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INTRODUCTION

The importance of our-water supplies has become increasingly.apparent to

" most of us in recent yéars. Thé importance of waﬁer was forcefully dramatized'
by the water shortage in Neﬁ York City in 195%0. 1In nearl& every State in the
Union, one or more communities now has or has had a water prbblem whose effect
ﬁn the citizens has been no less to them as was the one’in New York Cify'to

' New Yorkers. - The increasing numbers of these problems have led t; widesbread
speculation as fo the adequacy of‘the Kation's water supplies;

Byrfa: the largest part {(perhaps moré thaﬁ four-fifths) of our water suﬁ-
_plies-are derived'from surface sources and many developments Qf surface'water
are still being'plaﬁned. Nevertheless, it is believed that much of the
readily available surface watér of good qualigy is already allocated for
various hses. Thus it would appear that more exfensive-use Qili have to be
made of ground water and of ground-water reservoirs. Although we do not know
how much ground water is avalilable or the exact boundaries of our major ground-—
" water reservoirs, or aquifers, rough calculafions indicate that the émounﬁ of
water in.groundfwater reservoirs may be severai times the amount of surface
wafer fhat can be:stored, even including the Great Laké;, the water of which
would cover the entire United States to a depth.of about 10 feet. The annual

rate of replenishment is believed to be considerably greater than the present

;1/ Publication authorized by'the Director, U. 5. Geological Survey
2/ District Engineer, Ground Water Branch, U. S. Geological Survey



use (Séyre, 1350)}2/ Therefore it is of utmost importanée to the.Nation that
the ground-water feﬁﬁurces ﬁe located, evaluated, and ﬁtilized to %he fullest
possibie extent. In the early part of the centgry many ground-water develop-
men£s proved unrelisble because the p?inciples of ground-water occurrence weré
not recognized. Thus ground water caﬁe to have a bad reputation among engf-
‘neers. In the tweﬁties, however, the use of ground water began to increase
and by 1935 it is estimated.to have been 10 billion gallons a day. By 1945
the total use had doublcd (Guyt&n, 1949) and by 1953 it is estimated to have
been considerably in exeeés of 30 biliion gallons a day - perhaps as much as
48 billion gauol{s a day (Picton, 1954).

Throughout the period of recdrd the available water resogrces, ekcept.for
local gnd temporary variations.due to droughts, have remained'essentialiy con-
stant. There ig some evidence that precipitation in some parts of the United -
States has.decreased in the past 50 years, Thére isrreason to-believé that
such dry periods ﬁill he followed byIWet periods-in the future as theﬁ have
in tﬁe past-(ﬁcﬁuinﬁess, 1951). _Dufing_the past 4Q tﬁ 85 years, stream run-
off in many places, as shown by carefully selected reCords.of thé U. 8. Geo-
logical Survey, showed a downward trénd which reached its lowest point in the

‘décade of 1930 to 1840, but most recofds show an upward trend since 1940
(Snyre, 19503 . Récordg of water levels in nearly 15,000 observation wells
maintained by the Geological Survey and ifs cooperaling agencies shovw no
overall trenmd toward decline. Howéver; water ievclé have -declined in many
.areas because of pumping or other activities of man and, of course, water
levéls have declined temporarily as a result of sevefe droughts., Even the
great drought of the thivties was subsequently offset by aﬁove*average pre-
cipitation which fullﬁ festored_streamf]oﬁ.and ground;water levels to pre-

drought stages.

3/ See references at end of paper



Aithoﬁgh'water levels have declined sﬁﬁstantially in areas of heavyj.'ﬁ:
pumping, this facé.dées not mean that water levels ére dropping thfoughoﬁt the: "
.country_ In many éases.if wmeans that water is being taken‘out_faster than it
is ﬁeing replenished, but in many otﬁers it merely meahs that.the_érﬁﬁndewater,
resérvoif is'adjusting-itSelf'to the hfdraulics of ground-water movemenf under
pumping conditions.  On the other hand, fluctuations of water levels m#y ﬁéanf
that the grouﬁd—water reservoir is édjusting“to changes in stqfage due to var—f
iations_in natufél recharge and discharge. Ground-water problems are dge ﬁo

maldistribution - both geographically and in time.
OCCURRENCE OF GHOUND WATER

Hydrologic cycle

Ground water‘represenfé dne phase of the hydrolog@c cycle, The'hydfologic
cycie, nature's perpetual—motion machine, is that system in which water moves
_ﬁfom the atmosphere to the eafth, over and through the earth, aﬁd.back to_fﬁe'
'atmosphere. When rain félls.somé of the water is immediately evaporéted and‘
returned to the air. That which falls on the groﬁnd eithér soaks into_thg'
ground or runé off across the surface to lakes and streams and eventua11y7t6 
£he ocegn, some:being evaporated along the wéy¥ The w#tef that soaks ih#o.tﬁe'
ground feplenishes s0il moigture énd'is 1atér used by planfs.or evaporﬁted'

: directly,.ér it continues to move_déwnward until it reacﬁes thé éone.of.satu—'
_ration.'-;t ié thié last part - that wﬁich reaches the zone of saturation ;
that rechafges the ground-water reéervoir.

