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A simple method for measurement of terrestrial heat flow density in wells drawing groundwater
from confined aquifers is presented. It requires laboratory determination of themmal resistance but
the field work is simple, being limited to measurement of temperature of water at the well mouth
during pumping tests.

The aquifer temperature (Ta) is calculated from the measured temperature at the well mouth (Twj,
the mass flow rate (M) and the depth to the top of the aquifer (H) using the relation

(Tw—To) /{Ta —To) = M'R[1 —exp(—1/M'R}]

where To is the mean annual surface temperature, R a dimensionless diffusion parameter and M’
= MC/KH is the dimensionless mass flow rate, C being the specific heat of water and K the ther-
mal conductivity of the rock formation penetrated by the well. The heat flow density (q) is then
calculated from the relation

n
q={(Ta—To)/Z Pizi
i=1

where Pj is the thermal resistivity of the ith layer of thickness Zj and n the number of |ayers. The
procedure also allow corrections for the influence of themal conductivity variations of the wall
rocks.

This method was used for the determination of heat flow density values for thirteen sites in the
northeastem part of the Parané basin. The mean value obtained is 62+4mW/m? in good agree-
ment with the mean of 599 mW/m*obtained by the conventional method for thirteen sites in
the Parana basin. Though similar in principle to the bottom-hole temperature method used in oil
wells, the present technique has some inherent advantages. It is potentially capable of providing
a wider geugraphic representation of heat flow density (being not limited to petroleum fields) and
is relatively free of the sampling problems nomally encountered in working with oil companies.
On the other hand the present method may provide unreliable values in the case of wells drawing
water from more than one aquifer.

Apresenta-se neste trabatho, um metodo simples para a determinagao do fluxo geotémico em
pogos em atividade de bombeamento de dgua subterranea. O método requer a deteminagao em
laboratério da resisténcia témica total das camadas atravessadas pelo pogo mas, o trabalho de
campo & simples, limitando-se & medida da temperatura da &gua na boca do pogo durante en-
saios de bombeamento.
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A temperatura do aquifero (Tj) é calculada a partir da temperatura da 4gua (Ty,), medida na boca
do pogo da vazdo (M) expressa em massa de 4gua produzida pelo pogo por unidade de tempo e,
da profundidade do topo do aquifero (H) usando-se a relagao

{Tw—To) /(Ta—To) = M'R[1 —exp(—1/M'R}]

onde Tp é a temperatura média anual da superficie, R é um parametro adimensional de difusao,
M’ =M C/KH éavazdo adimensional do pogo, C éo calor especifico da &gua e, K é a condutivi-
dade témnica da rocha atravessada pelo poco. O fluxo geotémmico { q ) é calculado pela relagao

n
qQ = (Ta—~To) /3 Pi 2.
i=1 ' !
onde Pi é a resisténcia témmica da i-ésima camada de espessura Zi e, n é 0 nimero de camadas.

O método pemnite também a introdugéo de corregbes da influéncia das variagses de condutivida-
de témmica das paredes do pogo.

Este método foi utilizado na deteminagéo do fluxo geotémico em treze localidades no nordeste
da Bacia do Parana. O valor médio obtido foi de62*4 mW/m? concordando com o valor médio
de 59+9 mW/m? obtido pelo método convencional de determinagdo de fluxo geotémmico em
treze localidades da Bacia do Parand. Apesar de ser um méodo similar ao das temperaturas de
fundo de pogo usado em pogos de petrSleo, esta téenica apresenta algumas vantagens. O método
€ potencialmente capaz de fomecer uma representagao geogréfica mais ampla do fluxo geotémi-
co, nao estando limitado a campos de produgao de petrdleo, e é relativamente livre de proble-
mas de amostragem nomalmente encontrados quando se trabalha com companhias de petréleo.
Por outro lado, este método pode fomecer valores irreais de fluxo geotémico no caso em queo

poc¢o extraia dgua de mais de um aquifero.

INTRODUCTION

Measurements of terrestrial heat flow density in
continental regions have lagged considerably behind tho-
se in oceanic regions mainly because of the difficulty in
finding suitable deep boreholes, wells, mines or tunnels
for geothermal studies. In developing countries , lack of
adequate temperature logging equipments also contri-
bute to the difficulties in making use of conventional
methods of high quality terrestrial heat flow density de-
terminations. Thus a necessity exists for divising simpler
methods.

