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CONTINUED UTILIZATION OF mwun-gw;m STORAGE BASIN 7/, y /,, 2
H. E. Thomas
Doubtless most of you are more familiar with surface reservoirs,
their capabilities and nnitauona, than you are with ground-water
reservoirs., I belicve*é:is is true of people in generai, even the
experts. And because of our inadequate knowledge of ground-water res-
ervoirs, our use of them creates problems that are rarely if ever en-
countered in the operation of surface reservoirs. Nevertheless there
are many similarities between these two basic forms of water storage,
and I should like to point cut some of these sirdlarities, as well as
some important contrasts.
Actually the chief distinction is that the ground-water reservoirs
are filled with rock materials, which in many instances are similar to
the aodhaxtuhichHr.Brmg/mmwbeacmdimumdnl-
timate cause of death of surface reservoirs. The sediment carried by
most streams is too fine in texture to make a good ground-watear reser-
voir, but nevertheless the water storage in those sediments is appre-
ciable. In Lake Mead on the Colorado River, .or instance, the coarse

sands that have formed a delta where the river enters the lake are
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saturated as the reservoir level rises, and unwatered as the level falls.
Because of the water-storage space within these sediments and in other
permeable materials forming the bed and banks of the reservoir, the ag-
gregate usable capacity of Lake Mead is about 12 percent greater than
the amount calculated from reservoir surveys.

Both surface and subsurface reservoirs hold back water from pre-
cipitation that might otherwise flow to some ocean or inland basin with-
in a few days after each storm. And, in either type of reservoir, if
we do not use the water, it will either fill the reservoir to overflow-
ing or it will retwrn to the atmosphere by evapotranspiration. Thus
we can lose water by not using it. True conservation of water--utiliging
it to serve the greatest good of the greatest mmber in the long run--
involves many factors. The efficient operation of reservoirs is one
important factor, and the one to which I am limiting myself in this
paper.

For efficient management of a mm,(ﬁwase water
or ground water, one should know the reservoir capacity and have a con-
timuing inventory of the storage in the reservoir, and of the inflow
and outflow. And one should kmow these factors well enough to emable
him to anticipate the future and to plan future operations accordingly.
With respect to these basic data there is a marked contrast between
surface and subsurface reservoirs. Generally we have considerable kmowl-
edge concerning these several items at the time we begin to utilize
water from 2 surface reservoir, but this is not true for most ground-
water reservoirs. The explanation is, of course, that we must construct
a dam before we can fill a surfase reservoir, and because of the
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investment involved, considerable effort is expended in obtaining the
data essential for efficient reservoir operation, before any water is
used from the reservoir. By contrast, ground-water reservoirs are
forned and filled by nature[to overflowing)before man begins to use

the water from them. With a relatively small investment for well drill-
ing, he can develop and use water without bothering to learn anything
about the reservoir that is furnishing that water. And for those who

would like some measure of the adequacy and sustained ylield of ground-
water resources, there are the deterrents that the essential data are
more difficult and more expensive io collect, and, in the present status
of themience of ground-water hydrology, they’ pm:;.)do less definitive ,,‘7"(
answers than do the data perteining to surface reservoirs.
Partly because of this meagermess of bazic data on ground water,

(+f fn.»/-"&r.mmw runs into difficulties that are rarely

encountered in the operation of a surface reservoir. Among these might
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be mentioned reservoir depletion, where the inflow is mnfncfcn‘g\w /5

sustain the ‘aggregate- withdrawal by W
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of water quality Wdurinp attempts to ttop the natural outflow and divert

it for beneficial use. It is true that scme surface reservoirs have

been constructed on the assumption, based on inadequate data, that the

iaflow would be larger than it acutally twrned out to be, and some have
unexp ectedly arge a(/sc/or e b

run into dPlcultide besarse of \iforesen-GEtTiod-tirough evaporativel

\procgsses-or, thro se e.P ;zmeablo materials beneath the reuz:'mi;z b?t
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such difficulties are comparatively rare. Suffice it to sayy we have
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not begun to obtain essential data concerning many grownd-water reser-
voirs until a crisis has developed. Sometimes scientific study has
turned up a solution for the problem that will permit peremnial utilisa-
tion. Sometimes development has gone too far, and retrenchment is
indicated. But even with an adequate program of collection and analysis
of essential hydrologic data--so that we know what has happened ever
since the begiming of development and can predict accurately the effects
of existing and proposed additional withdrawals--optimum and peremnial
utilization of a ground-water reservoir is not necessarily assured.

