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Foreword 

Groundwater provides drinking water for millions of Americans and is the primary source of 
water to irrigate cropland in many of the Nation’s most productive agricultural regions. With-
drawals in many aquifers throughout the United States have led to significant groundwater-level 
declines, resulting in growing concerns about sustainability and higher pumping costs. The U.S. 
Geological Survey’s (USGS) Groundwater Resources Program has been instrumental in docu-
menting groundwater declines and in developing groundwater-flow models for use in sustain-
ably managing withdrawals.

Groundwater withdrawals also can lead to a reduction in streamflow, affecting both human uses 
and ecosystems. The first clear articulation of the effects of groundwater pumping on surface 
water was by the well-known USGS hydrologist C.V. Theis. In a paper published in 1940 entitled 
"The Source of Water Derived from Wells," Theis pointed out that pumped groundwater initially 
comes from reductions in aquifer storage. As pumping continues, the effects of groundwater 
withdrawals can spread to distant connected streams, lakes, and wetlands through decreased 
rates of discharge from the aquifer to these surface-water systems. In some settings, increased 
rates of aquifer recharge also occur in response to pumping, including recharge from the con-
nected surface-water features. Associated with this decrease in groundwater discharge to 
surface waters is an increased rate of aquifer recharge. Pumping-induced increased inflow to 
and decreased outflow from an aquifer is now called "streamflow depletion" or "capture."

Groundwater discharge is a significant component of streamflow, with groundwater contribut-
ing as much as 90 percent of annual streamflow volume in some parts of the country. In order 
to effectively manage the entire water resource for multiple competing uses, hydrologists and 
resource managers must understand the effects (magnitude, timing, and locations) of ground-
water pumping on rivers, streams, springs, wetlands, and groundwater-dependent vegetation.

This circular, developed as part of the USGS Groundwater Resources Program, presents con-
cepts relating to streamflow depletion, methods for quantifying depletion, and common mis-
conceptions regarding depletion. Approaches for monitoring, understanding, and managing 
streamflow depletion also are described. The report is written for a wide audience interested in 
the development, management, and protection of the Nation's water resources.

The Groundwater Resources Program provides objective scientific information and develops the 
interdisciplinary understanding necessary to assess and quantify the availability of the Nation's 
groundwater resources. Detailed assessments of regional aquifers have been completed in 
seven of the Nation’s major aquifers, with several additional assessments ongoing or planned. 
The research and understanding developed through this program for issues such as streamflow 
depletion can provide the Nation’s water-resource managers with the tools and information 
needed to manage this important natural resource.

Jerad D. Bales 
Associate Director for Water (Acting) 

U.S. Geological Survey
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squared per day (ft2/d), is used for convenience. 

Altitude, as used in this report, refers to distance above the vertical datum.



Streamflow Depletion by Wells—Understanding 
and Managing the Effects of Groundwater 
Pumping on Streamflow

By Paul M. Barlow and Stanley A. Leake

Introduction
Groundwater is an important source of water for many 

human needs, including public supply, agriculture, and 
industry. With the development of any natural resource, 
however, adverse consequences may be associated with its 
use. One of the primary concerns related to the development of 
groundwater resources is the effect of groundwater pumping 

connected, and groundwater discharge is often a substantial 

depletions) caused by pumping have become an important 

the availability of surface water, and the quality and aesthetic 
value of streams and rivers.

made important contributions to the basic understanding of 

by wells. Moreover, advances in methods for simulating 
groundwater systems with computer models provide powerful 
tools for estimating the rates, locations, and timing of 

and for evaluating alternative approaches for managing 

are incorrect.

Lower Colorado River and adjacent farmland in the Yuma, Arizona, area. Diversion structure in upper right is Morelos Dam, the main 
point of delivery of water to Mexico. The “Law of the River” recognizes that water can be withdrawn from the Colorado River by 
“underground pumping.” (Photograph by Andy Pernick, Bureau of Reclamation)
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Characteristics of Groundwater 
Systems and Groundwater Interactions 
with Streamflow

Aquifers and Groundwater Flow

the sediments and rocks that lie close to the Earth’s surface 

of the saturated zone is referred to as the water table, and the 
water within the saturated zone is groundwater.

water, the ability of subsurface materials to store and trans

subsurface deposits and geologic formations that are capable 
of yielding usable quantities of water to a well or spring, 

a complete geologic formation, or groups of geologic forma

aquifers means that changes in water levels from pumping 

“leaky aquifer,” is sometimes used to refer to an aquifer that 

are composed of a vertical sequence of aquifers in which an 

underlain by geologic formations, such as crystalline rock, 
whose permeabilities are so low that the formation can be 

this type are used throughout the report to illustrate many of 
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Figure 1. Groundwater 
flow paths in a multi-aquifer 
groundwater system. 
Groundwater flows from 
recharge areas at the water 
table to discharge locations 
at the stream and well. The 
residence time of groundwater 
can range from days to 
millennia (modified from Winter 
and others, 1998).
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Figure 2. Distribution of hydraulic-head contours (groundwater levels) showing groundwater-flow directions in a vertical section of a 
hypothetical water-table aquifer. Groundwater levels are measured in piezometers, which are a type of observation well having a very 
short, open interval to the aquifer at the bottom of the well. The head measurements at the group of three piezometers completed at 
different depths at location C indicate downward groundwater flow at that location, whereas head measurements at the piezometers at 
locations B and A indicate lateral and upward flow at those locations, respectively (modified from Winter and others, 1998). 

Groundwater moves continuously through aquifers from 
areas of groundwater recharge to areas of groundwater dis

downward through the unsaturated zone to the water table to 

accretion of water at the top of the saturated zone causes the 
water table to rise, and as a result, the saturated thickness 

or ceases, the water table will decline and the saturated 
thickness decrease. 

Groundwater commonly discharges to streams and wells, 

the water table lies close to land surface, such as in wetlands 

system can range from days to a few years for water recharged 
close to discharge boundaries, to millennia for water that trav

measurements of the altitude of groundwater levels made 

tive to a common datum plane, such as the National Geodetic 

energy to locations of lower potential energy and, therefore, in 

dependent on the hydraulic conductivity of the aquifer, which 

which is equal to the change in head over a unit distance, can 

change in hydraulic head between the two contours divided 



Groundwater systems are referred to as being in either 

within and along the boundaries of the system are constant 

A

are relatively small or if there is an interest in an evaluation 

recharge and discharge to the aquifers are assumed to have 

used to refer to the state of a groundwater system is dynamic 

C).

Hydraulic Properties of Aquifers, Confining Layers, and 
Streambed Sediments

depend strongly on the hydraulic properties of the aquifers 

K, is 

through a unit area of aquifer under a unit gradient of hydrau
K are length 

conductivity at a particular location depends on the character
istics of the porous material, such as the size and arrangement 
of the pores and fractures, and the density and viscosity of 
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Figure 3. Hydrologic conditions at a hypothetical observation well at which groundwater-level measurements indicate the state of 
the groundwater system. A, Steady-state system: Groundwater levels at the well do not change during the 10-year period. B, Transient 
system: Groundwater levels fluctuate with time, with the highest water levels generally occurring in the early spring and lowest water 
levels in the late summer and fall. C, System in dynamic equilibrium: Groundwater levels fluctuate throughout the year but in a pattern 
that is the same from one year to the next.
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Table 1. Aquifer properties that influence the timing of streamflow depletion.

Aquifer property
Symbol 

used
Units Definition Application

Saturated thickness b Length pores are fully saturated

K hydraulic gradient

T Length unit hydraulic gradient ( T = K × b)

Volume of water released from or taken into storage 
Ss per unit volume of aquifer per unit change in 

head 

Volume of water released from or taken into storage 
S per unit surface area of aquifer per unit change in 

head normal to that surface ( S = S  × b)s

Ratio of volume of water drainable by gravity from 
Sy saturated aquifer material to the total volume of 

that material

D Length Ratio of the transmissivity to the storage properties 
of an aquifer: T/S, K/S , or T/Ss y

dated sands and gravels and karstic limestones that typically 

differ from one location to another is said to be heterogeneous, 
whereas one in which the hydraulic conductivity is every

ral aquifer is strictly homogeneous with respect to K, aquifer 
response to stress may in some cases be represented using a 
homogeneous equivalent K
commonly include discontinuous beds of clay of low K dis
tributed within sand of higher K. Even though the contrast in 
the hydraulic conductivity between the clay and sand may be 

mated using a homogeneous K if the distribution of clay beds 
is uniform throughout the aquifer. 

K refers to hydraulic con

tion of horizontal hydraulic conductivity is Kh, and, similarly, 
vertical hydraulic conductivity commonly is designated as 
Kv

and saturated thickness at that location: 

response to hydraulic stresses, such as recharge and pump
ing, the saturated thickness and transmissivity also vary in 

tions, and also in the case where pumping wells draw water 

concept of transmissivity less useful.

layers, water is released from storage by compression of 

(Ss ) (S), which 
are related by saturated thickness:

T K b= ×

in many aquifers, Kh can be greater than Kv by a factor of 

For groundwater systems that are dominated by horizon
(T) at each location in an aquifer 

S S bs= ×



6  Streamflow Depletion by Wells—Understanding and Managing the Effects of Groundwater Pumping on Streamflow

a water table) is drainage of water stored in the pores of the 
aquifer that is released as the water table declines. Water is 

of stored water are small compared to drainage at the water 

(Sy )

depletion is aquifer hydraulic diffusivity (D), which relates the 

rials may be different from those of the underlying aquifer or 

are the hydraulic conductivity (Ks ) and thickness (ds ) of the 

of these sediments are considered to be negligible.

Groundwater and Streamflow

Streams and rivers are commonly the primary locations 
of groundwater discharge, and groundwater discharge is 

is discharged through saturated streambed and streambank 

the altitude of the water table is greater than the altitude of 
A

into the underlying groundwater system where the altitude of 

B). Stream reaches that receive groundwater 
discharge are called gaining reaches and those that lose water 

depends on the hydraulic gradient between the two water 
bodies and also on the hydraulic conductivity of geologic 

however, discharge from the aquifer to the stream is controlled 

this situation, the presence of a thick, silty streambed will 
tend to increase the hydraulic gradient between a stream and 
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Figure 4. A, Gaining stream reaches receive water from the groundwater system, whereas, B, losing reaches lose water to the 
groundwater system. C, Streamflow increases along the gaining reaches of a river and streamflow decreases along the losing reaches 
of a river when there is no direct surface-water runoff to the river (parts A and B modified from Winter and others, 1998).
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Figure 5. Disconnected stream reaches are separated from the 
groundwater system by an unsaturated zone. In A, streamflow is a 
source of recharge to the underlying groundwater system, but in 
B, streamflow and groundwater recharge have ceased (modified 
from Winter and others, 1998).

aquifer compared to the presence of a thin, sandy or gravelly 
bed, but will not affect the total amount of groundwater that is 
discharged to the stream. 