Carvalho & Vacquier (1977) and Evans (1977)
suggested a method suitable for determination of heat
flow in oil wells without the necessity of making detailed
temperature logs. It makes use of bottom hole tempera-
ture measurements made by oil companies and determi-
nations of thermal conductivity of major rock formations
in the laboratory. Unfortunately, use of this method is li-
mited to petroleum bearing fields in sedimentary basins.
Another problem with this method is the necessity of ha-
ving to make a large number of thermal conductivity
measurements to obtain a representative value of the
cumulative thermal resistance. Evans (1977) suggested

the possibility of making use of empirical relations rela-
ting thermal conductivity with such parameters as sonic
velocity, bulk density and porosity, determined from con-
ventional geophysical log data. However such empirical
relations have restricted validity, being limited usually to
one specific oil field.

Swanberg & Morgan (1978) proposed a method
for determining heat flow density when a large statisti-
cally significant body of geochemical data are available
for a regionally representative set of thermal springs. A
modified version of this method was suggested by Hurter
(1984) incorporating mass flow data for thermal springs.
A sumary of the principal methods used for heat flow
measurements is given in Table (1 ).

A METHOD FOR HEAT FLOW MEASUREMENTS IN
WATER WELLS

Water wells are more abundant and widespread
than oil wells. Hence, a method suitable for heat flow
measurements in water wells can contribute significantly

to overcoming the problem of lack of data in
many continental regions. Conventional methods invol-
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Table 1 —

Summary of Principal Methods used for terrestrial heat flow density determinations.

' Method Description

Commonly used Formula

Reference

For thick homogeneous layers of
constant thermal conductivity.

CONVENTIONAL

COMULATIVE For alternating sequences of thin
THERMAL layers with substantial thermal
RESISTANCE conductivity contrasts.

For use in oil wells with only
Bottom-hole temperatures.

BOTTOM HOLE

Use for a group of thermal
springs with silica temperature
data.

GEOCHEMICAL-
STATISTICAL

GEOCHEMICAL- Used for a single or a group of

q = (TBH—TO)/E1 R;Z;

a = (Tg —TO)/_E1Ri z,
-

MASS FLOW springs with any geochemica!
thermometer data and flow
rate estimates.
n
AQUIFER For use in Water Wells. q=({T,~- To)/Z R; Z; Present Work
TEMPERATURE (For details see text), i=1
(T, —T.)
N9 — mR[1—exp(—1/M'R}]
(T,— To!

q = K (dt/dZ) Everett (1882)

— dz
T=T,+af ” Bullard (1939)

n
Carvalho and Vacquier {1977)

Swanberg and Morgan (1977)

n
Hurter {1984)

q = heat flow density; K = thermal conductivity; Z = depth; T, = Mean annual surface temperature; TBH = Bottom-hole temperature;
Rj = thermal resistivity of 1th Jayer; Z; = thickness of 1th jayer: N = number of layers; TSi02 = Silica temperature; m = a constant equal
to 680 (°C m2/W); TR = reservoir temperature using any geochemical thermometer; Ty = well mouth temperature; M’ = dimensionless
mass-flow rate; R = Dimensionless parameter; Ty = Aquifer temperature.

ving temperature logging for the determination of ther-
mal gradientes in water wells have proved to be unsuita-
ble because of the marked effect of groundwater circula-
tion on the sub-surface temperature distribution. Man-
sure and Reiter {1979), based on earlier works of Stallman
{(1960) and Bredehoeft and Papadopulos (1965), have ou-
tlined a method for correcting heat flow measurements in
the presence of slow vertical gound water movements in
the formation. In many cases however, the magnitudes of
alterations in the thermal regime induzed by groundwa-
ter flow are such that it is difficult to make such correc-
tions.

On the other hand it is possible to determine
heat flow density if the hydrolagical disturbance is limited
to the layers above the aquifer. Deep seated confined
aquifers usually satisfy this condition due to the fact that
they overlay impermeable substrata. Away from zones of
active recharge or discharge the natural leakage rates of
confined aquifers are small compared to the quantity that
is stored. consequently the thermal inertia of aquifers are
substantially higher than those of the confining layers
and they act as cushions against hydrologically induzed
thermal perturbations. In such cases the relation between

aquifer temprature (Ta) and the background heat flux ( q }
is given by

Ta = To+ 2 qP(2) dZ (n

where Ta is the aquifer temperature, To is the
mean annual surface temperature, q is the terrestrial heat
flow density and P { Z ) is the thermal resistivity at depth
Z. In the absence of heat losses or gains, q is a constant,
given by

q = (Ta—To) /[ P(Z) dZ (2)

