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ABSTRACT: Cities and urban populations are growing at a high pace and so are the anthropic
impacts on the hydrologic cycle on the local scale. The shallow urban underground is an intri-
cate network of tunnels, conduits, utilities, and other buried structures comparable to a natural
karstic system, except that the “urban karst” is generated much more rapidly. Urbanization also
introduces new sources of water that increase groundwater recharge. These sources include irri-
gation of parks and lawns, leakage from water mains and sewers, and infiltration structures.
Geologic, land use, and utilities information for the city of Austin, Texas, was compiled and
processed by means of a GIS in order to make a water balance for the city. The areal extent of
Austin, has increased five-fold since the 1960°s. Direct recharge from rainfall has decreased,
due to impervious pavements, from 53 mm/a under preurban conditions to 31 mm/a in the year
2000. However, 85 mm/a of the treated tap water never reaches the wastewater treatment plants
and potentially contributes to recharge. A conservative estimate yields 63 mm/a of recharge
from urban sources and a total recharge rate that nearly doubles that of preurban conditions.

1 INTRODUCTION

The magnitude of anthropic impacts upon their environment makes humans the major geologic
agent on the surface of the planet (e.g. Heiken et al. 2003). These effects are most severe where
population concentrates and, today, half of the world’s population live in urban areas.

Urban development alters all aspects of the water cycle: the climate; the quantity, quality, and
regime of surface water and groundwater; and the land surface and subsurface. Urbanization af-
fects the local climate by altering surface temperatures, albedo, precipitation, evaporation and
transpiration rates, and the atmospheric energy balance (e.g. Changnon 1976, Bornstein and Lin
2000). Urban growth and urban population growth increase water demand. This imposes a
higher stress over the surface and groundwater resource and often requires interbasinal transfers,
which affect the natural water budget in the area. Water quality is a prime issue in urban settings
as shallow aquifers and surface waters in cities are subject to pollution by a multitude of point
and non-point sources, some of which are still poorly understood. Urbanization affects stream
regimes by modifying both base flow and flood discharge, bank erosion, sedimentation, land-
sliding, declines in water quality, and increased flooding (Leopold 1968 and 1973). Changes in
surface water systems are commonly visible and apparent even to casual observers while effects
on groundwater systems that may be equally significant may not always be obvious. Human ef-
fects on groundwater in urban areas include overexploitation, subsidence, seawater intrusion,
groundwater contamination, changes in recharge and discharge, alteration of the permeability
structure, and destruction of important environmental resources, including wetlands and urban
streams (e.g. Chilton et al. 1997, Garcia-Fresca and Sharp in press, Howard 2002).

The covering and replacement of natural rocks, soils, and vegetation by pavements, founda-
tions, buildings, metallic structures, dams, tunnels, and other structures has profound impact on
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the hydrology of an area. The urban underground is an intricate and rapidly changing network of
tunnels, buried utilities, garages, and other buried structures that disturb the natural structure of
the ground and alter its porosity and hydraulic conductivity. Based on the studies of porosity of
karstic aquifers by Worthington (2003), and the volume of underground tunnels and installations
catalogued for Quebec City by Boivin (1990), Garcia-Fresca and Sharp (in press) conclude that
the urban underground has secondary porosities and perhaps permeability distributions compa-
rable to those of a karstic system (Table 1).

Table 1: Porosity values for four karstic aquifers (after Worthington 2003) and estimated porosity from hu-
man construction in Quebec City (after Boivin 1990).

