatching represents the areas of
the chart corresponding to clay and to fresh water aquifers.

Two processes generate electrical potentials spontaneously
in a water orimud filled drillhole. The streaming potential results
from the flow of fluid from the drillhole into the rocks or vice versa.
The electro chemical potential is a function of the ionic activity of
the water or mud in the drillhole and the water in the adjacent formation.

The flow of current takea place in the drillhole where it
intersects a contact between clay or shale and sand or sandstone (Fig. 4).
The curront flowing in the drillhole will produce the difference of poten—
tial. The potential opposite sandstone will be lower than that opposite
clay and shale if the szlinity of the formation water is higher than the
salinity of the mud., When the mud is very saline the picture will be
reversed.

The combined use of spontaneous potential and resistance or
resistivity data makes possible the identification of the lithology of
the rocks penetrated by the drillhole and also provides an accurate and
detailed record of the boundaries between the different lithological units.
A distinctive feoature on any one of the logs provides a practical basis
for correlation between drillholes and also any change in salinity of
the fluid enclosed in the rock can be found and followed by an accurate
determination of porosity and salinity.

B, Radiation method

Of the four forms of radiation, alpha, beta, gamma and neutron
emipsion, only the last two are used in drillhole logging; the others are
characterised by very small depth penetration,

Gamma rays are electromagnetic radiation emitted during
nuclear transitions. Neutrons are produced by bombardment of light nuclei
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with alpha particles emitted by a naturally occurring unstable nucleus.

Most rocks and soils contain small quantities of radiocactive
material, mainly potassium, uranium and thorium. The radicactivity of
clay and shale ig several times that of the other types of common sedimen-
tary roeks and sands. Gamma ray logs can therefore be used to distingudsh
clay from other types of rocks or scils. The increase in gamma ray inten=-
sity is nearly proportional to the clay content of a rock. Figs 5 shows
relative radioactivities of various sedimentery rocks. Gamma logging can
be carried out in an open or a cased drillhole whether full of mud or
empty.

When asource of gamma ray is placed in & hole, the radiation
ig scattered by the electrons in the surrcunding formation. Part of the
gcattered gamma rays will reach a detector placed at a distance of about
1 ft cbove or below the scurce, connected to a recorder at the surface.
These rays are called "gamma-gamma" to diffewentiate them from the gamma
rays emitted by the formation. The higher the dennity of formation the
smaller the number of "gamma-gamma" rays reach the detector,

When a scurce of fast neutrons is placed in a drillhole the
neutrons emitted will collide with the nuclei of atoms and as a result
leose encorgy and speed. The loss of energy due tc ccllision with hydrogen
nuclei is much greater than when the colllsion ia with nuclei of other
eleménts. Therefore the number of slow neutrons is propertional to the
number of hydrogen atoms present close to the emission source. The
measurements above the water table will give the moisture content of the
fermation, while the measurements below the water table give the porosity.
Logging can be carrioed cubt in a cased drillholec.

Ce Volocity 1o, ,-ing

The velocity of sound waves through a2 formation is dependent
upon the formation porosity and on whether the pores are filled with air
or fluid. Fig. 6 shows a graph of velocity sgeinst formation porosity.

The relation of seismic velocity <to porosity can be expressed by formulae 3.

D. Temperature logging

The interior of the earth is very hot but its surface temper—
ature is only slightly affected by this heat., The thermal conductivity
of rock is & characteristic property of the rock typc and is generally
very low. Ignecus rocks show much higher thermal conductivity than
sedimentary rocks.

The temperature in a shallow hole is equal to the mean annual
alr temperature; lower down the temperature increases with a temperature
gradient of 1°F per 50 to 100 fcet of depth depending on the thickness of
sedimentary rocks above the ignesous basement., Superimposed on the general
gradient are small changes in temperature due to the thermal conductivity
of the rock in the wall of the hole., For accurate determination of the
rolative thernal conductivity of the beds penetrated by the drillhole,
the log must be made several days after drilling fluid circulation hac been
stopped and = temperature eyuilibrium between the dr’l1lhole fluid and
the wall rock has been sstablished. The workcan also be done in a cased
hole.

E. Drillhole diameter logging (caliper log)

The rocks forming the walls of the drillhole are worn away
by the circwlation of the drilling mud., In rock formations which are
dense, hard and inscluble the diameter of the hole closely approximates
bit size. Sandy or silty clay and shale are easily eroded, especially
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when they are hydrated by the drilling fluid. Mud penetrates into per-
meable formations to some extent and a mud cake, which supports the wall,
forms where the drillhole intersects such formations. Where such a cake
has formed the hole will be egual in size to the drill list, or smaller,

All the above mentioned methods give additional data for
the lithological identification of a bed and determination of its physical
parameters, and enable drillhcles to be correlated.
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GRAVITY METHOD
by
W. Wiebenga, Bureau of Minerzl Resouces, A.C.T.

Engineers, geologists and hydrologists are frequently
required to look at or judge fravity results and gravity interpretations.
Often their knowledge of gravity work is limited and they do not under-
stand what the results mean. It is hoped that this short lecture will
fill this gap.

The definition of gravitational force follows from Newton's
Law of Attraction.

. e m, M,
gravity r2

in which G is the graviatatjonal constant, equal o 6.67 x 10-8 oTy
approximately, tc 2/3 x 10 ', if all quantities are expressed in c.g.s.
uits.

Units

If F is the force which produces an acceleration 2 in a
mags m then:

Femg

In the c.ges. system F is measured in dynes and m in grams; the wnits of
acceleration arc therefore dynes/unit mass. However a more usual defini-
tion of acceleraticn is velogity change per unit time, with,units, in

the c.g.s. system, of cm/sec . 4n acceleration of 1 cm/sec is termed
one gal, and the milligal (=1/1000 gal) is the unit generally used in
gravity surveys.

The acceleration due to gravity measured at the earth's
surface is approximately 980 gals. At present the accepted International
Gravity Formula, giving the theoretical gravity at a point at latitude ¢
on the earth's surface, is tlmt published by Cassinis in 1930,

9p = 978.049 (1 + 0.€052884 singy! - 0,0000059 sianyf) &

Tables are available giving gf for any value of ¢,

A more recent gravity formula, derived by Heisplanen intro-
duces a longitude term, because the earth may be represented by a tri-

axial spheroid.

Gravity Measurement

Variations in gravitational field may be mapped using a gravity-
meter, pendulum or torsion balance. The first of these is generally used
in gravity exploration. In principal the gravity meter is a very sensi-
tive spring balance in which the elongation of the spring is proportional
to the gravitational Tield. The relative value of the gravitational
field at a number of stations is measured. The relative elevation of the
stations must be known tc O.1 of a foot and the gravity readings corrected
accordingly.

Blevation Correction

Any level mey be chosen as datum for elevation corrections
but sea level is the datum generally used.

7774
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The "free air gravity" is the gravity value reduced to sea
level by use of the formula

go = ¢ (R +1)° /B?

. 2
i.e. o =g (1 + EQ

where h is the elevation, R the earth's radius and g the observed gravity.
The "free air correction" is thus 2hg/R or approximately 0.094 mgal/ft.

The "Bougzuer Correction" removes the effect of an infinite
slab of material between the station and the sea level datum. It equals -
2I1Geh or approximately - 0.01250 mgal/ft where & ig the density of the
slab.

The free air and the Bouguer correction are usually combined
in a single elevation corrections (0.094 - 0.0125x) mgal/ft.

TOPOGHRAPHIC CORRECTIONS

In many gravity surveys the terrain in the vieinity of the
station is sufficiently flat and an elevation correction is all that is
needed. If hills or valleys are close by, their effeét has to be removed
by a terrain correction which is positive for both hills and valleys.

A topographic survey of the station surrcundings is required; and the
corrections are estimated by use of templates consisting of circles and
radial lines.

1

A map correction is the same in principal as a terrain cor-
rection but applies to the area cutside the tarrain correctiocn zone.
With a map correction the effect of mountain ranges or oceans is removed.,

LATITUDE CORRECTION

For this correction the values of the international gravity
formula are used.

Corrrections are appliediin order to isolate the gravity
values which are dependent only on variations in density in the subsurface,
there by making the anomalies better visible on a map.

GRAVITY MAPS

Most gravity maps used in explorstion are in the form of
Bouguer anomaly maps and residual anomaly maps.

The Bouguer ancmaly may be defined ass

Obaserved gravity + free air correction = Bouguer corrections
+ topographic correction -~ theoretical gravity.

Residual anomaly may be defined as:

Bouguer anomaly — regicnal gravity value. Sometimes
second derivative anomalies are used instead of residual
anomalieg.,

In gravity exploration maps the ccntcur interval generally
used is one milligal or part of a milligal.

Density

For the Bouguer and terrain correcticns the density of the
surface layers is required. If it can be assuncd that there is no rela-
tion between the topography and the density of tlLe surface layers as
statistical method of density determination may be used. A large sample
of gravity stations is selected and tke Bouguer anomaly cf each station
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is computed using a series of densities éﬁ', 5} VNGZA_(3 or 4 values
are usually sufficient). Then correlation factors are computed between
Bouguer anomalies with these densities and the station elevations.

The correct density for corrections is the one for which the
correlation factor is zero.

If the topography is related to the Bouguer anomaly, viz. if
erosion was strongly influenced by geclogical structure, then other ways
of determining or guessing the surface density should be used.

For density estimates of desper formations either bore hole
information (cores or logs) or an intelligent guess is used.

Sometimes seismic refraction work may be applied because there
is an empirical correlation between seismic velocity and density.

ACCURACY

The accuracy of Bouguer anomalies is affected by random errors
in observed gravity ( A g mgel), in elevation ( & h mgal) and in latitude
( &1 mgal), resulting in a random error of -JAa% + i fLZ+ O
In hydrological surveys the randoin error in Bouguer anomalies is usually
+ 0.1 to 0.2 mgal.

A systematic error is introduced by the error in density used
in elevation corrections : 2iiérh A &

For AG = 0.2, and meximun elevation difference of 100 £t
this amounts to + 0.26 mgal.

In an accurate survey with smoothly distributed errors Bouguer
anomalies in excess of C.3 or 0.4 mgal may be considered significant.

An anomaly of 0.4 mgal with a density contrast 0.5 between
overburden and bedrock, corresponds to 0.4/0.006 = 67 £t overburden.
However, the absolute error in this estimate may be great, say 30% or
more, depending on how closely our assumptions approach the true situation.

REGIONAL AND RESIDUAL GRAVITY MAPS

Many areas have deeper seated structures causing variations in
gravity at the surface which are much larger in areal extent than the
features of interest.

On.a gravity map the gravity pattern caused by the deep
structure (named "regional"g is superimposed on the detailed (“residual")
gravity pattern caused by shallow features.

In shallow basins or deltas the interest is in the shallow
features. To improve the "readability" of the gravity map, or to use the
map for depth estimates, the regional valuez have to be subtracted from
the computed gravity values. The remainder then gives a residual gravity
map.

Of the many ways of obtaining a regional value a simple method
is to average the values around a circle. The residuval gravity is then
the observed value at the centre of the circle minus this average. The
main problem is the choice of the radius of the c¢ircle. This must be
large enough so that the smaller anocmalies are not filtered out but not
so large as to indicate anomalies from deeper sources,

Another way of bringing out shallow features is the use of
second derivative gravity maps, but these will not be discussed here.

A properly constructed residual gravity map can be used to
make depth estimates as follows:
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call the residual gravity where bedrock comes to the surface go,
and at any other place in the basin g1, then

g=gl-g0=0,013h where
is the density contrast and
h the depth in feet.

The assumption made is that the bedrock underneath the station is relat-
ively f'lat, and not located near a sharp sub surface hill, valley or
large fault. As an example, for g= 1mgal, AN¢ = 0.4, h = 200 ft.

Application of the pravity method

(1) To determine the position of shallow sub-surface water courses,
valleys, and in general, the bedrock configuration. Weathered
bedrock may have a density close to that of the overburden
material. Hence, bedrock, in this eontext, really means
unweathered bedrock.

(2) The method may also be used to determine. the shape and approximate
depths of deeper basins.
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MAGNETIC METHOD
by
W. Wiebenga, Bureau of Mineral Resources, A.C.T.

General

The magnetic method is similar to the gravity methoq in that
both are based on potential fields. However, gravity is only concerned
with positive masses, - magnetism is concerned with positive
(north secking) and negative (south seeking) poles.

This makes the interpretation of magnetic data more complie=
cated. However, magnetic methods are largely used as a qualitative,
chsap reconnaissance tool.

Magnetite, by virtue of its high magnetic susceptibility and
wide distribution in rock, is the most important of the ferro-magnetic
minerals, and is largely responsible for the induced and remanent (or
residuals magnetization of rocks.

The magnetic fields strength unit is gersted which equals one
dyne per unit pole.

The field sitrength H due to a pole of strength P iss

P
s e
where H is permeability, and r %istance from pole. The unit is used in
exploration is gamma ( ¥°) = 10-° Oersted.

The intensity of induced magnetization may be considered to
be the induced pole per unit area along an area normal to the inducing
field (ﬁ’T; These factors are related by the formula I = k H, in which k
is a propecrtionality factor knowm as the magnetic susceptibility.

The magnetic inlduction B inside a material with permeability
due to an exteinal field H is:

BuoH+47L « (1 + 47k) H eA#H and

Ar e 1+ 4T K.

The magnetic moment of two equal poles of opposite polarity,
distance L apart, and pole strength P, is PL.

The following data (Birch et al, 1950) indicate the magnetic
susceptibilities (k) of ferro-magnetic minerals in fields of 0.5 to 1.0
oersted in e.m.c.g.3., units:

magnetite 0.3 to 0.8, phyrhotite 0.01 to 0.03, ilmenite

0.03 to 0.04, ilmenite free of magnetite 0.0006, and
specularite 0.003. The wide range in the magnetic suscepti-
bility of rocks is shown by the fact that 80 per cent of basic
rocks have values between 00,0001 and 0.004, granites and allied
rocks between 0.001 and 0.004 and 75 percent of ithe sedimen-—
tary rocks less than 0.0001.

Remanent (or residuval) magnetization can be considered as
the existing pole strength per unit area (or magnetic moment per volume)
due to an inducing field reduced to zero. The remanent magnetisation if
igneous rocks was acquired when the rocks cooled fror the Curie tempera—
ture in the prevailing earth's field. The ratios of remanent to induced
magnetization usually exeeceds 20 for gabbro, is O to 20 for dolerite,
0 to 9 for basalt and O to 6 for ganite porphyry. These values illustrate
the importance of remanent magnetisation.
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For a discussion on instruments and field techniques reference
is made to current textbooks. Equipment developed after the war includes
airborne magnetometers, and fluxgate and nuclear magnetometers for land
use.

