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The Shower

Henry Vaughan
1621-1695

Waters above! eternal Springs!

The dew, that silvers the Doves wings!

O welcom, welcom to the sad:

Give dry dust drink; drink that makes glad!
Many fair Ev'nings, many Flow'rs
Sweeten'd with rich and gentle showers
Have | enjoy'd, and down have run

Many a fine and shining Sun;

But never till this happy hour

Was blest with such an Evening-shower!

Thalia Redliviva, 1678
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List of colour plates

Plate 1.1 Examples of now redundant village pumps once
widespread in their use in Britain: (a) the wooden pump on
Queen's Square, Attleborough, Norfolk, enclosed 1897; and
(b) the large Shalders pump used in the days before tarmac
for dust-laying on the old turnpike (Newmarket Road) at
Cringleford, near Norwich, Norfolk.

Plate 1.2 Arcade of the aqueduct Aqua Claudia situated in
the Parco degli Acquedotti, 8 km east of Rome. The
aqueduct, which is built of cut stone masonry, also carries
the brick-faced concrete Anio Novus, added later on top of
the Aqua Claudia.

Plate 1.3 The baroque mostra of the Trevi Fountain in Rome.
Designed by Nicola Salvi in 1732, and fed by the Vergine
aqueduct, it depicts Neptune's chariots being led by Tritons
with sea horses, one wild and one docile, representing the
various moods of the sea.

Plate 1.4 Global map of epithermal neutron currents
measured on the planet Mars obtained by the NASA
Odyssey Neutron Spectrometer orbiter. Epithermal neutrons
provide the most sensitive measure of hydrogen in surface
soils. Inspection of the global epithermal map shows high
hydrogen content (blue colour) in surface soils south of
about 60° latitude and in a ring that almost surrounds the
north polar cap. The maximum intensity in the northern ring
coincides with a region of high albedo and low thermal
inertia, which are both required for near-surface water ice to
be stable. Also seen are large regions near the equator that
contain enhanced near-surface hydrogen, which is most




likely in the form of chemically and/or physically bound
water and/or hydroxyl radicals since water ice is not stable
near the equator. (Reproduced from Los Alamos National
Laboratory. © Copyright 2011 Los Alamos National Security,
LLC. All rights reserved.)

Plate 1.5 NASA Landsat-7 satellite image of the Ouargla
Oasis, Algeria on 20 December, 2000. In this false-colour
image, red indicates vegetation (the brighter the red, the
more dominant the vegetation). Pale pink and orange tones
show the desert landscape of sand and rock outcrops. The
satellite image shows date palms surrounding the urban
area of Ouargla and Chott Ain el Belda in the southwest, a
saline depression that has traditionally collected irrigation
runoff, as well as the proliferation of irrigated land to the
north and east of Ouargla in the vicinity of Chott Oum el
Raneb. The width of the image shown is approximately 40
km. (Reproduced from
http://earthobservatory.nasa.gov/IOTD. NASA images
created by Jesse Allen and Rob Simmon, using Landsat data
provided by the United States Geological Survey. Caption by
Michon Scott.)

Plate 1.6 Estimated depth in metres below ground level (m
bgl) to groundwater in Africa. (Reproduced from WaterAid
(2011) Sustainability Framework.)

Plate 1.7 Aquifer productivity in litres per second (L s~ 1) for
Africa showing the likely interquartile range for boreholes
drilled and sited wusing appropriate techniques and
expertise. (Reproduced from CP13/015 British Geological
Survey © NERC. All rights reserved. Boundaries of surficial
geology of Africa, courtesy of the U.S. Geological Survey.
Country boundaries sourced from ArcWorld © 1995-2011
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ESRI. All rights reserved.)

Plate 2.1 Aerial view of artesian springs and spring mounds
west of Lake Eyre South (137°E, 29°S) in the Great Artesian
Basin in northern South Australia (see Box 2.10) showing
the flowing artesian Beresford Spring (A in foreground), the
large, 45 m high Beresford Hill with an extinct spring vent
(C), the flowing artesian Warburton Spring (E), and the flat
topped hill (F) capped by spring carbonate deposits (tufa)
overlying Bulldog Shale. The diameter of the upper part of
the circular Beresford Hill, above the rim, is about 400 m.
Luminescence ages of 13.9 = 1 ka were determined for
samples from the carbonate mound of the actively flowing
Beresford Spring (B) and of 128 £ 33 ka from the northwest
side of the dry extinct Beresford Hill spring carbonate
mound deposits (D). (Prescott and Habermehl 2008.
Reproduced with permission from Taylor & Francis.)