POROSITY (%)

Matrix Fractures Conduits/channels
Smithville, Ontario, Canada 6.6 0.02 0.003
Mammoth Cave, Kentucky, USA 2.4 0.03 0.06
Chalk, England 30 0.01 0.02
Nohoch Nah Chich, Mexico 17 0.1 0.5
Quebec City, Canada n/a unknown 0.06

Boivin (1990) did not provide estimates for the porosity created by smaller utility lines,
trenches, pipes, and conduits. Krothe (2002) and Krothe et al. (2002) documented orders of
magnitude increases in field permeability measurements along utility trenches and showed by
finite-difference numerical modeling that high permeability utility trenches alter groundwater
flow direction and velocity. Thus, the urban underground is comparable to a shallow karstic sys-
tem (Sharp et al. 2001, Krothe et al. 2002, Sharp et al. 2003, Garcia-Fresca 2004, Garcia-Fresca
and Sharp in press). Utility trenches are analogous to naturally fractured systems and larger un-
derground openings, excavations, and tunnels are analogous to natural conduits, caves, and
channels; permeabilities are highly anisotropic and heterogeneous and, in some instances, ex-
ceptionally high; storm drains that are analogous to dolines, swallets, and sink holes; rain water
can be stored in the shallow underground just as in the epikarst; and recharge can be from both
diffuse (precipitation and irrigation return flows) and discrete sources (i.e. leaky pipes). This
“urban karstification” is in continuous evolution as new structures are built over the older ones,
buried structures are abandoned, and as existing geological structures, lithofacies, and other fea-
tures are leveled and buried by construction. However, the development of the urban karst takes
place at much faster rate than the natural karst.

In the following sections urban effects on groundwater recharge and the mechanisms of re-
charge are discussed. Then the urban water balance and an estimate of recharge for the city of
Austin are presented.

2 GROUNDWATER RECHARGE IN THE URBAN ENVIRONMENT

The hydrologic community has recognized that natural groundwater recharge can be inhibited in
urban areas as impervious cover enhances runoff and limits infiltration (i.e. Leopold 1968,
Coldewey and MeBer 1997). However urban development introduces new sources of recharge:
leakage from water and wastewater distribution and collection systems, leaks from storm sew-
ers, and irrigation return flow from lawns, parks, and golf courses (Lerner 1986). Quantifying
groundwater recharge in urban areas is especially challenging because the urban environment is
quite complex as a large variety of land uses coexist and overlap and because of the heterogene-
ity of the shallow underground. The uncertainties intrinsic to quantifying the different sources
make it desirable to simplify with water balances based on the amount of groundwater abstrac-
tions, imports, water use, and wastewater outflows.

Numerous examples of significant water table-rise and increase on recharge to the groundwa-
ter have been reported in the last decade (e.g. Foster et al. 1994, Chilton et al. 1997, Chilton
1999, Howard and Israfilov 2002). A compilation of groundwater recharge data for various cit-
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ies is portrayed in Figure 1 as a function of aridity as expressed by the mean annual rainfall of
each location. The figure is expanded from Foster et al. (1994), who suggested ranges of natural
recharge for non-urban environments, probable minimum recharge rates for comprehensively
sewered and drained cities, and probable maximum recharge rates for unsewered and undrained
cities which have been revised after adding nineteen data points to Foster et al’s (1994) original
four. In all cases, except for Birmingham, UK, the total recharge to the groundwater is increased
by urban development. For the exception of Birmingham, Lerner (1997) estimates a 4% loss in
recharge, and is expressed as a downward pointing arrow in Figure 1. Urban-enhanced recharge
is most significant in arid climates and in cities in developing countries. In a broader sense, ur-
banization introduces new sources and pathways of recharge (Lerner 1986) and affects water
quality.

3 MECHANISMS OF RECHARGE IN URBAN AREAS

Simmers (1998) and Garcia-Fresca (2004) describe four types of recharge: 1) direct recharge:
vertical percolation of rainwater through the unsaturated zone; 2) indirect recharge: water losses
from surface water bodies and from water and sewage distribution systems; 3) localized re-
charge: percolation through preferential pathways (desiccation cracks, burrows, lithologic con-
tacts, faults, fractures, and karstic features); and 4) artificial recharge: return flows from irriga-
tion of parks and lawns, and designed infiltration systems. The four mechanisms of recharge
generally combine to increase recharge with urbanization, but the categories can overlap and are
not mutually exclusive.