Peremial Use Based on Natural Inflow

Once we have a sufficient mass of hydrologic data, a traditional
technique is to derive averages from them. Thus we can compute mean
monthly or amnual rainfall, average stream discharge, average discharge
from a ground-water reservoir, and mean water levels in wells. These
averages indicate central tendencies, but alone they are not definitive
of the water resources. Average figures are only handicaps if they
lead to concepts that the "average" condition--whether flow in a stream,
water level in a well, or volume in a reservoir--is something that
should be maintained at all costs. As long as precipitation deviates
from the average, other elements in the water-resource ;d.om‘,‘,iu’at
also vary.

A major reason for our dependence upon reservoirs--surface or
underground--is the great deviations in water supply, especially pre-
cipitation and runoff, from the long-term average. The reservoirs, by
providing space for storage of the widely varying quantities of natural
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inflow, should permit us to withdraw water in accordance with our needs,
subject to the limitation that)u' the reservoir is to serve our purposes
peremmially, the average withdrawal cammot be greater than the average
i-flow.

Utilisation of surface reservoirs depencs upon stopping the natural
flow down the chamnel by damming it, and diverting the water to points
of use. Continued utilization of ground-water reservoirs sirilarly re-
quires diversion of water that would otherwlse flow from the reservoir
mw-m,bntthiahﬂldaaehypadimtw—u. Pumping in a well
or well field lowers the water level until water flows toward the pumps
from other parts of/t'l’f: ﬁmjﬁw tg:fa%{l :iif;hﬁ'g’f
from the reservoir is reduced, or the recharge is increased, or both,
but the imitial stage of development is likely to involve removal of a
considerable volume of water from "permanent" storage, and this will be
shown by declining water table or artesian pressure.

In the efficient operation of a fully developed ground-water res-
ervoir, water can be taken and utiliszed at a feirly wiform rate even
though there is great variation in the seasonal and anmual rates of
recharge. The withdrawals can approach the long-term average rate of
inflow, reduced by the amount of natural discharge that is not inter-
cepted. It is a necessary corollary that at some times the sustained
withdrawal will exceed the contemporaneous recharge, and the storage
in the reservoir will be redused, perhaps to a small proportiom of the
storage prior to development. Hmiaamonddﬂaﬁmuhmf\ig
table or artesian pressure will decline, even under efficient develop-
ment and operation of a ground-water reservoir.
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This i3 as far as we can go without bringing people into the dis-
cussion. Water must abide by certain physical principles, butpeoplc/‘
mgﬂ.dodtvthdrmnochlht&om,bytndiﬂm,andhyoodfod
Jawe_and wnwritten laws. Althanghpeoploacooptnrhtdminm:ge
in swrface reservoirs as an essentigl part of effective operation, the
human reaction to "falling water tables" is almost wniversally condem-
natory. The early users of ground water are understandably averse,
because they initially had the advantages of the naturally full and
overflowing reservoir--springs, subirrigation, flowing wells, minimum
pumping lift--and all these are lost as reservoir storage is reduced.
Any lowering of water level means increased cost to well owners, in
drilling deeper wells and in pumping water from greater depths. Con-
servation-minded people who do not depend upon ground water also are
likely to favor maintenance or restoration of the natural conditions ;
of full grownd-water reservoirs. mwmamm‘“’“ﬂuﬁr At
cated that maintenance of a certain minimm water level or artesian
pressure is a legitimate attribute of a water right.

