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Underground water
Å"Undergroundwater occurs in two different

zones. One zone, which occurs immediately
belowthe landsurfacein mostareas,contains
both water and air and is referred to as the
unsaturatedzone.

ÅIt is the zone between the land surfaceand
the deepest water table. It includes the
capillaryfringe.

ÅThe unsaturatedzone, is also known as the
terms'zoneof aeration'and'vadosezone,'



Unsaturated zone
ÅTheunsaturatedzoneis frequentlydividedinto three

components.

ÅSoilZone:- Thefirst zoneis the soil zone,generallya
meter or two thick, which containsliving roots and
which supports plant growth. The amount of
moisture remaining in the soil zone after an
extendedperiodof drainageiscalledΨŦƛŜƭŘŎŀǇŀŎƛǘȅΩ.

ÅIntermediate zone:- It is the secondzonenot to be
confusedwith the 'intermediate' zonesof saturated
flow systems.

ÅCapillary Zone:- The boundary between the
unsaturatedzone and the saturatedzone is termed
the capillaryfringe." - Chapelle,2001



Source: USGS



Saturated zone
ÅAlthough a considerableamount of water can be

present in the unsaturatedzone, this water cannot
be pumpedby wells becausecapillaryforceshold it
too tightly.

ÅIn contrastto the unsaturatedzone,the voidsin the
saturatedzoneare completelyfilled with water. The
approximateupper surfaceof the saturatedzoneis
referredto asthe water table.

ÅWater in the saturatedzonebelowthe water table is
referred to asgroundwater. Belowthe water table,
the water pressureis high enoughto allow water to
enter a well asthe water level in the well is lowered
by pumping, thus permitting ground water to be
withdrawn for use.



Types of Water Bearing Formations



Types of Water Bearing Formations

AQUIFER: -

Ásaturatedgeologicalformation that is permeable
enoughto yield significantquantities of water to
wells andsprings.

ÁA porous and permeable water bearing
formation is calledan aquifer.

ÁThe terms "water bearing formation/stratum "
and "ground water reservoir" are synonymsfor
the aquifer.



AQUICLUDE:-

Á It is a saturated formation through which
virtually no water is transmitted.

ÁAquicludes may have high porosity but
relatively have very low permeability and hence
do not yield appreciablequantities of water to
wells.

ÁA highly porous and an impervious (that does
not transmit water at all) geologicalformation is
calledan aquicludee.g. clayandshale.

Types of Water Bearing Formations



AQUITARD:-

ÅA saturated formation which yields
inappreciable quantity of water to wells but
through which appreciable leakageof water is
possible is known as ΨŀǉǳƛǘŀǊŘΩor ΨǎŜƳƛ-
confiningƭŀȅŜǊΩ.

ÅAquitards are rock layers that are partly
impervious and transmit water at a lower rate
than aquifer (e.g.) sandyclay.

Types of Water Bearing Formations



AQUIFUGE:-

ÅIt is a geological formation which is neither
porousnor permeable.

ÅIt neither storesnor transmitswater

ÅMassive igneous and sedimentary rocks
(compactlimestone).

Types of Water Bearing Formations



RECAP

AQUIFER Saturated 

Porous & Permeable
Storage capacity
Water holding and yielding

AQUICUDE Saturated

Porous & impermeable
Storage capacity
Water holding but not yielding

AQUITARD Saturated

Porous & Semi-permeable
Storage capacity
Only seepage is possible

AQUIFUGE Non-saturated
Non-porous & Non-permeable 
(impervious/impermeable)
No storage capacity



TYPES OF AQUIFERS



TYPES OF AQUIFERS

ÅAquifers in an area can be classified on the 
basis of their location in the ground water 
basin, and the position of their associated 
water levels. 

ÅAquifers are of three types: 

a) Unconfined 

b) Confined 

c) Leaky





UNCONFINED AQUIFER

ÅAn unconfined aquifer is a partially satuared
aquifer. It is not overlain by any confininglayer
but it hasa confininglayerat the bottom.