3.1 Direct recharge

Direct recharge in cities takes place by percolation in unpaved areas, and to a lesser extent
through paved surfaces that are not always perfectly “impervious”. The significance of direct re-
charge decreases as the aridity of the climate or the amount of impervious cover increases. Di-
rect recharge can be estimated by assessing the amount of pervious cover in the city. Precipita-
tion and potential evapotranspiration data are transformed into effective precipitation (e.g.
Lerner et al. 1993) with a daily soil moisture balance. This method uses root constants and wilt-
ing points to account for different crops and soil types. A proportion of the impervious cover
should be treated as permeable, as some infiltration does take place through asphalt, concrete,
bricks etc. According to Lerner (2002) roughly 50% of the impervious cover should be treated
as permeable.

3.2 Indirect recharge

Indirect recharge is the sum of the recharge coming from seepage out of surface water bodies,
leakage from water mains, wastewater and storm sewers, and on-site sanitation systems.

Recharge from losing streams in urban areas changes as stream flows are altered by urbaniza-
tion. Decline in aquifer heads caused by pumpage can alter the hydraulic gradients between the
surface and the aquifer and between adjacent formations to enhance recharge.

A simple way to assess the water available for recharge is to make a balance of the water
served versus the wastewater treated. Yang et al. (1999) quantified the recharge in the city of
Nottingham, UK, with a groundwater flow model calibrated with solute balances for chloride,
sulfate, and nitrogen. They concluded current recharge to the aquifer is less than prior to urbani-
zation; however, mains leakage is the main current source of recharge in Nottingham.
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Figure 1: Urban-enhanced groundwater recharge in twenty-three cities around the world (modified from
Foster et al. 1994). HY: Hat Yai, Thailand (Foster et al. 1994); SP: S&o Paulo, Brazil (Menegasse et al.
1999); Be: Bermuda, UK (Lerner 1990a); Se: Seoul, Korea (Kim et al. 2001); BA: Buenos Aires, Argentina
(Foster 1990); SC: Santa Cruz, Bolivia (Foster et al. 1994); LI: Long Island (New York), USA (Ku et al.
1992); Mi: Milan, ltaly (Giudici et al. 2001); Me: Mérida, México (Foster et al. 1994); C: Caracas, Venezuela
(Seiler & Alvarado Rivas 1999); P: Perth, Australia (Appelyard et al. 1999); A: Austin (Texas), USA (Gar-
cia-Fresca 2004); Bi: Birmingham, UK (Knipe et al. 1993); D: Dresden, Germany (Grischek et al. 1996); W:
Wolverhampton, UK (Hooker et al. 1999); E: Evora, Portugal (Duque et al. 2002); Ac: Aguascalientes,
México (Lara & Ortiz 1999); LA: Los Angeles (California), USA (Geomatrix 1997): Ba: Baku, Azerbaijan (Is-
rafilov 2002); Su: Sumgayit, Azerbaijan (Israfilov 2002); Gy: Gyandja, Azerbaijan (Israfilov 2002); Gu: Gu-
listan, Uzbekistan (Ilkramov & Yakubov 2002); L: Lima, Per( (Foster et al. 1994).

3.2.1 Leakage from water mains

Water mains are pressurized to avoid infiltration of contaminants and to insure distribution to
the far reaches of the water system. Pressure is the main cause of leakages in water distribution
systems. A review of the literature shows that typical values of water loss from the distribution
system are around 20 to 30% (Table 2). The most efficient cities report loses around 10%, and
values of 30 to 60% are common in the less developed countries. In arid climates, the amount of
water distributed in a city is often significantly greater than rainfall (Foster et al. 1994). Thus,
mains leakage is a consistent source of indirect groundwater recharge.

