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Hydrological Cycle & Groundwater

Hydrological cvcle 15 the most fundamental principle of groundwater
hydrology.

Radiant energy from the sun 1s the driving force for the cwculation of
atmospheric water.

Water evaporates and travels ito the air and becomes part of a cloud. It falls
down to earth as precipitation. Then it evaporates agam. This happens
repeatedly 1 a never-ending cycle. Water keeps moving and changing from a
solidtoa liquudtoa gas, repeatedly. This hvdrologic cycle never stops.
Precipitation creates runoff that travels over the ground surtace and helps to
fill lakes and rivers.

It also percolates or moves downward through openings 1n the soil & rock to
replenish aquifers under the ground called groundwater.

Some places receive more precipitation than others do. These areas are
usually close to oceans or large bodies of water that allow more water to
evaporate and form clouds. Other areas recerve less. Often these areas are tar
from seawater or near mountains.

As clouds move up and over mountains, the water vapor condenses to form
precipitationand freezes and thus snow falls on the peaks of mountains.



Groundwater System: Part of Hydrologic Cycle
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Groundwater

« Water that exists in the pore
spaces and fractures in
sediments and rocks helow the
ground surface is called
groundwater.

« It originates as rainfall or snow,
and then moves through the soil
and rock into the groundwater
system, where it eventually
makes its way back to the
surface streams, Ilakes, or
oceans.

+ Water table is the surface of
water level in an unconfined
aquifer at which the pressure is
atmospheric. [t is the level aft
which the water will stand in a
well drilled in an wunconfined
aquifer.

A dependable source during
& .




- Large storage volume

- Slow moving

- Relatively risk free
from poliution than SW
- No evaporation




Groundwater Table
Water Table 1s the surface of water level in an uncontined aquiter at
which the pressure 1s atmospheric. It 1s the same level mn an
unconfined aquiter at which the water will stand 1n an observation
well drilled.
Water table 1s the surface of water level mn an unconfined aquifer at
which the pressure 1s atmospheric.
It 1s the level at which the water will stand in a well drilled in an
unconfined aquiter. The water table fluctuates whenever there 1s a
recharge or an outtlow from the aquifer In fact, the water table 1s
constantly 1 motion adjusting 1its surface to achieve a balance
between the recharge and the outtlow.
(enerally, the water table follows the topographic features and 1s high
below ridges and low below valleys. However, sometimes the
topographic ridge and the water table ridge may not coincide and
there may be flow from one aquifer to the other aquifer, called
watershed leakage.
Wherever the water table intersects the ground surface, a seepage
surtace or a spring 1s formed.

9



Piezometric surface

The water 1n a contined aquifer 1s under pressure. When a well 1s drilled
in a confmed aquiter, the water level m 1t will rise above the top of
aquifer. The piezometric surface is an imaginary surface to which the
water level would rise if a piezometer was inserted in the aquifer.
Thus, 1t indicates the pressure ot the water in the aquifer Hence, a
piezometric surface 1s the water table equivalent ot the confined aquiter

Unconfined aquifer Confined aquifer
Y v Y

10



Groundwater Utilization
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Global Groundwater Resource

Distribution of Earth's Water

Fresh-

Earth’'s water Freshwater Fresh

surface water
(liquid)



Indian Scenario for GW Use

Groundwaterserves:
— 80 % Rural Population
— 50 % Urban Population

— More than 50 % Irrigated Agriculture



Potential GW

Resources of
India

Static Reserves

Dynamic Reserves (i Storage)

(432 BCM) (10,000 BCM)




Indian Scenario for GW Use

Groundwater serves:
— 80 % Rural Population
— 50 % Urban Population

— More than 50 %o Irrigated Agriculture



Groundwater Utilization - Indian Scenario

m Imigation
B Total Natural Discharge
" Dumes_:lic and
industrial B Annual Extractable
uses Ground Water
Resource
T7.13bcm
[18%) _ . =
= Recharge from rainfall during
36.34bcm 2 Monsoon Season
[ 9%) mRecharge from other sources

