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http://ga.water.usgs.gov/edu/earthgwdecline.html



http://ga.water.usgs.gov/edu/earthgwaquifer.html



http://capp.water.usgs.gov/gwa/ch_l/L-text2.html



http://ga.water.usgs.gov/edu/watercycleinfiltration.html



Aquifers and Surface Waters of the United States

http://www.nationalatlas.gov/natlas/Natlasstart.asp



http://ga.water.usgs.gov/edu/earthgwdecline.html





http://ga.water.usgs.gov/edu/watercycleevapotranspiration.html

Transpiration- Water lost via evaporation from leaves





http://ga.water.usgs.gov/edu/pesticidesgw.html



http://ga.water.usgs.gov/edu/earthgwdecline.html



http://ga.water.usgs.gov/edu/watercycleinfiltration.html



Natural and artificial recharge of ground water 

http://ga.water.usgs.gov/edu/watercycleinfiltration.html



Ground water flows underground 

http://ga.water.usgs.gov/edu/watercyclesummary.html#gw

discharge



Plume from Leaking Underground 

Storage Tank (LUST)

LUST

http://www.epa.gov/region01/students/pdfs/gwc1.pdf



The Full Monty of Groundwater Contamination



Hydraulic Head

• Hydraulic head- h is the most easily measured metric of groundwater flow.

H is a measure of the energy per unit volume of water so a measure of Joules/liter so a measure of  

kg*m2/sec2

__________

liter or unit volume

• h is measured in meters or length = z + p/ g + v2/2g

• First Term- Elevation Term= z  or the height of the water above some arbitrary reference point [L]. 

• Second Term- Pressure Term- p/ g = [M/LT2]/[M/L3] [L/T2]

• Third Term- Kinetic Energy Term

Where

• z = height of water above an arbitrarily chosen elevation point (in length).

• p = gauge pore water pressure = pressure above atmospheric pressure [M/LT2].

• = water density [M/L3]

• g= acceleration due to gravity [L/T2]

• v = velocity of water in L/T. 



Physics of Groundwater Movement

• In water saturated porous media, water movement goes 
from an area of higher hydraulic head to an area of lower 
hydraulic head.

• So this movement has direction and of course velocity.

• The gauge pore water pressure at the water table or at 
any other interface between freestanding water and the 
atmosphere is 0 because it is equal to the atmospheric 
pressure. So the gauge pore water pressure is pressure 
above atmospheric pressure.

• Kinetic energy term is often neglected for calculation of 
groundwater head because the velocities are so slow.



Hydraulic Gradient

• Hydraulic head differences are described by the head 
gradient or hydraulic gradient which is the rate that the 
hydraulic head (h) changes over distance (x) or  dh/dx

• The average gradient between two points is h/ x or the 
change in head [L] divided by the distance between the 
points [L].

• One Dimensional Darcy’s Law- relationship between 
groundwater flow and head gradient is

q = -K * dh/dx

• Where q =specific discharge in L/T

K = hydraulic conductivity of substrate in L/T

dh/dx = hydraulic gradient in L/L



Darcy’s Flux

• Darcy’s Flux = the amount of water flowing 

across a unit area perpendicular (normal) to the 

flow per unit time.

• Q/A= [L3/T] / [L2]

• Darcy’s law can be in three dimensions, just like 

Fick’s First Law, but Darcy’s Law is for water 

flow not mass transport.

• Remember this because there can be Fickian 

processes within the groundwater flow.



Hydraulic Conductivity

• Hydraulic Conductivity (K) is usually determined experimentally:

- Highest for course gravels - 102 cm/sec

-Clean Sand- 10-1 cm/sec

-Marine Clay - 10-8 cm/sec

• Need to determine the hydraulic conductivity of materials at depth at 
a site to be able to determine groundwater flow. Ways to determine 
the hydraulic conductivity:

• Permeameter test in the laboratory –use a column packed with 
aquifer material-a known head difference is imposed and measure 
the specific discharge so that K can be calculated by

K = - q / dh/dx and dh/dx is change in height per column 
length-go over figure 3-6.

• In situ using response of well to pumping (pumping tests) or 
additions/removals of water (slug tests).



Hydraulic Conductivity and 

Direction of Flow
• Isotropic flow – values of hydraulic conductivity 

as shown in Table 3-1 are the same no matter 
which direction the flow is.

• Anisotropic flow- values of hydraulic conductivity 
vary on the direction of flow.

• Most common reason is non-spherical particles 
orienting themselves with their long axes in the 
horizontal direction during deposition. See figure 
3-7.

• Can also occur if clay lenses-layers run through 
sand or gravel substrate—they impede vertical 
but not horizontal flow.



To fully describe the transport of water-chemicals in subsurface you need to 

know its porosity in L3/ L3

n= Vvoids/Vtotal= Vvoids/Vsolids + Vvoids

Porosity

Typical aquifer porosities are .2-.4 and are normally found in the laboratory by 

saturating a porous sample-then weighing it. It is dried and reweighed. The 

difference in mass is divided by the density of water to give the volume.



Seepage velocity-v

• Use seepage velocity v =q/n to determine 
the rate at which chemicals move in the 
groundwater.

• v= seepage velocity [L/T]

• q=-K * dh/dx in L/T (specific discharge) 
and

• n is the porosity in L3/ L3

• Go over example 3-1



Flow Nets

• Flow Nets – A flow net is a convenient tool to visualize and calculate 
groundwater flow parameters such as seepage velocity and specific 
discharge. They are drawn to represent horizontal movement of 
groundwater and aqueous phase chemicals in an aquifer. A flow net can be 
constructed if the following conditions are met:

• Groundwater flow is steady over time.