C illustrates the effects of gaining 

that a stream can have both gaining and losing reaches 
simultaneously. Moreover, because precipitation rates, 
pumping rates, and other hydrologic stresses vary with 
time, it is possible for a particular stream reach to switch 
from a gaining to a losing condition or from a losing to a 

Losing reaches occur under conditions in which the 
underlying sediments are fully saturated, as shown in 

B, or for conditions in which the sediments are 
A

that is underlain by an unsaturated zone is said to be discon

B).

precipitation that falls directly onto a stream, which is a 
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Groundwater discharge from a basaltic-rock aquifer adjacent to the Metolius River, Deschutes River Basin, Oregon.  
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  Box A: Hydraulic Diffusivity

ing well from connected surface waters and the hydraulic 

understood, but hydraulic diffusivity is a less familiar prop
D

as D = T/S, where T and S are the more familiar properties of 

water pumping propagate horizontally—but not vertically—

condition implies that the saturated thickness of the aquifer 
remains constant over time, which is not the case for uncon

ing. Nevertheless, it is often acceptable to assume that changes 
in saturated thickness caused by pumping are relatively small 

ponents within the aquifer are small compared to horizontal 

yield, Sy, as D = T/Sy .

higher values of hydraulic diffusivity than through aqui

tant to understand that it is the ratio of T and S Sy ) that 
controls the timing of depletion and not the values of T and S 

time caused by a pumping well in a system with a transmis

is typically several orders of magnitude greater than that for 

at which responses to stresses such as pumping propagate 

tion therefore generally will occur much more rapidly in 

with a relatively low hydraulic diffusivity compared to the 

pumping, but hydraulic diffusivity similarly affects ground

stresses within an aquifer is that the rate of propagation of 
a hydraulic perturbation is not the same as the velocity with 
which a volume of groundwater actually travels through an 
aquifer or the associated residence time of groundwater in the 
aquifer. Groundwater movement is nearly always substantially 
slower than the propagation of hydraulic stresses through most 
types of aquifers, particularly those that are the source of most 

 

Table A–1. Example transmissivity, storage property, and resulting hydraulic diffusivity of a confined and unconfined aquifer. 

[Saturated thickness (b) (K) (S ) –6 feet

Aquifer type
Transmissivity 

(K × b) 
[feet squared per day]

Storage coefficient 
(Ss × b) 

[dimensionless]

Specific yield  
[dimensionless]

Hydraulic diffusivity 
[feet squared per day]

–  

–

Ss and b



Characteristics of Groundwater Systems and Groundwater Interactions with Streamflow  9

Aquifer with large value 
   of diffusivity

Aquifer with small value 
   of diffusivity

EXPLANATION

Time Time

St
re

ss
St

re
ss

St
re

ss

Stress to aquifer Response some distance
from the applied stress

Re
sp

on
se

Re
sp

on
se

Re
sp

on
se

A.  Steady following an instantaneous change

B.  Episodic

C.  Cyclic

Figure A–1. Groundwater-system response to different types of stresses for two values of hydraulic diffusivity—a 
relatively large value representative of confined aquifers and a relatively small value representative of unconfined aquifers. 
Stresses to the aquifer could be pumping at a well or recharge to an aquifer. The responses shown are characteristic 
streamflow-depletion responses to pumping, but also could be water-level responses to pumping or recharge. For the 
hypothetical situation shown, the pumping stresses and streamflow-depletion responses would be in units of volume per 
time (such as cubic feet per second). Other types of stresses and resulting responses could have different measurement 
units; for example, recharge rates typically are reported in units of length per time (such as inches per year) and water 
levels in units of length (such as feet). [Rates of streamflow depletion were calculated by using a computer program 
described in Reeves (2008); hydraulic diffusivity of confined and unconfined aquifers are 100,000 and 10,000 feet squared per 
day, respectively.]
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Figure 6. Total streamflow and the estimated base-flow component of streamflow for the Hunt River near East Greenwich, Rhode 
Island, 2001. Temporally varying rates of precipitation, evaporation, and plant transpiration within the watershed result in highly variable 
rates of daily and seasonal streamflow conditions. During periods of streamflow decline, such as occurred from mid April to mid May, 
streamflow consists nearly entirely of base flow. The direct-runoff component of streamflow is the difference between total streamflow 
and base flow. (Data available from U.S. Geological Survey National Water Information System Web Interface, http://waterdata.usgs.
gov/nwis; base flow estimated by the PART computer program documented in Rutledge, 1998.)

and groundwater discharge, which is commonly referred 

during storm events, and their contributions typically 

periods between storms and during dry times of the year.

groundwater discharge varies across physiographic and 

contributions can be estimated for some streams by analysis 

river consists nearly entirely of groundwater discharge, but 

States that are underlain by highly permeable sand and gravel 
deposits that facilitate high rates of groundwater recharge and 

permeable materials.



Streamflow Response to Groundwater 
Pumping

underlying aquifer remain hydraulically connected by a con
tinuous saturated zone, and second, that the stream does not 

below the bottom of the streambed. When the stream cannot 
supply the quantity of water pumped, the stream may eventu
ally lose all of its water to the aquifer and become ephemeral. 

els decrease below the streambed, an unsaturated zone may 
develop near the locations of pumping that disconnects the 

tems in the affected areas will no longer respond to pumping. 

the issues related to disconnected systems and the factors that 

of pumping on the formation of disconnected systems. 

Time Response of Streamflow Depletion During 
Pumping

ence of time is fundamental to understanding the effects 

of groundwater development on aquifers and hydraulically 
connected surface waters. When a well begins to pump water 
from an aquifer, groundwater levels around the well decline, 
creating what is called a “cone of depression” in the water 

at the well and decrease to effectively zero decline at some 

ent that is established within the cone of depression forces 

the water pumped by the well comes from water stored in 

small, the cone of depression around a well pumping from an 

to be the only source of water to the well until the cone of 
depression reaches one or more areas of the aquifer from 
which water can be captured. Captured water consists of two 

oceans, as well as reductions in groundwater evapotranspira

C illustrates the capture of groundwater that would 
otherwise have discharged to the bounding stream. Ground
water discharge to the stream is reduced because groundwater 

by pumping, which reduces the hydraulic gradient from the 
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Groundwater pumped for 
flood irrigation of a rice field. 
Groundwater withdrawals from 
the Mississippi River alluvial 
aquifer to support agriculture 
in the Mississippi Delta region 
have resulted in groundwater-
level declines and reductions 
in groundwater discharge to 
many Delta streams (Barlow 
and Clark, 2011). 
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Figure 7. Effects of pumping from a hypothetical water-table aquifer that discharges to a stream. A, Under 
natural conditions, recharge at the water table is equal to discharge at the stream. B, Soon after pumping 
begins, all of the water pumped by the well is derived from water released from groundwater storage. C, As 
the cone of depression expands outward from the well, the well begins to capture groundwater that would 
otherwise have discharged to the stream. D, In some circumstances, the pumping rate of the well may be 
large enough to cause water to flow from the stream to the aquifer, a process called induced infiltration 
of streamflow. Streamflow depletion is equal to the sum of captured groundwater discharge and induced 
infiltration (modified from Heath, 1983; Alley and others, 1999). [Q, pumping rate at well]
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Figure 8. Effects of groundwater pumping on a hypothetical streamflow hydrograph. Top curve shows daily streamflow without 
pumping at a nearby well. Lower curve shows daily streamflow with pumping from a well located near the stream at a rate of 2.0 million 
gallons per day (about 3.1 cubic feet per second) beginning at day 30. After about day 60, the total decrease in streamflow each day is 
equal to the pumping rate of the well. 

gradient toward the stream, and the stream remains gaining. 

groundwater levels near a hydraulically connected stream 

D

in the stream becoming losing within the reach of stream in 
which the gradient has been reversed. Captured groundwater 

a result, the two processes are combined into the single term 

from pumping at a hypothetical well are illustrated for a repre

fall in response to precipitation events, but the rates of stream

pumping. For the hypothetical conditions shown, the amount 

depletion in a nearby stream. Groundwater storage is the 
primary source of water to the well soon after pumping 
begins, but its contribution to the well’s withdrawal declines 

supply (tdds )
the source of water pumped by the well will be entirely from 
depletion, with no further contributions from groundwater 
storage. When this occurs, water levels no longer decline in 

any further, and the aquifer is in a new state of equilibrium in 
which the pumping rate of the well is equal to the amount of 

of equilibrium to be attained has been called the “time to full 
capture” and can range from a matter of days to decades and 

ing rate of the well, is so long that for practical purposes it is 

depletion to pumping are the geologic structure, dimensions, 

tions and hydrologic conditions along the boundaries of the 

of these factors will be illustrated in different ways throughout 
this report, beginning with a discussion of two of the most 
important variables—the distance of a pumping well from 
a nearby stream and the hydraulic diffusivity of an aquifer. 
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Figure 9. Relation of storage 
change and streamflow 
depletion as sources of 
pumped groundwater through 
time for a hypothetical well. 
Initially, the source of water 
(or supply) to the well is 
dominated by reductions 
in aquifer storage. At later 
times, streamflow depletion 
is the dominant source of 
supply. The condition of more 
than half of the pumping rate 
coming from streamflow 
depletion is designated as 
depletion-dominated supply, 
and variable tdds is the time 
to reach the condition of 
depletion-dominated supply for 
a particular pumping location.

SDF) to quantify the relation between these two 

where d is the shortest distance between the pumped well and 
nearby stream, and D is the hydraulic diffusivity of the aquifer. 
Values of SDF have units of time.   

For a given pumping location, the value of SDF is a rela

occur relatively quickly in response to pumping from wells 
with a low value of SDF and relatively slowly in response 
to wells with a high value of SDF

of SDF

storage depletion is a source of water to the well for a longer 

,SDF d
D

2
deposits and organic materials that have a lower hydraulic 

that occurs at any given time relative to a condition in which 

condition in which streambed and streambank materials with 

aquifer interface.
Conditions that do not affect the timing of depletion also 

are worth noting. First, in most aquifer systems, the timing 

such as large reductions in aquifer thickness or the drying 
up of streams or wetlands, depletion at any given time is 
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Figure 10. A, Sources of pumped groundwater at two hypothetical well locations for pumping times of 10 and 50 years. B, Streamflow 
depletion is a much larger source of water to well B than to well A during the 50-year pumping period because well B is much closer to 
the stream (modified from Leake and Haney, 2010).

Saturated zone

Unsaturated zone

Water table

Water tableSediments

Unsaturated zone

Stream with streambed and streambank sediments 
less permeable than surrounding aquifer sediments.

Stream with streambed and streambank sediments 
the same as the aquifer sediments.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 20 40 60 80 100 120

Time, in days

No streambank or streambed
  sediments present

Streambank and streambed
   sediments presentSt

re
am

flo
w

 d
ep

le
tio

n,
 a

s 
fra

ct
io

n
of

 p
um

pi
ng

 ra
te

Figure 11. Streamflow depletion resulting from a well pumping 500 feet from a stream at a rate of 250 gallons per minute. The presence 
of streambed and streambank materials with lower permeability than the surrounding aquifer reduces the amount of streamflow 
depletion during the 120 days of pumping. [Rates of streamflow depletion were calculated by using a computer program described 
in Reeves (2008); hydraulic diffusivity of aquifer is 10,000 feet squared per day and streambed leakance, which represents resistance 
between the stream and aquifer, is 200 feet.]
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   Box B:  Ways to Express Streamflow Depletion
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Figure B–1. Streamflow depletion resulting from pumping at a 
well located 250 feet from a stream. The well is pumped at a rate 
of 1 million gallons per day (about 1.55 cubic feet per second). In 
graph A, streamflow depletion is expressed as a rate, in cubic feet 
per second; in graph B, depletion is expressed as a fraction of the 
pumping rate at the well, which is a dimensionless quantity. [Rates 
of streamflow depletion were calculated by using a computer 
program described in Reeves (2008); hydraulic diffusivity of the 
aquifer is 10,000 feet squared per day.]

these approaches are described and illustrated here to provide 
background for the discussions in the remainder of the report.