Lerner et al. (1990) proposed several indirect methods to estimate leakage from water distri-
bution networks as direct measurements are often not practical. One method is to assume a cer-
tain percentage of the water supplied; Thornton (2002) suggests that about 60% of unaccounted
water can be attributed to leakage. Other methods include mass balances of inputs and outputs to
the network. External losses on consumers’ premises (the “consumer's side of the water meter”)
are not accounted by water supply authorities. These losses may be reflected as legitimate use
per property, but this can be the leakiest part of the system. Leakage rates vary spatially depend-
ing on the pressure of the water, the age and the material of the pipes, and the maintenance of
the system.
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Table 2: Compilation of water main or distribution system losses in various cities of the world. Some gen-

City Water main loss [%)] Reference

Hull, UK 5 Chastain-Howley, pers. comm.
Los Angeles, USA 6-8 Geomatrix 1997, unpub.

Hong Kong, China 8 Lerner 1997

San Antonio, USA 8.5 Austin American Statesman 1998
Evora, Portugal 8.5 Duque et al. 2002

Milan, Italy 10 Giudici et al. 2001

Austin, USA 12 Austin American Statesman 1998
N. Auckland, NZ 12.3 Farley and Trow 2003

Toronto, Canada 14 City of Toronto 2001, pers. comm.
Calgary, Canada 15 Grasby et al. 1997

US average 16 Thornton 2002

Dresden, Germany 18 Grischek et al. 1996

Séo Paulo, Brazil 16 Menegasse et al. 1999

UK general rates 20-25 Lerner 1997

Goteborg, Sweden 26 Norin et al. 1999

Round Rock, USA 26 Austin American Statesman 1998
Tomsk, Russia 15-30 Pokrovsky et al. 1999

Amman, Jordan 30 Salameh et al. 2002

Kharkiv, Ukraine 30 Jakovljev et al. 2002

Sana'a, Yemen 30 Alderwish & Dottridge 1998
Brushy Creek, USA 33 Austin American Statesman 1998
Calcutta, India 36 Basu & Main 2001

San Marcos, USA 37 Austin American Statesman 1998
St. Petersburg, Russia ~30 Vodocanal 2000, unpub.
Developing countries 30 - 60 Foster et al. 1998

Lusaka, Zambia 45 Nkhuwa 1999

Mérida, México ~50 Foster et al. 1994

Lima, Pert 45 - 60 Lerner 1986

Cairo, Egypt > 60 Amer & Sherif 1997

Some Italian systems >80 Farley and Trow 2003

3.2.2 Leakage from wastewater sewers
Reports of groundwater contamination by sewage or wastewater are numerous (e.g. Eiswirth
and Hotzl 1997, Blarasin et al. 1999, Rieckermann et al. 2003) and indicate that leakage from
sewers is common and widespread. When sewer lines are located below the water table, they
may infiltrate groundwater, and when located above the water table they may leak. Because
flows in these pipes are not under pressure, it is reasonable to assume they leak less than water
mains.. Many cities lack sewerage networks and rely on septic tanks or similar systems to dis-
pose of grey water. In these cases, most of the supplied water is recharged to the subsurface

(Foster et al. 1994).

Albeit scarce within the literature, increasing efforts have recently been made to quantify
wastewater leakage from sewers. The few published estimations seem to agree on leakage rates
of 5% of the sewage flow through the network; these include Barcelona (Vazquez-Suii¢ 2003),
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Nottingham (Yang et al. 1999), Munich (Lerner 1997), Dresden (Grischek et al. 1996), and sev-
eral other German cities (Foster et al. 1994). However, Giudici et al. (2001) report 20% losses
from the sewage network in Milan.

Recently, more sophisticated methods to quantify leakage from sewage networks have been
developed. For instance, Eiswirth et al. (2004) propose a software model to simulate the urban
water, wastewater and stormwater systems. Another method consists on adding artificial tracers
on the network, and analyzing the composition downflow in order to make a mass-balance of
the introduced solutes (Rieckermann et al. 2003).