ÅTheupper surfaceis definedby the water table
and it is in direct contactwith the atmosphere.

ÅThe water level in an unconfined aquifer is
known asΨphreaticwater ƭŜǾŜƭΩ

ÅAlsoknown aswater table or phreaticaquifer.



UNCONFINED AQUIFER

ÅWater in a well penetrating an unconfined
aquifer is under atmosphericpressureand
therefore does not rise above the water
table.

ÅThe water table in unconfined aquifers is
free to riseandfall.

ÅRisesand falls in the unconfined aquifer
correspond to changesin the volume of
water in storagewithin aquifer.

ÅMovement of the groundwater is in direct
responseto gravity.





CONFINED AQUIFERS

ÅA confined aquifer is a completely a
saturated aquifer that is bounded above
and below by aquicludes, which is
impermeableto water flow.
ÅIt hasanoverlyingconfininglayer.
ÅThepressureof water in confinedaquifers

is usually higher than the atmospheric
pressure,so that if a well taps the aquifer,
the water level will rise above the top of
the aquifer i.e. above the base of the
overlying confining bed. It will rise up to
an elevation at which it is in balancewith
the atmosphericpressure.



CONFINED AQUIFERS

ÅIf this elevation is greater than that of the
land surface at the well, the water will
flow from the well and such wells are
termed artesianor flowing wells.

ÅThe imaginary surface,conforming to the
elevationsto which water will rise in wells
penetrating confined aquifers is known as
the piezometricsurfaceor potentiometric
surface. It coincideswith the hydrostatic
pressurelevelsof the water in the aquifer.



CONFINED AQUIFERS

ÅRises and falls of water in wells
penetrating confined aquifers result
primarily from changesin pressurerather
than changesin storagevolumes.

ÅTherefore confined aquifers display only
smallchangesin storage.

ÅThey mainly serve as conduits for
conveying water from recharge to
dischargeareas.



CONFINED & ARTESIAN AQUIFERS



Release of water from confined and 
unconfined aquifers



Release of water from confined and 
unconfined aquifers (USGS Illustration)

Fig A1:- Pumping a single well in an idealized confined aquifer. Confined 

aquifers remain completely saturated during pumping by wells (saturated 

thickness of aquifer remains unchanged)

Fig A2:- Pumping a single well in an idealizedunconfined aquifer.

Dewatering occurs in cone of depressionof unconfined aquifers

during pumpingby wells(saturatedthicknessof aquifer decreases).



Release of water from confined and unconfined 
aquifers (USGS Illustration)

Å Thelargedifferencesin drawdownsand related
volumes of the cone of depressionin the two
types of aquifers relate directly to how the two
typesof aquifersrespondto pumping.

Å In unconfined aquifers (FigureA-2) dewatering
of the formerly saturatedspacebetween grains
or in cracksor solution holes takes place. This
dewatering results in significant volumes of
water being released from storage per unit
volume of earth material in the cone of
depression.



Release of water from confined and unconfined 
aquifers (USGS Illustration)

ÅOn the other hand, in confinedaquifers(FigureA-1) the
entire thicknessof the aquifer remainssaturatedduring
pumping. However,pumping causesa decreasein head
and an accompanyingdecreasein water pressurein the
aquifer within the cone of depression. This decreasein
water pressureallows the water to expandslightly and
causesa slight compressionof the solidskeletonof earth
materialin the aquifer.

ÅThe volume of water released from storage per unit
volume of earth material in the cone of depressionin a
confined aquifer is small compared to the volume of
water releasedby dewateringof the earth materialsin an
unconfinedaquifer. Thedifferencein how the two types
of aquifers respondto pumping is reflected in the large
numericaldifferencefor valuesof the storagecoefficient
S



Water levels in unconfined & confined  
aquifers

Phreatic water levels in unconfined

aquifers are affected by direct recharge by

rainfall, seepage from canals & reservoirs,

recharge from or discharge to streams,

withdrawal of water from wells and sometimes

changesin atmosphericpressure.