Field observations are generally corrected for diurnal
fluctuations and temperature. Data are corrected for latitude. Some-
¥imes a regional correction is combined with a latitude correction.
Terrain corrections are rarely made s only if observations are taken
close to escarpmenis or in V shaped valleys. Subsequently contour plans
are constructed.

Interpretation

The main puipose for doing magnetic work is determination of
the basin boundary and shape of the basin, to make rough depth estimates,
end to disclose geological features such as subsuriace valleys or hills,
depressions or uplifts, anticlines, faults, escarpmenis, etc,

As in gravity the interest may be focused on the smaller
anomalies associated with shallow basement or near-surface features., If
these smaller anomalies are over shadowed by large anomalies, a regional
and residual map are made., The same techniques are applied ags in gravity
interpretation.

An example may illustrate how susceptibility ckange may result
in large anomalies, The vertical field above a semi-infinite slab of
megnetic material is 27 I. Assupe a lateral change from a granite
(K= 0,003) to an andesite (K = 0.013) in an earth magnetizing field of
0.5 oersted then the field change would be

277% 0,5 % (0,013 = 0.003) x 10° = 3000 + gauma

In addition to anomalies caused by polarization of the prosent
earth field, mgny anomalies originate from remanent magnetism in rock
bodies of which the field veetors do not colncide with the present field.

From the-point of view of interpretation two tyres of base-
ment may be distinguished.

(a) A basement with low to modérate susceptibility and anomalies
of intra~basement origin (e.g. volcanic pipes, igneous intru-
sions dykes, etc.)

An approximate depth esiimate of the magnetic anomalies
will give at the same time a depth estimate of the basement.
With this technique a volcanic pipe may be represcnted by a
dipole, a dyke by a magnetised sheet and an intrusive body
by an agglomeration of evenly spaced bodies.

Cften the maximum magnetic gradient or the curvature
of the anomaly is taken as a measure for depth.

If sufficient drill hole =~ seismic - or gravity control
is available it is possible to make a more or less reliable

statistical correlation beitween basement depth and the gradient -

or curvature parameters as derived from the magnetic contour
map., This correlation can then be used to make further
depth eostimates.

(v) The second type of basement consists of rock in which the
susceptibility does not vary appreciably e.g. metamorphic
gneiss or schist, granite, ctc.

Magnetic anomalies by gtructural features such as faults,
anticlines, synclines, bagement hills, valleys or escarpments. 3By
fitting a probable (or possible) geological structure the approximate
depth to the structure can be fairly reliably eatimated.
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NOTES ON A TEST WITH ISOTOFPES I431 AND TRITIUM AS GROUND WATER TRACERS
by
W. Wiebenga, Bureau of Mineral Resources, 4.C.T.

Radio isotopes I131 and Tritium were used to determine aquifer
porosities and permeabilities in a series of puaped bore tests. If reas-
onable values for porosity can be assumed the method can also be used to
oestimate the thickness of an aquifer. The direction and rate of flow of
natural ground water was also determined by a free flow test., The follow-
ing is the description of one of ths experiments.

Isotope used was 1131. Laboratory work carried out at the
AA.I.C. confirmed that there was virtually no loss of activity when
percolated through the soil.
Further, the advantage of I131 is:
(1) Low energy gamma rays (0.36 Mev)

(2) Half life 8 days, long enough for project but short enough to
be self disposing.

(3) Roadily available.
(4) Reasonably low health hazard.

Site preparation

Three bores were drilled with a Proline drill in line with
a punping bore (to 33 £t, 12 £t to water) s at 60 ft from puap, used for
dosing, and at 50 and 30 ft used as observation holes (Fig. 1). Holes
tended to collapsc below ground water level, A 3 £t 2" galvanized iron
pipe with " holes connected to a 20 ft 2" galvanized pipe were driven
into the ground. Holes were cleaned with rubber piston, sand pump and
compressed air, Nevertheless there was no free circulation of ground
water through the observation holes.

This proved to be an advantage because this made it possible
to obtain accurate gamma ray profile of the bore through the casing.

Procodure

A glass container with I131, Tritium and potassium iodide
carrier was broken in the dosing bore and washed into the surrounding
aquifer by adding a few gallons of water.

The pump had been started a few days befors, pump output
about 30,000 g.p.hs The observation bore holes were monitored for I131
by waterproof scintillation counters, consisting of a No. 1 crystal and
photo multiplier, feeding pulses into a portable rate meter. The pump
output was monitored by a large scintillometer. Scintillometers were
calibrated at the A.A.E.C. Research Establishment at Lucas Heights, H.S.W.

All readings were corrected for background and decay. For
each experiment an isotope balance was made up by comparing the total
activity at the pump outlet (integrated cownt rate/time curve) with the
emount of I131 injected in the closing bore. Recoveries varied between
70 and 100%.

Gamma ray profiles in bores 2 and 3 were taken at various
times. Figures 2 and 3 show curves which were obtained by plotting the
count rate at constant depth, and figures 4 and 5 show the maximum
count rate against time.
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Porosity

Using the relationship of Halevy and Nir (1962, J. of Geoph.
Res., 67 (6), 2403=2409) and figure 6 to cstimate the travel time (use
midpoint half peaks) :

Punprate x travel time
77 x porosity x aquifer thickness

(distance travelled)? =

2 .. 9xt
or X T x

b
gives for our test P = 0,32

Differentiation of the above relation gives also the velocity at distance
r from the pump.

Q _dt
2r d.rmﬂ_“Ii 3 or
Vr =-—.—3—_—. = }.S. = _1__§_
2iir 2D T r

1

where the constant k has the dimension f‘b2 hour ' and the interval

velocity between ry and ry is ¢

I‘1 - 1‘2 1‘2 1'1 - 1‘2 1‘2

Vi e

With this experiment it is also pcssible to determine the aquifer
thickness if the porosity is approximately knowm.

Figure T gives thc depth of greatest activity at holes 2
and 33 the pattern for both holes is similar. The data give the interval
velocities which also can be used to make estimates for k.

Figure 8 shows the interval velocities obtained from Fig. 7
plotted as a function of distance, together with the relation V = 118/r.

Permeability

Assuming that the streamlines for greatest activity are about
parallel to the ground water profile, the data of Fig, T can be used to
compute the poermeability from the relationship.

crosg section area x velocity flow
gradioent of flow

Pormeability =

For eross section = 1 sgq. ft, andnporosity s 0,32

this reduces 1o

0,32 x velocity flow
gradient

Permeability =

The data of fig. 7 give a mean permeadbility of 99. cu.ft./hr
per 1 f£t/f%.

Under conditions of similar gradient the flow velocity will
only depend on the aquifer permeability.

Fig. 9, derived from fig. 7, gives the permeability as a
function of velocity for a constant gradient of 1ft/ft. Fig. 9 can be
used to compute the permeabilities of points 1 to 10 or fig., T+ The
mean permeability based on these figures is 77 cu.ft/hr per 1 £t /f4.

Taking the permeability as 77, the average gradient between
bore 2 and 3 as 0,016 ft/ft, the distance from the pumping bore as 40 ft,
and the aquifer thickness as 20 ft, the expected pump flow rate is:

Permeability x gradient x 2 r x thickness x 6.25 = 37000 g.p.h.
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Free flow test (Fig. 10)

Fluorescein added to injection hole and detectcd in quantity
in hole 6 after 42 hours.

I131 added to injection bore, 110 activity detected after
40 hours, but slight activity in hole 6 after 71 hours. Hence, rate of
flow in direction of bore 6 is 5 x 12/41 = 1.5"/hour.

The injection bore became blocked and was cleared about 3%
to 4 days later. Then the pump was started 88 hours after injection
and the main activity was monitored at the pump 88 + 26 = 114 hours
after injection; or 26 hours after pumping started. A small activity
due to isotope going into the formation immediately after injection was
recorded 10 hours after pumping started or 88 + 10 = 98 hours after
injeotion. (See fig. 11)

60 = A V26
X = A J10

where A is a function of flow rate, porosity, aquifer thickness, and
the figures beneath the square root are the times taken for the two
bodies of activity to reach the pump.

i

X =60 |42 = 38 rt.
J 26
This means that the small body of activity was about 38 ft

from the pump when the pump started, and in the 88 hours since injection
it must have travelled more than 60 - 38 = 22 ft, or velocity of ground
water is in excess of 22/88 ft/hr = 3 in/hr.

17
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BASIC PRINCIPLES OF WATER FLOW IN POROUS MEDIA
i by :
J.W. Holmes, C.S.I.R.0., Division of Soils, Adelaide

1._Potential difference

The flow of water from place to place in a porous medium
occurs in response to a difference in potential. The absolute magnitude
of the potential is unimportant, because the rate of water flow depends
upon the gradient of potential, which is the difference in potential,
divided by the distance between the two points in question. However, it
is convenient to have some arbitary datum of potential, for purposes
of calculation.

As a definition of notential, we may say that the total
potential of the water is comprised of three components, tht are important
in real situations, namely the pressure, p', the gravitatiocnal potential,

Pgz, and the osmotic potential, rr' .

- {Therefore, Pt = p' + oez + T . eeo(1)
o \

and the units used in Equation (1) are absolute c.g.s. units (ergs ™),

The vertizal height, 2z, may be measured from any convenient datum to the

point at which the potential,(é', has to be calculated, and is positive

in the upwards direction. T

Differences in osmotic potential will occur only in a porous
system which possesses a membrane that impedes molecular diffusion of
solutes in the water., This is an important phenomenon in the absorption
of water into plant roots. It can be neglected in the context of ground-
water flow,

It is also convenient to change the scale and the units as
expressed in Equ. (1) and write

¢ =p+az v (2)
in which the potential or hydraulic head has the units cm or foot.

Suppose we study the drainage of water~logged land, by tile-
drains, as depicted in Figures 1 and 2.

water table

L o o drgins
Impermeable floor

Figure 1. Flat water table.

In Figure 1, the drains have been blocked to prevent outflow, the water
table is flat, and the potential is everywhere Z, the height of the water
table above the impermeable floor as datum, because

(f::p+z=(Z—-z)+z=Z ees(3)

- In Figure 2 are shown the streamlines of flow towards one drain, when
the drains flow freely. Flow to all other draing is the same as, or
the mirror-image of this flow. As can be seen, the streamlines converge
upon the drain, and the potential becomes larger against the direction
of flow. These relationships can be expressed by the formulation of
Darcy's Law thus,

Ve -K grad veo(4)
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in which is the volume of water flowing per second through, and in a
direction nomal to a unit area, K is the permeability or hydraulic
conductivity and grad qg is the gradient of the potential,

e

¢ T

AL TSNS

-~
=
b2
2.
5
(/]

Q .
! Impermeable
Figure 2. Flow to tile drains,.
Equation (4) is just a generalisation of the expression
Q=K.A't 1, uoo(5)

in which Q is the quantity of water which flows through a cylindriecal’
volume of cross—section A and length L. The time of flow is t and the
difference in potential from one end of the cylinder to the other end.
is (Q? -d). It is understood that the streamlines are all parallel %o
the axis of the cylinder.

Such flow is stecady stale flow, because the quantity of water
entering at one end of the cylindrical volume equals the quantity quitting
at the other end, no matter how short an inte:val of time may be taken.
Steady state flow is described by a particular equation of continuity,
which generally expresses the law of the conservation of matter. The
general equation of continuity is

- div ¥+ sources - sinks = %% ...(6)

For steady state flow, which implies no change in the water content, e,
of the porous medium, and assuming the absence of sources or sinks for
water,

Equation (5) becomes
"‘d.iv‘l[=0 : 009(72\

Combining Bquations (4) and (6), the general equation for steady state
flow is derived,

V @ = 0 000(8)
or, written in full,

+ DI(P + 52(-@ ."(9)

0x  Fg*- é .
To obtain Equation (7) or (8), it is necessary to assume that K is a ~
constant so that
T E>K ",éds = 0
9"’ 24 93
Equation (7) or (8) is Laplace's Equation, which, in principle, can be
solved for as a function of the co-ordinate x, y and z, when values

af4§ can be specified over all of the bowndaries of the system.

‘To sunmarise: the concept of flow in response to a potential
gradient, embodied in Darcy's Law (Equation 4), when combined with the
principle of conservation of matter %Equatlon 6) has led to the Laplace
Equation (Bquation 8) as a description of steady stnte flow. Very many
solutions of the equation are known for specified boundary conditions.
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2, Permeability or hydraulic conductivity.

The permeability, K, (usually termed hydraulic conductivity in
the literature of soil science) defined by Equs. (4) or (5) can vary
greatly in magnitude depending upon the - aquifer waterial. Table 1 shows
representative walues.

Table 1. Representative values for hydraulic conductivity.

Material K in K in K in X in
cm/sec metre/day ft/sec ft/day
Clay 1 x 1078 8.7 x 1074 3.3 x 100 2,8 x 1073
Fissured Clay 5% 1075 4.3 1.6z 1074 14
Structured loam 2 x 1073 1.7 6.6 x 1072 5.6
Silty loam 1x 1074 0.87 x 107" 3.3 x 10“6 0.28
Fine sand 1% 107> 0.87 .3x 107 2.8
Coarse sand Tx 1073 6.1 2,3x 1074 20
Gambier limestone 4 x 1072 35 1.3 % 1073 115
Poat 1% 1073 6,87 3.3x 107 2.8

The hydraulic conductivity depends upon the pore size distri-
bution and upon the total porosity of the material..The larger the total
porosity, the greater is the amount of space available for water flow,
but even more important is the size of the largest pores available for
water flow. The influence of pore size can be seen qualitatively from
the following argument.

By Poiseuille's Equation, the rate of flow through a narrow
pipe of radius R is

w2 2

”R oR 3 2-&

Q=g <E—L“' «++(10)

where 7] is the viscosity of the water, and L is the length of the pipe

over which the potential difference Q?%—cf ) is maintained. If, instead
u

of one pipe, ten smaller pirazs were s sti%uted of such size that the
cross—secticnal area for flow would remain the same, i.e,

TR = 107Tr°

where r is the radius of each smaller pipe, the flow rate in each small
pipe would be

;'.1'2 . r2 . @2 - 1
=gy L

and the total flow would be
10 rrz » 1‘2 . é-z —@1
L

7 2 2
=/ R o T . 2 =P1
8‘7 L
The ratio of the flow rates would be
10g r2
Q@ ~ R? eee(11)

demenstrating, by a qualitative extension of the argument, that the flow
rate through a pore is proportional to the square of its mean diameter.