3.2.3 Leakage from storm sewers

Recharge from stormwater occurs under transient high-flow conditions and it is very difficult to
measure and model. Lerner (2002) proposes to use an empirical approach, or to assume some
proportion of the surface of the city is not impermeable, to account for this water.

3.2.4 Septic tank infiltration

On-site wastewater treatment systems can be assumed to recharge all the water they receive, ex-
cept for some small losses to evapotranspiration, and perhaps stream baseflow. Thus, about 90%
of the water supplied in unsewered cities can recharge the groundwater (Foster et al. 1994).

3.3 Localized recharge

Localized recharge takes place through faults, fractures, etc. and thus, it depends mainly on the
geologic materials and structures, as well as the soil types in each particular area. As defined
above, localized recharge is not directly related to urbanization although it can be affected by it.
Numerous approaches exist for modeling flow through fractures and conduits (e.g. Sharp 1993,
Halihan et al. 1999, Zahm 1998).

3.4 Artificial recharge

Artificial recharge consists of water intentionally applied to the subsurface and includes devices
designed to enhance infiltration, as well as irrigation water in excess of plant needs.

3.4.1 Designed infiltration structures

A variety of man-made structures are constructed to reduce flooding, relieve the sewerage net-
works, and promote groundwater recharge. Such structures include recreational lakes and ponds,
soakways, runoff detention ponds, retention basins, artificial infiltration ponds, spreading ba-
sins, recharge ditches, and injection wells.

It can be assumed that infiltration devices recharge all the water they receive, except for some
losses to evapotranspiration and stream interflows, as is the case of septic tanks. The importance
of such recharge sources depends on their abundance in a city, their location with respect to the
aquifers and the particular design characteristics of each device. Maintenance plays an important
role, and when clogging takes place they may become ineffective and minimize recharge.

3.4.2 Irrigation return flow

The water directly applied to parks and lawns, in excess of the plant requirements, will percolate
and recharge the groundwater, except for some loss to evaporation and interflow. What makes
this source of recharge different from effective precipitation is the intentionality of its applica-
tion, as well as the uncertainties related to its quantification.

This source of recharge can be especially significant in arid and semi-arid climates. La Dell
(1986) and Lerner (1990b) illustrate this with the example of Doha (Qatar), where the water ta-
ble rise is directly related to the excessive irrigation of parks and lawns.

Recharge from excess irrigation can be quantified by mass balancing water supply, water use,
the physical properties of the soils, and evapotranspiration (e.g. Berg et al. 1996). In arid and
semi-arid areas, variations in these parameters should be obvious when comparing the drier and
wetter months.
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4 URBAN-ENHANCED RECHARGE IN AUSTIN, TEXAS

Austin is located in central Texas (Figure 2) has a subtropical humid climate with a mean annual
temperature of 20°C and a mean annual precipitation of 813 mm/a. It is situated within the Colo-
rado River basin, the main source of water supply. Austin sits over a major fault zone which jux-
taposes a variety of geologic materials (Rose 1972, Garner and Young 1976) including the Ed-
wards aquifer, one of the most prolific karstic aquifers in the world, and minor hydrogeologic
units within Quaternary fluvial deposits. The population has increased steadily since 1985 and at
exponential rates since the 1960’s, reaching 656,562 people in the year 2000.
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This section analyzes the effects of urban development on groundwater recharge in the city of
Austin. Estimations of direct recharge from precipitation were carried out by means of spatial
analysis using a GIS. Contributions to groundwater recharge from urban sources were estimated
by means of a water balance. The results are summarized in Table 3 and fully described in Gar-
cia-Fresca (2004).

4.1 Direct recharge

A comparison of direct recharge from precipitation, before and after urbanization, was con-
ducted in order to assess the effects of development on this type of recharge. The spatial distri-
bution of land-uses prior and after urban development was conducted by means of a GIS (Ar-
cGIS).