Ground wéter, like the vater in other parts'df_fhe hydroiogiq cyélé,.is
.rarely at rest. it movés through the oﬁenings within the ground fo;lqwing the
same fundamental-laﬁs that a2pply to all'fluid motion{ Water will move from a:

fpoint of high potential energy toward a point of lower potential energy,



provided,'of course, thét there aré cénnéctedidpenings between the two. points,
Stafed more simplf,'wdter_will move down # ﬁydrauliC-grad;ent aioné~fhé ﬁath
of 1eaéf resistance. In order to have continuedzmpvement thére must be a
éhaﬁge in-storage in of dischérge from'thé aqﬁifef; Récharge’adds_wéter'to-f'
storage; if no ground water were diécharged the réservoif would soon 5ec6me'
fl‘.ll_lr. ._Th_is_ Sitﬁation_ié avoided by natural dischargé and by withdr_awai of -
waﬁer by ﬁeils.and drainage ditchésf Hatufai diécharge-is.bj évépo?gtion;_bj

transpiration, and by flow to gprings, streams, lakes, and oceans. .

It ‘may be said, then, that the ground-water phase of the hydrologic eyele

consists of recharge, storage, movement,and discharge. ‘Many factors influence
each of these stages. Let us briefly consider a few of these faétors'befbre'

movihg on to the prime cohsideration'of the source of:ground water;
Geology

The gGOIOgy of an area is of 1mp0rtance to. each stage of ground-water

occurrence,* Its 1nf1uence on topography affects the rate, and therefore the_ 

prbportiOp,.of»runoff and -sqak in". The runoff will_be‘greater 1n an area..
of steép hilis and well;defined'vglléfs'thén.in é levei‘area or 6ﬁe of éeﬁtly
“rolling:hillé. The perﬁeaﬁility‘of thé ro@ks as weli as thei;‘stérége'capa—_
“cities are:defermined_hy the géology. .A well—sprted sand ﬁay*have much - more |
available éforége‘spaéq{th§n a:sand:or saﬂdétogé'that éoniains éilt and ciay.
: A‘@eilféemented sandstone df a éandstoné éqgtaining much silt and clay is less

permeable than a clean, well-sorted sand. The permeability is_usuﬁlly_greateﬁ

along bedding planes'than across the beddingi -In limestone aquifers, the per-:

L
~

meablllty usually 15 ‘controlled by the 111nement of fractures, and the- avallw'

able storage usually depends upon the amount of solut1on of the rock that has

taken place along the fractureS. The dlscharge of ground water may be largely;j

: controiled_by the outcrops of geologic horizons at relatively-low elevations,

R
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Thus it can be appreciated that a detailed knowledge of the geology is essen-

tial to a study of ground water in any area.

Surface conditions

The surface of the ground may he thﬁught of with regard to its shape, its
vegegainn, its composition} or its exposure. It is tied intimately to the
subjects of.topography, biélogy,.soils,_and climaté.. We already.have éonsid—’
éréd toﬁography because of its élose association with geology. The_soil might-
well be_cqnsidered as a part of geology but is considered separately\heré
because of its pronounced effect on the-rate at which w#ter can soak inté thé
gfound. For inéténce, é'tight cléy soil will ‘absorb water at a much slower
rate‘thaﬁ will a light sandy séil. Rechargé will be decréased by the ;egéta—
Vtion in aﬁ area because some of the precipitation will be transpired. Oh the
other ﬁand,_vegetation will shade, and inhibit'direct.evapbration from, the
soil_éurfaceﬂ Huﬁié material from decayed vegetation may inhibit. runoff and
encourage sdak in. Geology, fopqgraphy, and végétatién'play aﬁ.impérfant p;rt.
in the exﬁosure of the surfgce to_thefpre;giling climate.

| So far wé have 1imiteﬁ this.discussion.fo.a few of the fgn@amentals of
ground*water og¢eurrence énﬁ some-qf those factors affecting recharge, ﬁove-
‘ment, and diécharge., l.et us now consider tha£ all—important, and principal,'

source of ground water - precipitation.