Change in streamflow rate

which is a dimensionless quantity. 

shown in units of cubic feet per second, which is the unit most 

tion caused by pumping at the well is shown in the top graph 

this case, the reporting unit is dimensionless, and the curve on 

Cumulative volume of streamflow depletion

the total volume depleted over a period of time it is necessary 
to sum the volumes of depletion that occur over shorter time 
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period, an approach would be to sum the individual volumes 

water pumped over the period of interest.

tive amount of groundwater pumped increases linearly with 

A
the graph, at any particular time, the total volume of stream

because of the delayed effect of the response of the stream to 

dimensionless fraction of total groundwater pumped is shown 

A closer look at where depletion occurs

Some situations may require detailed analyses of indi

perature are of concern or if a goal is to maintain a minimum 

tion can be reported as the instantaneous rate of depletion per 
unit length of stream, such as in units of cubic feet per second 

A.
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Figure B–2. Cumulative volume of streamflow depletion resulting 
from pumping at a well located 250 feet from a stream. The 
well is pumped at a rate of 1 million gallons per day. In graph 
A, streamflow depletion is expressed as the total (cumulative) 
volume of depletion that has occurred since the initiation of 
pumping, in million gallons; in graph B, the cumulative volume 
of depletion is expressed as a fraction of the cumulative volume 
of groundwater pumped at the well, which is a dimensionless 
quantity. [Volumes of streamflow depletion were calculated from 
the rates of streamflow depletion shown in figure B–1.] 
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Figure 12. Streamflow depletion for three wells pumping from the unconfined-aquifer system of the Hunt River Basin, Rhode Island 
(map and streamflow-depletion data modified from Barlow and Dickerman, 2001).

also can be applied to other pumping rates that do not cause 

section of the report, the timing of depletion is also indepen

is the same whether a stream is gaining or losing, that features 

on depletion, and that transient events such as changes in river 
stage or rates of aquifer recharge do not affect the timing of 

 
Case studies from aquifers in the Eastern and Western 

wells to streams, and differences in the geology and hydraulic 

aquifer is typical of many of the glacially derived aquifers of 

solidated sand and gravel sediments that are hydraulically 

were deposited by glacial meltwater within generally narrow 
river valleys bounded laterally and at depth by glacial till and 

values of transmissivity, even though they are often no more 

the streams where the valley depth and aquifer transmissivity 

few hundred feet.
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Figure 13. Streamflow depletion for hypothetical well locations A and B pumping from the Upper San Pedro Basin aquifer system, 
southern Arizona (modified from Leake, Pool, and Leenhouts, 2008.) [Well C is discussed later in the report.]

groundwater that would otherwise have discharged to the 

transmissivity of the aquifer near the wells, the time response 

valley aquifer settings of the Northeast, many aquifers of the 

. Groundwater discharge sustains perennial 
reaches in the San Pedro River and tributaries, as well as 

aquatic and terrestrial wildlife species, and also is an important 
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comprises thick alluvial deposits that occupy a structural basin 

permeable and lower, less permeable parts that are collectively 

areas near the San Pedro River where it discharges to the 
stream and springs or is evaporated or transpired by riparian 

upgradient from the streams by pumped wells.

difference in response times for pumping from this system 

response times have implications to monitoring and managing 

will be discussed later in the report. 

source of water to pumped wells that have been presented 

also relevant to the related topics of groundwater budgets and 
groundwater sustainability.
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San Pedro River below Hereford, Arizona. The riparian zone 
along the river provides abundant food, water, and cover for 
hundreds of species of birds, including the Vermilion Flycatcher. 
(Background photograph by Michael Collier)

Photograph by Bob Herrmann
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Distribution of Streamflow Depletion Along 
Stream Reaches

outward in all directions from the well, and, as a result, 
groundwater pumping affects streams and stream reaches that 
are both upgradient to and downgradient from the location of 
withdrawal. Some stream reaches will be affected more than 
others, depending on the distance of the well from the reach 

ties of the geologic materials that compose the groundwater 

some stream reaches to become losing, while other reaches 

stream direction of a basin, and if depletion is the only source 
of water to the pumped well, the rate of depletion over time 
will tend to approach the pumping rate of the well in the direc

of a single stream that receives groundwater discharge along 

simplicity, the hydraulic properties of the aquifer and stream

to the groundwater system is recharge at the water table, but 

rounding uplands and along the northern boundary of the 
simulated area. Groundwater leaves the system primarily as 
discharge to the stream but also along the southern boundary 
of the simulated area. 

constant along its entire length in the absence of pumping 
A

B
stream results from the symmetry of the system and assumed 
homogeneity of the hydraulic properties of the aquifer and 
streambed materials.

wells are located midway between the northern and south
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Figure 14. A, Cross section of a hypothetical river-valley aquifer 
with a shallow stream. B, Plan view of the water-table altitude and 
groundwater-flow directions in the aquifer with no pumping at the 
three wells. The stream receives groundwater discharge along its 
entire length (modified from Barlow, 1997).
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of the stream shown in figure 14B: In the absence of pumping, the stream receives groundwater discharge at a uniform rate along its 
entire length. Pumping from wells A and B, which are located 300 feet and 700 feet from the stream, respectively, cause induced infiltra-
tion along part of the stream, whereas pumping at well C, which is located 1,400 feet from the stream, does not. Reaches that are gain-
ing coincide with locations of groundwater discharge, whereas reaches that are losing coincide with locations of induced infiltration. 
B, Streamflow and streamflow depletion along the stream: In the absence of pumping, there is a linear increase in streamflow along the 
entire stream length. With pumping, streamflow depletion increases in the downstream direction and approaches the pumping rate of 
each well (1.55 cubic feet per second), regardless of the distance of each well from the stream. The results shown in these graphs are 
for steady-state flow conditions. Well locations are shown in figure 14. (Results from models documented in Barlow, 1997.)

Figure 15.  A, Rates of groundwater discharge (positive values) and induced infiltration (negative values) along the 12,000-foot reach 

Each well is pumped independently of the others at a rate 

separate simulations. 
A shows the distribution and rates 

of streambed seepage along the stream for pumping at the 
three wells. Seepage rates greater than zero indicate ground

tions, whereas seepage rates less than zero indicate induced 

the stream increases.

B 
depletion also occurs in both the upgradient and downgradi
ent directions from the pumped wells and that the amount of 
depletion asymptotically approaches the pumping rate of each 

to the stream, the drawdowns created at the well are larger 
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Figure 16. Groundwater-level declines (drawdowns) in the aquifer caused by, A, pumping at well A, and, B, pumping at well C. Well 
locations are shown in figure 14. (Results from models documented in Barlow, 1997.)

of the drawdown curves around each well, which results from 
the straight boundaries along the modeled aquifer and of the 
stream and the uniformity of the simulated aquifer sediments.

discharge from the C aquifer supports threatened and endan

is named for the Coconino Sandstone, which is the princi

series of springs in the lower reaches of the Little Colorado 

various reaches of the tributaries to the Little Colorado River, 
such as the lower reaches of Clear and Chevelon Creeks 

from the aquifer have been proposed from a cluster of 

tial effects of future withdrawals on groundwater discharge to 
perennial reaches in the Chevelon and Clear Creek drainages 

A and for only the lower 
B

results from the large distances of the wells from the stream 
reaches of interest and from the diffusivity of the aquifer. 

A). Of the total depletion 
A for the two scenarios, nearly all of the 
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Figure 17. Locations of perennial stream reaches and some of the wells simulated in proposed withdrawal scenarios for the C aquifer, 
northeastern Arizona (modified from Leake and others, 2005).

depletion occurs in the two reaches that are closest to the 

B). 

B

indicate that nearly all of the water pumped by the wells dur
ing the pumping period is derived from reductions in aquifer 

state condition.

far from the perennial stream reaches—recovery from shut
ting off withdrawals takes time to reach distant parts of the 

A

B). Residual pumping effects on stream
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Figure 18. Withdrawal scenarios simulated for the C aquifer, 
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Lower Clear Creek near Winslow, Arizona. (Photograph by Robert 
J. Hart, U.S. Geological Survey)



Variable and Cyclic Pumping Effects

Previous sections of this report have focused primarily 

commonly, however, pumping schedules vary with time, 

Pumping schedules can vary on hourly and daily bases in 

pumping and nonpumping cycle to meet irrigation demands. 

diffusive properties of an aquifer are to dampen the variability 

smaller in amplitude.
Groundwater withdrawals for primarily domestic and 

Massachusetts have caused substantial depletions of 

which are generally highest during the spring and summer 
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Pool and dry river bed along the Ipswich River, Reading, Massachusetts, September 2005. 
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Figure 20. Daily pumping rates and model-calculated streamflow depletion for a well pumping about 500 feet from the Ipswich River, 
Massachusetts (modified from Barlow, 2000).

depletion rates are much less than those for the pumping rates 

and variability of the pumping rates that are represented in the 
analytical model are the distance of the well from the river 

trend in groundwater withdrawals. 
Groundwater is a source of irrigation water to some of 

the most productive agricultural areas of the country, includ

streams that are in hydraulic connection with a shallow, 

largest during the irrigation season but then decrease sharply 

research, and the remaining discussion draws on contribu

agricultural supply well placed at various distances from a 

aquifer that is bounded on one side by a single river. Pump
ing to meet irrigation demands occurs from June through 

total volume of water pumped at the well during each irriga

A). For 

pumping pattern are contrasted with those resulting from a 
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Figure 21. Patterns of streamflow depletion for both seasonal and constant pumping rates. A, The constant pumping rate, shown 
by the black line, is 1 million gallons per day (1.55 cubic feet per second); the seasonal pumping rate, shown by the magenta line, is 
approximately 4 million gallons per day (6.14 cubic feet per second) during June, July, and August. Depletion rates are shown for a 
well pumping at, B, 300 feet; C, 1,000 feet; and D, 3,000 feet from the river. Streamflow-depletion rates for the constant pumping rate 
are shown by the solid black lines and for the seasonal pumping rate by the magenta lines. The hydraulic diffusivity of the aquifer is 
10,000 feet squared per day. [Rates of streamflow depletion were calculated by using a computer program described in Reeves (2008).]
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and range of depletion depend on the distance of the well 

B) but is substantially reduced as the distance of the 
C and D

increases, the cyclic pumping pattern has an effect on stream

although this constant rate of depletion is attained much more 
slowly as the distance of the well from the river is increased. 

schedules asymptotically approach a condition of annual 
dynamic equilibrium, and this condition is attained most 

and minimum depletion rates on the distance of the well 
from the river has important implications to the management 

the report.

water storage is the primary source of water to the well, and 
on an annual basis, the volume of depletion is less than the 

the annual volume of depletion approaches the annual volume 
pumped at the well, regardless of the distance of the well 

the annual volume pumped increases with distance of the well 

the river, the time required for the system to reach a new 
equilibrium is also a function of the hydraulic diffusivity 

Multiple Wells and Basinwide Analyses

ing at different locations within a groundwater system. 

neously from locations distributed throughout a groundwater 

hundreds and in some cases thousands of wells from which 
water is withdrawn. Considered individually, these wells 

together on the scale of an entire basin, these wells can have 

groundwater development typically occurs over a period 
of several decades, and the resulting cumulative effects on 

basinwide perspective to assess the effects of groundwater 

Such an approach was taken in a study of the effects 

Groundwater withdrawals from thousands of wells in these 
basins are used to irrigate crops, and the number of acres 

aquifer, with most of the wells located outside of the largely 

Groundwater pumping has had substantial effects on 

within the basins, as determined by use of a groundwater 

number of wells and total amount of withdrawals have 



30  Streamflow Depletion by Wells—Understanding and Managing the Effects of Groundwater Pumping on Streamflow

Boundary of
study area

Boundary of
active model

98°102°

42°

41°

0

0

10

10

20

20

30

30

40  MILES

40  KILOMETERS

South  Loup  River

Loup River

Platte  River

Elkhorn  River

EXPLANATION

Boundary of Sand Hills region

Streamflow point identified in figure 24
 
   Upper Elkhorn River

   South Loup River

   Loup River downstream

Location of one or more wells simulated in model

Study area

Boundary of Sand Hills region

0

0

50 MILES

50 KILOMETERS

Figure 22. Locations of simulated pumping wells in parts of the Elkhorn and Loup River Basins, Nebraska, 2009. Locations of 
streamflow points identified in figure 24 are also shown (modified from Stanton and others, 2010).

representative of conditions that occur in groundwater basins 

illustrating the underlying physical processes that occur when 
multiple wells pump from a groundwater system, it is useful to 

hypothetical system described in the previous section of the 
report, in which a single stream is bounded by an areally 

system is assumed to progress over time from areas closest to 
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Figure 23. Estimates of 
acres of cropland irrigated 
by groundwater and surface 
water, 1940 through 2005, 
Elkhorn and Loup River Basins, 
Nebraska (modified from 
Stanton and others, 2010).