• Flow is predominately two-dimensional.

• Flow is isotropic – although anisotropic flow can be converted into isotropic 
for purposes of developing flow nets.

• Media is homogeneously porous.

• Assumed that under each point on the aquifer surface – flow is the same at 
all depths in the aquifer.

• Flow Nets contain two types of lines;

• Streamlines - - Follow the path of parcels or packets of water. Water always 
flows parallel to streamlines.

• Isopotentials – Are lines where the hydraulic head – h – is constant. They 
are always perpendicular to streamlines or flow.



Groundwater Wells

• Groundwater Wells – Are used for the extraction of water but are installed to 
measure hydraulic head gradients, conduct aquifer tests and monitor 
groundwater quality. 

• For contaminant remediation groundwater wells are installed to change 
groundwater flow and/or to remove groundwater for treatment.

• Construction of a Groundwater Well – See figure 3-9

• Vertical hole drilled from the surface to the aquifer.

• Well screen – provides a flow path.

• Gravel packing between the aquifer media and well screen.

• Interior casing of PVC or Steel pipe.

• Clay – bentonite – seal above well screen to prevent flow down the casing wall.

• Backfill borehole with original material.

• Install a steel protective casing over the interior casing.

• Cement the protective casing in place- also helps prevent surface water from 
contaminating the well.

• Installation of a tamper resistant protective cap.

• Piezometer or Piezometric well – Type of well installed to measure hydraulic head –
pipe diameters are a few centimeters.



Darcy’s Law Applied to Wells

• Darcy’s Law Applied to Wells – Given principals of conservation of mass 
the rate at which water crosses a cylindrical boundary at radius –r – is equal 
to the rate at which the water is pumped. Review figure 3-10.

• Rate at which water is pumped from a well is given by;

Qw = -K (dh/dr) 2 rb

Where –

• Qw = Rate of pumping in L3/T.

• Area of the cylindrical boundary = 2 r (the circumference)* b (saturated 
thickness of the aquifer).

• dh/dr hydraulic gradient in the radial direction L/L.

• K = hydraulic conductivity L/T.

• r- is the radial distance from the well [L].

• b is the saturated thickness of the aquifer [L].



The static vs dynamic condition of 

a well (figure 3-10 again)
• Static Condition is the height of the water table without 

pumping

• When pumping occurs (dynamic condition) you get a 
cone of depression – can use the drawdown  (s), 
which is the distance the water table lies below the 
height it had in the absence of pumping (static condition) 
to obtain Qw ;

• Qw  = -K(ds/dr) 2 rb

• Slope of the water table-determined by ds/dr is:

• Proportional to the well pump rate.

• Inversely proportional to hydraulic conductivity, radius 
from the well and aquifer thickness.



Radius of Influence-Important for 

Public Health

• Radius of Influence – R of a well is the 

horizontal distance from the well [L] 

beyond which pumping has little effect on 

drawdown. R is an estimate and given by;

• R = b√ K/2N  N is the annual recharge by 

precipitation.



Thiem Equations

• Thiem Equation –estimates drawdown in an aquifer or well under 
steady state conditions and can be used to calculate the radius of 
influence (R in [L]). 

S1-S2= (Qw/2 Kb) * ln(r2/r1) 

sw = (Qw/2 Kb) * ln(R/rw) for use inside well

• When a known constant head boundary is available (such as the 
boundary of a stream or lake) s = (Qw/2 Kb) * ln(R/r)

• Thiem equations are best used when the steady state drawdown state is 
small compared to the total saturated depth-such as in a confined aquifer.

• For unconfined aquifers (phreatic) if drawdown is a significant fraction of the 
saturated thickness than head pressure is to be used instead of drawdown 
so;

h 2
2- h 1

2 = (Qw/ K) * ln(r2/r1) 

• Transmissivity of an Aquifer = the ability to deliver water to the well = T in 
L2/T-this is the same as K*b, the hydraulic conductivity of the substrate 
times the aquifer saturated thickness.



Streamlines

Flow Net Resulting From Pumping a Well in a Spatially 

Uniform Aquifer

h

1

h1

h2

h1<h2

Isopotentials



Capture Curves

• Capture Curves – Wells have a capture zone-which can 
be depicted using flow nets to determine the capture 
curve showing the boundaries of capture.

• (Go over Figure 3-12 on pages 220-221).

• Capture curves are highly important in the field of 
environmental public health. They allow the specialist to 
determine if water from a river –creek etc will be drawn 
into a well. This is very important if the stream or creek 
contains contaminants. Using the capture curve and 
knowing if Qw is < or = dbqa , where d is the well 
distance from the stream and qa is the specific discharge 
in the aquifer that would occur in the absence of 
pumping- we can anticipate the breakthrough of 
contaminants in the well when Qw> dbqa.



Capture of River or Lake Water

• Very important----By using Figure 3-12c, which shows the fraction 
of water drawn from the well that comes from the stream Qs /Qw  as 
a function of Qw/ dbqa --we can calculate the flow in the well from 
the stream at any given total well flow. Thus we can also calculate, 
given a steady state concentration of any contaminant in the stream 
(highly unlikely), the concentration of contaminants coming from the 
well by;

• Cs/Cw=Qs /Qw

• Figure 3-13 Capture zone curves - change depending on pumping 
rate divided by aquifer thickness times the aquifer specific discharge 
(Qw/bqa)

• Capture zone curves are overlaid on sites and can be used to 
determine if a well or numerous wells are pumping 
contaminated water from toxic waste sites.



Homework

• Problems 1,2,4 and 5 on page 265