In the homogeneous, constant property multila-
yer case the integral in equation (2} can be replaced by

r
the sum P> PiZj, where Pj is the thermal resistivity of the
layer with—1thickness Z; and n is the number of layers.
Equation (2) is independent of the form of temperature
distribution in layers above the aquifer and can be used
for calculating q as long as Ta itself is unaffected by water
movements.
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DETERMINATION OF AQUIFER TEMPERATURE

The aquifer temperature (Ta) can be determined
from temperature logs in thermally stabilized wells. This
is however not always practical due to the presence of
pumping equipments in wells. In such cases it is possible
to obtain a fairly good estimate of Ta by making
temperature measurements of water at the well mouth
during pumping tests. If the flow rate is relatively high
the temperature of water at the well mouth (Tw) is nearly
equal to the aquifer temperature (Ta). In case of low flow
rates one may make use of the relation given by
Bolditzsar (1958) for correcting for the effects of radial
heat losses:

(Tw—To) /{Ta—To) = M'R[1 —exp(—1/M'R)] (3)

M’ = MC/KH is the dimensionless mass flow rate (M is
the mass flow rate of water during pumping tests, C is the
specific heat of water, K is the average thermal
conductivity of the rock formations through which the
well passes, H the depth to the top of the aquifer) and R is
a parameter given by (Birch, 1947):

R = (1/4m) [ Z ' exp(-2) l0(2) dZ (4)
(r2/4k1)

where r is the radius of the well, k is the thermal
diffusivity of the rock formation, t the time since pumping
starts and lo the modified Bessel function of the first kind
of order zero. The value of R as a function of Y = (4kt/r2)
is shown in Fig. 1. For large values of time, i.e.: for wells
which have been in use continuously for several years,
the value of R approaches a value of about 2/ and is
rather insensitive to small changes in “t”. However it is
necessary to caution here that wells which have been in
use for several years may have induced long term
changes in the aquifer temperature itself and thus may
not be suitable for the determination of “steady state”
heat flow density values.
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Figure 1 - Variation of the parameter R as a function of dimen-
sionless time Y = 4kt/r2, For explanation of symbols
see text.

The wvariation of the temperature ratio
(Tw-To)/(Ta-To) with the mass flow rate M for severa!
depths H is plotted in figure 2 for R = 0.244. This value of
R corresponds to a time of 24 hours after pumping starts
in a well of 20 cm diameter and with a wall rock thermal
diffusivity of 0.01 ecm2/s. As can be easily noted from the
type curves in Fig. 2 the correction factor becomes
significant only for deep wells (H>1000m) with very low
flow rates (M<10kg/s). Fig. 3 shows the variation of
(Tw-To)/(Ta-To) with M for the long term case of R =
2/m (Truesdell et al.,, 1977) and again the correction
factor becomes large only at unreasonably low flow rates.
A comparison of Figs. 2 and 3 point out the important
fact that at flow rates in excess of 50m3/h the correction
factor is rather insensitive to small changes in the value of
R. Variations in other parameters may produce significant
errors in the correction factor and it is worth examining
this aspect of the problem in a little more detail.
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Figure 2 - Type curves demonstrating the relation between the
correction factor (Tw-To)/(Ta-To) and the mass flow
rate for the short term case of R = 0.244 and for se-
veral different aquifer depths (H).
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Figure 3 - Type curves demonstrating the relation between the
correction factor (Tw-To)/(Ta-To) and the mass flow
rate for the long term case of R = 2/mand for several
different aquifer depths (H).
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Usually in the case of water wells the flow rate (M) and
depth to the top of the main aquifer (H) are known but
the mean thermal conductivity may vary from one well to
another. Hence it is sometimes more convenient to relate
dimensionless temperature in equation (3) to a
dimensionless conductivity parameter {x) given by:

x = (R} (CM/H) (1/K) (5)
and hence
(Tw—To) /(Ta—To) = x[1 —exp(=1/x)] (6)