Here is where the hydrologist needs all the basic data he can
muster, and sufficient analysis of them so that he knows what they
signify. He must be able to show whether a specific reservoir has
been developed and is being operated so that it becomes part of a mod-
ified hydrologic cycle, capable of sustaining the developed yield or
even an increased withdrawal perenniallys or whether withdrawsls are
8o great that they can be sustained for only a few years or decades.
Ifhoﬂﬁathohttrtobotmo—-thatic,tbod«ebpodd-mdu-
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Importation of Water

It i possible to sustain peremnially an economy in which the water
requirements exceed the natural supplies available locally, by importas]
wrmmmwm%m Tuportation brings wp a
major question, whith is more in the realm of philosophy than of hydrol-
ogy: Shall the Water go to the Feople, or fhall the Feople go to the
y.t.m Generally people in humid regioms would say that those who
want water should be located where water is available according to
their needs--and if they want lots of it, choose the largest rivers or
lakes. People who glory in the eontimucus-sunshine of arid regions
are just as fervemt in their feeling that water should be delivered to
them to meet their requirements. Right now(wefin California)are en-
grossed in a question ariming in the Califormia plan to transport water
from surplus areas in the northern half of the state for use in the
water-deficient southland: unmnhmmo:vtoManm,md
if and when there is insufficient water to satisfy all, which region is
to be guaranteed water? In a broader sense, the people in all arid re-
glons depend at least in part upon water that originated as precipita-
tion somewhere else. Here in the western United States we live in the
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If the question is answered affirmatively as to whether importation
and artificid addition to local water resources are permissible, stor-
age may be provided in either swrface or grownd-water reservoirs. Cy-

clic storage in ground-water reservoirs is an important purt of the
«le



California water plan, and it is likely to be of increasing importance
in many other places. Artificial recharge of ground-water reservoirs
is therefore a subject of increasing importance and interest. Although
some artificial-recharge projects have been unsuccessful, and suggest
that we need to know much more about recharge, there is abundant evi-
dence that we have increased recharge in many places. Irrigation with
surface water has resulted in increased storage in underlying ground-
water reservoirs in many places in the West, and "evaporation" pits
for oil-field brines have added water, unfortunately but—un@voidebly—
salty, to some ground-water reservoirs. Where several individuals
have rights to water from a certain reservoir it may be necessary to
prove that the operations by one of them have resulted in artificial
recharge, and how much. This would not be difficult if the recharge
is through wells leading directly into the reservoir, but the effects
of pits, ponds, surface chammels or ditches, spreading basins, or "over-
irrigation" would need to be evaluated quantitatively.

Nonrenewable Storage

The water in some ground-water reservoirs comstitutes a nonrenew-
able resource. An outstanding example that comes to mind is the High
Plains south of the Camadisn River in Texas and New Mexico, where the
ground water in storage is estimated to have been imitially of the
order of 40O million acre-feet, but where the average replemistment is
a hundred thousand acre-feet a year or thereabouts. We are now mining
that water at a rate approaching 6 million acre-feet a year.
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The High Plains are admittedly exceptional: a fossil land surface

mwtofthymdmfrmthenwbwmtmodﬂu
source materials for them, and a fossil ground-water reservoir which if
enptied would rm.%&'ﬁm to refill at current rates of
recharge. But throughout the West there are ground-water reservoirs
in arid bm‘ﬁ/' S inill o Rl storage is many
times--even hundreds of times--the averasge ammual replenishment under
the climatic conditions that have prevailed in recent centuries.

Here, as with the surface reservoir sites, comes the question of
timing--whether in the interests of civilization in the long view we
should not reserve some of these irreplaceable stores of water for
future generations. The answer of the present gemeration, as of the
generations preceding it, has generally been that it will take advan-
tage of the natural resources as it finds them and has need for them.
In the High Plains, for instance, where climzte and soils are suitable
for a permanent grazing agriculture but where there is sufficient
water to pu'tﬂ.t:o;.u{"or two generations to reap the profits of irrigated
cotton, the decision has been in favor of the present gemeration reap-
ing those profits. The saving factor for future gemerations is that
Nature seems to be able to hold back some of her secrets for them.