Childs and Collis~George (1950) initiated attempts to calculate



- the permeability of a porous medium from its measured pore size distri-
bution and Marshzll (1958) gave the expression
- -2 % -2 oy, =2 -2
K = 2.7 X 10 t n h + th + 5h3 + eee

. (1

23
eee + (2 n—1) hn ) .”(12)
for the hydraulic conductivity of a porous mediwm. X is in cm/sec when
the suctions h,, h,, etc. are measured in cms. In deriving this equation,
the total dralﬁable porosity, £ , is divided into n equal parts by volume,
each part having a pore size characterised by a suction, h, at which those
pores drain of water.

Since the rate of flow of fluid through a porous medium depends
upon the viscosity of the fluid, it is sometimes convenient to use the
intrinsic permeability coefficient, k, which is related to the hydraulic

conductivity thus
(@8/) k= K
where (?is the density of the fluid.

3. Pore size distribution, and storage coefficient.

In considering drainable porosity, it is helpful to begin
with some definitions of terms.

The suction, stated without definition in Equ. (12) is related
to the total potential of the water in the following way. I1f we consider
ol an element of the soil ormuifer above the water table, the pressure of
the water in its poreuz g' of Bqu. (1), is less than atmospheric pressure.
1

The general equations or (2) still hold, but Equ. (2) is often writ—
ten as

4_5 e —h 4z eee(13)

in which h, the suction, is a positive quantity, and, for an equilibrium
s0il water profile, is equal to the height of the element of soil above
the water table,

The water content of the soil, w, is related to the suction as
shown in Fig. 3, a diagram often spoken of as the moisture retention curve.

O N
¢ L \
= 34 N,
\ y .
i ; \ A
Q ‘ A
~ l \
’i
- \
,L. \‘ 3 \'\ {
< ) - !
- H L A
~ P\ nd \}’ :1
Y P \
s "} "\' ‘\\
‘ "u\”_\- SQ / . /-‘ﬂxﬁo\.,. \
} e L 4_// \'\
| S U e PN -:‘0"-’%—--‘—-—-1-«.-
- ¢ o2 C 4
\!‘lo ley cowmtbomt ‘) v} v Li wal
Fig. 3. Moisture retention curves, for sand and clay.

The storage coefficient of an unconfined aquifer, defined as
the yield of water for unit fall in the water table height, is related to
the moisture retention curve. Examining Fig, 4, which is an enlargement
of conditions near saturation, and with suction plotted on a linear scale,

we see that the storage coefficient is given by the area shaded, divided
by the change in height, Z.

9
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Usually, for short term pumping, the yield is less than the
gstorage coefficient which is the theoretical maximum possible yield,
because a long time is required for complete drainage, to a new equilibrium,
of all pores gffected by the draw-down.

. Representative values for storage coefficient are shown in
Table 2,

Table 2. Storage coefficient, S, for a variety of aquifer materials,
in uwnconfined conditions.

Material Storage Coefficient
Coarse gravel 0.15
Sand O. 08
fissured calcareous clay 0.05
clay 0.001

Gambier limestone ?

When the aquifer is confined, the storage coefficient is much
smaller than the relatively large values shown in Table 2, The yield of
water for unit fall in the plezometric héad has to come from reversible
compressibility of the aquifer material and compressibility of the water
itself.

4, Trensmissivity

Under natural flow conditions, the hydraulic conductivity
alone is not sufficient to specify the volume of water flowing under a
given potential gradient, We need to know the extent of the aquifer.
The transmissivity of an aquifer is defined as the product of hydraulic
conductivity times the vertical thickness of the aquifer, by thus

T e Kb | ' ees(14)

If we consider the flow 6f groundwater down a gentle valley,
the total quantity of water flowing across a section of the valley 1 metre
wide would be, in cubic metres per day,

a=1 AP
A X

if we employ consistent units and specify T in:metresz per day.

5e General theory of sroundwater flow

It is generally irue that no agifer or under-ground water
body is in a steady state of recharge versus discharge. There is some
change occurring and we are obliged to consider the general equation which
can be developed from Equ. (6). It may be shown (Todd, 1959) that
groumdwater flow is described by the equation

L
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in the simple situation when flow is predeminantly horizontal and only
. one space co-ordinate need be considered., The symbol A refers to a unifom

loss of water by seepage or by transpiration from the aquifer. A more
general equation than (15) was derived by Boussinesq in 1877 in a2 monu-
mental study of grouwndwater flow,

We should consider here one soluticn of Equ. (15) to illus=-
trate the information to be gained and to serve as an introduction to
the lecture on factors involved in optimum develorment of ground-water
rcservoirs. When Dr. J.N. Luthin visited this country in 1958, we ana-
lysed a small and not very important aquifer near the Coorong, to inves—
tigate the mean life-~time of water in it (Lutkin & Holmes, 1960). The
geometry of the aquifer could be simplified to that shown in Fig. 5.

?
col Suvbece 2o
Cow—ung o ““"'M/’ ’
‘v\\i“_'/Q\" J b
N | a3
S v
0 & J X
a Bx b
D . .
1t g Z-‘M*/De"""” ca /e o '
» - ozg.rmi ’&—{ >
Figs 5. Groundwater aquifer, simplified geometry.

The solution cf the problem is shown graphically in Fig, 6,

assuming that the leakage A is negligible.
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Fig. 6. Propogation of recharge in a shallow groundwater aquifer.

The ordinate d}/§§ is the fractional change in water level height caused
by recharge. Thé abscissa is the fractional length of the aquifer, where
1 = 25 miles. The family of curves shows the water level after 1 year
from a step recharge function, 10 years from recharge, and so on to
approaching a very long time after recharge. It can be seen that the
time scale is long. It is even longer for the great artesian aquifers

of the world (see Werner, 1946).
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GROUND WATER SCHOOL

WELL HYDRAULICS
by
J.S. Colville, Division of Soils, C.S5.I.R.0., S.A.

The intention of this lecture is to discuss the derivation
of the basic formulae used in the analysis of pumping tests. No claims
to originality are made. It is not possible to explain all of the math-
ematical steps but it is possible to discuss the asswmptions made. Two
ugeful results of this discussion are that 1t becomes easier to convert
from one set of wnits to another, and also that it is possible to un-
tangle what wnits are implied in various formulae.

The basis of the calculatiomsis Darcy's law which has already
been discussed in these lectures. Darcy's law relates the velocity of
fluid flow to the pressure gradient which causes it. The velocity of
flow is not the actual velocity of an individual water particle but is
the volume of water which flows across unit area in wnit time. It would
be convenient for anyone using the usual English system of "Foot Pound
Second" units to measure volume as cubic feet and area in square feet.
The velocity of flow would then be measured as feet per second. Unfort-
wately, volumes are more often reckoned in gallons and it is not so easy
to visualize the velocity. All derivations here will involve a consistent
use of F.P.S. units unless indicated otherwise.

It is convenient and almost wniversal to measure pressures
in feet of water. The rate of change of pressure with distance, the

pressurs gradient, will be a pure numbere. For water at rest the vertical
pressure gradient will be -1 because the pressure decreases with increas-
ing height.

According to Darcy's law, which is an experimental result,
the horizontal velooity is given by
Vo = =K x pressure gradient
and the vertical velocity is given by

Vy = X(1 + pressure gradient) where K is the hydraulic
conductivity.

Sometimes K is called permeability, but strictly permeability
is a different concept. The negative sign indicates that water will flow
horizontally from high pressure to low pressure.

Hydraulic conductivity will be measured in feot/second in
our system of wnits. The range of conductivity valuez is very wide, from
about 1 ft/seg. for a very coarse gravel to about 1074 ft/sec. for sands
and about 10~ ft/sec for silts and clays, for some impervious materials
the conductivity can be about a thousand times less again.

Layered aquifers often conduct much better in a horizontal
than in a vertical direction and two values of hydraulic conductivity must
be specified. However, most pump tests involve very little vertical flow
and horizontal conductivities are measured.

Darcy's law may not apply if linear velocities are very large.
This situation is rare and can only occur close to a very strongly pumped
well. There are some agsumptions commonly made about "well loss" in
these cases but they are empirical and will not be discussed here.

The discussion is simplified if a sharp distinction is now
made between "confined" or "pressure" flow such as occurs in an ideal
artesian aquifer i.e. completely filled and "unconfined" or "water table"
flow in which the shape of the free water surface can vary.
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Confined Flow

In discussions of confined flow it is usuwal to consider an
aquifer of uniform thickness bounded on top and bottom by horizontal
impervious beds. The aquifer is assumed to be infinitely large in =211
horizontal directions.

The pressure of the water at any position can be determined
by driving in a small tight fitting standpipe which is open at the bottom.
If there is very little vertical flow of water the hoight of water in the
standpipe will be independent of the depth of the opening in the stand-
pipe. The surface which passes thrcugh the water level in each pipe is
called the piezometric surface,

Although the aquifer is always full of water it will hold
more or less water if the pressure rises or falls. The change is partly
due to compression of the water and partly due to compression of the
aquifer material.

Consider a vertical column of cross section A and extending
from the bottom to the top of the aquifer.

If the water pressure throughout the column increases by h
feet of water, the extra volume of water which is held in the column will
be SAh cubic feet. S will be a pure number and it is called the gtorage
coefficient of the agquifer. Note that S depernds upon the aquifer thick-
ness as well as its material. Numerical values of S may vary between
say, 10~3 and 105,

In principle, a knowledge of Darcy's law and the storage co-
efficient would enable us to compute changes of pressure with time and
with distance from a pumped well. Usually, there is a radial symmetry
which simplifies the problem to two dimensions in space., Some old dis-
cussions neglected variations in time. However, in general, a true steady
state can not be anticipated because water is being removed and nothing
is being replaced. Usually, we can only expect a decreasing rate of
pressure drop as the zone of influence of the pumping increases.

Dupuit Forchheimer Assumptions

It is often reasonable to assume that there is negligible
vertical flow. This assumption takes slightly different forms but is
generally called the "DUPUIT - FORCHHEIMER" assumption. A simple calc~
ulation using this assumption helps to explain some of the ideas and to
derive a basic formula.

Consider an artesian aquifer of thickness m feet and pumped
from a completely penetrating well at a rate of Q cubic feet per second.
Use cylindrical coordinates, i.e. y for height and r for radial distance
and let the pumped well be centred about the axis 0z in Figure 1.

We can calculate the flow of water across a cylindrical sur—
face of radius r. The velocity towards the axis Oz will everywhere be
K b—% where Q—% is the pressure gradient, which is written
J T with curved differential signs to indicatc
that h depends not only upon r but also
upon the time t. The total volume flowing
across the cylindrical surface, which has

an area

— . dh
2i7rm will be 27K m r ==
&I‘

If two cylindrical surfaces of radii r and r + dr are consid-
ered, the net rate of gain by the annulus will be

07
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. Qb _(ngh
27K o (rar) r + dr (rarr
e 27K m dr & (r 2By,

ér ")I‘

It turns out that this "gain" is negative i.e. it 1s really
a loss but consistent use of "gain'" avoids difficulty with signs. The
net gain must equal the rate of gain of water stored under pressure
inside the ring, which has a cross sectional area 2 r dr

C ook m < (p2B reg b
ooanm;r (rar = 2“1"8 dt

which becomes
2 (pdh) S
ar ar T 9t

where T = Km is called the fransmissibility of the aquifer and S as
already mentioned is the storage coefficient.

This last equation is technically called a partial differ-
ential equation. To solve the equation it is necessary to know certain
"boundary conditions" which are here, that h is always finite and also
that the volume of water Q is removed each second at the well,

The solution applies to a well of infinitely small radius.
It is often called the Theis solution. The pressure is given by

- 8
ho - h = 15T Ww(u),
where ho is the initial head,
°8
4Tt

and W(u), vhich is often known as the "well function" can be calculated
for any value of u. The definition of W(u) is given as an integral,

L]

Wu) = }( e~¥/x dx
u

where x is a "dummy" variable which is "killed" when the limits of
integration are inserted.

Usually we are only interested in moderately large values
of t, i.e. u is small, and W(u) can be approximated by

W(u) = =0.5772 = 1nu

= ~1n 1.74 + 1In %g%

where "1n" means "logarithm to the base o"

) - 4% 1
+ e W(w) In{ 25 1.74 )

o 1n( 2;§§Tt )

p)
= 2.30 log,, 2;§§22
r

- h e 2.30 Q
and ho - h 4T log10

2.2§Tt -
rZS
Note that the draw dowm, ho. .~ h, has a logarithmic shape if

t is large enough to justify these approximations. Note also that the
shape is always changing and never approaches a steady or equilibrium

(R4
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state even though the rate of change becomes steadlly less.

If values of draw down are available from simultaneous
observations at several observation wells it is possible to compute the
transmissibility T. If the observations can be repeated at knowm values
of t it will also be possible to calculate the storage coefficient S.

Often it will be preferred to use only ocne observation well
because extra wells can be expensive to drill and to equip., It is still
possible to calculate T and S if enough observations are made at the one
well.

There is a preference for using two or more observation wells
because it is thought that the inevitable variations of pumping rate
have less effect upon the calculations. Also it is thought that two or
more wells are representative of the portion of the aquifer between the
two wells. Of course the single well methods of calculation can be per—
formei at each well and used io assess the variation between observation
sites.

Several methods of calculating S andT from observaticns at a
single well have been suggested., For sufficiently small:uy i.e. large t,
Jacob plots draw down ageinst log1ot. A straight line should result
whose slope must be

2,30 Q
4T

From which T can be calculated. The intercept of the extended line
(log t = 0) must be '

Qx 2,30 2,25 T
4 5 T %690 23

from which S can be calculated. See Fig. 2 for an example.

A more gencral method, ascribed to Theis, is valid for all
values of u. Plot log W (u) against log 1/u on a transparent sheet. This
is the "type curve". On the same scale but on a separate sheet plot
log (ho = h) and log T. We have

1 ! 4T 4T
log— = log = log t + log
&y °S °8

and log (ho.—= h) = log Q/(ATT) + log W(u)

Therefore if the two graphs are displaced sideways and upwards,
but never rotated, there must be some position for which they will agree
and the "type curve" should coincide with the experimental curve., Take
any point on the curve, for which the values of ho = h, W(u), t and u are
of course available. Calculate T from the draw down and then calculate S
from the value of u, BSee Fig., 3.

In general T can be selected with more precision than can S.
The draw down is less dependent upon S than T and the inevitable devia-
tions from theoretical curves confuse the estimation of S.

Solutions which avoid the Dupuit — Forchheimer assumptions

It is possible to avoid the assumption that there is no
vertical flow. Hantush has sclved several problems using only Darcy's
law and a simplifying boundary condition at the well. For the problem
discussed above he finds that the swer given by the Dupuit - Forchheimer
theory is valid providing tT>30 rw S where rw is the "effective well
radius". This condition is satisfied for quite small valucs of t.