Variation of dimensionless temperature as a
function of x is shown in figure 4 (continuous line} while
the relation between x and thermal conductivity (K} of the
wall rocks is shown by dotted lines in the same figure for
various values of A =(2/m) (CM/H). Thus laboratory
measurements of thermal conductivity can be used in
combination with the value of A evaluated from well data
to determine the correction factor (Tw-To)/(Ta-To). As
an illustrative example consider a well intersecting an
aquifer at a depth of 266 meters and being pumped at the
rate of 0.36 m3/h. In this case A = 1 and if the thermal
conductivity is 4 W/mOC the correction factor is 0.25
(stipled line - | Fig.4). If now the pumping rate is
increased to 3.6m3/h the value of A is 10 and the
correction factor is 0.82 (stipled line Il in Fig. 4). Stipled
line 1l refer to the case in which the pumping rate is
3.6m3/h while the mean thermal conductivity is only
2W/mOC. In this latter case the correction factor is 0.91.
These results show that for shallow wells with flow rates
in excess of 20m3 /h normal variations in thermal
conductivities have very little effect on the correction
factor. Usually pumping tests of water wells are carried
out in steps of increasing flow rates in order to evaluate
the hydrological characteristics of the aquifer. Obviously
tempratures measured at different flow rates will be of
considerable help in determining the correction factor
more accurately.
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Figure 4 - Dependance of tne correction factor on the dimen-
sionless conductivity parameter {the continuous line)
and the thermal conductivity of wall rocks (dashed li-
nes). The numbers above the dashed lines refer to
values of the parameter A. For explanation of stipled
lines see text.

THERMAL CONDUCTIVITY MEASUREMENTS

Samples available from water wells for thermal
conductivity measurements are usually in the from of
chips and powder because of the drilling techniques
(percussion and rotary) commonly employed. The cell
technique used by Sass et al. (1971) can be adapted for
the determination of thermal conductivity of the solid
matrix from laboratory measurements on water saturated
samples. The effect of porosity on thermal conductivity is
however more difficult to evaluate in certain cases as
porosity logs are not normally carried out as a standard
procedure in water wells. One possible way to overcome
this problem is to make use of substandards of known
porosity, pulverized into a form similar to that of the
sample. If the sample porosity is not very different from
that of the substandard, errors in the conductivity values
can be kept to a minimum.

APPLICATION OF THE METHOD

Several deep wells drilled for groundwater in the
north-eastern portion of the Parana basin, shown in Fig.
5, offered an opportunity to test the usefulness of this
method against other methods of determining terrestrial
heat flow density of the western part of Sao Paulo state.
The main aquifer in this region is the Botucatu Sandstone
formation confined between the relatively impermeably
paleozoic sedimentary rocks at the boitom and tholeitic
flood basalts of the Serra Geral formation at the top.
Temperature measurements were carried out during
pumping tests by the Departamento de Agua e Energia
Elétrica - (DAEE, 1981), in thirteen wells using standard
mercury thermometers. In some wells measurements
were made by Instituto de Pesquisas Tecnolégicas (IPT)
using high precision thermistor thermometers. The mean
annual surface temperature values were taken from the

climatological data of Pereira (1969). The field tempera-
ture data for the thirteen wells in the western parts of the
state of Sao Paulo are given in Table 3. Several hundred
measurements of thermal conductivity were carried out
on samples from several wells. Measurements were car-
ried out on samples of chips and powder using a divided-
bar apparatus. The divided-bar is calibrated using subs-
tandards crushed in to the form of chips. Because most of
the sample were basalts we used fine grained basalt as
substandard. The water saturated thermal conductivity of
solid basalt was determined by the divided-bar method
making use of fused silica discs as primary standards.

The results of thermal conductivity measurements are
presented in Table 2 and have been useful in the cons-
truction of generalized thermal resistivity profiles of the
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upper rock formations in the northeastern parts of the
Parana basin.

Table 2 — Thermal conductivities of principal rock types in the
upper formations in the northeastern parts of the Pa-
rana basin.

Number Thermal

Formation Rock Type of Conductivity {1)

Analysis (W/m°cC})

Quaternary Sediments | Alluvium 1 1.4

Bauru Sandstone 55 3.7t1.0

Serra Geral Basalt 196 2.0%0.2

Botucatu Sandstone 124 3.810.8

IPiramboia Argillaceous 10 2.710.3

Sandstone
Rio do Rastro Argillaceous 11 3.0%0.3
Sandstone

(1) Values of arithmetic mean and standard deviation.

The heat flow density values calculated on the basis of
cumulative thermal resistance values, aquifer tempera-
tures and mean annual surface temperatures are given in
Table 4. Judging from the general pattern of heat flow
the high value at Bauru is doubtful. [t most probably is
a result of errors in the determination of To. For example
a value 220C for To could bring the heat flow substan-
tially down to about 70 mW/mZ2, Thus the method is sus-
ceptible to large erros in heat flow determination when
the temperature difference (Ta-To) is small, or in other
words, for shallow wells.