Plate 2.2 Big Bubbler Spring, with its spring outlet on top of
an elevated mound, located west of Lake Eyre South in the
Great Artesian Basin in northern South Australia (see Box
2.10). The spring outflow runs into a small channel and
forms small wetlands (to the right). Hamilton Hill and its cap
of spring carbonate deposits is visible in the background
and is similar to Beresford Hill (Plate 2.1) located
approximately 30 km to the north-west. (Prescott and
Habermehl 2008. Reproduced with permission from Taylor &
Francis.)

Plate 2.3 1 : 50 000 000 Transboundary Aquifers of the
World (Update 2012) map. Areas of transboundary aquifer
extent are shown with brown shading and areas of
groundwater body (GWB) extent are shown with grey
shading, with darker colours representing overlapping
aquifers and GWBs. Individual symbols shown in brown



indicate small aquifers and GWBs. The inset maps show
(anticlockwise from left) transboundary aquifers in Central
America at 1 : 25 000 000, the Caucasus at 1 : 25 000 000,
Central Asia at 1 : 15 000 000 and Europe at 1 : 20 000 000.
(Reproduced from International Groundwater Resources
Assessment Centre (http://www.un-igrac.org). Special
Edition for the 6th World Water Forum, Marseille, March
2012. Prepared by IGRAC Base maps. Country borders:
http://thematicmapping.org. Rivers and lakes: ESRI (2009).
Map projection: Robinson projection. Geographic
coordinates: spheroid WGS84, longitude of central meridian
0°. © IGRAC 2012. Released under the Creative Commons
licence Attribution-Non-Commercial-Share Alike.)

Plate 2.4 Groundwater discharge in the intertidal zone of
Kinvara Bay on 15 September 2010 at Dunguaire Castle,
County Galway, Ireland.

Plate 2.5 Lake Caherglassaun (for location see Box 2.13, Fig.
2.61) responding to high tide as observed at 14.53 h on 13
September 2006 in the karst aquifer of the Gort Lowlands,
County Galway, Ireland.

Plate 2.6 The Carran Depression and turlough (a fluctuating,
groundwater level-controlled ephemeral lake) on 13
September 2006, The Burren, County Clare, Ireland.

Plate 2.7 1 : 25 000 000 Groundwater Resources of the
World (2008 edition) map showing the distribution of large
aquifer systems (excluding Antarctica). Blue shading
represents major groundwater basins, green shading areas
with complex hydrogeological structure and brown shading
areas with local and shallow aquifers. Darker and lighter
colours represent areas with high and low groundwater
recharge rates, respectively, generally above and below 100


http://www.un-igrac.org/
http://thematicmapping.org/

mm a—l. For further discussion see Section 2.17.
(Reproduced from WHYMAP (http:/www.whymap.org). ©
WHYMAP & Margat 2012. BGR/UNESCO.)

Plate 2.8 1 : 120 000 000 Groundwater Recharge (1961-
1990) per Capita (2000) map showing groundwater

recharge in m3 capita_1 a1 aggregated for countries or
sub-national units (excluding Antarctica). (Reproduced from
WHYMAP (http://www.whymap.org) based on Doll and
Fiedler 2008. Sources: Mean Groundwater Recharge
calculated with waterGAP 2.1/Universities of Frankfurt Main
and Kassel 2007. Population data based on GPW - Version 3.
Center for International Earth Science Information Network
(CIESIN) 2005. BGR/UNESCO.)

Plate 3.1 Variable-density groundwater flow simulations to
evaluate the efficiency of different styles of salinization
processes in layered aquifer systems on the continental
shelf during and after transgression of the sea (see Section
3.6.1 and Fig. 3.12). The upper panel shows the model set-
up representing a slightly seaward dipping layered aquifer
system in which the left-hand boundary represents fresh,
meteoric water originating as recharge in the hinterland.
The right-hand boundary represents coastal seawater. In the
initial steady-state situation (¢ = 0 years) the sideways sag
of the saline water underneath the sea floor results in a
tongue of saline water in the deeper inland aquifers. When
sea-level rises, seawater starts to sink into the upper aquifer
with a characteristic finger pattern indicative of free-
convection replacing fresh water. This process of salinization
is rapid compared to the salinization process in the deeper
aquifer which only proceeds slowly by transverse movement
of the saline-fresh interface. The simulation shows that it
takes millennia for these processes to result in complete
salinization of sub-seafloor aquifers which explains the
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current occurrence of fresh water in many parts of the
continental shelf (e.g Fig. 3.13).