Figure 24. Model-calculated 
cumulative reductions in 
stream base flow caused 
by groundwater pumping, 
Elkhorn and Loup River Basins, 
Nebraska, 1940 through 2005. 
Locations of streamflow points 
shown in figure 22 (modified 
from Peterson and others, 2008).
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Figure 25. A, Total pumping rates. B, Streamflow-depletion rates for three wells pumping at a constant rate of 1 million gallons per 
day (1.55 cubic feet per second) for different lengths of time. Well A, located 300 feet from the stream, pumps for 15 years; well B, 
1,000 feet from the stream, pumps from years 6 through 15; well C, 3,000 feet from the stream, pumps from years 11 through 15. [Rates of 
streamflow depletion were calculated by using a computer program described in Reeves (2008).]

A).
B

in response to pumping at each well individually, as well 

individual effects of pumping at each well are shown by 

of pumping at the wells, which are shown by the top curve 
on the graph, are additive—total depletion approaches a 

although the time at which this depletion rate would be fully 

evaluated here.
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Pumped Wells and Recharge Wells

is becoming an increasingly important component of many 

aquifer at a recharge well, groundwater levels near the well 

stream, the rate of groundwater discharge to the stream will 

will be equal, but opposite in sign, to the timing and rate of 

pumping, which is discussed in the section on “Superposi

Braided channel of the Platte 
River, Nebraska. 
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Figure 26. Injection of water into a recharge well increases streamflow, and the timing and rates of streamflow accretion are equal, 
but opposite in sign, to those of streamflow depletion caused by pumping. A, A well located 500 feet from a stream is pumped at a rate 
of 250 gallons per minute (0.56 cubic foot per second) for 720 days. B, The same well is recharged at a rate of 250 gallons per minute for 
720 days. C, The well is pumped for 120 days, followed by a 120-day period of recharge. [Rates of streamflow depletion and accretion 
were calculated by using a computer program described in Reeves (2008).]

A) with 

B

are mirror images of one another, and each curve tends 
asymptotically toward the pumping or recharge rate of the 

been represented as a positive quantity throughout this report, 

available for groundwater discharge to the stream.
Graph C

report for the case of multiple wells pumping from an aquifer, 
the combined effects of the pumping and recharge cycle on 

depletion caused by pumping is followed by a period of 

after recharge ends, the effects of pumping and recharge at the 
well diminish to zero. 
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Streamflow Depletion and Water Quality

One of the important concerns associated with 

groundwater discharge on the quality of affected surface 
waters. Groundwater discharge affects the chemistry of 
surface water and plays an important role in regulating 

in determining the overall health of an aquatic ecosystem 

shallow groundwater temperature at a particular location is 

as a result, groundwater discharge is typically warmer than 

the summer, and conversely, relatively warm groundwater 
discharge can protect against freezing of the water during 

of groundwater discharge to streams caused by pumping can 
warm stream temperatures during the summer and cool stream 
temperatures during the winter.

the two components of depletion—captured groundwater 

relative contribution of captured groundwater discharge 

water. Where groundwater pumping is large enough to cause 

surface water will affect the quality of water in the underlying 
aquifer and possibly that of the pumped wells themselves. 

chemical pollutants or biological constituents such as Giardia 

lamblia and Cryptosporidium, therefore, can be a source of 
contamination to a groundwater system, potentially having 
adverse effects to the health of people ingesting water 

will depend on several factors, including the natural ability 

as they move from a stream to a pumped well involves 
geochemical and biological processes that remove nutrients, 
organic carbon, and microbes from the contaminated water 

and fate of chemical and biological constituents within 
contaminated and uncontaminated aquifers have been done 

sources and pumped groundwater and to test the effectiveness 

effective method to demonstrate the hydraulic connection 

to demonstrate a hydraulic connection between surface 
water and pumped wells is provided by the results of a 

of highly permeable sand and gravel deposits. Groundwater 

average temperature of the groundwater in areas unaffected by 

into the aquifer by pumping at the production wells, became 

with the cold groundwater. 
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Figure 27. Groundwater-temperature contours in the vicinity of two well fields near the Mohawk River, New York, on September 7, 
1961. Contours are based on measurements of groundwater temperature made at 60 observation wells. Temperature of the river on that 
date was 77 degrees Fahrenheit (modified from Winslow, 1962).

Some of the factors that affect the relative contributions 

less of either the distance of the well from the stream or the 

equilibrium, when aquifer storage is no longer a source of 
water to the wells, all of the water pumped by the wells must 

are a function of both the distance of the well from the stream 
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Figure 28. Rates of streamflow depletion, captured groundwater discharge, and induced infiltration at the outflow point of a basin for 
steady-state pumping conditions at wells located 100, 300, 700, and 1,400 feet from a stream. Each well is pumped independently of the 
others at a rate of 1.0 million gallons per day in 12 separate simulations. Three rates of recharge were simulated: a high recharge rate 
(32.5 inches per year), a moderate recharge rate (26.0 inches per year), and a low recharge rate (19.5 inches per year). Total streamflow 
depletion is equal to the sum of captured discharge and induced infiltration. As shown by the results along the top (pink) curve, at steady 
state, the total rate of streamflow depletion at the basin outflow point is equal to the pumping rate of each well and is independent of 
both the distance of each well from the stream and the recharge rate to the aquifer. Rates of captured groundwater discharge (middle 
three curves) and induced infiltration (bottom three curves), however, are a function of both well distance from the stream and recharge 
rate to the aquifer. (Results from numerical model shown in figure 14 of this report and documented in Barlow, 1997.)

tion decreases. Similarly, as the recharge rate to the aquifer 

the effects of reduced groundwater discharge on the thermal 

cally, the rate of recharge affects the relative contributions of 

Other factors also affect the relative proportion of cap

the presence of impermeable boundaries and other streams), 
the hydraulic properties of the aquifer and streambank materi
als, and the penetration depths of the pumped well and stream 
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Figure 29. Pumping at the well located 300 feet from the stream at a rate of 1.0 million gallons per day 
causes induced infiltration of streamflow. More than 80 percent of the induced streamflow is captured 
by the well, but some of the induced streamflow returns to the stream through a zone of “induced 
throughflow” (Newsom and Wilson, 1988; model results from Barlow, 1997).

Several of these factors also affect the proportion of 

that have been drawn into the aquifer by pumping at the well 

aquifer actually returns to the stream downgradient from the 

of water pumped by a well, or the concentrations of chemi

analysis techniques that are more advanced than those used 

include computer programs that track water particles through 
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Common Misconceptions about 
Streamflow Depletion

depletion is needed to properly assess the effects of ground
water withdrawals on connected surface water and areas of 

are available throughout this report and also in other literature, 

tion, misconceptions regarding factors controlling depletion 

sion highlights the following common misconceptions related 

Misconception 1. 
resources from an aquifer system is 
“safe” or “sustainable” at rates up to the 
average rate of recharge.

Misconception 2. 
direction of water movement in the 
aquifer.

Misconception 3. 

Misconception 4.  

possibility of depletion of surface water 
connected to the overlying groundwater 
system.

conceptions are presented in other sections, further discussion 

Aquifer Recharge and Development of Water 
Resources

view groundwater development in an aquifer to be “sustain

aquifer. Conversely, development is considered to be unsus

result in ongoing net depletions in storage that will eventually 

an aquifer, which often occur through groundwater discharge 

is pumped from the aquifer at a given rate, that rate will be 
offset by the sum of an increase in the rate of recharge to the 
aquifer, decrease in the rate of discharge from the aquifer, 
and increase in the rate of removal of water from storage 
in the aquifer. With time, the rate of removal of water from 
storage change diminishes and the pumping rate is balanced 

decreased discharge.
Most recharge to aquifers occurs through percolation of 

a portion of precipitation from the land surface, through an 

recharge can be widely distributed over the surface area of an 
aquifer, and in more arid areas, this recharge can be focused 
in locations such as beneath arroyos where infrequent runoff 
events cause a movement of water through the unsaturated 

through the unsaturated zone is unaffected by a pumped well. 
On the contrary, one situation in which pumping can increase 
recharge occurs in areas in which the water table is at the 

A

because of a lack of available space for storage beneath the 
B

can increase recharge is when recharge occurs from direct 

water bodies and through evaporation and transpiration by 
plants that use groundwater. Groundwater pumping reduces 

ing the natural hydraulic gradients to these features. Pumping 
furthermore reduces evaporation and transpiration by lowering 
the water table below the land surface and roots of plants that 
use groundwater.

increase recharge to an aquifer, most recharge is unaffected 

pumping generally depends only on how much of the natural 

cal limits to the amount of water that can be captured, lower 

aquatic ecosystems, and capture or depletion of surface water 

ted under some regulatory systems. Similarly, depletion that 

further discussions of sustainability of groundwater resources, 
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Figure 30. One way in which groundwater pumping can increase recharge to an aquifer. A, If the water table is at land surface, 
surface runoff cannot infiltrate because of a lack of available subsurface storage space. B, The addition of a pumped well that lowers 
the water table allows runoff to infiltrate and recharge the aquifer.

Depletion and the Rates and Directions of 
Groundwater Flow

depletion is that the rates, locations, and timing of depletion 

reached in which the rate of storage change is zero and the 
entire pumping rate can be accounted for as increased recharge 

does not affect the rate of depletion was demonstrated 

rate does affect the individual components of depletion—

that even with seasonally varying recharge and discharge, 
temporal patterns of recharge and discharge do not enter into 
calculations of depletion. 

yield, and aquifer thickness, in addition to well distance from 
the stream, are the key properties that control the timing 
of depletion.

individual components of captured discharge and induced 

A B), or 
C). 