59

4

Legkx Aquifer

Hantush has also solved some problems in which horizontal flow
should not be anticipated. The only problem which we can consider here is
that of the leaky aquifer, In this problem the main permeable aquifer is
confined between an impermeable boundary and a leaky aquifer of very low
hydraulic conductivity. If the water pressure is relieved in the main
aquifer, water will be released from the leaky aquifer.

It is assuned that the leaky aquifer has a very small storage
coefficient, and also that the flow in the lezky zquifer is entircly
vertical. Let the thickness of the main aquifer be m feet and that of
the leaky aquifer be m feet. Let K and K' boe the corrssponding hydraulic
conductivities. Introduce a new length B defined by B = K mm'/K'.

The formula for draw down at a distance r is

ho - h = (Q/47 T) W(u, r/B)

where W(u, r/B) is called the "modified well function" and can be computed
numerically.

Calculation of S and T follows the same form as before except
that the "Type curve" is replaced by a whole series of curves, each
corresponding to a definite value of r/B. The curve ccrresponding to
B o0 is the same as earlier used Tor W(u). See Fig. 4.

The "leaky aguifer" problem can lead to a steady state in
which the lecaky aquifer supplies the pumped well.

Units

It is now necessary to consider the units of measurement used
in practical situations. All the discussion so far has assumed a con-
sistent use of English "foot-pound—~second" system, more properly "foot
and second" system, since use of umass or weight units have been avoided.
There would be no change in the formula if scme other unit of time or of
length were chosen but the numerical values of $ransmissibility, etc.
would need to be altered. The converasion would be obvious from the name
of the unit,

Unfortunately, all fisld mesasuremeuts are, or claim to be,
based upon the U.S. Geological Survey units which are irraticnal on two
distinct grounds.

Firstly, all distances are mcasured in feet but volumes are
reckoned in gallons instead of cubic feet. It should be noted that U.S.
Gallons and not Imperial Gallons are ueant. The conversions are 1 cubic
foot = 7.481 U.S. Gallons = 6.229 Imperial Gallons. Secondly, two quite
different units of time are used. Rate of pumping is usuclly measured
in U.8. Gallons per minute, but the time of pumping and the time for
measurenents of hydraulic conductivity is quoted in days.

It is convenient to set out the varicus conversions. Denote
the numerical value in the academic "F.P.S"system by Xa' znd the numerical
value of the corresponding field measurcment in "Survey Unite" by X.

Length, area, pressure and pressure gradient are unaltered

This must also apply to B in the leaky aquifer.

Pumping rate is measurcd in U.S. Gallons per minute

Q=Q' x 7T.481 x 60

Time of pumping is measured in days

t =%' /(24 x 60 x 60)
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Hydraulic conductivity is measured in U.S. Gallons/day/sq. ft.
These are also called Meinzer wnits.

Transmissibility is measured in U.S. Gallons/day/ft

ie@e T =T' x T.481 x 24 x 60 x 60

Storage coefficient is not altered

ie.¢. the volune of water gzined or lost from the column of
aquifer is still measured in cubic fect.

Substituting these values in the above equations

ue (r')2 S' = rZS X To481
4 T 4T%
2
= 108‘ I‘S
T4

and the draw down ho - h =

= t

71':_;@,‘,]-?-',- W(u)

= Qx T.481 x 24 x 60 x 60 W(u)
7,481 x 60 x 4 T

. .11_4.6 Q x wgﬁ.sz .res
_ T ™4

Expanding the espression obtained above for W(u), which is
only valid for small u

A = 2,30 x 114.6 Q log 2.25 Tt
T 10 7.4%1 s

= 264 Q log1o 0,30 Tt
T S -
If the transmissibility is to be calculated from simultancous
draw down measurements at several wells the equation can be written in
yet another form ~° - : '

L6 =2640 log, 0.30T%
T S

- 522 ) 1og1o T

i.e, if the draw down 7 is pleited against log1 r a straight line shouldld
result from whose slope T can be calculated if '§ is known.

There is a further complidation that the time of pumping is
sometimes given in minutes although hydraulic conductivity and trans-
nigsibility are expressed in terms of days.

The formulae now becomes

4 = 114.6 Q W(u)  and
T

u = 1.87 x 60 x 24 rzs

T+
o 2623 rzs

T+

7
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The above formulae are those most often encountered because
most of the references are American. If English or Imporial gallons
are used it must be remembered that for the same experiment the numerical
values of pumping rate and transmissibility will be approximatoly 5/6
of those quoted in survey wnits. If pumping rate is measured in Imperial
gallons and the values substituted in the above formulae T will be cal-
culated too small and S will then also be calculated too small.

If Inperial units are used consistently,

= 6,229 £'S = 1.55T £§
4 Tt T%

and 4= 114.6Q W(u)
T

R 2249 log,, O.§6Tt
S
T

providing t is mcasured in days. If however the time of pumping is meas—
ured in minutes

u = 2242 rZS

r————————

Tt

Bnglish enginsers frequently calculate in cubic feet and
seconds but English variations of Survey wnits are also often used.

Unconfined Flow

If either the top or the bottom of the aquifer is not limited
by some impervious bed the water flow is said tc be "unconfined". The
mathemztical discussion is greatly complicated bec.use the position of one
boundary is unknown. This discussion asswmes th“t the aquifer is supp-
ortcl by an impermeable TOdlUﬂ but that therec is no confining top to
the aquifer.

The wator is not confined under pressure and thereforc the
storage coet'ficient as defined earlier is not significant. However,
because the water table can rise or fall the volume of water absorbed or
yielded up by the pores of the aquifer material is important. At first
it will be assuned that this water is exchanged as soon as the water
table moves. In place of the storage coefficient we consider the specific
yield or drainable porcsity which is a pure number and typically much
larger than the storage coefficient of a confined aquifer., The symbol S
will also be used for this.

It is customary to usc an extension of the Dupult -Forchheimer
‘agsunptions in problems involving wcunfined flow. There are various
statements of these assumptions but all invelve the slope of the water
table. The most general expression for the, flow gives the total flow
across unit length of a beundary to be Kh = ol where . h is the height of
the water table above the impermesable bounkary and Py is the slope of
the water table meagured at right angles to the bounaary.

The calculation for a pumped well fcllows that for a confined
aquifer. , The flow across a cylindrical surface of radius r will be
2 7 1Kk ﬁ; where h deponds upon r and also upon time t. The net gain
by the annulus botween v and » + dr is equated to the time rate of gain
and we hsve
ah

2 . omps OB
2//K (rh 2 7S 5%

This equation may be rowrittcn

%, 19n 1@y 2ok
{aI? r oar = ot

1)
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which resembles the Theis equation except that the denominator on the
right hﬁng side contains h which is not constant, and also that a

term (&—) occurs on the left hand side. Both these difficulties render
the equation "non linear" and enormously complicate .an exact solution.

Only approximate methnods of soluticn are available. It is
usual to replace the right hand denominator by m K or T where m was the
original depth of .water before pumping began. This approximation will
be all the worse near the punped well.

There are two common ways to handle the second term on the
left hand side. Usually this term is small and many treatments simply
ignore it. This approximation also must be all the worse near the pumped
well where the slope is greatest. If this term is ignored the equation
becomes identical with that of Theis and the same result holds for the
draw down, viz.

A = (Q/47T) W(w)
u = r25/4Tt

It should be remembered that this solution has introduced yeot
another simplification near the well because it has replaced the finite
well by an infinitely thin "sink". There are therefore good reasons not
to trust this expression if it is evaluated very close to the well.

Another method of approximation does not neglect the square
term in the differential equation. If the original equation is rewritten
in terms of h2

“‘K.&_(r:ﬂf = 7S b...}iz
- y h ot

The denominator is simplified as before and we get
22 5. 1 9n? 8 2n?
32 () + 3 57 = T 5%

which is identical to the Theis equation and the solution is

~ 82 = (pdp) W(w)

The denominator on the right hand side is determined by the
Jboundary conditicns at the well, which is once again assumed to be infin-
itely narrow. If the llft hand sgde is expanded we have for the draw
doom =m = h, .o(1 - é W(u) di.e. the Theis solution can

be used but the draw down must be corrected by subtracting 2/2m. This
is important whenever < becomes comparable with m. .

Sometimes this correction to the draw down is recommended as
though it were an allowance for delayed drainage from a dewatered zone.
In fact there is very little information on delayed drainage. Some calc-
ulations made by Boultcn (International Hydrological Association Public-
ation 37, 1954) do not praducethis result. There do not appear to be any
means for calculating corrections for delayed drainage.

The most thorough calculations of water table situations
have been made by Boulton (Institute of Civil Engincers - Proceeding
Pt III Vol 3 1954 P564). Boulton avoids the Dupuit - Forchheimer
assumptiong and calculates from Darcy's equation and the equation of
continuity. He is obliged to take simplified boundary values both at
the well and at the free water surface. Also the difficulty with squares
of partial derivatives arises and these terms are neglected,

Boulton concludes that providing K + > 55m the Theis solution
is correct (to within 5%) providing also that 0.2 m<r<6m. Note that the
restriction on time is expressed in any rational system. In survey units
it will be Kt > 37.4Sm and for the comparable English units Kt > 31.1Sm.,
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I. 1963.
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to this lecture,

W.C. WALTON Selected Analytical Methods for Well and Aquifer Evaluation.
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Short account of theoretical results and considerable descrip-
tion of actual tests made.

W.C. WALTON Leaky Artesian Aquifer Conditions in Illinois.

Illinois State Water Survey 1960. Some field examples are
discussed.

L.X. WENZEL and V.C. FISHEL Geological Survey Water Supply Paper 887,
1942,

Contains an account of equilibrium calculations as well as non
equilibrium formmulae. Rather old fashioned.
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Collection of many short papers, some of which discuss
special boundary conditions.

Mathematical

M.S. HANTUSH Hydraulics of Wells in "Advances in Hydroscience" Vol. 1.
1964.

Thisg article occupies only 150 pages. The remainder of the
book is irrelovant. Very good article indeed. Much of this infommation
is not otherwise available and all of it is relevant.

P.Ya, POLUBARINOVA - KOCHINA Theory of Ground Water Movement Translated
J.M.R. de Wies-b 19620

Forbiddingly mathematical and not suited to a practical man's
needs., However it has some results not otherwise available. Much of this
book is more suited for studies on seepage of water under dams etc.
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FIELD MEASUREMENT OF HYDRAULIC

CONDUCTIVITY AND WATER CONTENT
by
J.W. Holmes, Division of Soils, C.3.I1.R.0., Adelaide
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3. Kirkham—tube (piezometer) method
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4. Water content by neutron moisture meter
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PUMPING TESTS

PART 1

e ————

PRINCIPLES & METHODS

by

W.H. WILLIAMSON, M.3c., Senior Hydrogeologist,
Water Conservation and Irrigation Commission,
New South Wales. -
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PUMPING TESTS

PART I s PRINCIPLES AND METHODS

1.1 INTRODUCTION

Pumping tests are a basic tool in groundwater hydrology, and
those working in this field should have a clear understanding of the
principles involved and be able to correctly interpret test data. This
is particularly important in those cases where large yields and long-temm
pumping are involved, e.g. irrigation or towm-water supply bores.

A pwmping test may be carried out for one or both of the
following purposess—

(a) to determmine the performance and optimum yield of a well or borej
(b) to determine the hydraulic properties of the aquifer;

(Note: Some tests involve pumping into rather than out of a bore or
well. These will also be considered).

1.2 TESTS OF PERFORMANCE AND YILLD.

1.2.1 Single—rate punplng tests.

Practically all pumping tests carried out by private boring
and well-sinking contractors are in this category. However, contractors
commonly record no more than the static water level and the drawdown
level for a given pumping rate. This is inadequate for proper interpre—
tation because it gives nc indication of the rate of drawdowm. It is
sometimes focund, too, that contractors extrapolate such figures on the
assumption of direct proportion; and this can lead %o considerable error.
Where a bore is relatively low yielding, ¢.g. the general run of stock—

weter bores, and the bore is tc be pumped at the same rate as it was tested,

The usual contractor's test may suffice, but the position is more criti-
cal and unsatisfactory where long term pumping at high rates is proposed.
Consequently, contractors should be advised of the data required from

punp tests to a2llow analysis of the results. (It may be noted that in
the case of stock bores probably the majority are tested by bailing.
This simulates pumping, and, if properly carried out, can give useful
infor?ation, but the method is subject to limitations and nisinterpreta-
tions),

1.2.1e1 Confined acguifers.

The principle of a single~rate pumping test of a bore tapping
a confized aguifer is based on the non-equilibrium formula introduced by
Theis (1935). The formula is

oL

. P
s = 114,69 L g™® du eee(1)
T } u
~A

or, evaluating the integral,

|

8 o 114.69 (—005772 - logeu + u - u2 + u_3_ ..etC) 000(2)
2 T '2 303

where u = 2693r S
T+

N
Oow

g8 = drawdown in ft. at a distance r, in feet, from a pumped
bore discharging at § gailons per minute for a time t in
ninutes.
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T = coefficient of transmissibility in gallons per day per
foote.

3 = coefficient of storage.

Cooper and Jacocb (1946) showed that for small values of (rz/t) compared
to the value of (4T/S), u will be so small that the series following the
first two terms in the series in the above equation may be neglected.
They consider the approximation tolerable where u is less than 0.02.
Converting to common logartithms, the equation (:;ay then be rewritten as
s = (2.303Q) [ 1og of - Log,g (rQS/z.zsmﬂ &)
41T - 1 1

so that vhen r is constant (as is the case of a bore being tested for
yield), the only variables are s and t, and the equation is that of a
straight line plot of s ageinst log,.te The graph thus obtained is refer—
red to as a "time-drawdowm" graph, And the method as the "straight-line
method" or the wmodified non-equilibrium method".

This method offers the most direct and simplest means of inter—
preting pumping test data and gives satisfactory results for all practi-
cal prrposes. {The fact that it allows determination of the coefficient
of transmissibility and, if an observation bore is available, coefficient
of storazge from the same test data is more or less incidental where the
main aim is simply to establish tho optimum yield of a bore uwnder condi-
tions of long term punping).

Consequently, if o bore is pumped at a constant rate, and the
plot of drawdown against log time gives =2 straight line, this line can
be extrapolzted to determine the drawdown for any period of continuous
punping at that rate. (This, ofcourse, is on the usual assumptions of an
infinite, homogenecus, and perfectly elastic aquifer. The effect of de-
viations from these assumptions are considered in Part 3). However,
difficulties arise if it is proposed to cquip the bore to pump at a rate
other than that used for testing, especially if it is to be a much higher—
rate. This matter will Do dealt with in section 1.2.2.

1e2:1e2 Unconfined aquifers.