during Monsoon Season

= Recharge from rainfall during
Non-Monsoon Season

B Recharge from other sources
during Non-Monsoon Season




Groundwater Utilization - Indian Scenario

Groundwater Resource Assessment: 2004 to 2017

S. No. | Ground Water Resources | 2004 2009 2011 2013 2017
Assessment

1 Annual Replenishable 433bem | 431 bem | 433 bem | 447 bem | 432 bem
Ground Water Resources

2 Net Annual Ground Water 300bem | 308 bem | 388bem | 411 bem | 383 bem
Availabilty

3 Annual Ground W ater Draft 231 bem 243 bem | 245 bem | 253 bem | 248 bem
for Imgaton, Domestic &
Industnal uses

< Stage of Ground Water 58% 81% 82% 62 % 83%
Development

Categorization of Assessment Units: 2004 to 2017

S. No. | Categorization of Blocks/ | 2004 2009 2011 2013 2017
Mandals/ Talukas

1 Total Assessed units 5723 5842 6607 8584 6881

2 Safe 4078 4277 4503 4519 4310

3 Semi-cntical 550 923 6e7 681 o972

4 Critical 226 169 217 253 313

5 Over-Exploited 830 802 1071 1034 1186

8 Saline 30 71 @2 ] 100

17



Groundwater Utilization - States
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Movement of Groundwater
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Formation of Aquifers

Figure 310, Unconfined aquifer above fractured bedrock (Heath, 1984).
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Karst Aquifer System

Sinkhole

Stream appears

from underground

Disappearing Solution valley

stream

Permanent stream

Karst valley

Groundwater? ** 0 {

table
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Fractured Rock
System

In crystalline
rocks., wells will
have greater vield
if they penetrate
many fractures or
interconnected
fractures.




Wells screened 1n
granitic  gneiss
and contact zones
may provide
higher yields.
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Aquifer Properties

The following properties of the aquiter are required for
study of groundwater hydrology:

1. Porosity

2. Specific Yield

3. Specitic Retention

4. Coeflicient of Permeability
5. Transmussibility

6. Specific Storage

7. Storage Coetlicient



Distribution of Water in Subsurface

Different zones

—  depend on % of pore
space filled with water.

+ Unsaturated Zone
—  Water held

capillary forces, water

content near

capacity except during

infiltrafion.

+ Soil zone
— Water moves

(up) curing infiltration

(evaporation).

+ Capillary fringe

— Saturated at bage.

— Field capacity at top.

+ Saturated Zone

—  Fully saturated pores.

Field capacity - Water remaining after gravity dramage.
Wilting point - Water remaming after gravity dramage &

evapotranspiration.

Elevation

Moisture Profile Description

Ground surface

Soil moisture

Pore spaces partiall
ﬁ“e:p with wgter y

Capillary rise from
water table

Water Content

SATURATED ZONE | UNSATURATED ZONE |

-—Water table

Ground water



Aquifer Characterization
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Underground Formations







Investigations for Proper placing of Screens

Un-Confined Aquifer

Clay




Artesian Well
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Types

of Aquifer

Recharge
- area
Potentiometric
surface Flowing Perched
. 1 4 Water table .
ﬂl - :!.r::‘.:llllan water :.IEI.bl'l: —— . wll Artesian Ground
o e N e — --_____“"_"-" surface
i'-'.'..r.a—-’ﬂf Perched aquifer S g = T S —_—
— & VWater table
. Water
EEtEE ) table
Unconfined \ Confinin _ __L
aquifer T £ = e
v =
Ceanfining
unit \_x,__\

I_‘_‘_‘_-—-_
Confined SpE=
e =

Modified after Haran and others, 1989

Unconfined Aquifer
— Shallow aquifer confined at bottom only.

— Water table 12 under atmospheric condition.

Confined Aquifer
— Aquferis confined both at top and bottom
by impermeable layers.
— Water 18 under pressurnized condition and
more than the atmospheric pressure.

Leakv Aquifer
Permeable stratum  overlain or underlain by
a semi-pervious acuitard or semiconfining

laver.
Perched Aquifer  (Special  Case  of
Unconfined A quifer)
« A formation separated from the man

groundwater by a relatively impermeable stratum
of zmall areal extent.

+  Small acquifer formed above clay lenses in
sedimentary deposit=



Groundwater Flow
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How Groundwater Decline?




Groundwater Pumping from Unconfined Aquifer

Q
Ground surface

Prepumping 2 AR A A0
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Pumping from Confined Aquifer
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Ground surface
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Pumping in a Leaky Aquifer
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Ground surface f
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GW Flow Direction & Spatial variation
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Groundwater Flow

ha
ha-‘hb
A — hy
K Pipe filled with sand > |
: L :

Groundwater flows slowly through the voids between gramns or the
cracks 1mn solid rock. Here, 1s an experiment to measure head loss 1n an
aquifer.