Furthermore, relative amounts of depletion in multiple streams 

D
E F).

include analytical solutions, superposition models, and 

superposition models, the natural rates and directions of 
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Figure 31. Position of a pumped well in relation to a stream or streams for configurations of various pre-pumping groundwater-
flow patterns. As long as aquifer properties are the same in each case, depletion of the steam by the pumping well would be the 
same with, A, pre-pumping flow away from the stream; B, pre-pumping flow toward the stream; or, C, no pre-pumping flow. Similarly, 
relative amounts of depletion in adjacent streams are unaffected by a groundwater divide with, D, pre-pumping flow toward each 
stream; E, pre-pumping flow from one stream to the other; or, F, no flow between streams. 
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Depletion after Pumping Stops

When a well begins to pump, water is removed from 

pumps groundwater for a period of time and then pumping 
ceases, groundwater levels will begin to recover and the cone in response to pumping—the geology, dimensions, and 

EXPLANATION
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Figure 32. Residual effects of streamflow depletion after pumping stops. A, Prior to the well being shut down, the pumping rate at the 
well is balanced by decreases in aquifer storage and by streamflow depletion, which consists of captured groundwater discharge and 
induced infiltration of streamflow. B, After pumping stops, groundwater levels begin to recover, and water flows into aquifer storage to 
refill the cone of depression created by the previous pumping stress. C, Eventually, the system may return to its pre-pumping condition 
with no additional changes in aquifer storage or streamflow depletion. [Q, pumping rate at well]
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and hydrologic conditions along the boundaries of the 

and vertical distance of the well from the stream.
Some key points relating to depletion from a well or 

wells that pump and then stop pumping are as follows:

particularly for aquifers with low diffusivity or for large 
distances between pumping locations and the stream.

Over the time interval from when pumping starts until the 

volume of depletion will equal the volume pumped.

the pumping location and the stream increase the 

but decrease the time interval until water levels are fully 
recovered after pumping stops.

Lower aquifer diffusivity and larger distances between the 

rate of depletion that occurs through time, but increase the 
time interval until water levels are fully recovered after 
pumping stops.

during which depletion occurs after pumping stops.

6. 
full recovery can be longer than the time that the well 
was pumped.
Most of these concepts are illustrated by a hypothetical 

of pumping at two possible well locations are shown in 

purpose of this analysis is to better understand the effects of 
pumping at these locations individually, not simultaneously.
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Figure 33. Hypothetical desert-basin aquifer with a through-
flowing river along the east side of the basin. In separate 
analyses, water is pumped at locations of well 1 and well 2 at a 
rate of 600 acre-feet per year for 50 years.

of recovery.
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Figure 34. Inflow from the river, outflow to the river, and total depletion rate with well 1 pumping (upper three graphs) and with well 2 
pumping (lower three graphs). Well locations in relation to the river are shown in figure 33.
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means that nearly half of the total volume of depletion 

pumping stops. For pumping at either location, ultimate deple

is toward that ultimate value.

increasing distance between pumping location and connected 

components is depletion, which represents the total reduction 
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Figure 35. Cumulative volume pumped and cumulative volume of streamflow depletion for pumping at wells 1 and 2. Well locations in 
relation to the river are shown in figure 33. 
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Effects of Confining Layers on Depletion

Various geologic features that act as conduits or barriers 

groundwater pumping and also can affect which streams are 

to aquifers are the most common type of geologic feature 
that potentially affect timing and locations of depletion. 

or nearly horizontal beds of clay, silt, or other geologic strata 
that have substantially lower hydraulic conductivity than 

slow down the progression of depletion in comparison to 

layers, and drawdown from pumping can propagate through 

Groundwater from aquifers 
beneath the Colorado Plateau 
is shown discharging at Fossil 
Springs in north-central 
Arizona. 
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of drawdown from pumping locations to distant edges of 

that the pumped aquifer is without any vertical or lateral 
connection to aquifer material that is connected to surface 

aquifers, however, is evidence that the aquifers receive water 

locations and connected streams can either slow down or 
speed up the progression of depletion, depending on the 

part of the aquifer is present along the center of the basin. 

D) are within ranges of values for these types of 

system where lowering of the water table causes pore spaces 

and aquifer thickness accounts for storage changes from 

B

near the vertical center of the aquifer.

from pumping at four locations in section A–A' at a rate of 

Comparison of depletion curves for the three cases and 

to note is that even with no clay layer present, depletion 
from pumping at depth in some locations progresses faster 
than depletion from pumping near the top of the aquifer. 

B) than from pumping 
A

because vertical hydraulic conductivity is much lower than the 

at depth can propagate more easily laterally toward the river 

the propagation of the cone of depression. 

greatly slows depletion for the deep pumping location nearer 
D

must propagate laterally around the edge of the clay layer and 

B
layer speeds up depletion from underlying pumping because 

of drawdown to the water table and, with a small storage 

to the edge of the clay layer. 

conductivity than that of aquifer material, the feature can 

B, the feature may speed 
up the progress of depletion. For systems with multiple 

understand the timing of depletion.
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Figure 36. A, Hypothetical basin-fill aquifer used to illustrate possible effects of discontinuous clay layers on timing of depletion 
in the river as a function of vertical and horizontal locations of pumping. B, Configurations of clay layers are shown for three cases. 
C, Depletion in vertical section A–A’ is shown in figure 37 for pumping locations A, B, C, and D. D, Aquifer properties are within the range 
of values typical of basin-fill aquifers, with a horizontal-to-vertical hydraulic conductivity ratio of 100 :1. Clay layers in Cases 2 and 3 
increase restrictions to vertical flow in parts of the aquifer.
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Figure 37. Computed depletion at pumping locations A, B, C, and D in vertical section A–A’ shown in figure 36C. For A, shallow distant 
pumping location A, either configuration of clay layers slows depletion in comparison to case 1. For B, deep distant pumping location B, 
pumping below the clay layer at the valley margins (Case 3) produces substantially more rapid depletion than in the case with no clay 
layers. For C, shallow close pumping location C, configurations of clay layers change depletion from the case of no clay layer by a minor 
amount. For D, deep close pumping location D, the clay layer beneath the river (Case 2) substantially slows the process of depletion.
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Approaches for Monitoring, 
Understanding, and Managing 
Streamflow Depletion by Wells

describes approaches that are used for managing stream

pumping as well as the application of techniques for modeling 
these processes.

Field Techniques

between the stream and aquifer can be measured or estimated. 

that may be affected by a well or wells. Such changes can 
most likely be detected when groundwater pumping is a 

enough time has elapsed since pumping began for depletion 

driven variations in recharge and stream stage. Changes in 

data may require comprehensive analysis of the coupled 

depletion can be grouped into the following general 
approaches, which are described in greater detail by 

Measurement of other types of data that indicate the 

stream channel but also include methods that monitor larger 

measured at observation wells or streambed piezometers, 
measurements of temperature in the stream and streambed, 

analysis of geochemical constituents or tracers, and geophysi

a long reach are more likely to be successful in detecting 

locations along a stream channel. For that reason, this discus

detect depletion. 

location over time or at a particular time at two or more loca

single site such as a streamgaging station can detect changes 

made simultaneously at two or more sites along a stream are 

gains or losses in the reaches between measurement loca

two or more measurements be made during a period in which 

First, the rate of depletion must be large enough to be detected 

“poor,” depending on the hydrologic and hydraulic conditions 

has on delaying the time of arrival and on damping the range 

not decades, for a pumping stress to be manifested in a stream. 
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Left, streamgage on the Snake 
River, near Moran, Wyoming. 
(Photograph from U.S. 
Geological Survey files) 

Above, seepage meters and in-stream piezometers deployed in 
the Shingobee River, Minnesota, to understand directions and 
rates of water movement between the stream and the underlying 
groundwater system. (Photograph by Donald O. Rosenberry, U.S. 
Geological Survey) 

Streamflow measurement on Fish Creek, Teton County, Wyoming. 
(Photograph by Jerrod D. Wheeler, U.S. Geological Survey)
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Figure 38. Location of the Beaver–North Canadian River Basin, western Oklahoma (modified from Wahl and Tortorelli, 1997). 

the predictive ability of analytical and numerical models to 

Field studies such as these typically make use of multiple 

this type include those described by Sophocleous and others 

A
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Figure 39. Long-term hydrologic data for the Beaver–North Canadian River Basin, western Oklahoma. A, Groundwater levels in 
an observation well in Texas County (1956–95). B, Total annual volume of streamflow and, C, base flow for the Beaver River near 
Guymon, Oklahoma (1938–93; modified from Wahl and Tortorelli, 1997). Location of observation well and streamgaging station shown 
in figure 38. 

North Canadian River, which at the time of the study was the 

Several sources of hydrologic and climatic data were 
analyzed as part of the study, including the measured volume 

of the streamgaging stations in the basin had decreased from 
the early to recent periods, even though precipitation records 
for the area showed no corresponding changes. Groundwater 
discharge to streams in the basin had also undergone 

B and C). 

levels that occurred in response to increased pumping 
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for irrigation, although other factors such as changes in 
farming and conservation practices in the basin also may 

Statistical studies such as these can be used in general 

might affect future depletion. Such analyses require the use of 
analytical or numerical models.

Analytical and Numerical Modeling

most widely applied approaches for estimating the effects of 

use different mathematical techniques to solve the partial 

mathematically describes the distribution of hydraulic heads 

boundary conditions such as perfectly straight streams, and 

groundwater systems that are horizontally and vertically 

used, numerical models provide the most robust approach 
for determining the rates, locations, and timing of stream

models have received substantial application and continue 

history and scope of analytical solutions for analysis of 

are described and provide background for the discussions on 

management approaches. 

Analytical Models of Streamflow Depletion 
by Wells 

initial estimate of the effects of a particular well on a nearby 

implement than do numerical models, analytical models have 

A

is underlain by sediments having a lower permeability 

impermeable bedrock.
Many, if not most, streams penetrate only a small fraction 

A
referred to as a partially penetrating stream, and both the 

A partially penetrate the 
aquifer. Partially penetrating streams and pumped wells can 

vicinity of the wells and streams and can result in water being 
captured by the wells from parts of the aquifer that are on the 
opposite side of the streams from the wells. 

B

development of the simplest and most widely applied 

developed independently and in somewhat different forms 

representation of the partially penetrating stream by one 
that fully penetrates the aquifer. Other assumptions are that 

stream that is straight and in perfect hydraulic connection with 

when it can be assumed that drawdowns caused by pumping 
at a well are small compared to the initial saturated thickness 

“Glover solution” or “Jenkins’ approach” and, because it has 
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Figure 40. A, Hypothetical river-valley aquifer with a single pumping well. B, Simplified conceptualization of the same river-valley 
aquifer for the Glover analytical solution. [d is distance from well to nearest stream and Qw is pumping rate at well]
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  Box C: Glover’s Analytical Solution and Jenkins’ Stream Depletion Factor (SDF)

compared to the initial saturated thickness of the aquifer.

because variations in temperature affect the hydraulic conductivity of streambed and aquifer sediments.

6. 