.

RESPONSE OF GROUND WATER TO VARIATIONS IN PRECIPITATION

As stated previously, our water-supply problems are problems of haldis—'
tribution in time and place. ‘Thig statement applies equally well to precipi=-
tation. 1In fact, distriﬁution of precipitatioh is the primé factor in many

of our water-supply problems.



The geogr#phiﬁ_disfributioﬁ of precipitétion leaves much to be désifedf
Except for the hiéh mountain-areas and the Pacific Northwesfj:the'évefage_
precipitation in the western third of the country is only about 15 incheé ber
yea?._ The Great Plains receive 15 to 40 jﬁches, the average increasing'to the
east. The average in the eastern'part.of fhe_country increases téward the
1southeast-froﬁ ;bout 35 inches near the chat Lakes to 60 inches in southern
Florida.

Thg Nation as a whole ig aﬁundantly-supplied with wéter. _Pfecipitation‘
averages nearly 30 inches per year. The average ié well maintaiﬁed én&,'for'
" G~year periods,'va;ies from the'long-timé_average by only a.few percent. In
sbﬁe parts of'the-country, héwever, departufeé from normal have-béen of suf-
ficient_dgration to cause aqﬁfe'distress. |

: Ground water is affected by the variations in precipitatioﬁ. The fesponse_
of grouﬁd water.to_changeé in pfecipifation caﬁ_be shbwn.by several.exampieé
taken from Wisconéin where the a&eragE'ﬁrecipitaﬁion is very neafly thé'same
ags the nat;onal averagé, It shoﬁld be kept'}n mindrtﬁat different parfs of
the country'haQE.different annual ﬁre¢ipitation.patterns and thaf in some
places, such asrthe arid to semiarid Soﬁthwest, eﬁaporation is so great that
.minor.améunts)of precipitation a%e.not effective in rechatging-the éround¥ 

~water reservoirs,

Short-term variations

figure I is éomposed of tﬁree graphs representing réinfall, water stage
in-a éontrolled drainage ditcp; and water-lével ig a well (Ptfzsﬁ) abdut 230
feet ffom the difch. The'lpcatibn is in'centrab Wisconsin about 10 miles\'
séuth of Stevens Point, The:ﬁrea,is_é'ver; fiat pléin'formed.hy glacial.

outwash sands overlain by 1 to 2 feet of'beat and sandy s0il, Soil moisture
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was near a maximum, owing to recent rains. ~The only'vegetatioﬁ islgfaSSQI_ -

-Rainfail_beganrat 12:30 é.,m. 0n September 18, 1954, and continued unti1_ 
1:09 P. #. the same day, totaling 1.00 inbh gﬁd averaging about Q.08 inch per'
hour. Another O.bs inch.féll’betWeen.lozéo p: m. onnSeﬁtember-lS_and 1:00 a; m.
the next day.' | |

‘The water level in the well began to rise, from about 2 feet below the
.surface, within half an hour after ‘the beginning of the ra1n.. The watef ievel
rose fépidly during the rain untii aboﬁt'nooﬁ,_continﬁed-to‘rise until about E
6:00 p m., reachlng a point about 0.6 foot ‘ahove its orlgin, and then began
to decllne,_ By about 8:00 p: m, on-Septemher 20 the water level in the well_
had reachedrlts orlglnal level and ‘had resumed the same rate of decllne as
beiore the rain,

The wafer.level in the drainage ditchﬁbégah.to ri#e és.sodp as £he.rain
began_and reached a péak; about 0.13 foot higher, at 7:00 a, m, Tﬁe water
level then declined élightly aﬁd.maintained an.éleﬁatipn aboﬁt 0.10 foat'abqve ;.
its origin until about.il:oooﬁ. m;*}By noon on Septembér 19 the stagg in the
difch'had declined to its originai 1evéi, and by the end of Sépﬁembef 20 it
had declined another 0,03 foot,. There was ﬁo direct runoff to the ditchraur—'
ing the storm, excépt from the ditch banks.: : :1- B _. e \

Frdm an analysis of the graphs'it is eviden?-that ip this érea‘groﬁnd 
water ié rapidly recharged even by small gmounts of precipitatioﬁ. It is
esfimated théf.SO to 90 percent of the rain reached the wate; taﬁlé.-'That.
means that in each cubic foot of.sand_about 0.12 cubic footf of wéter can bé '
étorgd.- Thelbermeabilgty of the sand is high, as §v1genced by the rapid’

decline in the Weli as the water was discharged by the drainage ditech. §



Secasonal variations

Precipitation is greater during.some_seasons of the year tﬁan during
other seéséné at any one place. Similarly we have what may be called yearlyr
cycles of water levels, in thg sense_that periods of low water level are
folléwed by periods of higher water lével. In figure 2, grapﬁs are shown
representing daily precipitation, cumulative monthly departures from normal
precipitation, and daily'wgter levels in a well (Ws-9) near Hancock, Wis.