4.1.1 Direct recharge under preurban conditions

Direct recharge from effective precipitation prior to urban development was estimated based
on the hydraulic properties of the different lithologies cropping out within the city limits. Each
hydrogeological unit was isolated and an infiltration coefficient assigned, as a percentage of
precipitation. Values of the infiltration coefficients were compiled from the literature for the
particular outcrops, or for similar units in Texas. The infiltration coefficient for clays and shales
was assumed to be 0%. Figure 3 illustrates the outcrop analysis process and two of the resulting
separated outcrops: the Barton Springs segment of the Edwards aquifer, and the Quaternary de-
posits, with infiltration coefficients of 8 and 9% respectively. Pre-urban recharge is estimated at
53 mm/a.

4.1.2 Direct recharge under urban conditions (year 2000)

In this case direct recharge from precipitation was assessed in a similar fashion, as a function
of the type of outcrop and the amount of impervious cover for the different urban land uses in
the year 2000 (Figure 4). Direct recharge in the year 2000 is estimated to be 31 mm/a and, thus,
it has decreased with increasing urban development.
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4.2 Urban sources of recharge

A water balance of urban water supply, uses, and sewage volumes assesses the recharge
available from strictly urban sources. In the year 2000, Austin put into the distribution system an
average of 541,000 m’/d, and an average of 318,000 m’/d was treated at the wastewater treat-
ment plants. Of interest is the fact that the maximum wastewater treatment capacity (492,000
m’/d) cannot accommodate even the average volume of water supplied. “Excess urban water” is
estimated by balancing the drinking water supplied and the wastewater treated, 85 mm/a on av-
erage, and represents the amount of water of exclusively urban origin potentially available for
recharge, both as indirect and artificial recharge (Figure 5). A fraction of the excess urban water
is lost to leakage from the utility networks, and the rest is assumed to be used to irrigate parks
and lawns.

Table 3: Water and wastewater statistics and water balance for Austin for the year 2000. Sources of data:
1) US Census Bureau, online; 2) City of Austin, online; 3) NOAA, online; 4) Garcia-Fresca 2004; 5) City of
Austin Water and Wastewater Utility, personal communication; 6) Austin American Statesman 1998; 7)
TexasET, online.

mm/a

Population 656,562 (1)
Area 704  km? )
Population density 933 p/km? (4)
Mean annual precipitation 813 3)
Direct recharge (preurban) 53 4)
Direct recharge (urban) 31 4)
population served 738,229 2)
area served 710 km? %)
Served water (w) average 541,000 m¥d 278 )
peak 856,000 m*/d 440 %)
max. capacity 984,000 m¥d 506 )
population served 685,783 2)
Treated wastewater (ww) area served 601 kTZ )
average 318,000 m°/d 193 2)
max. capacity 492,000 m%/d 299 )
avg w - max ww -21 4)
Excess urban water avg w - avg ww 85 avg (4)
max w - max ww 207 max (4)
Gross unbilled water 12% 64,920 m’/d 33 (5,6)
Mains leakage rate 7.7% 41,657 m¥d 21 @)
Sewer leakage rate 5% 16,737 m/d 10 4)
not area weighted 54 avg(4)
Irrigation 175 max (4)
area weighed to adjust for 90 avg (4)
pervious/impervious cover 291 max (4)
) not area weighted 364 (7

Plant water requirement )
(PWR) area weighed 219 (4)
from irrigation only 22 (4)
Irrigation return flow 32 (4)
ET not accounted 116 4)

Total recharge

after subtracting PWR 94 avg (4)
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Figure 3: Outcrop analysis. The geology of the area is cropped to match the shape of the full service juris-
diction of the City of Austin (i.e. the portion of the city fully served by mains and sewers). As an example,
two of the resulting separated outcrops are presented: A) the Barton Springs segment of the Edwards aqui-

fer (infiltration coefficient, 8%) and B) Quaternary deposits (infiltration coefficient 9%).