Plate 3.2 Example of a numerical simulation illustrating
aspects of the hydrodynamics within sedimentary basins
during glaciation. (a) A bowl-shaped sedimentary basin is
conceptualized consisting of several thick aquifers and
aquitards. This basin is overridden by an ice-sheet, which
results in a complex hydrodynamic response. A deformation
of the finite-element mesh accommodates the flexure of the
sedimentary basin caused by the weight of the ice-sheet.
(b) The high hydraulic head at the ice-sheet base is
propagated into the aquifer units in the basin and results in
a strong groundwater flow component away from the base
of the ice-sheet. At the same time, the increasing weight
exerted as the ice-sheet advances results in a build-up of
hydraulic head in the aquitard units in the basin which are
considerably more compressible than the aquifers.
Consequently, groundwater is moving away from these
aquitard units. In this model simulation the lower aquitard is
more compressible than the upper aquitard. (Adapted from
Bense and Person 2008. Reproduced with permission of John
Wiley & Sons.)

Plate 6.1 Global map of the groundwater footprint of
aquifers. Six aquifers that are important to agriculture are
shown at the bottom of the map (at the same scale as the
global map) with the surrounding grey areas indicating the
groundwater footprint proportionally at the same scale. The
ratio GF/Ap indicates widespread stress of groundwater

resources and/or groundwater-dependent ecosystems. The
inset histogram shows that GF is less than A4 for most

aquifers. (Gleeson et al. 2012. Reproduced with permission
of Nature Publishing Group.)




Plate 10.1 Multi-model mean changes in: (a) precipitation
(mm/day), (b) soil moisture content (%), (c) runoff (mm/day)
and (d) evaporation (mm/day). To indicate consistency in
the sign of change, regions are stippled where at least 80%
of models agree on the sign of the mean change. Changes
are annual means for the medium, AlB scenario
‘greenhouse gas’ emissions scenario for the period 2080-
2099 relative to 1980-1999. Soil moisture and runoff
changes are shown at land points with valid data from at
least 10 models. (Adapted from Collins et al. 2007.
Reproduced with permission.)

Plate 10.2 (a) Map showing global land-ocean temperature
anomalies in 2012. Regional temperature anomalies are
compared with the average base period (1951-1980). (b)
Graph showing yearly temperature anomalies from 1880 to
2011 as recorded by different institutions. Though there are
minor variations from year to year, all four records show
corresponding peaks and troughs in the data. All the records
show rapid warming in the past few decades, and all show
the last decade as the warmest. (Adapted from NASA Earth
Observatory
http://earthobservatory.nasa.gov/IOTD/view.php?id=80167)
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Preface to the second edition

Reflecting on the first edition of this book, written a decade
ago, it has become increasingly evident that groundwater
will play an essential part in meeting the water resources

demands of the 21St century, with groundwater already
supplying an estimated 2 billion people worldwide with
access to freshwater. Furthermore, the challenge of feeding
a projected population of nine billion people by 2030 is likely
to require an ever greater demand for water in growing
crops, with a large fraction of irrigation water supplied by
groundwater. Combined with other global environmental
pressures resulting from altered patterns of temperature
and precipitation as driven by climate change, adaptation
responses to water use and management will become
critical if demands for water are to be met. Hence, in order
to set the scene for students and practitioners in
hydrogeology, the second edition of this book includes new
sections on the distribution and exploitation of global
groundwater resources and possible approaches to adapting
to climate change. A longer term view is also presented in
which processes that act over geological timescales, such as
the formation of sedimentary basins and crustal
deformation during ice ages, are shown to have a profound
influence on our understanding of groundwater flow
patterns and the distribution of fresh groundwater resources
today.

As with the first edition, the main emphasis of this second
edition is to present the principles and practice of
hydrogeology, without which the appropriate investigation,
development and protection of groundwater resources is not
feasible. An important addition to the current edition is
Chapter 3 in which regional characteristics such as




topography, compaction and variable fluid density are
introduced and explained in terms of geological processes
affecting the past, present and future groundwater flow
regimes. In support of the new material presented in this
chapter and throughout this second edition, and given the
positive reception to the case studies published in the first
edition, a further 13 boxes are included, as well as a set of
colour plates, that are drawn from our teaching and
research  experience. The case studies illustrate
international examples ranging from transboundary aquifers
and submarine groundwater discharge to the over-
pressuring of groundwater in sedimentary basins and, as a
special topic, the question of whether there is groundwater
on the planet Mars. To help with a more rational
presentation, some reorganisation of material has occurred
to separate investigation of catchment processes required
to understand the role of groundwater as part of a
catchment water balance (Chapter 6) from groundwater
investigation techniques used to determine aquifer
properties (Chapter 7). Also, Appendix 10 now includes a set
of answers to the review questions in order to assist the
reader consolidate his or her hydrogeological knowledge
and understanding.