The afea is a glacial outwash plaig having a slight slope fo the southeast,

The soil is light and sandy and is undeélain by about 18 feet of fine to
éoérsé_sand. ‘Beneath the sand.is a coarée'gravel in ﬁhich the well screén'is
‘placed. The vegetatioﬁ ihmediately éround the well is grass and ﬁboutllob fget
West-is a2 north-south windrow of 35~foot ﬁine trees.

Precipitétion waé_below nofmal auring %he_fall of 19583 and during the
first three months of 1954. The ﬁrecipitation iﬁ January,rFebfuary, and the
first half of March was snow whicﬁ was largely lost by e;aporatibn. Rainfall
waé generally above normal from April through‘October, with the exéeption of
dry spells dufing parts of May and July.

The graph of watgr levels.in the well shoﬁs a steady decline from January
'uhtil'tﬁé-iattEr part of April an& then é nea;ly'continuqus rise through
OctOber;. No response to individqal rains is apparent:under the conditions
héré. The corfelatioh between fhe watef—level-graph‘and the daily-precipita-
‘Iion.graph must bé made-in a geueral'way; The cumulatiée—departure curve,
hovever, ﬁakeé the correlation of rainfall and water levels apparent at once.

Séﬁéralicbﬁqfusions qén be drawn from the graphs: Smﬁll amounts of pre-
cipitaﬁiqn cause iittle, if apy, rechafge to gro?nd water. Larger ﬁmounts of
rainfall #ontribute to recﬁarée but thefe ig, a 1ag'of 15 to 20 days from time

of rain to rise in water level., During periods of 20 days or more of little
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or ﬁb raiﬁfail,'waté? levels ﬁéciineé indicafiﬁg thaiithefe is continuﬁﬁs diéw l
charge from the gfound—water-reservoir;' |

A signifiéant part:of_thé précipifation in Wiécgnsin,'apd ihfihe_nqrﬁherh:'n
paf; of'fhe'country as a wholea occuré as'énow;-ISnow usually faiis_on‘frdzeni
ground and reﬁains for_some time on the sﬁfface. As_air téﬁperatureé*incréaséL
~in the épring, the'anw melts, the groﬁnd'thaWs; hﬁd part of thé\snﬁw meifi.”
usualiy*rgcharges the éround—water'feservoir.V-The amoﬁnt.of'moistﬁre iﬁ;tﬁe
_ground, the depth of “'fréezi"ng, »é_xn.d the rate 'éf mélting.willl. influence the
amount -of snow melt that soaks into the ground.

.Figure 3 consist§ of gfaphs“of daii&_precipitatiqn, sﬁow'oh_the gfound;
'daiiy'meah'temperétures, and water levelé in éIWelljnear ﬁanco¢k,-Wis;-7The:
'ponéitions at this areanare:similar tﬁ fhose'for figure“2 excépt that the_well '

is‘ldcated'among large ﬁreeS, bd?hfdéciduoﬁs and cﬁniferous, ana thé watef
lével_is only 7 té 9 feet below the surfage;

No.influenceiof daily.pféciﬁitétioﬁ.6n the“watérV1éVei is aﬁpéreﬁt:-
Each fime that the mean témperatgfe rises above thé'fiéeziﬁg pbint ;heré'is a
.décreasé in.tﬁe snow on therground and a response, in some caées only slighté
~in the watef level, The water 1evé1 deéliné& during.fhe perio& of 5elqw-
.irgezing tgﬁberaturés.'.ﬁt the end of March, the mean temperatﬁre fpse:and
reﬁained almost continuously above 30°F, 'A£.the same time the snow.melted.
faﬁd théiwétefrlevel rose rapiSIy about 1% feet.