Piezometric water levels in confined

aquifers are affected by surface water stages,

surfaceloading, changesin atmosphericpressure

and earthquakes.



Pressure Effects on Water Levels

Water levels in confined aquifers are

affected by fluctuations in atmosphericpressure.

As the atmosphericpressureincreases,the water

level falls and vice versa. The ratio of changeof

water level in a well to change in atmospheric

pressureis known as Barometric efficiency (BE)

and it is usuallyexpressedasa percentage

BE=ȹh/(ȹpa)

ȹh = change in piezometric water level

resulting from a changein atm.pressurein meters

ȹpa = change in barometric pressure in

metersof water



Pressure Effects on Water Levels

Theoretically, a well with a full responseto

changesin barometric pressurewould havea

barometric efficiencyof 100percent and a well

unaffectedby changesin barometric pressure

would havea barometric efficiency of 0 percent.

Typically, barometric efficiency valuesrange

from 20 to 70percent (Todd 1980).



LEAKY or SEMI-CONFIEND AQUIFERS

ÅA leaky aquifer, also known as a semi-confined 
aquifer, is a completely saturated aquifer that 
is bounded above by an aquitard and below 
by an aquitard/aquiclude.

ÅThe aquitard are semi- permeable, it may
slowly transmit appreciablewater to or from
adjacentaquifers.

ÅConfined aquifers that loose or gain waters
from the surrounding formations are called
leakyconfinedaquifers.



LEAKY or SEMI-CONFIEND AQUIFERS

ÅIf the overlying aquitard extends to the
land surface, it may be partly saturated
(Figure C), but if it is overlain by an
unconfinedaquifer that is bounded above
by the water table (Figure D), it will be
fully saturated.



LEAKY or SEMI-CONFIEND AQUIFERS



LEAKY or SEMI-CONFIEND AQUIFERS

If there is hydrological equilibrium, the

piezometric water level in a well tapping a leaky

aquifer may coincidewith the water table.

In areas with upward or downward flow, in

other words, in discharge or recharge areas, the

piezometirc level may rise above or fall below the

water table.

In semi-confined aquifers the preferred direction of

flow in the confining layers above and below is

vertical.

The permeability of aquitard is less as compared to

permeability of main aquifer.



SEMI-UNCONFIEND AQUIFERS
If however,the permeability of the main aquifer

is not too great to ignore the horizontal flow

component in the covering layer such an aquifer is

intermediate between the traditional semi-confined

aquifer and the unconfined aquifer and may be

termed asósemi-unconfinedaquiferô.

Semi-unconfined aquifers are aquifers which

exhibit charactersin betweensemi-confined and

unconfined aquifers.

Here the permeability of the fine grained overlying

layers is more than in a semi-confined aquifer and the

horizontal flow componentin it cannot beneglected.



PERCHED AQUIFERS

ÅIt is a special type of an unconfined aquifer.

ÅSometimes,an impermeablebed of clay or
silt maybe presentin someareasabovethe
regionalwater table within the vadosezone
or zoneof aeration.

ÅThis impermeable barrier intercepts
downward movement of water and causes
some of it to accumulatein the interstices
of the rockspresentabovethe stratum.



PERCHED AQUIFERS

ÅThus,a zoneof saturation of limited arealextent
is locally formed with in the zoneof aeration i.e.
a small water-bearing zone sometimes exists
between the main water table and the ground
surface.

ÅThis zone is called the perched ground water
zoneand the aquifer is calleda perchedaquifer.
The upper surface of the ground water in this
caseis calleda perchedwater table.

ÅThe perched aquifer has limited thickness and
arealextent.



Classification of aquifers based on the Permeability 
of the Covering Layer

ÅBased on the permeability of the covering layer 
Kruseman and De Ridder (1970) have given the 
following distinguishing features of the different 
type of aquifers.