The areas dependent entirely on nonrenewsble water storage have
a time limit to thedr use of water, determined simply by dividing the
total volume of stored water by the net anmual depletion in storage.
Their hopes for permanency of water supply depend upon our success in
getting more water to the srea than Nature now provides, perhaps by

weather modification, perhaps by importation of fresh water from other
areas or by importation of demineralized ocesn water.
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Here I should like to wodify my statement that the present genera-
tion has decided in favor of using nomrenewable storage for its own
advantage, because it is likely that few people are aware that there
was any decision to make. The mammer of development and utilization
of natwral resources is a matter for all society to declide, and there-
fore a matter of national and state policy. Policies have been fhirly
well defined with respect to various aspects of development and use of
ntcmmu,htowhﬂyutownt&muemw
our inadequate understanding of the capabilities and limitations of
specific reservoirs. As a result, development may proceed for several
years before we become aware that one reservoir has been ylelding water
entirely from nonrenewable storage, another from storage that is re-
placed each year, and still another from storage that is replaced only
in years of excessive precipitation or runoff.

Filling of Reservoir Space

Ground-water reservoirs have some of the problems mentioned by
Mr. Brown in his discussion of surface reservoirs. For example, some
of the storage space in ground-water reservoirs can be filled by sedi-
mant, though not in the same way. The evidence of this is in subsidence
of the land surface. There has been a substantial subsidence of land
overlying ground-water reservoirs in half a dozen areas in Californie,
and also in Texas and Nevada. This subsidence may be so gradual and
extensive that residents in the locality are not aware of it. And
doubtless subsidence has ocowmrred in other areas of intensive pumping
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from wells, and we will learn of it only by releveling to bemch marks
ot sbovabiagh wibe rlaniuid petor €0 tne Sreitre dnleaiads
The subsidence in areas results from compaction of sediments that
SRR 1, LAV LW L AR

’ unwatered by the pumping.

It is possaible that some of this storage space may be regained if
the sediments are resaturated, but more probablwthm has been
some permanent loss of reservoir space because of the compaction. We
need to know more about the mechanics and effects of subsidence, and
research on the problem is now in progress by the U, S. Geological
Survey in cooperation with the California Department of Water Resources.
It is likely that we may have to accept the loss of some reservoir
space through compaction and subsidence--like the loss of surface res-
ervoir space by sedimentation--as one of the unavoidable costs of res-
ervoir utilization.

Some of the storage space within ground-water reservoirs may also
be filled with undesirable or umusable water, derived perhaps from an
ocean or saline lake, or from a formation bearing saline water, or by
the infiltration of water contaminsted dwring nonconsumptive use, or
of waste waters. There is some analogy here to surface reservoirs,
where the storsed water becomes more mineralized during periods of mini-
mm inflow and progressive loss by evaporation., However in surface
reservoirs the undesirable water can be more easily drained out or made
usable by mixing with inflowing water of better quality. Thus, the
anofmd:drablout«toamm-uwmirhamo

Vagen R skrn
serious and problu./
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Nonconsumptively used waters in arid regions merit special atten-
tion. Such waters include especially the retwrn seepage or retwrn flows
from irrigation, and also the sewage and waste waters from cities and
industries. These waters can be reused, perhaps several times, but
thelr quality deteriorates with each use. In humid regions these
waters, when they become unsuitable for further use, may be discharged
into surplus waters flowing out to sea. In many places, however, par-
ticularly in arid regions of interior drainage, these contaminated
waters may find their wey into ground-water reservoirs. We are aware
of the importance >f maintaining a suitable "salt balance” in irrigated
soils, and to do this some water must be reserved for the puwrpose of
carrying off the saline residues and disposing them where they cammot
contaminate our resources of fresh ground water or surface water.

Conjunctive Use of Surface and Subsurface Reservoirs

Surface and ground-water reservoirs serve the same broad purpose
of holding back the water provided by precipitation at highly varying
rates, and releasing it more in accordance with hman needs. Certainly
in many places, and probably as a general rule, this broad purpose
could be better achieved by conjunctive operation of the two types of
reservoirs than by their separate and independent operation. In fact,
such conjunctive operation can overcome some of the difficulties en-
countered in operation of multipwrpose surface reservoirs, and aleo in
pumping s0 heavily from subsurface resarvoirs that reserves are seriously
depleted.




In surface reservoirs constructed for flood control, the prime
requisite 1s space to hold the flood runoff of heavy storms, and that
space must be emptied as soon as one flood is past to be ready for the
next flood., Wherever this water can be used for artificial recharge
of a ground-water reservoir, the water is conserved and can be made
available for future requirements.