Where the bore or well being tested taps an unconfined aguifer,
i.e. "water-table" conditicns, the non-equilibrium formula does not
adequately describe the draw~down behavicur becauzme it ddes not allow for
gravity drainage. The assumptions of +the formula include (a) that the
coefficient of storage is constant and (b) thet water is released instan-
taneously with a decline in head. IHowever, in the case of an unconfined
agquifer the water pumped is being essentially derived by dewatering the
gaturated pore spaces of the aquifer, and, depending on the permcability
of the formation, this drainjng may tzke considerable time to effect.
Congequently, the coefiicient of sterage increases as pumping proceecds,
although at a diminishing rate.

In spite of this non-compliance with the assumptions of the
formula, with long pericds of pumping the effect of gravity drainage
hocomes so small that satisfactory time-drawdoun graphs, similar to those
for confined conditions, can be obtained.

Where only the performance and yield are to be established,
pumping at the desired rate, or at 2 rate which preliminary tests indicate
to bo tlhio order of an optimum rate, is continued until the time-drawdovm

effect of long termu pumping. (For very permeable aquifers the desired time—
drawdown relationship may commence in under an hour, but for thick aquifers
of low permeability it may take as long as a day or more). However, if it
is desired to establish values for the hydraulic rroperties of the aquifer,
various correcticns and limitations apply, and these will be dealt with

in a later section. (1.3.1).
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It may be ncted that , if at all possible, observations of
recovery of water-level should be made after all single-rate pumping
tests. As will be shown in Part 3, recovery data are often very signi-
ficant and considerably assist the analysis of pumping test data.

1.2.2 Multiple~stage vumoing tests.

It does not follow that the drawdowm-discharge relation-
ship established by a single~rate pumping test can be directly applied
to a different pumping rate. This is perhaps best appreciated by consid~
ering the various factors which, depending on the gecnydrelogic ccnditions
can affect drawdown. Walton (1962) has summerized these as follows:-

.o (4)

8= Sa-l- 8y + Sp + Sd+ S-b -8

where g 8 = total drawdouwn in procduction bere

T

s = drawdown due to laminar flow of woterthrough the aquifer
% towards the woll (termed “aguifer losz').

s = drawdown due o turbulent flow through thescreen or well
face and inside the casing to the pump intake. (termed
Mrell loss").

s_ = drawdown due to particl venetration effects.
g, = drvawdown due to dewatering poiticn of the aquifer.

8, = drawdown due tc barrier boundaries of the aquifer.

g8_ = build-up due to recharge boundaries of the aquifer.

Of these components, S must cccur and s is almost inveriably
evident, while the others may or may not occur. IF %hey do, s, and 3_
are usuvally evident from the nature of the time-drawdowm graph (see Pirt
3), and allowances can be made for tho effects of s_ + s, (see sections
1¢3.1.3 and 1.3.2.4). VWhere it is desired %o establish %erformance and
yield, the components s and s are normelly the more critical, and these
can be separated by meals of themultiple—stage (or step-drawdown) pump~
ing test described by Jacob (1946).

A multiple-stage test consists of punping at three or four
successively higher rates, the change in rate being implemented more or
less abruptly =2t the end of each pumping period. Observations are made
of drawdown against time throughout the test. (In eff.oct, the test
simulates the sane number of separate pumping tests as there are stages,
but avoids the necessity of awaiting for recovery of water-level to be
effected between each fest. It may be noted thet because of the problem
of drainage time, nultiple~stage tests arc nomially not applied to wncon-
fined aquifer conditions).

As will be shown in Part 3, from the data obtained from the
test, the "aquifer losa" and "well-loss'" components of the drawdown, i.e.
s_ and s_ in cquation (4), can be determined. These are expressed in the
eauationy '

0
a

B + CQ° e (5) }

/
where s = drawdown in feet at a specified pericd.

B = agquifer-loss constant in sec/ft2
. 2,..5

C = well-loss constant in sec /ft

Q = discharge in cusecs.

As shown by Bruin and Hudson (1955), equation (5) is an
approximation, and, strictly speaking, B and C are variables, bt the

¢
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errors involved by assuming them to be constants tend to be compgnsatory.

. Purthermcre, Rorabaugh (1953) has shown the equation s = BQ + €@ to be

more correct, and has found n to be usually of the order of 2.5. (It has
been tho cxperience of the author thatRorabaugh's method of determining
n, involving trial and error plotting, requires very refined data and

- preferably more than four stages). However, for practical purposes it is

usually found that equaticn (5) gives satisfactory results.

When the values of B and C in equation (5) have been deter—
mined, the drawdown s for the sclected time period (say 100 minutes) can
be calculated for any particular discharge. The rate of drawlcwn at that

[discharge can be calculated from the slope of the sitraight-line time-~
©

drawdovm graph, and the drawdown for any periocd of pumping can then be

; calculated by extrapolation at that rate. However, other allowances may

PP A

‘ally less than 5 sec”/ft7, Values between 5 and 10 sec”/ft

2180 have to be made, depending on the conditions revealed by the analysis

of the test data (zee Part 3) or from knowledge of such factors as seasonal
water-level fluctuations.

It should be noted from equation (5) that the component of
drawdown due to "well loss" varies with the square of the discharge. It
is for this reason that gross errors can be made if the results of a sin-
gle rate tost are oxtrapolated tco far, especially if the bore is not
very efficient., It follows, too, that the efficiency of a bore can be
gauged by the magnitude of the well-loss constant C. Walton (1962) states
that for a properly geve;oped and designed well, the va%ue gf C is gener-

indicake .

-

"mild clogging, and clogging is severe when C is greater than 10 sec /ft).

It will be evident from the foregeing discussions that sin-
gle-rate pumping tests are of limited value in assessing bcre performance,
except for the particular rate used, and they may give 1little indication
of the efficiency of the bore. Their main value is in revealing aquifer
conditions, as will be discussed later. On the other hand, multiple-
stage tosts are of particular value in asgéssing bore performance and in
calculating the effect of pumping at higher than those used in the test,

In order to gain as much relevant information on both the
aquifer conditions and the bore performance, the Water Conservation and
Irrigation Commission, New South Wales, carries out a multiple-stage test,
and a twonty-four hour single-rate test, followed by recovery measure-
ments, as standard procedure in those cases where long-term pumping at
high rates is proposod, e.g. town, industrisl, or irrigation supply. For
stock-water bores, only a single-rate pumping test is undertaken.

1.2.3 Punping-in Tests

Pumping—-in tests have more application where it is desired to
detemine the hydraulic propertics of an aquifer, (see section 1.3.2.5)
but in some instances thoy are applied with the object of determining only
bore or well performance. The only common example of such circumstances
in the author's experience is where it is proposed to use a bore or well
to dispose of effluent, usually from septic tanks, and it is desired to
determine the scceptance rate. Almost invariably it has bcen found that
contractor's tests are quite inadequate and insufficient data has been
obtained to allow analysis.

The principles involved are essentially the same as those
already discussed, the only difference being that the water-level is being
built—up by in-flow instead of draw-down by discharge.

1.3 TESTS TO DETERMINE HYDRAULIC PROPERTIES

In quantitative groundwater hydroleogy studies, punping tests
are of particular value becausc they afford a means of establishing the
hydraulic properties of an aguifer in situ. The properties usually det-
ermined are the coefficients of transmissibility, permeability, and
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storage. Where leakage occurs through confining beds, the coefficient of
vertical pormeability of the confining beds can also be determined. If
barrier boundaries or recharge boundaries are present in the vicinity
they, too, are evidenced in pumping test data.

The most common method of determining the hydraulic properties
of an aquifer depcnds on the analysis of time-drawdown data. For this
purpose, a bore or well is pumped at a constant discharge, and drawdown
in the pumped bore or well, and in any observation bores, is measured at
appropriate time intervals. (If at lecast one observation bore is not
available an aquifer tcst is limited in scope, and normally only trans-
missibility can be determined).

It is apparent, of course, that this type of pumping test is
analogous to the single-rate pumping test previously described to deter-
mine the performance and yield of a bore. However, in carrying out a
tost to establish hydraulic properties, the efficiency of the bore is of
little consequence (provided a reasonable pumping rate is available) since
the information sought from the pumped bore is the rate of drawdown, not
the actual drewdovm, for a given discharge. However, the significance
of equation (4), which shows the various possible componcents of drawdown,
should be kept in mind because it is often necessary to adjust drawdowm
data before they can be employed in analysing test results.

1.3.1 Pactors affecting time~drawdown relationships.

Of the various possible components of drawdown given in
equation (4), the measuvrementsof component s (drawdown due tc laminar
flow through the aquifer) is the main objectaof the test. If the aguifer
reasonably conforms with the assumptions of the theory, the rate of draw-
down in the pumped bore and in observation bores will be the same and a
straight-line graph of drawdcwn against log time, as described for the
modified mon-equilibrium method, will show the same gradient in each
case. On the other hand, the cowponent s_ (drawdown due to "well-loss")
occurs only in the pumped bore and would Hot be evident in an observation
bore unless it were immediately adjacent to the pumped bore.

However, a number cf other factors may affect the time-draw-
down relationship and it is nccessary to be aware of these to proporly
interpret test data. They will be briefly considered in the following
paragraphs.

1.3.1.1 Water level trends pricr to pumping.

A factor not included in equation (4) is that of water level
trends in evidence bcfore pumping starts. These may be due to such causes
as the &ffects of previous pumping, pumping of other fzcilities in the
vicinity, risimg cr falling water table conditions (in shallow water
table situations, evapotranspiration can have an effect herc), or the
effect of atmospheric pressure changes in the case of confined aguifer.
Consequently, cobservatiocns of water level shouwld, if posgible, be main-
tained for some time (preferably a few days) prior to pumping so that any
discemible trends can be allowed for in the subsequont ‘test. (A useful
review of causes of water level fluctuations is given by Todd (1959).

1¢3.1.2 Variations in etmospheric prcssure.

In the case of the effect of atmospheric pressure, the
barometric efficiency of a bore tapping a confined aquifer can be deter-
mined from obsgervations prior to pumping by applying the equations-

\ LY
B.Eo = '("S"E X 100 oa-(6)
where B.E. = barometric efficiency in %

AW = change in water level due to a change in atmospheric
pressure, in feet

AB = change in atmospheric pressure, in feet head of water.
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Adjustments in drawdowmn data can then be made for the effects of any
changes in atmospheric pressure during the test. (It is evident that
water level trends as described above will also affect tests to establish
the performance of a bore., However, because of the economic aspects of
contract boring, it is rarely practicable to maintain observations of
water level variations for any appreciable time after completion of the
bore and prior to testing. There is the danger, then, that if a bore
has a reasonable barometric efficiency, and a significant increasec in
atmospheric pressure occurs fairly rapidly during the test, the increase
in drawdown, which could amount to a foot or more, could be interpreted
as a boundary conditicn).

1¢30.1¢3 Partiasl penetration of the aguifer

A further possidble cause of error is the factor designated in
equation (4) as e, i.e. the drawdown due to the effect of partial pene-
tration. If the pumping bore or nearby observation bore(s), or both, only
partially pesnetrate the aquifer, varying effects can be produced depending
on the relative positions of the sections of the aquifer exposed to the
bores. For example, if pumped and observation bores are beth open to
either the top or the bottom of an aquifer, the drawdown in the observat-
ion bore will be greater than for fully penetrating conditionsy if the
pumped bore is open te the top and the observation bore to the bottom, or
vice versa, the drawdown in the observation bore will be less than for
fully penetrating conditions. Thes e effects are due to the distortion
of the ccne of depression because cf the vertical flow component induced.
However, the effect diminishes with distance, and Walton (1962) quotes
the following equation from Butler to give the distance Tho beyond which
the effect of partial penctration is negligibles=—

rpp = 2m [B /By oo e (7)

where m = saturated thickness of aquifer, in feet
Py = horizontal permeability of aquifer, in g;.p.d../f‘t;2
Py = vertical permeability of aquifer, in g.p.d./ftz
He also gives formulee and factors for adjusting observed drawdowms in
obgservation bores within this distance, but points out that "at best,

adjustments for partial penetration by any method can be considered only
approximate because the ratio B, /B, is never precisely known."

1.3.1.4 Boundary conditions

In developing equations to compute hydraulic properties of
aquifers it is assumed that the aquifer is infinite in extent, and it is
obvious that this cannot be. Indeed, it is common for pumping tests to
show evidence that a boundary condition is present within the area of
influence of the bore or well.

If the boundary is a barrier (e.g. the edge of a valley, or
a sudden lensing cut of the aquifer), when the cone of depression reaches
it it will cause an increase in the rate of drawdowm. If it is a recharge
boundary (e.g. a river or othor surface body of water), the rate of draw-
down will decrease until eventually equilibrium conditicns occur,; i.e.
recharge balances discharge.

: In the general run of aquifer tests, barrier boundaries are by
far the more common. They are usually readily discernible if the modified
" non—-equilibrium methed is used, especially if the boundary is a fairly
abrupt one, when it will cause a sudden doubling of the slope of the
straight~line time-drawdown graph. The reason for this is best understood
by considering the "imago-well" theory described by Ferris (1959). In
essence, this states that the effect of a barrier boundary on drawdown in
a bore is the same as would occur if the aguifer wereo infinite and a bore
having the same discharge were located on the opposite side of the

87
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boundary and at the same distance as the real bore. The same principle
applies for a recharge boundary except that the image bore is assumed to
be recharging instead of pumping. '

Pumping test data can be used to locate the positicn of a
barrier, but to do this it must be evident in the data from at least
three observation bores.

The only other factor that will be considered as affecting
time~drawdown relationships is drawdown due to dewatering portion of the
aquifer, and this will be discussed in the section dealing with determin-
ing hydraulic properties of unconfined aquifers. (1.3.2.4).

1.3.2 Methods based on time-drawdown relationshivs

103,2.1 Modified non-cguilibrium

Bocause of its simplicity of application and interpretation,
the modified non-cquilibrium method is the most popular method of analys—
ing aquifer test data, espocially for combined aquifers. The principles
involved have been given in section 1.2.1.

Drawdown data from the pumped bore and any observation bores
are first adjusted, if necessary, (see section 1.3.1) and then plotted
against the logarithm of time, The adjusted drawdown data from the
punped bore or well will then consist of the drawdown components due to
Myell-loss" and "aquifer-loss" (i.e. s_ and s_ of equation 4). Of these,
the "well-loss" is constant for a giveh discharpge, whercas the "aquifer-
loss" increases in direct proportion to the logarithm of time and thus
causes the slope in the straight-line portion of the graph. In observa-
tion bores, of course, only drawdown due to "aguifer-loss" is represented.
If the aquifer conforms with theory, the slores of the straight-line
graphs for the pumped bore and observation bores will be the same (sece
fig. T, section 3).