Covering Layer Aquifer type

Impervious Confined

Semi-pervious, so that the horizontal 

flow can be neglected

Semi-confined

Same as the main part of the aquifer Unconfined



Classification Aquifers based on permeability

ÅThehydraulicconductivitymayvaryspatially.

ÅIf the K is essentially same throughout the
geological formation, the aquifer is said to
homogeneous.

Å If it is different in different locations,then it is
saidto be heterogeneous.



Classification Aquifers based on hydraulic 
conductivity (permeability)

ÅThe hydraulic conductivity can also vary with
respectto directions.

ÅIf the hydraulic conductivity is essentially the 
same in all directions, the aquifer is said to be 
isotropic . 

ÅIf it is different in different directions, the 
aquifer is said to be anisotropic.





Well Hydraulics

When you pump a well, 

ωwater level goes down

ωbut not the same way as in case of a tank

ωyou can see it in a dug well 

ωand measure it in the well 

ωor in a nearby observation well /Piezometer

ÅThis difference is because of 

ωProperties of the fluid (water) and

ωproperties of the medium (aquifer)



Properties of the fluid (water)

Åmass density of fresh water (́w)

ÅWeight density (́ wg)

Åcompressibility (̡  )Water is often 
considered incompressible, but it does 
have a finite, low compressibility

Ådynamic viscosity (˃)



Properties of Medium
(AQUIFER PROPERTIES)



AQUIFER PROPERTIES

ÅAquifer performs two functions namely

ÅStorage Function

ÅConduit/Transmitting Function.



Storage Properties of the Aquifer



Storage Properties

ÅPorosity

ÅSpecific Storage

ÅStorage Coefficient

ÅSpecific Yield



POROSITY

ÅIt asthe ratio of the volume of voids to the total
volume and canbe expressedasa percentageor
asdecimalfraction.

ÅPorosity (n) = Void Volume n= Vv X 100

Total Volume               VT



POROSITY

ÅPrimaryporosity is the inherent characterof a
rock which is developedduring the formation of
the rock itself.

ÅIn sedimentaryrocks& alluvial formationsςit is
the inter-granularspace.

ÅIn volcanicigneousrocks,the primary porosity is
due to the presenceof gascavities(vesicles)and
alsolavatubesand lavatunnels.



POROSITY

Secondaryporosity is the induced character

and is developedsubsequentto the formation of
rocks.

e.g. weathering, joints and fractures,dissolution
of mineralslike in carbonaterocks.

In sedimentary rocks, primary porosity plays a
significantrole.



Types of Porous Media

Freeze and Cherry, 1979.

n = VV / VT = Vol Voids / Total Vol



Well sorted sedimentary deposit 

with high porosity

Rock texture and porosity

Poorly sorted sedimentary deposit 

with low porosity

Porosity reduced by cementation



Relation between Packing & Porosity



Hard-rock Porosity

Single porosity                 Microfissures                    Double porosity



Range of Values of Porosity (after Freeze & Cherry, 1979)



Effective porosity

Å- the amount of interconnected pore 
spaces available for fluid flow.

Åit is the ratio of volume of interconnected 
voids to total volume of rocks.

Åne =  Volume of interconnected voids

Total volume



Porosity and effective porosity

ÅThese two porosities are not identical. For
example,manycrystallinerockshavea high total
porosity, most of which maybe unconnected.

ÅEffective porosity is less than the overall total
porosity. (Clays porosity is 60% but effective
porosity is 3%)



Specific Storage (Ss)
ÅThespecificstorageof a saturatedconfinedaquifer is the

volume of water that a unit volume of aquifer releases
from storageunder a unit decline in hydraulichead. The
specificstorageis definedas:

Åwhere ihs compressibilityof the porous medium value
of which rangesfrom 10-6 to 10-8 for clays,10-7 to 10-9 for
sandsand from 10-8 to 10-10 for fractured rocks,its unit is
m2/N or Pa-1.