As pointed out by Mr. Brown, swface reservoir sites are a limited
resource. On some streams they are so limited that only a part of the
average anmual runoff can be stored. Wherever ground-water reservoirs
are available to accept some of this runoff, they serve an important pur-
pose in conservation. The surface reservoir, by receiving water gt highly
variable rates and releasing it at rates more suitable for recharge, is
an essential part of the conjunctive operation. Conjunctive operations
may also reduce some of the conflicts of interests of various types of
water users--those who want water released during the growing season for
irrigation, or throughout the year for municipal or industrial use, or
at varying rates in accordance with hydroelectric power demand, or main-
tained at certain levels in lakes for recreation. Wherever water re-
leased for various purposes can be stored in ground-water reservoirs,
it may be made available to other users when they need it, which may be
months or years after the time of release from a surface reservoir.

wherever the snmual evaporati é%& precipd tation--that is,
in any arid region--there is a met.water loss from surface reservoirs
due to evaporation. Thus, even with a maximum of swface storage fa-
cilities, we cannot save and use a)u the water that flows into.an-tno

unbeor Funntey ¥ loss 12 gre nres?# i'n

reservoirs, and this-4s cherseteristie—of- the es where water is
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most in demand and most valuable., Here the conjunctive use of ground-
water reservoirs, if available, promotes water conservation, for the
/s /J!n/e./y, or evern Cntirely
water stored underground ‘tan-be beyond the reach of ‘evapotranspirative
processes. COround-water reservoirs constitute the only means of con-
serving a major portion of runoff in desert regions for future use,
because sbout half that runoff is likely to be lost from surface res-
ervoirs, either by overflow of small ones, or by evaporation from

those large enough to capture the water from maxdmm floods.
Sumary

I believe that to the question assigned to me, whether we can hope
for contimued utilization of ground-water reservoirs, I can answer a
qualified gaa’ The word “eontimued" presupposes the existence of the
ground-water reservoir, which I interpret as meaning permesble, saturated
rock materials capable of yielding water to wells in quantities suitable
for irrigation or for industrial or municipal use. Such reservoirs
probably underlie only a minor fraction of the total land area of the
earth, and thus we are speaking of areas that probably total consider-
ably less than half of each continent.

The qualification to the affirmative answer is that our present
scientific understanding ind’ ates effective management for peremnial
use to be poszible; but effeccive management requires detailed hydrologic
datae that we do not now have for the great majority of ground-water
reservoirs, and it requires alsoc an awareness on the part of the public
and govermment that the alternatives are depletion and eventual ex-

haustion of fresh ground-water resources, and in many places, contamina-
tion by brines or other wnusable water.
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The affirmative answer is a generalization for ground-water res-

6 avr”?

N
ervoirs as a group,~and-thde is o eompoiite group whth. iremendous di-
vergity and variation among its individual meshers. When the question

is asked as to the possibdlity of peremnial utilization of specific
ground-water reservoirs, the answer may range from yes to no, with all
degrees of certainty or doubt. For some ground-water reservoirs there
is hydrologic evidence that their peremmial utilization can be assured,
for others there is evidence that the resource will be exhausted or
beconme unuseble within a limited period. The potentialities of many
ground-water reservoirs are shadowed by doubts, and will need the
light of more hydrologic information and analysis before they can be
determined.

We know that the haphazard development of ground water by indivi-
dual imitiative, which has been characteristic at least in the United
quire different well locations and different rates of m);- those
now extant., And many ground-water reservoirs can be more fully - utilised
if their natural replenisiment is supplemented by artificial recharge
whenever surplus water is available. This brings us to the beuefits
that may be realiszed by conjunctive management of surface and ground
water, and reservoirs for each, with the objective of providing water
for the greatest bemefit to manidnd.

Fhn z ‘
with the need for adequate hydrologic data as a

basis for effective reservoir operation, there is need for education
of the public concerning these data, and for greater understanding by
«15-



all concerned of the physical principles involved in efficient operation
of ground-water reservoirs. e
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