B

ematically as Q ), and is equal to the product of the pumping rate of the well, Qw, and a mathematical function referred to as the 
complementary error function, erfc z( ): 

 Q Q erfc zs w ( ) C1)

Variable z in this equation is equal to ( ) ( )d S Tt2 4 , in which d is the shortest distance of the well to the stream, S is the 
T is the transmissivity of the aquifer, and t is the 

time. Note that the ratio S T D T S
A

d D2 , which is equivalent to ( ) ( )d S T2

SDF.” Jenkins’ SDF has the units of time, such as seconds or days, 
T

C, the SDF

B
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SDF is that it can be calculated for every location in an aquifer. Wells pumping at the same 
rate and with the same pumping schedule at any location having a particular SDF value will have an equal effect on stream

C illustrates a map of 

SDF
A

B
SDF mapping approach 

SDF 

recently, alternative approaches to the SDF methodology have been developed to map aquifer locations having equal effect on 
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Figure C–1. A, Rate and, B, cumulative volume of streamflow depletion caused by pumping at two wells located 250 feet (well A) and 
500 feet (well B) from a stream. Rates of streamflow depletion were calculated by use of the Glover equation (C1), as implemented in the 
computer program described in Reeves (2008); cumulative volumes were calculated by adding the daily rates of streamflow depletion. 
Each well is pumped independently of the other at a rate of 1 million gallons per day from an aquifer having a hydraulic diffusivity of 
10,000 feet squared per day. C, Contours of stream depletion factor for the aquifer.
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Figure 41. Alternate conceptualizations of stream-aquifer systems for which analytical solutions have been developed. A, Single-
layer aquifer with a partially penetrating stream. B, Leaky-aquifer system with flow through a low-permeability confining layer from an 
underlying aquifer. C, Leaky-aquifer system with flow from an overlying confining layer (modified from Reeves and others, 2009). [Qw  is 
pumping rate at well]

many additional solutions have been derived to represent more 

a stream and a lateral impermeable boundary that is parallel 
to the stream. Such an approach would be needed to represent 
the well pumping between the stream and the impermeable 

A. Other solutions have 

Several authors have demonstrated that the assump
tions that a stream is in perfect hydraulic connection with the 

ary due to streambed materials having a lower hydraulic con

based on a conceptualization of a fully penetrating stream. 

allow both streambed resistance and partial penetration of the 
A). Simulating the stream as 

partially penetrating the aquifer allows for the propagation of 



important assumption common to all of these approaches is 
that the groundwater level in the aquifer at the stream remains 
above the streambed, such that the stream does not become 
disconnected from the underlying aquifer. 

B
developed analytical solutions for the condition in which the 

that provides a source of leakage to the underlying pumped 
C). 

source of water to the well.

applicability of analytical solutions to conditions that 

unable to address many of the complicating factors that 

have multiple tributaries. Moreover, even solutions that have 

A

the use of analytical solutions for many practical applications, 
particularly basinwide analyses in which multiple wells pump 

methods are needed. 
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Winding channel of the Washita River between Anadarko and Chickasha, Oklahoma. 
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Numerical Models of Streamflow Depletion by 
Wells

a single straight stream, yet the system shown includes a 
stream and two tributaries, each with irregular geometry. 
Similarly, analytical solutions would not be able to account 
for effects of the irregular edges of the aquifer. When faced 

Numerical groundwater models are the most powerful tools 

of aquifers.

Nonlinearities, such as boundary conditions and 
aquifer properties that change with changes in 
groundwater levels.

from areas of recharge, through an aquifer or an aquifer 
system, to streams and other features where groundwater 
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   of stream
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EXPLANATION
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Figure 42.  A, Part of a hypothetical stream-aquifer system. B, Representation of that system with a finite-difference model grid 
consisting of 26 rows, 22 columns, and 2 layers of rectangular finite-difference blocks.
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simulate depletion, as long as the program carries out rigorous 

B

each grid cell, and locations of boundaries occur either at the 

tions of features such as the edges of the aquifer, streams, and 
B

will allow more accurate representation of locations of these 

represent the aquifer in the vertical dimension.

Steady-State Flow Models

three steps as follows:

Step 1. Run the model without pumping by a well or 

Step 2. Run the model with pumping by a well or wells 

rates to and from stream segments.

Step 3. 

streams.

cannot address the timing of depletion but is useful in under
standing which features would ultimately be affected by the 

St
re

am Stream,
33 gallons per
minute

Tributary 1,
21 gallons per
minute

Tributary 2,
46 gallons per
minute

Ultimate or steady-state depletion
of three surface-water features

well A

Plan view of portion of aquifer around well A (fig. 42). 
In this example, well A is assumed to pump at a rate 
of 100 gallons per minute.
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Figure 43. Possible ultimate rate of depletion of different surface-water features by pumping well A at a rate of 100 gallons per minute 
until steady-state conditions are reached.
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Transient Flow Models

components at discrete intervals of time, called “time steps.” 

of change in aquifer storage is a component in model water 

the aquifer would be recharge to the aquifer surface, lateral 

ments to the aquifer, and the rate that water is released from 

stream segments, discharge by wells, and the rate that water 

storage would not occur as a result of pumping, but it is a 

budget components are varying through time. 

runs with and without pumping, and computing differences in 
corresponding components.

Simulated Features that can be Affected by Groundwater 
Pumping

many models simulate additional features including rivers, 
lakes, springs, wetlands, and evapotranspiration areas. Evalua

 

simulate features from which capture may occur. 

Packages. For any given pumping location, total capture may 

evapotranspiration capture and no capture of spring discharge 

are the only approach to compute capture from different feaPh
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Republican River below McCook, Nebraska. The Republican River 
Compact Administration groundwater model is used to assess 
groundwater consumptive use in Kansas, Colorado, and Nebraska 
(http://www.ksda.gov/ interstate_water_issues/content/142 ). 
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Table 2. Select MODFLOW packages for representing boundary conditions in which pumping may increase inflow to the aquifer or 
decrease outflow from the aquifer.

MODFLOW
package

Common uses Possible responses to pumping Comments

water features
 

Streams, rivers, other 
 

features

 
boundary and aquifer is proportional to difference 
between boundary head and aquifer head

Streams, rivers  
streams, streams may go dry

Rivers, streams that do 
not go dry

 
a river, seepage rate to aquifer becomes steady if 
groundwater level drops below bottom of stream
bed sediments

springs level drops below drain altitude

Lakes  Can calculate lake stage, maintains mass balances of 
lakes, lakes may go dry

Evapotranspira Groundwater  
evapotranspiration

Evapotranspiration ceases if groundwater level 

is constant with groundwater levels above another 

Evapotranspiration capture

Streamflow depletion
Total capture = Streamflow depletion + Evapotranspiration capture

Storage change
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Figure 44. Model-computed 
streamflow depletion, 
evapotranspiration capture, 
and total capture for location 
of hypothetical well C (see 
figure 13) in the Upper San 
Pedro Basin, Arizona.
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In addition to depleting streamflow, groundwater pumping can capture groundwater that otherwise would be used by plants 
(phreatophytes). Riparian trees, shown here, use shallow groundwater along the channel of the Mojave River in California.
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Superposition Models

tion, superposition models are an intermediate approach 

groundwater models do not simulate natural movement of 

these models directly compute change in head and change 

from a boundary representing a stream is a direct calculation 

is not simulated, superposition models cannot determine if 
the depletion represents reduced groundwater discharge to the 

by a superposition model is a direct calculation of the reduced 
availability of surface water in the stream.

applies to groundwater systems that respond linearly to 

tial changes in aquifer saturated thickness and corresponding 

below the base of a streambed so that the stream is no longer 

spring or reach of a stream. Many aquifer systems respond 
linearly to some range of lower stresses, and superposition 

depletion of the lower Colorado River using superposition 
models that were representative of aquifer material of uniform 

geometry and aquifer properties are treated simplistically as 

of horizontal aquifer and river geometry are represented in 
greater detail than would be possible by an analytical solu

models and are useful in gaining an initial understanding of 
the possible timing of depletion. For details on how to set up 

a groundwater model to compute changes using superposi

present methods of representing nonlinear boundaries in 
superposition models.

Simulating the Effects of Other Boundary Conditions on 
Streamflow Depletion

aquifer occurs through these rocks, the interface could be rep

boundary cell and the model will compute head at these cells, 

level for each boundary cell, and the model will compute 

head in the connected model cells. No matter which boundary 

ing wells is a potential problem in calculations of depletion. 

water boundaries and the natural boundary of the edge of the 

not likely to affect calculations of depletion by pumping well 

location would result in an overestimation of the progression 
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downstream boundary.

groundwater processes in the particular watershed, a common 
practice is to represent the bounding groundwater divides as 

possible result of added pumping in the watershed, however, is 

using a representation of divides that can move in response 

groundwater divides, the best approach is to make the domain 
of the model large enough so that model boundaries are not 

at this location probably would not reach the boundaries of the 

the drawdown, storage change, and depletion that should 

Response Functions and Capture Maps

Response functions characterize the unique functional relation 
between pumping at a particular location in an aquifer and the 
resulting depletion in a nearby stream and provide hydrolo

particular stream or stream reach will respond to pumping 

ent names), all response functions have the common charac

from a change in pumping rate at a single well, independently 
of other pumping or recharge stresses that may be occurring 
simultaneously within the aquifer

combined effects of several factors, including the distance of 
the well from the stream, the geometry of the aquifer system 
and stream network, the hydraulic properties of the aquifer and 
streambed materials, and the vertical depth of pumping from 
the aquifer. 

ing at a particular well, but this approach is often not techni

simulated response functions are shown as either the rate or 

pumping at a particular rate or, alternatively, as dimensionless 
fractions of the pumping rate or total volume of withdrawal 

tions as dimensionless quantities is particularly useful when 

the dimensionless quantities are constants whose values are 
independent of the particular pumping rate used for their cal

tion response functions, it should be noted that response functions also can 
be generated for other types of variables that describe the state of a ground
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Figure 45. Five adjacent watersheds in north-central Michigan overlying a groundwater system. Pumping locations A and B are both 
within watershed 1, but construction of a model to compute depletion for a well at location A will require inclusion of some adjacent 
watersheds in the model domain (modified from Reeves and others, 2009).

water level near the stream.
Response functions that characterize total depletion of 

are referred to here as “global response functions.” Con
versely, response functions that characterize depletion in a 
particular stream or segment of a stream are referred to as 
“local response functions.” Furthermore, “transient response 
functions” characterize depletion through time until some 

characterize ultimate depletion without regard to the time 
required to reach that state. Some key points relating to these 
types of response functions are as follows:

fraction of pumping rate will start at zero at the onset of 

B



68  Streamflow Depletion by Wells—Understanding and Managing the Effects of Groundwater Pumping on Streamflow

Local transient response functions may trend toward a 

locations in addition to the stream or segment of interest.

pumping location. 

assuming that streams are the ultimate source of pumped 
water. 

6. 
all stream segments affected by a pumped well is equal 

Concepts relating to global and local, transient and 

A for three wells in the watershed 

well C is smallest because it is furthest from the stream net
B

B

main stem in response to pumping at each of the three wells. 

tions for only a few locations is to show maps of the spatial 
distribution of values of response functions for large regions 

depletion within a large set of possible pumping locations 

been to show values of the global transient response function 

of capture maps is to help convey an understanding of the 
effects of well placement on depletion in areas of interest 
and to provide a possible tool for use in siting new wells or 
recharge facilities. 

represent actual physical features must be at distances such 
that they do not affect calculated depletion. For details on 

also includes minor components of reductions in groundwater 

A) 
B), pumping in the area shaded in the 

that time. Similarly, depletion from pumping in the darkest 
red area on each map indicates depletion would be between 

that depletion from pumping nearer the rivers is greater than 

however, amounts of depletion vary along the streams. Leake, 

patterns shown to spatial variations in aquifer geometry and 

between some pumping locations and connected streams may 
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Figure 46. A, Diagram of transient response functions for the outflow point of the basin after 10 years of pumping. B, Diagram of 
steady-state response functions for a tributary stream to the main stem (modified from Leake and others, 2010).

sion of depletion through time, with substantially more areas 

maps for increased pumping time would be more red, and 

would be reached for any pumping location, the map would be 
solid red. 

models to map lines of equal depletion as a fraction of volume 

approach are provided for the Eastern Snake River Plain aqui

also possible to construct maps showing the time it would take 

of the aquifer and in places along the east and west margins of 



70  Streamflow Depletion by Wells—Understanding and Managing the Effects of Groundwater Pumping on Streamflow

Major roads

0Less

More

Total capture,
as a fraction

of pumping rate

EXPLANATION

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

A. 10 years

0 10 KILOMETERS

0 5

5

10 MILES

3450000 3450000

3400000 3400000

550000

600000

Base from U.S. Geological Survey digital data, 1:100,000,1982
Universal Transverse Mercator projection, Zone 12, NAD83

M
ule

M
ountains

Huachuca  M
ountains

ARIZONA

SONORA

M
ule

M
ountains

Huachuca  M
ountains

Babocomari   
  River

San
Pedro

River

Fort Huachuca

Tombstone

Charleston

Palominas
Bisbee

Sierra
Vista

Perennial and ephemeral streams
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Leenhouts, 2008).