Darcy’s Law

Henr1 Darcy established empairically that the energy lost Ak (h,-h;) 1n
water flowing through a permeable formation is proportional to the
length ot the sediment column AL (for 1.0 < Re < 10).

The constant of proportionality (K) 1s called the hydraulic
conductivity. The Darcy Velocity, Vy:

Vp=—K (AWAL)
and since O =1T1,4 ( where A = CS area)
QO =—KA (dh/dL)

ha -Ihb
A ! B-li
Pipe filled with sand

J




-‘I_‘f =
%
b
hy B
% ]
Pty J}Lhﬁ
Datum Jevel II l
¢
v /77777777777 7777777777777
Piezometers betore and
Sand - : . "
column atter sand. Pipe 1s full, so
%2 flow rate 1s constant
Datum plane !
] . . P, P
1. Velocities are small, V~0, so: 5 + Zo= —/ + Z: + I

2. Head difference doesn’t change with the inclination of sand filter.
3. Agam, Darcy related reduced tlow rate to head loss and length of

column through a constant of proportionality (K)
V=0QA =-Kdh/dL 40



Darcy’s Law helps in estimating:

velocity or flow rate moving within the aquifer.

average time of travel from the head of the aquifer to a pont
located downstream.

prediction of contaminant plume arrival.
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Dupuit’s Assumptions

For unconfined groundwater flow, Dupuit developed a theory
that allows for a simple solution based on the following
assumptions:

1.

9

FJJ

The water table or free surtace 1s slightly inclined.

Streamlines may be considered horizontal and thus
equipotential lines are vertical.

Slope of the free surface 1s equal to the hydraulic gradient.



Continuity Equation

Section 1

)
'-_,',_J' 4
L, »

Q, =V,/t
Q; = (A1 |—1] /t
Q; = A; (Li/1)

Q,=Av
A vi=A, v,

Continuity Equation

Based on Conservation of Mass:
Discharge through Section Al = Discharge through Section A2

‘{l ‘ \'1 — L%: g \T:



Recharge Mound Formation




General 3D GW Flow Equation

For heterogeneous, anisotropic & transient flow with source/sink:

0 ) ] 0h 0 01 0/
9 GRS LAY G LA L
ox ox oy cy Oz Oz Ot
%, ch %, 6 ch
For 2D Confined System: (Ix—)+ =S——-R

Oox Ox 0Oy 8)? ot

oh_ 0© Ch Oh

For2 :
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Groundwater Flow in an Unconfined Aquifer

L é Ground surface
¥ Given: wepumoni LD T
e = W SsSG  , J  S -
— O = 300 1113,*!1]1' = Purnping
- = : water Table well
— Unconfmed aquiter Observaion ——|

— 2 observationwells,
e 1,=50m, 27=40m ) |

]
e 1=100m,/2=43m

Unconfined
acuifer

Bedrock

« Find: A

o 1B r ) 300m° /hr/3600s/hr (100m) . 5
iilL_ﬂr(hz hg)h]k?'lj_ FT[(43H?)2_(40???)2] IHL SUWJ_?SMO misee



Groundwater Flow Iin a Confined Aquifer

Given

O = 1500 m?*/day
T =600 m*/day
S=4x10"

Find: Drawdown 1 km
away from well.

= AIBRTe
W(u)y=17.12

Q —=—W(u)=

Q
round surface I

/7 7

7/

PuUmping
well

Confined
aguifer

¥

Bedrock

1500m° /d

*7.12=1.42m

" 4T 47(600m” | d)



Groundwater Flow in a Leaky Aquifer

o
Ground surface f
L W
s(r) Unconfmed
Q r Initial head I aquffer
= II H,. — /_/_&Cﬂjg? of
4;‘7' T B Depression
6000059505500000000550 0, q K ayiasaasaisasiistiAquitard 557
,"p"/ff-f.-".l'f//f.l‘.ﬂ"ff/J'.ff'/!f//-"fﬁ‘.!‘fr’ff J"J"J//.ff“'/.l'//.ﬂ'f F AT
/ B I’ B R — he) Confined
T T s ; aquifer
B r K
N
K'/b ¥
1. Bedrock
r B
— T = Well
D\ 2, AB:
T —_— (i 7 - L - AR - T o
Wi u, J dz  When there is leakage trom other layers,

the drawdown from a pumping test will
be less than the fully confined case.