Kevin Hiscock & Victor Bense, Norwich
July 2013



Preface to the first edition

In embarking on writing this book on the principles and
practice of hydrogeology, | have purposely aimed to reflect
the development of hydrogeology as a science and its
relevance to the environment. As a science, hydrogeology
requires an interdisciplinary approach with applications to
water resources investigations, pollution studies and
environmental management. The skills of hydrogeologists
are required as much by scientists and engineers as by
planners and decision-makers. Within the current era of
integrated river basin management, the chance to combine
hydrogeology with wider catchment or watershed issues,
including the challenge of adapting to climate change, has
never been greater. Hence, to equip students to meet these
and future challenges, the purpose of this book is to
demonstrate the principles of hydrogeology and illustrate
the importance of groundwater as a finite and vulnerable
resource. By including fundamental material in physical,
chemical, environmental isotope and contaminant
hydrogeology together with practical techniques of
groundwater investigation, development and protection, the
content of this book should appeal to students and
practising professionals in hydrogeology and environmental
management. Much of the material contained here is
informed by my own research interests in hydrogeology and
also from teaching undergraduate and postgraduate courses
in hydrology and hydrogeology within the context of
environmental sciences. This experience is reflected in the
choice of case studies, both European and international,
used to illustrate the many aspects of hydrogeology and its
connection with the natural and human environments.

Kevin Hiscock, Norwich



May 2004
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Symbols and abbreviations

Multiples and submultiples

Symbol Name Equivalent
T tera |1012
G giga 109

M mega 100

k kilo  |103

d deci |1071
C centi |1072
m milli 1073
U micro |10~°
n nano |10~9
p pico 10-12

Symbols and abbreviations

Symbol Description Units

[-] activity mol kg™

(-) concentration (see Box 4.1) mol L™1
or mg
L—1

A area m?2

A radionuclide activity

AE actual evapotranspiration mm

ASR artificial storage and recovery

(aq) aqueous species

atm atmosphere (pressure)

B barometric efficiency




BOD biological oxygen demand mg L—1
Bqg becquerel (unit of radioactivity; 1 Bq =1
disintegration per second)

b aquifer thickness m
2b fracture aperture m
C shape factor for determining k;
C specific moisture capacity of a soil (m of

water)_1
Cc concentration
°C degrees Celsius (temperature)
CEC cation exchange capacity meq (100

-1

)
CFC chlorofluorocarbon
Ci curie (older unit of radioactivity; 1 Ci = 3.7 X 1010

disintegrations per second)

COoD chemical oxygen demand mg L—1
D hydraulic diffusivity m2s~1
D hydrodynamic dispersion coefficient m2s~1
D* molecular diffusion coefficient m2s~1
DIC dissolved inorganic carbon mg L—1
DNAPL dense, non-agueous phase liquid
DOC dissolved organic carbon mg L1
d mean pore diameter m
&4
\dl ) hydraulic gradient
E° standard electrode potential Vv
EC electrical conductivity Scm~!
Eh redox potential Vv
e void ratio
e- electron
eq chemical equivalent (see Box 4.1) eq -1
F Faraday constant (9.65 x 104 C mol_l)




F Darcy-Weisbach friction factor

fc infiltration capacity cmh~1

fr infiltration rate cm h™1

foc weight fraction organic carbon content

G Gibbs free energy kJ mol—1

g gravitational acceleration m s~ 2

g gram (mass)

(9) gas

H depth (head) of water measured at a flow gauging m

structure

H enthalpy kJ mol~1

h hydraulic head m

/ ionic strength mol L™1

rdﬁ.'-

i hydraulic gradient @~

IAEA International Atomic Energy Agency

IAP ion activity product mol7 L™/

J joule (energy, quantity of heat)

K equilibrium constant molL™"

K (hydraulics) 'hydraulic conductivity ms~1

K kelvin

(temperature)

Kq partition or distribution coefficient mL g_1

K¢ fracture hydraulic conductivity ms1

KH Henry's law constant Pa m3
mol~1

Koc organic carbon-water partition coefficient

Kow octanol-water partition coefficient

Ks selectivity coefficient

Ksp solubility product mol7 L™/

intrinsic permeability 2




litre (volume)

LNAPL light, non-aqueous phase liquid
/ length m
MNA monitored natural attenuation
m mass kg
mol amount of substance (see Box 4.1)
an integer
roughness coefficient (Manning's n)
porosity
Ne effective porosity
P Peclet number
P precipitation amount mm
P pressure Pa (or N
m_2)
P partial pressure atm or Pa
Pa Po atmospheric pressure atm or Pa
Pa pascal (pressure)
Pw porewater pressure Pa or m of
water
PAH polycyclic aromatic hydrocarbon
PDB Pee Dee Belemnite
PE potential evapotranspiration mm
p —log10
ppm parts per million
Q discharge m3s~1
(o) fracture flow discharge m3s—1
q specific discharge or darcy velocity ms~1
R hydraulic radius m
R (Rq) recharge (direct recharge) mm a~—1
R universal gas constant (8.314 ) mol~1 k~1)
RC root constant mm

retardation factor