Approaches for Monitoring, Understanding, and Managing Streamflow Depletion by Wells  71

0Less

More

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Major roads

EXPLANATION

0 10 KILOMETERS

0 5

5

10 MILES

3450000 3450000

3400000 3400000

550000

600000

Base from U.S. Geological Survey digital data, 1:100,000,1982
Universal Transverse Mercator projection, Zone 12, NAD83

M
ule

M
ountains

Huachuca  M
ountains

ARIZONA

SONORA 

M
ule

M
ountains

Huachuca  M
ountains

Babocomari   
  River

San
Pedro

River

Perennial and ephemeral streams

Fort Huachuca

Tombstone

Charleston

Palominas Bisbee

Sierra
Vista

Total capture,
as a fraction

of pumping rate

B. 50 years

Figure 47. Continued.
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Pedro Basin, Arizona, when streamflow depletion exceeds half of the pumping rate.
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Management of Streamflow Depletion 

is one of the most common and often one of the most chal

depletions is substantially different from those caused by a 

between when a well begins to pump and when the impacts of 

range from days to decades, and in some cases the full impact 
of pumping may not be realized within a period of time that is 

tem. Moreover, unless the pumping site is located very close 

pumping stops because of the residual pumping effects on 

Other factors, such as determining the locations of 

upstream and downstream from the point of withdrawal, and 

aquifers are tapped by large numbers of wells, and it may not 
be possible to accurately determine the history of groundwa

effects caused by pumping from many wells that need to be 

for large rivers. Finally, aquifers are hidden from view, and 

individual well. 

often want to understand how pumping rates and pumping 
schedules might be managed to control the effects of pumping 

have been illustrated in this report, such as the generation 
of response functions and capture maps by use of numerical 

ing schedules at individual wells also are useful to determine 
how aquifer properties and well distance may affect the timing 

for three irrigation wells pumping at various distances from a 

management problem, which is to determine pumping sched

an evaluation is made of a single, hypothetical stream that is 
in hydraulic connection with an aquifer that is pumped from 

from two possible well sites to meet their irrigation require

or not pumping rates can be determined for the two wells to 

depletion caused by different combinations of pumping rates 

at the two wells to meet the irrigation demand are shown in 

not met for a short period of time at the end of each pump

est effect occurring for the case in which all of the withdrawal 

response functions for each well, which in this case result 
from differences in the distance of each well from the stream.

interest, alternative pumping rates can be tested relatively eas
ily to determine if pumping schedules can be found that simul

this becomes impractical however for a typical hydrogeologic 
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Figure 49. Streamflow for a hypothetical stream-aquifer system for different pumping conditions. Hydraulic diffusivity of aquifer is 
10,000 feet squared per day. Wells are located 300 feet (well A) and 1,000 feet (well B) from the stream. [Rates of streamflow depletion 
were calculated by using a computer program described in Reeves (2008), which includes the Glover analytical model. The calculated 
depletion rates were then subtracted from the streamflow hydrograph without pumping (top curve on the figure) to determine the 
resulting decreased rates of streamflow. Mgal/d, million gallons per day]

setting in which there are multiple pumping wells and mul

often, an analytical model) is combined with a mathematical 
optimization technique to identify pumping schedules that best 

system, whereas the optimization model accounts for the 
were considering more than a dozen alternative minimum 

basin was linked with an optimization model that represented 

could be pumped from more than a dozen wells in the basin. 

several times to determine a range of optimal withdrawal rates 

at the four stream sites. Not surprisingly, the results of the 



 at each of the four stream 
sites. For this proposed standard, an average annual pumping 

the overall results of the study could be anticipated without a 
model—that is, that groundwater development would decrease 

pumping at each of the wells, and therefore from the basin as 

the unique hydrogeologic and hydrologic conditions within the 
basin and the distribution of the pumping wells relative to the 

offset the effects of withdrawals, such as was illustrated in 

Minimum streamflow requirement, in cubic feet per 
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Av
er

ag
e 

an
nu

al
 p

um
pi

ng
 ra

te
 fr

om
 a

ll 
w

el
ls

, i
n

m
ill

io
n 

ga
llo

ns
 p

er
 d

ay

A

0.80.2 0.3 0.4 0.5 0.6 0.7 0.8
0

17

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Increasing restriction on streamflow depletion

Figure 50. Example application of simulation-optimization 
modeling to determine trade-offs between minimum streamflow 
requirements and maximum groundwater pumping rates, Big River 
Basin, Rhode Island (modified from Granato and Barlow, 2005). 

Lateral-move irrigation 
system used on turf farms, 
Pawcatuck River Basin, Rhode 
Island. Concerns about the 
effects of groundwater and 
surface-water withdrawals 
on aquatic habitat in the basin 
prompted local, State, and 
Federal agencies to explore 
water-management strategies 
that minimize the effects of 
withdrawals on aquatic habitat 
(Breault and others, 2009). 
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Conclusions

decades have made important contributions to the understand
ing of the processes and factors that affect the timing, loca

primary conclusions can be drawn from this research and the 

Sources of water to a well:
well are reductions in aquifer storage, increases in the rates 

systems, the primary components of capture are groundwater 
that would otherwise have discharged to a connected stream 

tion, but if pumping rates are relatively large or the locations 

depletion. 
 Reductions in 

aquifer storage are the primary source of water to a well dur

depletion increases with time as the hydraulic stress caused by 

or more areas of the aquifer from which water can be captured. 

to a well is referred to as the time to full capture.
 Many factors 

ture, dimensions, and hydraulic properties of the groundwater 

boundaries of the groundwater system, including the streams 

depletion will occur more rapidly for a well pumping rela
tively close to a stream from an aquifer having a relatively 
high value of hydraulic diffusivity and less rapidly for a well 
pumping far from a stream from an aquifer having a relatively 

distance from the stream, are the key properties that control 

whereas the time to full capture for wells pumping from 

to centuries). 
Various geologic 

water pumping and also can affect which streams are affected 

silt, or other geologic materials that are of substantially lower 

layers can slow down the progression of depletion in compari

ally increase the depletion process relative to a condition in 
which the beds are absent.

term average or transient rates of recharge to an aquifer 

an aquifer) will not affect the total amount of depletion that 
results from pumping a well, because the sources of capture 
to a well result from changes in the predevelopment recharge 
and discharge rates to or from an aquifer and not the absolute 

can be captured by a well, it cannot be assumed that the total 
amount of groundwater development from an aquifer system 

dependent on the total amount of water in the stream and the 

do affect the relative contributions of captured groundwater 

rates of captured groundwater discharge, whereas relatively 
low rates of recharge will result in relatively high rates of 
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reaches:
in streams and stream reaches that are both upgradient and 

more than others, depending on the distance of the pumped 

and hydraulic properties of the sediments that compose the 

of a basin, and the total amount of depletion in the direction 

tend toward the total pumping rate of the well or wells that 
pump from the basin.

Disconnected and dry stream reaches: 
assumptions that have been made throughout the report are 
that the stream and underlying aquifer remain hydraulically 
connected by a continuous saturated zone and that the stream 

levels can be drawn down below the bottom of the streambed 
and the stream may eventually lose all of its water to the 

a well or wells in the aquifer. 

depletion continues after pumping stops because it takes time 
for groundwater levels to recover from the previous pump

stopped. Eventually, the aquifer and stream may return to 

well was pumped. Over the time interval from when pumping 
starts until the system fully recovers to its prepumping levels, 

water pumped.
Variable- and cyclic-pumping effects: Pumping schedules 

depletion are less variable and smaller in amplitude than the 

distance of the pumped well increases from a stream or the 
diffusivity of the aquifer decreases, and at some distance the 

indistinguishable from a constant pumping pattern at a cycle 

Basinwide analyses: Many groundwater basins have 

effects of many wells within a basin can combine to produce 

over, basinwide groundwater development typically occurs 
over a period of several decades, and the resulting cumulative 

history of development, it is often necessary to take a basin
wide perspective to assess the effects of groundwater with

 Many of the 

that the two components of depletion—captured groundwater 

important implications to the resulting quality of the water 
in the stream, in the aquifer system, and pumped from wells. 

whereas numerical models, particularly those that can track 
particles of water through a groundwater system or can simu

Field methods for identifying and monitoring stream-

lected over a period of many years to test correlations between 

sive effects of a groundwater system that delay the arrival and 
reduce the peak effect of a particular pumping stress. 

depletion: 

conditions. Some of the important limitations of analytical 
solutions are that they cannot adequately represent aquifer 



78  Streamflow Depletion by Wells—Understanding and Managing the Effects of Groundwater Pumping on Streamflow

heterogeneity, the presence of multiple streams or com

dimensional geometries. Nevertheless, analytical solutions 
provide insight into several of the factors that affect stream

the effect of a particular well on a nearby stream.

depletion: Numerical models are the most robust method for 

depletion caused by pumping because they are capable of han

detailed, basinwide water budgets that account for the effects 

all types of hydrologic features, including streams. Numerical 

functions and capture maps. Response functions characterize 
the unique functional relation between pumping at a particu
lar location and the resulting depletion in a nearby stream or 
stream network, independently of other pumping or recharge 
stresses that may be occurring simultaneously within the aqui
fer. Capture maps, which are a type of response function, show 

regions of an aquifer, and provide a visual tool to illustrate the 

large set of possible pumping locations within an aquifer.
 Managing stream

begins and when the effects of that pumping are realized in 

to pumping at each well individually and at all wells simul
taneously. Numerical models are the most effective means 

determine whether or not pumping schedules can be manipu

tions in which many wells pump from the same basin, the use 
of numerical models can be enhanced by their coupling with 
management models that identify the optimal pumping strate

Depletion of other hydrologic features: Most aquifer sys

through geologic materials and discharging to streams, 
springs, rivers, and wetlands, and by plants that use ground

has been on the effects of pumping on connected streams, 
although most of the discussion that has been presented is 
equally applicable to other connected features. 
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Groundwater provides more than 40 percent of California’s drinking
water. To protect this vital resource, the State of California created
the Groundwater Ambient Monitoring and Assessment (GAMA)
Program. The Priority Basin Project of the GAMA Program provides a
comprehensive assessment of the State’s groundwater quality and
increases public access to groundwater-quality information. The
Tahoe and Martis Basins and surrounding watersheds constitute one
of the study units being evaluated.