Underground Formations
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Litholog Sections
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Modeled into Stratigraphy Sections

Cross-Section A-4

Cross-Section B-B*

Top Soil:Clay mixed with Silt & Sand

Aquifer-1:Sand with Gravel & Boulders
Aquitard-1:Clay with Gravel & Boulders
Aquifer-2:5and with Gravel & Boulders
Aquitard-2:Clay with Gravel & Boulders
Aquifer-3:5and with Gravel & Boulders
Aquitard-3:Clay with Gravel & Boulders
Agquifer-4:Sand with Gravel & Boulders
Aquitard-4:Clay with Gravel & Boulders
Aquifer-5:5and with Gravel & Boulders
Aquitard-5:Clay with Gravel & Boulders
Aquifer-6:5and with Gravel & Boulders
Aquitard-6:Clay with Gravel & Boulders



Underground Formations: Fence Diagram

‘F“-.b.-'
;q:_ﬂ" "m.-""

W, +‘_
“mem

e ma | ,

Stratigraphy

- Top Soil: Clay mixed with Silt & Sand

- Aquifer-1: Sand with Gravel & Boulders
I Aquitard-1: Clay with with Gravel & Boulders
[] Aquifer-2: Sand with Gravel & Boulders

[] Aquitard-2: Clay with with Gravel & Boulders
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3D Model of Underground Formations
(VE=10,100, 400)

Stratigraphy

Top Soil




3D Layers




Problems related to Groundwater
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Over-exploitation

Pollution from

7 Geogenic sources
- (As, F, Fe)

Threats Y
to &« _
s — _ from Anthropogenic
Groundwater g activities

(metals, organics, nitrates, etc.)

Leaching of contaminants

Saline water ingress in
Coastal aquifers

| Threats emerging from
Climate Change



Pollution Transport in GW

B



Ground Water Contaminants

Nitrate — Blue baby disease.

Pathogens — Bacteria and virus causes water borne diseases
such as typhoid, cholera, dysentery, polio and hepatitis.

Toxic Metals — Arsenic, selentum, lead, mercury, cadmium,
copper, chromium, nickel, etc.

Organic Compounds — Pesticides, Phenols, Hydrocarbons,
ete.



_ Transport of Pollutants

o 0 &Ll i i w i >

Industrial waste Agricultural spraying

Leaking underground




GW Pollution
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GW Conta_%mination':'due to Arsenic (CGWB)

LOCATIONS OF ARSENIC IN GROUND WATER
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GW Contamination due to Fluoride (CGWB)

LOCATIONS OF FLUORIDE IN GROUND WATER
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GW Contamination due to Iron (CGWB)

CCCCC

LEGEND

LOCATIONS OF IRON IN GROUND WATER

State Boundary

Iran > 1 mgi

by
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GW Contamination due to EC (CGWB)

DISTRIBUTION OF ELECTRICAL CONDUCTIVITY IN INDIA (2015)
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Salinization & Water Logging




Upcohning of Saline Water

Impacts of overpumping of ground water and
ground-water depletion
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Induced

Recharge to Groundwater

Ground Surface

Induced Recharge From River

Walter Table -

y

/ - - Water Table

L

l‘\“

Ground Surface

__-_-_-____-_-___-_-_____'_'—-———_

Water Table ]

N

Imparmeable Layer

Pumping Well

Imparmeaable Layer




Solutions & Options
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Artificial Recharge to Groundwater

Watershed Mana gem entf
WaterH arvesting

Fecharge
Wells




 Artificial GW Recharge Techniques

L]

1.Flooding

2.Ditch & Furrow

3.Recharge Basin

4 . Buneff Conservation
Structures

5. Gully Plugs

f.Bench Terracing

7.Contour Bund

#.Mala Bund

9.Percolation Tanks

10. Stream Modifications

11.Surface IrriEaﬁnn

1.Injection Wells

2. Recharge Wells

3.Recharge Piis &
Shafis

S

. 1.Pumping well 1.GW dams/
Basiner 1.Bore Blasting
Percolation Tanks 2. Collectorwell e Bhandaras
with Pits, Shafis ox 3 Infilies fion - . 2.Fracture
> Galleries TR Sealing
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Artificial GW Recharge for Declining GW Areas




.'Subsﬁiface Dréihage fof?waferlogﬁed & Saline 'Areas_!':_"

Wearrg surfasce Bachfill Typas Govtestde
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Sea Water Intrusion Control Structures in Coastal
Areas
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