Figure 4: Land use analysis, consisting of an assessment of the different types of land cover and their per-
centage of impervious cover, within each outcrop. A) the Barton Springs segment of the Edwards aquifer
(impervious cover, 58%) and B) Quaternary deposits (impervious cover, 2%). Data for year 2000.
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The City of Austin estimates water losses as the difference between served water and billed
consumption (Pedersen 2003, personal communication) as summarized in Figure 6. 12% of the
water usage is “unaccounted for” or “gross unbilled” treated water. Unaccounted-for water can
be broken into “unbilled uses”, and “losses”. Unbilled uses are estimated at 6.8% of the total
treated water; these include fire fighting water, thefts, municipal swimming pools, leakage and
water mains breakages (the last two represent less than 2.01% of the total treated water). The
other 5.7% of the water is simply “lost”. Accordingly, the water potentially available for re-
charge is approximately 7.7% of the water treated, which for 2000 amounts 21 mm/a. This
amount is consistent with Thornton’s (2002) estimate of leakage rates of approximately 60% of
gross unbilled water.

B billed water consumption [7] estimated unbilled treated water usage [l treatment plants

[] gross unbilled treated water [l estimated annual water loss [] line maintenance (flushing, breaks, leaks, etc.)
[] other city departments (AFD, SWS, WP)
[ other (theft, bypasses, evaporation, etc.)
[[] pump stations & reservoirs

Figure 6: Water demand, usage and losses in the city of Austin, year 2000.

To estimate the sewer leakage rate, 5% of the wastewater was assumed to leak from the sew-
ers and thus, the original amount of water that should have reached the wastewater treatment is
calculated, and a leakage rate of 10 mm/a established.

Subtracting leakage rates from the excess urban water, artificial recharge must account for
about 54 mm/a. Irrigation of parks and lawns is assumed to be the only source of artificial re-
charge and, thus, the 54 mm/a over the entire city actually represents 90 mm/a over the pervious
fraction. Irrigation water not lost to evapotranspiration turns into either runoff or recharge. Plant
water requirements are computed from monthly reference evapotranspiration rates for Austin for
the year 2003, crop coefficients, and allowable plant stress coefficients. The relative contribu-
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tions of precipitation and irrigation to evapotranspiration are assumed to be equal to their rela-
tive proportions. Irrigation and evapotranspiration are assumed to only take place in “pervious
areas” and thus calculations are weighted to adjust for the relative proportions of pervious and
impervious cover. Evapotranspiration from irrigation is estimated at 22 mm/a, which yields 32
mm/a of recharge from irrigation return flow.

Finally, the average total recharge in Austin is determined as the sum of direct recharge from
infiltration and excess urban water, minus the plant water requirement satisfied by irrigation: 31
+ 85 —22 =94 mm/a.

5 CONCLUSIONS

The complex network of utility trenches, tunnels, and other buried structures below cities alter
the natural permeability field and affect groundwater flow and transport. Thus, the shallow ur-
ban underground can be compared to a karstic system. The “urban karst” is generated and
evolves much rapidly than natural karsts.

Direct, indirect, and artificial recharge mechanisms are significantly affected by urbanization.
Direct recharge from precipitation decreases with increasing urban development and is directly
related to land use and the amount of impervious cover. Indirect recharge is greatly enhanced by
leakage from water mains, wastewater and storm sewers, and on-site sanitation systems. Artifi-
cial recharge can be significant in cities in arid regions due to excessive irrigation and in areas
with abundant designed infiltration structures. As a result, net recharge to the groundwater is
enhanced by urban processes in cities globally.

In Austin, direct recharge decreased from 53 mm/a under pre-urban conditions to 31 mm/a in the
year 2000. However urban sources of recharge account for an additional 85 mm/a, and a total
potential recharge (94 mm/a) that almost doubles that prior to urban development.
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