It is apparent that dischargg.of.groﬁnd w;ter tékes place throﬁghbutthe'
year but that.brecipitation does.not recharge thé ground Wéter dﬁring periodé.
'qf ffeeziﬁg temperétufe. It is appafent'aiso.fhat,rﬁndef'the'condit;bns_in

1852, a large amount of the snow melt became recharge.
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pong-range variations

Variations in pfécipitation? othei.than short-téfm'and seaSﬁnal, téké
placé_over.periods ranging from.a few years tO'téns anggpQSSibly hundredé or
.thouéands of years. The principlés“jnvolved in correlating gféund—wafer
storage and:precipitation are beiieved to7be the_same fof_tﬁe Ibnger.periodé
as for the periodé‘of a -few Yearé. o

Figuré 4 consists of éraphs of é~yeaf average_precibitétiqn at”Wausau,-.-
Wis.; and waté;.leveis in a well_abdut 12 miles southeast of Wéusaﬁ;. The ares
afonna the_ﬁeii is a plain_formgd 5y very fine tb médiﬁm sand derived from’
‘giacia; outwésh. The?vegetatipn immediatély qround-thg well is_grass énd.
Wbods and éﬁltivated cfoplandllieslbeyond abouf iﬁﬁ feet, .
| ) In trying to correlate the water levels wlth prec1p1tat1on, pig;s ﬁere
made of monthly precipitat1on, monthly and cumulatlve—departures from normal
prec1pitation, and runnlng average departures frOm normal precipitatzon
Although each method gave a falntly dlscernlble similar1ty to the water level '
graph, the 5~year runnlng average of prec1p1tat10n glves a graph nearly
parallel to the water-level graph.

This particular ;quifér, as reﬁresentéq by this well, is nbt responéivé
to individual rains_énd'oniy pdoriy fesponéive.to séa§pﬂal variatibns_in_réin—
,'fall ' On the other hand, rec@arge from precipitation is demonstrated by the

- <73
~
response of water levels to 1 g-term, S-year, varlatlons in prec1p1tation.'

' Indirect response

.Thé'exampies used'above;haveﬂall'dgalt with_watér in shallow, unconfined
-aqulfers, When an aquifer is cOnfined'beneath relatively impermealbe material
~so that the water is under pressure, it is said to be an artesian aqulfer The

preSSure or " head is derived from the elevathn of the water 1n-the recharge'
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area and may or may not be suffiéient to éause an artésién_weli to ¥1oﬁ'at £h§ 
surface. Thé recﬁqrgé aréa.df an artesian aquifer_mﬁ& be ﬁany.ﬁilés frongny:'
jﬁ#rticﬁ;ar weli1in fhe aquifer;' | . .

Figurel5 sﬁows the monthly water_léyéis:in aﬁ'artésianiWéii_i#imiiwauﬁéé;
Wis., ?hé éénual departures féominofmai'df preciﬁitation ﬁndrtempefatufé;-a#d "
- the totél aféal'pumpage from the aquifér. The recharge.aQea f$r the aqhifer
is about 35 mlles west (Foley, Walton,'gnd Drescher, 1953), and any fluctua--
'tlons 1n the water level due to recharge are damped out by frlctlonal r651st-
ance and'el;sticity of the aqgifer.

The gréphs indiééte,that pumpége in thétarea geﬁe?aliy déCfeagés'ip peri-:3.
ods 0£.1¢w fempefatur§ and, to some eﬁteht,.dﬁ¥ing pé?iods pf'ﬁigh ﬁfédipifaf,i”:
'_tiop.'.Tﬁe'gnnual éygle of wager‘ieyeis is caused by a.greatér_déman& fdf ﬁéter_
dﬁfiﬁgtfhé sumﬁer than durin§<thé wintér for industrial'aﬁdgmﬁﬂi¢ipal.uSe.l'fﬁe
decréase iﬁ the cveféll raté AI decline in 1956 is beiieved.to‘have.been'CaUSed:
byrthe lower—than normal temperatures and the consequent.éﬁaller demand for 1n-f:f
dustrlal coollng water. In 1951 the water 1eve1 assumed 1ts former rate of
decliﬁe E?éﬁ though the year was cooler'and wetter-than normal, Thls decline.””
Q#é causédﬂby.a_grea?ér;fﬁan;no£mgl iﬁcréase.iﬁ.inéuétri#i'ﬁumpage.

o iIt_caﬁ be concluded that,.élthoﬁgh:shértwté;m,Ciimatig cﬁéﬁgeslhavé_litf
tle_directréffect oﬁ artesian;water_réservoirs, the'iﬂdiréct effect m#j be
quitg'significant; “

In_conqlusion 1et]m§ quote A,LK. Sayré,\égief of'the_GrOuﬁd Wa§er Bfanch,.:;
.U; S. Geolbgical.Sur#ey: "Adequ&te.reéeafch'0ﬁ thé hydrologic cycleiéhéuid 5é.
programmed and carrled Gut fo determlne the magor Iactors that affect the net
amount of watei a?allable for henéi1c1al use. (Sayre, 1950) | H}gh'qn,the
list bf such research shouldrbe a;study'of the-cauSes and eiﬁeﬁts of precip£—

tation eycles on ground water.
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