The Tahoe-Martis Study Unit

The Tahoe-Martis study unit is approximately 460
square miles and includes the groundwater basins on
the south, north, and west shores of Lake Tahoe, and
the Martis Valley groundwater basin (California
Department of Water Resources, 2003). The study
unit was divided into three study areas based
primarily on geography: the Tahoe study area
composed of the three Tahoe Valley basins, the
Martis study area, and the Hard Rock study area
composed of the parts of the watersheds surrounding
the basins (Fram and others, 2009).
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fractured granitic rocks in the south and fractured
volcanic rocks in the north. Aquifers composed of
different materials commonly contain groundwater
with different chemical compositions.

The primary aquifers in the study unit are defined as
those parts of the aquifers corresponding to the
screened or open intervals of wells listed in the
California Department of Public Health database. In
the Tahoe study area, these wells typically are drilled
to depths between 175 and 375 feet, consist of solid
casing from land surface to a depth of about 75 to
125 feet, and are screened or open below the solid
casing. In the Martis study area, these wells typically
are 200 to 900 feet deep, and are screened or open
below 75 to 300 feet. Water quality in the shallower
and deeper parts of the aquifer system may differ
from that in the primary aquifers.The Hard Rock
study area includes wells and developed springs.

The Tahoe-Martis study unit has warm, dry summers
and cold, wet winters. Average annual precipitation
ranges from 30 inches at Lake Tahoe to 80 inches in
the surrounding mountains, and the majority of
precipitation falls as snow. Land use in the study unit
is approximately 88 percent (%) undeveloped
(forests, grasslands, and bare rock), and 12% urban.
The undeveloped lands are used mostly for
recreation. The largest urban areas are the cities of
South Lake Tahoe and Truckee.

Municipal and community water supply accounts for
nearly all of the total water use in the study unit, with
most of the remainder used for recreation, including
landscape irrigation and snow-making. Groundwater
provides nearly all of the water supply in the study
unit, with limited use of surface water in some areas.
Recharge to the groundwater flow system is mainly
from mountain-front recharge at the margins of the
basins, stream-channel infiltration, and direct
infiltration of precipitation. Groundwater leaves the
aquifer system when it is pumped for water supply or



flows into streams and lakes.

Overview of Water Quality

GAMA’s Priority Basin Project evaluates the quality of
untreated groundwater. However, for context,
benchmarks established for drinking-water quality are
used for comparison. Benchmarks and definitions of
high, moderate, and low concentrations are discussed
in the inset box.

Many inorganic constituents occur naturally in
groundwater. The concentrations of the inorganic
constituents can be affected by natural processes as
well as by human activities. In the Tahoe-Martis study
unit, one or more inorganic constituents were present
at high concentrations in about 20% of the primary
aquifers and at moderate concentrations in 13%.

Human-made organic constituents are found in
products used in the home, business, industry, and
agriculture. Organic constituents can enter the
environment through normal usage, spills, or
improper disposal. In this study unit, one or more
organic constituents were present at high
concentrations in about 1% of the primary aquifers
and at moderate concentrations in about 1%.



RESULTS: Groundwater Quality in the
Tahoe-Martis Study Unit



Inorganic Constituents with Human-Health
Benchmarks

Trace and minor elements are naturally present in the
minerals in rocks and soils, and in the water that
comes into contact with those materials. In the
Tahoe-Martis study unit, trace elements were present
at high concentrations in about 19% of the primary
aquifers, and in moderate concentrations in about
4%. Arsenic was the trace element that most
frequently occurred at high and moderate
concentrations. Three trace elements with non-
regulatory health-based benchmarks, boron,
molybdenum, and strontium, also were detected at
high concentrations.

Radioactivity is the emission of energy or particles
during spontaneous decay of unstable atoms.
Humans are exposed to small amounts of natural
radioactivity every day. Most of the radioactivity in
groundwater comes from decay of naturally occurring
uranium and thorium in minerals in the rocks or
sediments of the aquifers. Radioactive constituents
occurred at high levels in about 3% of the primary
aquifers, and at moderate levels in about 12%. Gross
alpha particle and radon-222 activities were the
radioactive constituents that most frequently occurred
at high and moderate levels.

Nutrients, such as nitrogen, are naturally present at
low concentrations in groundwater. High and
moderate concentrations generally occur as a result
of human activities. Common sources of nutrients
include fertilizer applied to crops and landscaping,
seepage from septic systems, and human and animal
waste. In the Tahoe-Martis study unit, nutrients were
not detected at high or moderate concentrations in
the primary aquifers.

Inorganic Constituents with Non-Health
Benchmarks



(Not included in water-quality overview charts shown)

Some constituents affect the aesthetic properties of
water, such as taste, color, and odor, or may create
nuisance problems, such as staining and scaling. The
State of California has a recommended and an upper
limit for total dissolved solids (TDS). All water
naturally contains TDS as a result of the weathering
and dissolution of minerals in soils and rocks. Iron
and manganese are naturally occurring constituents
that commonly occur together in groundwater. Anoxic
conditions in groundwater (low amounts of dissolved
oxygen) may result in release of manganese and iron
from minerals into groundwater.

In the Tahoe-Martis study unit, TDS was present at
high concentrations (greater than the upper limit) in
about 8% of the primary aquifers, and at low
concentrations (less than the recommended limit) in
about 92% of the primary aquifers. Manganese, with
or without iron, was present at high concentrations in
about 14% of the primary aquifers.

Perchlorate

(Not included in water-quality overview charts shown)

Perchlorate is an inorganic constituent that has been
regulated in California drinking water since 2007. It is
an ingredient in rocket fuel, fireworks, safety flares,
and other products, may be present in some
fertilizers, and occurs naturally at low concentrations



in groundwater. Perchlorate was not detected in the
primary aquifers.

Organic Constituents

The Priority Basin Project uses laboratory methods
that can detect the presence of low concentrations of
volatile organic compounds (VOCs) and pesticides, far
below human-health benchmarks. VOCs and
pesticides detected at these low concentrations can
be used to help trace water from the landscape into
the aquifer system.

Volatile Organic Compounds with Human-



Health Benchmarks

VOCs are in many household, commercial, industrial,
and agricultural products, and are characterized by
their tendency to volatilize (evaporate) into the air.

Solvents are used for a number of purposes, including
manufacturing and cleaning. In the Tahoe-Martis
study unit, solvents were present at high
concentrations in about 1% of the primary aquifers.
The solvent detected at high concentrations was
tetrachloroethylene (PCE), which mainly was used in
dry-cleaning businesses. Solvents were present at
moderate concentrations in about 1% of the primary
aquifers, and at low concentrations (or not detected)
in about 98%.

Other VOCs include trihalomethanes, gasoline
additives and oxygenates, refrigerants, and organic
synthesis reagents. Trihalomethanes form during
disinfection of water supplies, and may enter
groundwater by the infiltration of landscape irrigation
water, or leakage from distribution lines. Gasoline
additives and oxygenates increase the efficiency of
fuel combustion. Other VOCs were not detected at
high or moderate concentrations in the primary
aquifers. Trihalomethanes and gasoline oxygenates
were detected at low concentrations in the primary
aquifers.

Pesticides with Human-Health Benchmarks

Pesticides, including herbicides, insecticides,
fungicides, and fumigants, are applied to crops,
gardens, lawns, around buildings, and along roads to
help control unwanted vegetation (weeds), insects,
fungi, and other pests. In the Tahoe-Martis study
unit, pesticides were not detected at high or
moderate concentrations in the primary aquifers.
Herbicides were occasionally detected at low
concentrations.

BENCHMARKS FOR EVALUATING



GROUNDWATER QUALITY

GAMA’s Priority Basin Project uses benchmarks
established for drinking water to provide context for
evaluating the quality of untreated groundwater. After
withdrawal, groundwater may be disinfected, filtered,
mixed, and exposed to the atmosphere before being
delivered to consumers. Federal and California
regulatory benchmarks for protecting human health
(Maximum Contaminant Level, MCL) were used when
available. Nonregulatory benchmarks for protecting
aesthetic properties, such as taste and odor
(Secondary Maximum Contaminant Level, SMCL), and
nonregulatory benchmarks for protecting human
health (Notification Level, NL, and Lifetime Health
Advisory, HAL) were used when Federal or California
regulatory benchmarks were not available.

High, moderate, and low concentrations are
defined relative to benchmarks

Concentrations are considered high if they are greater
than a benchmark. For inorganic constituents,
concentrations are moderate if they are greater than
one-half of a benchmark. For organic constituents
and perchlorate, concentrations are moderate if they
are greater than one-tenth of a benchmark; this
lower threshold was used because organic
constituents are generally less prevalent and have
smaller concentrations relative to benchmarks than



inorganic constituents. Low values include
nondetections and values less than moderate
concentrations. Methods for evaluating water quality
are discussed in Fram and Belitz (2012).

Factors that Affect Groundwater Quality

In the Tahoe-Martis study unit, arsenic was the
constituent that most frequently occurred at high
concentrations. About 18% of the primary aquifers
had arsenic concentrations greater than the human-
health regulatory benchmark Federal MCL) of 10 μg/L
(micrograms per liter). Natural sources of arsenic to
groundwater include dissolution of arsenic-bearing
sulfide minerals, desorption of arsenic from the
surfaces of manganese- or iron-oxide minerals (or
dissolution of those oxide minerals), and mixing with
geothermal waters (Welch and others, 2000).



In the Tahoe-Martis study unit, elevated arsenic
concentrations likely are caused by two different
processes (Fram and Belitz, 2012). In aquifers
composed of sediments or volcanic rocks, high and
moderate arsenic concentrations were found in
groundwater that was oxic (high dissolved oxygen
concentration) and alkaline (pH values greater than
about 8). The elevated arsenic concentration in oxic,
alkaline groundwater likely is due to desorption of
arsenic from the surfaces of manganese- and iron-
oxide minerals (Smedley and Kinniburgh, 2002).
Oxic, alkaline conditions increase arsenic solubility in
groundwater by inhibiting arsenic from adhering to
mineral surfaces (sorption). In aquifers composed of
granitic and volcanic rocks, high arsenic
concentrations also were found in anoxic (low
dissolved oxygen concentration) groundwater with



low pH values. Dissolution of manganese- and iron-
oxide minerals under anoxic conditions likely results
in release of arsenic associated with these minerals.

Priority Basin Assessments

GAMA’s Priority Basin Project (PBP) assesses water
quality in that part of the aquifer system used for
drinking water, primarily public supply. Water quality
in the primary aquifers, assessed by the PBP, may
differ from that in the deeper parts of the aquifer, or
from the shallower parts, which are being assessed
by GAMA’s Domestic Well Project. Ongoing
assessments are being conducted in more than 120
basins throughout California.

The PBP assessments are based on a comparison of
constituent concentrations in untreated groundwater
with benchmarks established for protection of human
health and for aesthetic concerns. The PBP does not
evaluate the quality of drinking water delivered to
consumers.

The PBP uses two scientific approaches for assessing
groundwater quality. The first approach uses a
network of wells to statistically assess the status of
groundwater quality. The second approach combines
water-quality, hydrologic, geographic, and other data
to help assess the factors that affect water quality. In
the Tahoe-Martis study unit, data were collected by
the PBP in 2007, and from the CDPH database for
2004–2007. The PBP includes chemical analyses
generally not available as part of regulatory
compliance monitoring, including measurements at
concentrations much lower than human-health
benchmarks, and measurement of constituents that
can be used to trace the sources and movement of
groundwater.
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