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Rates of Vertical Groundwater Movement Extimated from the Earth’s
Thermal Profile!
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Ahateaet, o A analvtien] solution s developed deseribing vertical steady How of groundaarer

aned heat throsgh an isotrapie, Tomogeneous, and fullv satirated semiconfimng

Liver A types

curve method for estiteaGing gronndwater velocities from temperure data s prescnted,

lateoduction. Genphysivists have long reeng-
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niz(-(l.lh:n nfm'-ina :.truluml\\':nf,vr ean affeet the 570 ™ _(,_,’ T a7 ar
flux of et within the FEarthe Van Orstrand {1934,

p. 0] ndiented that the transfer of heat by o g -
. . o ’ (e, 1) cp 0
wigrating  water  could  canse  varintions  of ——— = -

diy & ol

temperature  gradients within the Farth, He
diseussed these variations at some lencth, using
Hustrative duta from the Wall Creek Sands of

where

Sult Creek Oil Field, Wyoming r = Tewperature at any point at time &
o : N S o = Npevifie heat of fluid.

Beeause the natural heat-flux density irom the Density of fuid
. . . o = Density o d.
Farth i wsualiy small. the upward thermal 2 L R .

i thin the Lart] he aff Ul ¢ = Speeific heat of =ofid-fluid conples.

o . »ohar HAN LN e Ay . . . .
eridient within the irth may be affected by 5 = Density of solid-Auil comples.

groundwater movement. Stallman [1960]  pre-
serted the basie equations for the simultaneous
transier of heat and water within the Earth and

A = Thermal conductivity of soitd-Auid
complex.
Components of fluid veloeiry 1 the

. Veo Uy 12 =
suggested that tempersture measurements might e el 2 diveetion
provide a means of measuring rates of ground- a2 = Cartesinn coondinates.
water movement, ! = Time since Aow started,

We are presenting a solution to Stallman's
general equation for the case of steadyv-state
vertieal flow of hath groundwanter and heat. This
sulution i= of interest to groundwater hydrol
ogists, beenuse it may afford o menns of caleulat-
ing vertieal rates of groundwater movement and
in <ome instunees, where head relationships are

Iu the probiem treated below the How of heat
Oand

and  flund i one-dimensional fvertie
steady, Undder these conditions the diferential
equation reduces to

(0T 02%) — lraparrs a) 16T 20 =)

Analygsis. Consider the vertical steady wniso-

known. vertieal permeabilitios, ! |
(eeneral  ditTerential  equation The  wenerul thermal groundwater flow through the semieon- i
. . ! . - M - . e . .

. - . . 1 r Iver . . i - AT r
deferentiad cquation for simultaneous nonsteady fining laver of an aquifer system '(] iware 1) in !
. : _ . . which the temperature along a verticul seetion of i
Leat and thad flow through isotropie, homo- ) o s :

. . . the semieonfining nver has heen measured at i
ceneons, and fully saturated porous medinns is : R |
: three ormore points, These temperature measures )

[ Stedlan, 2 960]

Pubiteation attharized biv the Direetor, US0

Geologieal Sueviry,

tuents should satisiyv the solution o the foifowing
boundarv-vulne problem deseribing hath heat
sl groumdwater fow in the semicanfining laver:
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leaky aquifer,

(2T az%) — (rgpov. a) (T, dz) =10

=17, at = ( (2}
7. =17, at = [ )

where

7. = Temperature measurement at any depth =

TWw = Uppermost temperature measurement.

T = Lowermost temperature measurement.

L = Length of vertival section over which
temperature measurements extend (verti-
eal distance between Ty und 7).

and in which the coordinate : s positive down-

ward with origin at T and the sroundwater

velacity v, ix positive downwurd.

After solving equation 1 and applying bouned-

ary eonditions (2) aml (3), the solution iz
('1‘: - ’/'0) [’I‘l. - '/‘n) = ./.‘\d. z L
where

3oz L) = lexpis: L) — N jexpudy — 1

wrl 3 = cwser L o= a dimensiontess pavameter
Ut is positive or negative depending on whether
v i~ downward or npward.

Table ©ogives vadues of the funetion frg, @ 1o
tor a practical range of its parameters. Cileala-
the 7. =

~urvey’s Burroughs 2200 compuater.

tions were mude st Crenlowiend
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Application. To estimate the groundw ate
velocity throwsh the seneontining laver tror
tempernture data 1t s nevessary to solve e
tion 4 for the velocity o, which appears inothe
dimenstonless paraneter s Uk is done griphic
allv: by o tepe-curve” procedure, A set of te
curves ronsisting ol antlhinete plots of fig, :b /

avinst = Lo for Dfferent vadues of g0 <how o

Freare 20 was prepared Seom Table 1.

Frigo 20 Tyope curves o the toeion 7300 L

Litton (T, = Tos T, — 1. eadeuinted from
cweasared tempernture datin sre plotted aoiinst
the 41(‘}»(|1 Factor 2 Loat the <ane sonie as the et
The T =TT, =Ty

awainst 2 L opiot Is superinnoset o the topes

of tvpe enrves,
curve set hobding the coordinote aves e coliei-
denee, The value of g s meespretesd trong the

type curve that best nedcbes e end ot eare,
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The gronndwater velocity is ealeulated from the  water movement. The curvatare of the thermal
relation profile inereases with inereasing growndwater
- vieloetty.
= 3 tupol. ) The lowest vadae at which we niight expeet to
Disenssion anid canclusions. The type curves detert o curvature in the (7, = Ta) (T, = 70
(Figure =, inediente that under sotropic ansd ageninat 2 Loplotis g = 0.5, That i~ the lower
stendyestiie coneitions with no groundwater Hinit of detectable graundwater veloeities is
How (3 = 0« the thermal geadient is linear with
depth. A~ wrowwdwater movenent oceurs, the voo= 0.0 copil.
thermad prafile curves and the plot ot (07, = T’
(T, = Tuwi against 2 Lo i~ vonvex apward or Typieal values Tor the thernal comduetivity of
divaward, depending upon the divection of water-~aturated clay are approsimately s = 20
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10 calorie cmosec °C [ firch, 1042, po 250 The
quantity « tepw i5 therefore approximately

— o = °(!

« 22X 107° eal
- X Ly em?

Copo Feal g —

em
O('

2 X 107" end’ ) see
With this valite of & ruee the lest maenitade of
v that can he determined s

0.5 X 2 X 10 tm? “see

»

v. | =

Ve

1

= I_..>_<_!£’_-::«'m'~' ~CC

The maguitude of codepends an Lzl for example,

[ =

H) meters, the feast magnitunle is

llv:'

1 X 107° em see

or approximately O eme day,
From Direy's law

=N dh ds

vl':

-where N = thydrauhe  conduce-
tivity) ol the ~emiconfining laver. and 4 =

at any depth 20 we can adso suggest atower Himit

permenhility
head

of deteetable permenbility by assuming a1 head
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gradient. Fora aradient of 1, (0 v n, whiel

i~ easily observed in the ficid
dh dz = 1 X W7 em e

and = | X 10" cm osee

vy

X107

T = X 107" e see

N

Pormenhilities of this order ol maenitude are iy
the mnge commonty associated with semicon-
fining lavers. As Stallmsn suggests, it appesrs
that temperature measurements afford o nicans of
cronndheiter movement, o

detecting vertical

problem that eontinues to trouble croundwater
hydrologista.
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