Åʲis the compressibilityof water and is usually taken as
4.4x10-10 m2/N or (Pa-1).

)( bar ngSs +=



Specific Storage (Ss)

ςSs = volume of water released per 1 m3 of 
aquifer volume per 1m change in head. 
example: Ss = 0.01 m-1 (0.01 m3 released per  1m3 box)

Åi.e., if head drops 1m while 0.01 m3 is
released
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CO-EFFICIENT OF STORAGE 

ÅThe capacity of an aquifer to store water is 
expressed as a coefficient designated as S. 

ÅThehead in the aquifer changeswhen water
is either stored or released indicating a
change in the storage volume within the
aquifer.



Storativity or Storage Coefficient (S)
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ïAquifer volume per 1 m2 of aquifer area = aquifer 

thickness = b 
Åexample: = 3m x 1m2 / 1m2 = 3m = b
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Storativity or Storage Coefficient (S)

ÅStorativity is defined as the volume of water
which a vertical column of an aquifer releases
from storage or takes in to storage per unit
surface area of the aquifer per unit change in
componentof the headnormal to that surface.

ÅS = SsD



Storativity or Storage Coefficient (S)

ÅIn confinedaquifer, storativity is a result of
compressibility of the aquifer and
expansionof the contained water a result
of reducedpressuredue to pumping. The
value of S ranges from 0.00001 (10-5) to
0.001(10-3) for confinedaquifers.

ÅStorativity is non-dimensional.







SPECIFIC YIELD(Sy)

ÅIn case of an unconfined aquifer the
conceptof storativity is analogousto that
of specificyield.

ÅIn an unconfined aquifer, the water
released from storage is mainly due to
gravity drainage and not due to the
compressibility of aquifer material or of
water.



SPECIFIC YIELD(Sy)

ÅWhen water is drained from a saturated
material by gravity force, only part of the
total volumestored in its poresis released.
The quantity of water that a unit volume
of material will give up when drained by
gravity is the specificyield.



Specific Retention

ÅThe part of water that is not removed by
gravity drainageis held againstthe force of
gravity by molecular attraction and
capillary. Thequantity of water that a unit
volume of aquifer retains when subjected
to gravity drainage is called its specific
retention.



Specific yield and specific retention

Å Fore.g. if 0.20m3 of
water is drained from
one cubic meter of
saturated sand, the
specificyield of sand is
0.20or 20%.

Å Thespecificyield in
unconfined aquifers
ranges from 0.05 to
0.30.



Specific yield and specific retention

ÅThe specific yield and specific retention depend
upon the shapeandsizeof particle, distribution of
pores(voids),andcompactionof the formation.

ÅThe specific retention increaseswith decreasing
grainsize.

ÅIt shouldbe noted that it is not necessarythat soil
with high porosity will have high specific yield
becausethat soil may have low permeability and
the water maynot easilydrain out.

ÅFor example, clay has a high porosity but low
specificyield and its permeability is low.
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Specific yield values recommended by GEC-1997



Transmitting Properties of the Aquifer



Transmitting Properties of the Aquifer

ÅHydraulic Conductivity or coefficient of 
permeability or simply Permeability (K)

ÅTransmissivity (T) 



Hydraulic Property: PERMEABILITY

ÅPermeabilityor coefficient of permeability (K) is
the ability of a porous medium to transmit a
fluid or water.

ÅIt is measured by the rate at which it will
transmit water through a given cross section
under a given difference of pressureper unit of
distance.



discharge (m3/s) per unit area (m2) of rock/soil mass

under unit hydraulic gradient.



Hydraulic Property: PERMEABILITY

ÅBecausethe dischargeper unit area equals to
the velocity, the coefficient of permeability has
the dimensionof the velocity [L/T].

Q = Av. or v  =   Q  

A 

ÅIt is usuallyexpressedascm/s, m/s, m/day, etc.

ÅThecoefficient of permeability is also known as
HydraulicConductivity.



Permeability

The ability of a formation to transmit water