The coefficient of transmissibility is calculated by using
the slope of the straightline pcrtion of the graph in the following
equations =

=]
o

264Q/As ...(8)

coefficient of transmissibility, in g.p.d./ft

&
(o)
H
o]
O B3
non

discharge, in g.p.m.

>
12}
n

difference in drawdown per log cycle in fi
(i.e. the slope of the straight line graph).

To derive the coefficient of storage, the straight-line
portion of the graph of data from an observation bore is extrapolated
backwards until it intersects the zero-drawdown axis. The time given by
this intersection is then used in the following equations-

§ = Tt_/4790 z° T eee9)

where S = coefficient of storage, as a fraction

L}

coefficient of transmissibility, in g.p.d./ft

ct
O
]

intersection of the straight-line slope with the
zero—drawdown axis, in minutes

r = distancc from the pumped bere tc¢ the observation
bore, in feot,

1.3.2.,2 Type curve

In developing the modifisd non-equilibrium method considered
in the previous section, Cooper and Jacob (1946) were careful to point out

g9
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that "the method is not applicable in some cases and it supplements,
rather than supersedes, the type curve method". Consequently, if there
is any doubt as to whether or not the data lends itself to interpretation
by the time-drawdown graph, the type curve method should be employed.
Certainly one difficulty that often presents itself vhen it is desired

to determine coefficient of storage by the former method is that when the
slope of the straight-line is small the intersection with the zero-
drawdovn axis may be poorly definzd.

The type curve method is based on Theis' non-equilibrium
formula given in section 1.2.1. This may be written in the fomm

s = (114.6 Q/T) W(u) eee(10)
it
wvhere W(u) = “Je‘u du,
u

and is termed by Wenzel (1942) as the "well function for non-leaky
artesian aquifers'.

Wenzel (1942) provides a type-curve giving values of W(u)
against u on log graph paper. However, the method described by him to
obtain a matching curve is rather tedious, since it involves plotting
values of s (drawdown in an observation well) against r2/t (where r is
the distance of the observation bore from the pumped bore, and t is the
time in days from when punping began until .s was measureds. Walton (1962)
has since provided a morc convenient type curve, giving values of W(u)
against 1/u on log graph paper, and to obtain a time~drawdown field data
curve to superpose on the type curve it is necessary only to plot draw-
down s (in feet) against time t (in minutes) on log paper of the same
scale as that used for the type curve. When the time-drawdown curve is
matched to the type curve, metch point co-ordinates W(u), 1/u, 8 and t
are substituted in equation (10) and in the equation

w = 2693 r® §/Tt oo (11)

to degermine T and S. (u, ry S, 8, T and t arc as defined in section
1.201 .

1.30.2.3 Type curves for leaky confined aquifers

In some pumping tests of confined aquifers, the confining
formation is sufficiently permeable to allow leakage from an overlying
or underlying formation into the aquifer being tested and thus affect the
time—drawdown relationship. Walton (1960,a) developed a type curve method
for dealing with the analysis of the pumping test data for these conditions.

The leaky confined aquifer formula is given as
s = (114.6 Q/T) W (u, %) ees(12)
where u = 2693r2S/Tt as in equation (11)

Sy 5, Q; T and r are as defined in section 1.2.15 W (u, %) is termed "well
function for leaky artesian aquifers'; and

po— L

Lo o/ T/(v ) vee(13)

P' = coefficient of vertical permeability of confining
“bed, in gep.d. /Tt

m' = thickness of confining bed through which leakage
occurs, in ft.

Walton (1962) presents a family of leaky artesian type curves,
based on values of W (u, r/B) in teims of the practical range of u and r/B,
and by plotting values of W (u, r/B) against values of 1/u on log graph

]
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paper. By plotting drawdown against time on log graph paper of the same
scale and matching the time—drawdown curve thus obtained to the type curve
of best fit, co-ordinates W (u, r/B), 1/u, s and t of a match point can
be read off. The values of these co-ordinates are then substituted in
‘equations 11, 12 and 13 to determine the hydraulic properties of the
aquifer and the confining formation.

1e3e2¢4 Non-ecquilibrium methods applied to unconfined aquifers

Although : the non-equilibrium formula (equation 1) was derived
for confined aquifers, both the modified non-equilibrium and type curve
methods of analysing pumping test data, (sections 1.3.2.1 and 1.3.2.2)
have application to unconfined aquifers under certain conditions. As
outlined in section 1.2.1.2, after pumping has been in progress for a
period sufficient to meke the effect of gravity drainage small, the time-
drawdown relationship for a bore or well in an unconfined aquifer (i.e.
"water-table" conditions) conforms reasonszbly with the non-equilibrium
formula.

In dealing with thig problem, Boulton @954) considers that
whether or not the non-equilibrium formula can be applied depends on the
distance r of the observation well from the pumped well, the hydraulic
properties of the aquifer, the saturated thickness, m, of the aquifer,
and a dimensionless "time~factor'. He implies that if the timo factor
is greater than 5, and r is between 0.2m 2nd ém the non-equilibrium
formula can be agplied with sufficient accuracy for practical purposes.
Prom this, and applying the proviso that r be between C.2m and 6m,
Walton (1962) derives the equation

Yot = 37.4 5, n/P .o o(14)

where t

it

wt approximate time after pumping starts when
application of non-lecky artesian formula to
water table conditions is justified, in days
S8y = specific yield, fracticn

P = coefficient of permeability, in gap.d/ft.2

m

saturated thickness of aquifer, in feet.

It should be noted that in using drawdowvm data to determine hydraulic
properties. of unconfined aquifers it is necessary to adjust the data to
allow for the fact that the saturated thickness of the aquifer has been
decreascd by the pumping. The adjusted value of drawdown is given by
the fellowing formula, Jue to Jacob (1944)s—

o' = s - (s°/2u) ..o (15)

where s' = drawdown that would cccur in an equivalent non-
leaky confined aquifer, in ft.

s = obgerved drawdown wnder water table conditions,
m = initial saturated thickness of aquifer, in ft.

In theory, the coefficient of storage of an unconfined
aquifer is analogous tc¢ the specific yield. However, because pumping
tests are mostly relatively short, generally not exceeding 24 hours, and
because gravity drainage in this period is normally incomplete, the co-
efficient of storage derived from the test deta is usually less than the
specific yicld. This can be a source of error in quantitative applica-
tions Furthemmcore, the coefficient of storage sc derived applies essen-—
tially to that portion of the aquifer dewatered during the test, and it
does not follow that it can be applied to the remainder of the aquifer.
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1.3.3 Methods based on distance-drauvdown relaticnships.

1.3.3.1 DNon-equilibrium methods.

Walton (1960,b) points out that distahce-drawdown data
complement time-drawdown data and can be used to great advantage in the
interpretation of early drawdown measurements. He considers that inter-
pretations of pumping test data based solely on time-drawdown graphs
are weak, and that logarithmic and semi-logarithmic graph paper magnify
the importance of early time-drawdown data, sometimes out of all pro-
portion to their value.

Distarce~drawdown relationships are inkerent in the non-
equilibrium formula, and can be analysed by either the modified non-
equilibrium method or the type curve method in similar fashion to time-
drawdown data.

In the modified non-equilibrium metnod, drawdowns obazcrved
at the end of a specified pumping period in two ur more observation bores
are plotted against thelogarithm of the respective distances on semi-
log graph paper. A straight-line graph should be obtained, gnd this line
is extrapolated to intersect the zero—Arawdown =xis. The slope of the
straight line is then used to determine the coefficient of tranamiss-
ibility and the zero-drawdown intercept is used to calculate the cceffic-~
ient of storage. The equation for coefficient of transmissibility is

T = 528 Q/As .09(16)
where T = coefficlent of transmissibility in g.p.d./ft
@ = discharge, in g.p.m.

A s = drawdowm difference per log cycle, in ft.
The coefficient of storage is given by equation C?); 5 'ﬁ/@'ﬁhﬁré

Walton (1962) supplies type curves for matching with distance-
drawdown curves for both leaky and non-leaky confined aquifers. In the
type curve method, values of drawdown measured at the same time in two
or more observation bores are plotted against the square of the respect-
ive distances on logarithmic paper of the same scale as that used for the
type curve. The distance-drawdown curve so obtained is matched to the
type curve, and match~point co-ordinates are substituted in the same
equations as given for the appropriate time—~drawdown type curve methods
to calculate the hydraulic properties of the aquifer.

1.3.3.2 Bqguilibriwm methods

The so-called equilibrium methods to determine permeability
are, in effect, based on distance-drawdown relationships. Wenzel (1942)
shows the development of the general equilibrium formula, based on Darcy's
Law and the hydraulic gradient at points of the cone of depression caused
by pumping. The formula for water-table conditions, after Thiom, is as
follows: =

2,303 Q logyq _i.%

P o= 1
T (Bg+hy ) (5 4-55) oo (17)

where P = coefficient of pemmeability,
Q@ = discharge of the pumped bore,

hqy = saturated thickness of aquifer at the near observation
bore at distance ry feet from the pumped bore, in feet,

q/
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ho = saturated thickness of aquifer at the far observation
bore at distance rp feet from the pumped bore, in feet,

s4 & 8p = drawdown in the near and far observation bore, respec-
tively, in feet.

For confined aquifer conditions, (ho+h4) is replaced by 2m,
where m is the average thickness of saturated water~bearing material at
the two observation points. The fomula for confined aquifer conditions
then becomes

T2
20303 Q 10810';?

P = se 0 18
277 m (s4-s2) (18)

In applying the equilibrium method it is assumed that the
aquifer is infinite and homogeneous, and thzt the water table (or piezo-
metric surface, in the case of a confined aquifer) gnd the impervious base
of the aquifer are both horizontal. In an claborate pumping test in
which 81 observation bores were used, Wenzel (1936) found that consistent
results could be obtained by using the following procedure:- (i) using
for the drawdown, s;, the average of the drawdowns at distance ry on
oppusite sides of the pumped bore, preferably up-gradient and dowm-
gradient, and similarly for the drawdown so at distance roj (ii) using
only those drawdowns that are cbtained from observation bores situated on
a straight line through the pumped bore; (iii) using only the drawdowns
in observation bores situated within that part ¢f the cone of depression
which, by the end of the period of pumping, has reached approximate
equilibrium in forms (ivg using only drawdowns in observation bores
situated sufficiently far from the pumped bore that the effects of vert-
ical groundwater movement, changes in permeability due to bore develop~-
ment, and, if applicable, the failure of the bore to penetrate the entire
thickness of water-bearing material, are inapprecisble; and (v) using
drawdowns obtained at more than two distances from the pumped bore. (For
water-table conditions it is alsgo usually recommended that the drawdown
in observation bores should not exceed 1/10 of the saturated thickness
of the aquifer).

To provide for these factors he moditf'ied the Thiem formula
and termed it the "Limiting formula". He also developed the "Gradient
formula", based on Darcy's Law and flow through concentric cylindrical
soctions. These formulae were applied by the present author in field
permeability tests of the alluvium in the Hunter valley, New South Wales
(Williamson, 1958).

It will be noted that time does not enter into equilibrium
formulae. However, it is nevertheless involved, since the method
requires pumping to be continued until the cone of depression reaches
approximate equilibrium in fomm, i.e. although the water level may still
be falling (as is allowed for in the non~equilibrium method), the rate of
fall is required to be sensibly the same at cach observation point., In
point of fact, Wenzel (1942) shows that for a larpge time of discharge the
equilibrium and non-equilibrium formulac are essentially equal.

1.3.4 Methods based on time—discharge relationships

In some instances, mostly when testing a bore for yield rather
than to determine aquifer properties, pumping tests are carried out by
maintaining a constant drawdown. In this case, discharge decreases with
time,

The usual circumstance dictating the use of this method is
that it is not practicable to measure drawdoim, e.g. because there is in-
sufficient annular space between the pump column and the casing. There
are more difficulties involved in conducting this type of pumping test
and it is usually employed only because there is nc alternative.



19

Jacob and Lohman (1952) developed the theory for the discharge
of a bore of constant drawdowm, and although they were dealing with
artesian (flowing) bores which were not being pumped, the principle is
the same for constant drawdown conditions created by pumping.

If it is desired to establish values for the coefficients
of both transmissibility and storage, the mathematical treatment is
relatively involved. However, if only the coefficient of transmissibility
is roquired it can be obtained by a modified method which involves
plotting values of 1/Q agrinst logygt. This gives a similar graph to
that obtained for time—drawdown data in the modified non-equilibrium
method previously described (103¢2.1). The coefficient of transmissibil-
ity is then given by the formuwlas-

. 264/30&(35) ... (19)
where T = coofficient of transmissibility in g.p.d./ft,

8c = constant drawdown, in feet,

A

difference in (l) per log cycle (i.e. the slope of the
straight line g@aph),

Q = diecharge in g.p.n.

Jacob and Lohman alsc found that sufficicntly accurate values
of T could be cbtained by the recovery method. Using semi~log paper,
values of residual drawdown, s, were plottoed on the linear scale against
corregponding values of t/t' on the log scazle (t = time since discharge
begans ' = time sincc discharge stopped), and a2 straight line graph
obtained. The change in rosidual drawdown, s, per log cycle of t/t'
gives the slope of the line. The normal modified non-equilibrium
formula (Equation 8) is then usod to determine T.

1.3.5 Pumping—in tests

It is somctimes found more practible to determine hydraulic
properties of a formation by means of pumping-in tests. The usual
reasons for this are that it is required to establish these properties for
material which is not yet saturated (but which subsequently will be),
or not saturated to a sufficient thidkness to allow pumping out, or there
is insufficient available drawdown (in the case of a confined aquifer).

In any event, the principles involved in analysing pumping-
in test data are essentially the same as for discharge tests, the main
difference being that there is a cone of build-up due to the recharge,
rather then a cone of depression due to pumping. However, a factor
which often leads to difficulties in such tests is that any suspended
material in the water being pumped in will cause clogging of void spaces
and can give rise to considerabls error.

Ahrens and Barlow (1951) give details of procedures of various
pumping-in tests, some of which employ cnly one drill hole. They point
out that the one-hole method is not as relisble as when threc or more
observation holes are used., In the latter type of test they use the
equilibrium method to analyse the test date.

75N
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PUMPING TESTS

PART 2 : BQUIPMENT AND PROCEDURES

2.1 Introduction

In essence, a pumping test consists simply of pumping a bore
or well, measuring the rate of discharge and measuring the effect of the
punping on the water level in the pumped bore or well and at any observ-
ation points. Nevertheless, if satisfactory results are to be obtained,
considerable care is necessary, and there are many pit-falls to be avoided.

The following notes outline the equipment required, precautions
to be taken, and procedure recommended.

2.2 Eguipment
2.2.,1 Punps

For low-yielding bores, c.g. stock-water bores, a draw-plunger
or flugh-cep type pump will usually suffice, The larger sizes of these
pumps may yield, say, 5000-6000 gph. but they are not particularly satis-—
factory for accurate pumping tests at such rates because of the water
level fluctuations caused by their reciprocating action.

For high-yielding bores, a deep-well turbine or axial flow
pump is usually required, but centrifugal pumps can have application where
the drawdcwn level is less than about 20 feet, or, for example, if the
punp can be installed dowm a well. In any event, it is necessary that
there be sufficient annulus between the pump column and the bore casing
to allow measurecment of the water level,

The motor must be of adequate horsepower, and direct (for
electric motors) or universal shaft drive is desirable. Belt drives can
cause considerable problems in maintaining constant discharge.

The pumping equipment used by the W.C. & I.C. for testing
high-yielding bores consists of two T inch diameter Pomona pumps capable
of 35,000-45,000 gph. ageinst heads of up to 150 £t and two 5 inch Ornel
pumps capable of delivering 40,000 gph. against heads of up to 130 ft.
Diesel motors are as follows: 1 x 52 hp. Internationals 1 x 54 hp. Dorman
(3 cylinders); 1 x 96 hp. Dorman (6 cylinders); and 1 x 76 hp. Lister (6
cylinders). For lower-yieclding bores there are two flush-cap pumps, 5 and
4% inches dismeter respectively, capable of 5000-6000 gph., while each
boring plant carries either a 2% or 3% inch draw-plunger pump fpr testing
stock bores.

20.2.2 Measuring discharge

The first requirement is that there be a valve on the pump
discharge pipe %o allow control of discharge, but there must also be
provision for accurately measuring such discharge. The most convenient, -
and probably the most accurate method is to use a water-meter, in which
case the control valve is placed on the outlet side to ensure that the
meter is always full. If an orifice plate is used, the valve is placed
on the pump-side and should ve at least 10 pipe-diameters from the outlet.
(It is advisable that the nipple leading tc the manometer tube be of small--
er diameter than the tube to make for more stable water levels in the tube)

Other methods may be used to measure discharge,; e.g. V-notch
or rectangular weirs, the distance to a free fall of 12 inches from a
horizontal pipe, and so on, and each has criteria to ensure maximum
accuracy. However, in general, the methods cited are in descending order
of reliability and accuracy. For low yields, timing with a drum of
known volume can be satisfactory.



82

2.2.,3 Measuring water-level

Various devices can e employed for measuring water-level,
In a pumped bore the device must be small enough to fit freely into
the annular space between the discharge column and the casing,. but
observation bores usually allow more latitude in this regard.

Electrical probes are probably the most commonly used device
and can be either single or dual wire. The latter is the more satis-
factory because it dees not require establishing a circuit through the
bore casing. (Television-aerial dual-flex wire is useful for improvising
electrical probes because it is wide and flat, and can be easily marked ).

A milliammeter or a torch globe is incorporated in the circuit to register
when the probe contacts the water., Provision should be made for sufficient
shielding and separation of the probe teminals to prevent them remaining
wetted.

Air-lines are often used in a pumped bore but suffer from the
disadvantage of not allowing very accurate results. The air-line consists
of a tube of known length down the bore, and at the surface a pressure
gauge and a tyre—-valve stem are fitted to a T-piece. Air is pumped
through the tube, using a tyre~pump, and when pumping is stopped the pres-—
sure gauge records the pressure required to balance the column of water
above the outlet of the tube. It is essential that the level of the base
of the tube be known, so the tube should be fixed tc¢ the pump column as
the latter is inserted. Inserting the tube later is usually not satis—
factory.

Various othor mcthods of using a weighted tape (steel), Cels
chalking the tape, using an air-bell to cause a whistle, etc. are usually
not practicable when measuring in a pumped bore, but can have application
in observation bores. Float type devices can also be very useful in
observation bores.

2.3 Precautions

It should be ensured that the aquifer in the pumped bore is
stabilized so that sand or silt do not enter during pumping. The motor
should also be checked to ensure that it is operating satisfactorily.
Make sure sufficient fuel is on hand.

A log of the bore should be available, as well as complete
detail of casings, screens, etc. The same zpplies to observation bores,
and it should zlso be ensured that these fully penetrate the aquifer,
freely reflect water level fluctuations (check beforehand by adding water)
and are at a sufficient distance to avoid the effect of partial penetrat-
ion if the pumped bore does not fully expose the aquifer. (See equation
T, section 1¢341e3)e

Provision must be made to prevent the pumped water re-entering
the system. This is usually not a problem with confined aquifer but can
cause considerable difficulty in unconfined or water-table ccnditions,
especially if the overlying formaticn is very pemmeable, In some cases
it may be necessary to provide piping or impervious channelling for hund-
reds of feet from the bore or well. Each case must be assessed on its
circumstances and conditions.

Make sure that everyone involved in the tests knows what ﬁhey
should do, how they should do it, and that they have adequate forms on
which to record data. v

2.4 Procedurcg

2.4.1 Water level prior to pumping

To obtain the most reliable data, observations of water level
should be maintained for a day or so prior to pumping. The factors that

%
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may effect water level are mentioned in section 1.3.1.1, and if they are
evident, provision will have to be made for their effect. However, more
often than not, it is not practicable to maintain prior observations for
any appreciable period, especially if the bore is being constructed under
contract for production rather than investigation purposes.

If other bores or wells are being operzted in the vicinity,
and it is not practicable to have them stopped for a day or so prior to
the test, they should, if possible, be kept operating at a constant rate
prior to and during the test. Water-level observations prior to the test
are then virtually essential so that provision can be made for the effect
of this pumping.

2.4.2 BSingle-rate tests

On the day prlor to the test, short pumping runs of § to %
hour should be made at various rates to assess the general performance of
the bore. Water level measurements during these runs will give scme indi-
cation ¢f the likely time-~drawdown relationship. IFrom the information
so gained, and taking into account any other Tactors involved, the appro-
priate rate fur the main test is decided. The requisite motor speed and
discharge valve settings are alsc determined from these tests.

On the day of the test, water level is taken prior to com—-
mencing pumping and should show complete or aliost complete recovery from
the effect of the previous pumping. The times of all measurements and
of commancement or cessation of punping must, of course, be recorded,

Once pumping commences, it is a good general principle to
measure water level as froquently as is practiceble while the level is
changing rapidly. As the rate of fzll diminishes, the time interval
between readings can be lengthened. Bear in mind, teco, that in analysing
the data the scale of time will be logarithmic. Particulazr attention
should be given to obtaining early time~drawdown data, especially if it
is proposed to use a2 type-curve method of analgdis. Suitable time inter-—
vals would be as followss— 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 20, 25, 30,
40, 50, 60, 75, 90, 105, 120, 150, 180, 210, 240, 270, 300, and thonoe
hourly, assuming a 24 hour test.

No doubt the biggest "bug-bear" in conducting pumping tests
is maintaining constant discharge, particularly in cases where the
transmissibility is relatively low,; with consequent high rates of draw-
dowvn. The problem is that as the drawdown increasesy; the pumping lift
increases and the discharge decreases. And, of course, as the discharge
decreases the drawdown decreases! An example of this is shown at Figure
4 (Section 3.3) and it c'n lead to considerable error in interpretation
and analysis of data. (This example also illustrates the importance and
value of recovery data.)

During pumping, frequent measurementvs should be made of the
discharge rate. If practicable, adjustments should be made to maintain
the rate sensibly constant, preferably by means of the discharge valve
rather than attempting to alter the spsed of the motor. All meter read-
ings or other measurements of pumping rate should be rcco“ded, as wvell as
any variations or adjustments in pumping rate.

There is need for an adjustable device to maintain the de-
sired constant discharge for this werk. The only one known to the author
is the "Flo-stat" uwnit, but the largest currently available is rated
to deal only with discharges of up to 15,000 gph. Any suggestions or
information in this regard would be appreciated.

If at all possible, recovery measurements should be teken
after a single rate pumping test. A similab time interval botwean read-
ings as suggested above for drawdown measurements is desirable, althoth

~after say 8 hours the interval could be increased to 2 hours.

gy
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It is important to note that the recovery data used in analy-
- sis is not simply the difference between the drawdown-level at the cessa-—
tion of punpings and the woter-level recorded at a certain time. The the-
ory of recovery is that the water level behaves as if the bore continued
to discharge at the constant rate, but that at the time pumping actually
ceased o flow equivalent to the pumping rate was introduced into the
bore. Consequehtly, an adjustm@nt, equivelent to the additional draw-
down that would have been caused for the particular time had pumping
been continued, must be added to the recorded recovery in water level at
that time. The adjustment is readily determined graphically by extrapo~
lating the straight line time-drawdown graph beycnd the time at which
punping ceased and reading off the additional drawdown that would have
occurred for the respective times of the recoveyry measurements. In Fig-
ure 5 (Section 3.3.) both recorded and adjusted recovery have been shown
to illustrate the necessity of the adjustment.

During pumping, when a "breathing-space" becomcs available
between measurement times, it is a good practice to plot the time-drawdown
data on semi-log graph paper and then plot each new measurement. This

will allow the water level behaviour during the test to be assassed far .
nore satisfactorily than is possible by scrutinizing recorded data.

2.,4.,2, Multiple-stage tests

If 2 multiple~gtage test is proposed it should precede a
single rate test, since it will give a more reliable indication of the
appropriate pumping rate for a single-rate test than can be gained from

short preliminary test ruwns. Also, since a multiple-stage test may consist

of 3 or 4 stages of only two hours each, recovery should be effected
in time to run a single rate test the following day, if required.

Short test runs should be carried out on the day preceding a
nultiple stage test to indicate the likely maximum yield. The figure
decided on for the latter should then be divided intc the same number
of approximately equal amcunts as the number cf stages proposed for the
test. It is not esmential that these be strictly adhered to in the test,
they ~re merely a desirable distribution of puaping rates. Motor speed
and discharge valve settings appropriate to these rates should be ascer-
tained, if practicable.

In conducting the test, the procedure is essentially the
sane as for a single rate test during the firest stage, and the same time
interval of measurement is desirable. At the end of the period selected
as being appropriate per stage, say 2 hours, the discharge is abruptly
increased to the next rate. Any adjustment in the discherge rate should
be done within the first few minutes, since this data is not normally
usable anyway. The same intervel of measurements is repeated ag for the
first stage except that readings taken at lesmthan say 5 minutes nedd
not be as frequent, in fact in most cases they are not necessary.

In carrying out multiple stage tests it is importent to keep
track of the water level behzviour by maintaining a scod=log tine~draw-—
down graph. If the aquifer is confined (multiple stage tests have but
limited application in unconfined aquifers) and the conditions allow
epplication of the mpdified non-equilibrium method, time-drawdown data
from the first stage should give a straight line graph. The slope of
this lire is directly proportional to the discharge, so that the slope
of the line for subsequent discharges can be calculated, By thus know-
ing the slope of the line that time-drawdown data sheuld conform to for
the discharge of subsequent stages, it can readily be determined whether
pumping has been meintained for a sufficient periecd during = particular
stages This is important because as the length of the log-time scale
becomes compressed with incressing time, it is often difficult to be sure
whether the water—level behaviour has settled down after the abrupt
increase in discharge.

This procedure is repeated for subsequent stages until the
end of the test. Recovery measurements after multiple stage tests do not
lend themselves to analysis, so need not be taien.
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PUMPING TESTS

PART 3 ¢ ANALYSIS AND INTERPRETATION

3¢1 Introduction

In the following sections, examples of analyses of pumping test
data carried out by the author in recent years are presented, They have
been selected for their instructive value in interpreting data.

3.2 Determining Performance and Yield

The following account is of the analysis of data from Bore No.
14976, a 10 inch diameter screened and developed bore in the alluvium of
the Lachlan River Vealley, near Engowra, N.S.W. The bore was constructed
by the W.C. & I.C. to a depth of 350 ft and the main aquifer consisted of
sands and fine to medium gravels from 197-344 ft. The bore was backfilled
to 343 £t and a total of 32 £t 6 ins of 8 inch diameter screen inserted
in three selected zones. 8 inch diameter casing blanks were used between
the screens, and the top of the top screen is 253 £ from the surface.
The static water level was 20 £t at the time of testing, thus allowing
233 £t available drawdown.

The punping tests consisted of the followings- (a) a four
gtage test at rates of 11,400 gph., 19,900 gph., 29,000 gph. and 36,600
gph. respectively, (each stage was of two hours duration); and (b) on the
following day, a 16 hour single rate test at 36,600 gph. followed by
observation of recovery levels. (Recovery levels are not taken after
multiple stage tests because they do not lend themselves to analysis).

The medified non-oquilibrium method of analysis was used to
analyse the data obtained. Figure 1 shows the graph of drawdown against
log time for the multiple stage test, and Figure 2, the graph for the
single-rate test and the recovery data.

From the multiple-stzge test data, the drawdown at 100 minutes
(a period selected for convenience) for cach pumping rate is calculated.
The 100 minute drawdown for 11,400 gph. is given directly from Figure 1 as
3.83 ft but to obtain the 100 minute drawdown for 19,900 gph. it is nec-
esgary to allow for the effect of the previouws pumping. The straight line
graph through the drawdown time points for the first stage is extrapolated,
and the difference in drawdown between the extrapolated line and the dats
for 19,900 gph. is determined for az time 100 minutes from the time of com-
mencement of pumping at this rate. This difference A s (2.96 ft) is the
100 minute incremental drawdown, and when added to the drawdown of 100
minutes for the first stage (3.83 ft) gives the 100 minute drawdown for
the punping rate of the second stage (6.79 £1).

Since the slope of the straight line graph is governed by the
transmissibility of the formation, once it is detexmined for the first
pumping rate the slope for other rates is given by direct proportion
between this and the new pumping rate. (This also permits a check on the
validity of the trend of the time-drawdown curves given by the data in
subsequent stages, and in some cases may indicate the desirability of
longer pumping periods per stage.) The calculated slope is drawn in to
fit the data towards the end of the pupping period and then extrapolated
beyond the pumping period in order to allow the incremental drawdown
for the next stage to be determined.

The above procedure is carried out for each stage, and the
data so cobtained are tabulated as followss



87

Drawdown
Discharge Discharge 100 min. s, in ft. ~% (cusecs)
in gph, in cusecs As in ft. at 100 mins.
11,400 0.510 3.83 3.83 71.55
19,900 0.888 2,96 6.79 7.63
29,000 14295 3.43 10,22 7.88
36,600 14632 3.10 13.32 8.15
36,600 1,625 12.46 12,46 T.67.

(The data in the last line are from the single rate test. It
will be noted too, that in each case the discharge,; Q, has been converted
from gallons per hour to cusecs. Thig is done in order to obitain more con-
venient factors in the equation which will be derived from this data.)

Although not eseential, it is well worthwhile to plot the 100
minute drawdown against discharge, on linear scales, as shown in Figure
3 a. This gives a good check cn the conformity of the data end will
sometimes indicate the possible source of error in any anomalies. In the
case of confined aquifers, the more efficient the bore, the closer will
the drawdown discharge curve approach a straight line. For bores of low
efficiency, the slowe of the tamgent to the curve will increase rapidly
with increasing discharge.

Values of = from the tabulated deta are then plotted against
the respective values gf Q, as shown in PFiguve 3b, tc derive the squation
relating drawdown at 100 minutes to "aquifer loss" and "well loss", i.e.
in the form s = BQ + CQ2 (Equation 5, Section 1.2.2). The straight line
of best fit is drawm to this plotted data. The intercept of this line
with the s axis then gives the factor B, (7.27) and the slope of the line
gives the factor C, (0.52). The drawdewn s, at 100 minutes for any dis-
charge @, in cusecs, can then be calculated from the equation.

s = 7.27Q + 0.52¢°

The single rate pumping test is carried out to give information
on aquifer conditions. The semi-log plot of the data from this test is
shown at Figure 2, and the drawdown data indicates that a boundary condit-
ion to have come into effect at about 110 minutes. This is evident by
the change in slope of the straight line of best fit from 1.96 ft per log
cycle to 3,59 £t per log cycle at this time. On the cother hand, the
recovery data do not conform with this, and show only the slope of 1.96 ft
per log cycle., Unfortunately there is only one recovery measuremént beyond
105 minutes so the evidence is not conclusive. However, on the principles
that a boundary condition is not unexpected, and that, in any event, if
an error is tc be made it should be on the side of safety, the rate of
drawdown of 3.6 ft per log cycle was adopted as a basis for calculating
the rate for higher discharges when extrapclating beyond 100 minutes.

Fer irrigation bores, the practice adopted by the author in
making recommendations of safe pumping rates is to allow for the effect
cf 107 minutes (approximately 70 days) continuous pumping. (For town
water supply bores, 10° minutes or approximately 700 days, is more approp-
riate). The drawdown, s, at 100 minutes for a given discharge is calculated
from the equation derived above, and the drawdown at 100 minutes is given
by adding to s the drawdown for three additional log cycles, The amount
per log cycle is given from the selected base figure by direct proportion
of the respective discharges, e.g. for 50,000 gph., the drawdown per log
cycle will be (3.6 x 50,000) ft = 4.92 ft.

36,600

By way of example the calculation for the drawdown at 70 days

at a discharge of 50,000 gph. (2.23 cusecs) is as follows:-

2
S,00 min = 127 (2.23) + 0.52 (2.23)
= 1602 + 2,6
= 18.8 ft.

0/
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then S10%mins = 18+8 +3 % 4.92
= 18.8 + 14-8
= 3306 ft-

In making recommendations of pump-intake settings for various
pumping rates, and in estimating the pumping 1ift (e.g. for irrigation
design purposes), a fair degree of judgement is still normally required.
For example, the drawdown level at T0 days in the case cited is given by

adding the static water level to the drawdown, i.e. (20 + 3346) ft or 53.6

ft. However, the static water level may vary considerably with seasonal
conditions and allowance will have to be made accordingly. For the most
part, there is insufficient information to be specific in this regard,
and an estimate must be made cn the basis of local knowledge.

Another factor is the possibility that boundary conditions
additional to any evident during the pumping test may occur. This sug—
gests the desirsbility of allowing an additional margin for such unknowm

factors, and the extent of this margin must be assessed from consideration

of the circwistances, As a general guide it is desirable to have the
pump intake set at leagt 10 feet below the lowest anticipated drawdowme-
level, but this "safetly margin" should obviocusly be varied to suit the
particwlar conditions.,

As a further general guide, it is considered that the esti-

mated drawdown-level at 104 minutes continuous pyumping (i.e. about 7 days)

is a reasonable figure for the pumping lift for degign purposes, for the
average irrigation bore. However, this, tog may be varied, depending on
the proposed schedule of pumping,

In the case considered above, it was knowm that the owner of
the bore wished to pump at a rate of the order of 80,000 - 100,000 gph.,
and since the maxium discharge achieved in the pumping test was only
36,600 gph. extrapolation to the required pumping rete puts considerable
strain on the analysis. Consequently, in arriving at recommendations,
it was allowed that the regional static water level could fall 10 ft.,
i.e. from 20 ft. to 30 ft., and that a further boundary condition could
occur, thus causing the amount of drawdowm per log cycle tc double.

The pumping 1ift for desigh purposes was baged on the seven~day draw-
down from the recorded static water level. Extracts from the estimated
drawdown and drawdown—~levels for various discharges are as follows:
Drawdown level in
Discharge Drawdown in Drawdown in feet at 70 days,
ZePehe feet at 7 days feet at 70 days assuming SWL of 30 f+t.

60,000 46,8 58.6 88,6
80,000 64.2 80.0 110.0
100,000 82.3 102,0 132,0

Extracts from the final recommendations to the landholder
are as followss

Discharge Design pumping Pump intake settings,
Sepoh. Lift, ft. to surface ft., below surfsce
60,000 11 90

80,000 94 110

100,000 112 140

inay
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The importance of recovery data

In Part I (Section 1.2.1) it was stressed that if, at all

possible, recovery of water lcvel should be observed after a single-rate -
pumping test. There does not seem to be sufficient emphasis on the value
of recovery measurements in the literature on pumping tests, and the
following examples are presented to show how significant recovery data
can be,

(a)

(b)

Figure 4 shows the semi-log graph of the drawdown and recovery data
from a 24 hour pumping test on an 8 inch diameter screened bore,
Bore No. 21041. The average pumping rate, based on the last 10
hours of the test, was 24,320 gph.

It willibe seen that although there is a fair degree of scatter

in the time-drawdown data, it dces not appear tc be an inordinate
amownt. If recovery data were not avallable, it would seem reason-—
able to draw a line of best fit through the plotted points and
ascribe the scatter to minor water level fluctuations which are not
uwncommen where large drawdowns are being caused. Such a line would
give a siope of the order of 4.5 ft. per log cycle.

On the other hand, the recovery data vlot very well, and fall on a
straight line of slope T.1 ft/log cycle. When this is drawn in, it
becomes apparent that a number of segments of the time-drawdown data
alsc cenform tc this slope, as showm in the figure. It is ewident,
then, that the drawldown data are influenced by variations and ad-
justments in the pumping rate, and that the recovery data give the
more correct basis on which to determine the increase cf drawdown
with time. If the former slope were used to extrapolate to 109 min-
utes from the 100 minute drawdowm, it would underestimate the draw-
down by about 8 feet. If it were used as a bagis of calculation to
determine the rate of increase in drawdown for higher discharges, it
would lead to greater errors.

The semi-log graphs shown at Figure 5 arc based on drawdown and
recovery data supplied by e landholder. He had scught advice, by
mail, on establishing the safe yield of Bore No. 17152 and had been
informed of thedata required in order to allow analysis of the results
of a pump test, Although the data supplied are not as complete as
was requested, they are nevertheless instructive.

The bore is 150 feet deep, and aquifers are recorded in sandstones
at 95-108 and 111~126 feet. The static water level was 60 feet.
Pumping for about 12 hours at 18000 gph. caused less than 10 feet

of drawdown, and the limited data conform reascnably to a straight
line of slope 2.6 feet per log cycle. From this, it could be infer-
red that there would be little difficulty in maintaining =z discharge
of 18,000 gph. or even more.

However, in spite of this promising performance, the reccvery data
showed a pronounced retardation in recovery of water level suggest-
ing that the aquifer had but limited storase which was being markedly
depleted. (For purposes of illustration, the recovery from the draw-
down-level is showm, as well as the adjusted recovery (see Part 2).

The owner was advised that the data were insufficient for satisfac~
tory analysis but indicated that, because cof the above factors,; a
discharge of 186,000 gph. cculd not be paintained. He was also ad-
vised that he should pump at as low a rate as was practicable, in
order to conserve the supply.

Some months later, he wrote that he had continued pumping but the
water level kept failing to recover :nd the bLore would not then main-
tain a discharge of 7,000 gph.

103
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(¢) Figure 6 shows semi-log graphs of drawdown and recovery data from
a punping test of Bore No. 21047. This is a 6 inch diameter bore
in the alluvium of Billabong Creek, near Holbrook, in N.S.W., and
records an aquifer consisting of silty fine to medium sand from 206-
245 feet. About 32 feet of 0.020 aperture-—soreen was installed
from 243 feet upwards and the static water level was 18 fect at the
time of testing.
The drawdown data plot on lines of very steep slope, initially 18.2
ft. per log cycle and finally 32,0 ft. per log cycle, and could
be interpreted as indicating an aquifer of low transmissibility with
a boundary condition coming into effect at about 120 minutes. How—
ever, the recovery data certainly do not conform to this interpre-
tation. They show an initial rapid recovery, and fall on a line of
glope only 2.0 ft. per log cycle, which indicates a high transmissi-
bility.

The above gituation, in conjunction with evidence that unstable
clayey silt from sbove the aquifer had been induced through the
screen, and other evidence of aquifer instability, was assessed as
indicating that the drawdown behaviour and the poor verformance of
the bore were due to mechanical prcblems in development, and that

the recovery data indicated a much better bore performance should

be obtainable. On these grounds it was recommended that an 8 inch
diameter production bere be constructed in the vicinity of the exist-
ing bore, rather than movo tc a new and unknowm area. (Difficult

had been experienced in locating suiteble aguifers in this valley). .

The 8 inch diameter hore is under constructicon at time of this
writing.

Determining hydraulic properties of an aquifer

Figure T shows the semi-log graphs of drawdown and recovery
for a production bore, Bore No. 14725, and on observation bore at a dis-
tance of 50 ft. from it. The bores are in the alluvium of the Belwbula
River valley, downstream of Enzowra, N.S.¥W. Bore No. 14725 is of 8 inch
diameter and was constructed to a depth of 67 ft. It encountered the
valley basement rock 2t 63 ft. A sandy fine to medium gravel aquifer oc-
curred from 46 to 63 ft. and was screened from 50 to 62 f£4, with 7 inch
diameter screen of 0.100 aporture. The punping rate was 14,300 gph. and
the observation bore was of six~inch diameter, with a five inch slotted
liner in the agquifer.

Drawdown and recovery data conform well with each other in
each case, and the slcpe of the straight line of best fit is 1.32 ft.
per log cycle for toth bores.

From equation 8 (Section 1.3.2.1.), the transmissibility, T,
is given by
T = (264Q /4 s) gpd/ft, where is the discharge in gpm,
and A.s is the difference in drawdovm per log cycle,
in feet.

From the above data,

T = (264 + 14,300 x _1_) epd/ft.
60 1.33

= 47,300 gpd/ft.
The permeability,

P =17 gpd/ftz, where m is the thickness of the aquifer,
m in feet
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then P = (47,30000) gpdafte?

17
2
= 2,780 gpd/ft.

From equation 9 (Section 1.3.2.1), the coefficient of storage,
S, is given Dby

s T +0/4790 r°

u

where to = intercept of the straight-line time—-drawdown graph
with the zero-drawdown axis in minutes

r = distance of the observation bore from the pumped bore,
in feet

47300 x 0.005

4790 x 50 x 50

then S =

= 1.97 x 1072

The very small value of S is typical of confined aquifers

Lealky Aquifer conditions

Where leaky aquifer conditions are encountered, i.e, when
the confining formation is sufficiently permeable to allow leakage from
an overlying or underlying formstion intc the aquifer being tested, the
effect on the time—drawdovm relaticnship is fairly characteristic. When
a semi-log plot of time-drawdcwn data is prepared, it is found that the
data points form a curve for a much longer period thanis usually the case
before conditions conform to the requirements of the modified non-equili-~
brium method. The curve gradually flattens out = more or less a straight
line, often of very gentle slope, and the danger here is that if this
line were used o determine tranamissibility it would indicate values

far too high. (By way of example, in some pumping tests carried out in
" the Hunter Valley alluvium (Williamson, 1958) leaky conditicns were en—
countered. It was found that application of the modified non-equilibrium
or straight~line method gave permeability values of up to 7,000,000 ft/yr.
and it was shown that these could not be valid, and equilibrium methods
gave values of the order of 280,000 ft/yr. Unfortunately, type curves
for allowing analysis of leaky conditicns were not then zvailable,)

It will be evident, toc, that if sarly time—drawdown data is

o7 lacking, or if there is much scatter of the poinits on a semi-log plot,

end particularly if leakage is not pronounced, misleading interpretations
can easlily be made.

An example of the type of semi-log graph of time-drawdown data
from a leaky confined aquifer is given at Figure 8 for Bore No. 18474.
This bore had been constructed by a private contractor for town water
supply purpeses at Gunnedsh, N.S.W. and only a generalized driller's log
is available. It records soil and clay to 16 ft and sandy gravel tc 71 ft
but it is unlikely that the latter is all water—bearing. Screens were in-
stalled at 37-48 £t and 57-67 £t and the static water level was 22 ft when
tested. The pumping rate was 15,100 gph.

When the time-drawdown data at Figure 8 is replotted on log
paper of the same scale as that used for the leaky artesian type curves
provided by Walton (1962), a good match is given with the type curve having
an r/B value of 2.0, as shown at Figure 9. By teking match points at the
intersection of major W(u, r/B) and 1/u axes, values for s and t are
obtained, s.g. for 0.1 and 1.0, respectively, the corresponding values for
s and t are 6.5 ft and 3.7 minutes, respectively. The coefficient of
transmigsibility is given by substitution in the equation
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5 = (llé%ﬁﬁ&) W (u, r/B) i.e. equation 12 (Section 1.3.2.3)

so that T = 11§'§ x 15%300 £ 0u1

444 gpd/£t.

(By way of contrast, if the semi~log graph at Figure 8 were accepted, and
the modified non-equilibriuwm formula T = 264Q/a S applied, teking A S as
0.32 ft/lo cycle, (Fig. 8), then the value cbtained for T is 208,000
gpd/ft. ::%

In the above type curve analysis, if data were available
from an observation bore, the coefficient of storage could be determined
from equation 13 (Section 1.3.2.3). Furthermore, if the thickness of
the confining foundation were known, the coefficient of permeability of
the confining bed would be given from equation 14 (Section 1.3.2.3)

It is apparent from the above test data that the system was
approaching a steady state because of the effect of recharge from leakage.
In fact, in view of the relatively low transmissibility of the aquifer,
leakage is no doubt providing the major proportion of the discharge.

From the town water supply viewpoint, the critical aspect is just how
much water is stored in the formation supplying the leakage,; and there
is insufficient data to assess this.
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