A recent compilation of heat flow density values for the
Parana basin carried out by Hamza and Eston (1982) al-
lows a comparison of heat flow values obtained by the
aquifer temperature method with the conventional, bot-
tom-hole temperature and geochemical methods. The
results summarized in Table 5 show that the aquifer tem-
perature method is capable of furnishing heat flow den-
sity values comparable to those obtained using conven-
tional or bottom-hole temperature methods. Geochemi-
cal method based on silica geothermometer seems to

Table 3 — Field temperature data for thirteen wells in the western portions of the state of Sdo Paulo, used in the Aquifer Temperature
Methad (ATM).
. Depth to the Well Mouth Mean Annual
i Latitude .
Locality Longitude top of aquifer {a) Temperature (b} Surface Temperature
{m) (°c) (°c)

Bauru 22° 19’ 60E1 24,2 10.2 21105
49° 04

Bariri 22° 04’ 131 %1 25.4 0.2 21105
48° 44'

Itapolis 2116’ 277 £1 29.0+0.2 2105
48° 49°

Novo Horizonte 219 29’ 420+ 2 34.5+0.2 2205
490 13°

Catanduva 219 08’ 457 %2 34.510.2 21105
480 58’

Monte Alto 21° 16’ 464 £ 2 36.2%0.2 21+ 0.5
48° 30’

Lins 21° 40 595 + 2 41.2+0.2 22+t 05
49° 44’

Barretos 20° 32¢ 600 +2 36.0+0.2 21t 05
48° 34’

Sdo José do Rio Preto 20° 49’ 790 £2 443+0.2 22105
490 23°

Trés Lagoas 20° 46’ 823 %2 455 0.2 22£0.5
51043

Paraguacu Paulista 220 25’ 964 +2 48.0%0.2 221 0.5
50° 34

Fernandépolis 20017’ 1285 %2 58.7t0.5 22+ 0.5
50° 15’

Presidente Prudente 22° 08’ 1145+ 2 63 *05 22+ 05
5190 24°

(a) The top of the aquifer corresponds to the interphase between basalt and sandstone. Errors represent estimated values based on well-site

interpretation of driller’s log.

(b} Weil mouth temperatures during pumping tests were measured using mercury thermometers with accuracies of 0.2°C in the interval 0°C

to 50°C and 0.5°C in the interval 50°C to 100°C.
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Table 4 — Heat flow density determinations by the Aquifer Temperature Method for thirteen wells in the western portions of state of
Sao Paulo. .
Aquifer temperature is calculed using equation {3) in the text, The values used for specific heat of water and thermal conducti-
vity of wall rocks are 4186 J/kg®C and 2W/mPC respectively.
Flow Rate Aquifer Cumulative Thermal Heat Flow
) (ka/s) Temperature Resistance Density
Loeality (°c) {OC m%wW) (mW/m2)
Bauru 55.6 24.2 30.8+34 104+ 35
(70 +35)
Bariri 41.7 25.4 67.2+t 7.1 66 +17
Jtapolis 66.7 29.0 142.1 +14.8 56 £11
Novo Horizonte 83.3 34.5 21.4 £22.6 58 £9
Catanduva 50.0 34.5 234.4 246 58+9
Monte Alto 55.6 36.2 238.0 £24.9 64 + 10
Lins 68.9 41.3 305.2 £31.8 6319
Barretos 50.0 36.1 307.8 £32.1 59 +7
Sao José do Rio Preto 138.9 44.3 405.1 £ 42.6 56 +8
Trés Lagoas 55.6 45.6 422.2+44.3 56 £ 8
Paraguacu Paulista 19,2 48.4 494.5 + 51.7 537,
Fernandopolis 125.0 58.8 658.9 + 68.6 56 +7
Presidente Prudente 138.9 63.2 607.1 +76.8 68 £ 10
furnish values systematically higher than the others, at DISCUSSION

least in the present case.

Table 5 — Comparision of terrestrial heat flow density measu-
rements by four different methods in the Parana
basin.

Number Heat Flow Density
of (mw/m?)

Method Measure-

ments | Mean Value S. Deviation

Conventional 9 59 9

Aquifer Temperature 13 62 4

Bottom-Hole Temperature 6 58 4

Geochemical

Quarts only 10 82 (1) 10
Chalcedony and Quartz 10 (69) (2) 10

(1) Based on the quartz conductive cooling.

(2) Chalcedony thermometer used for five localities. The problem
of when and where to use chalcedony or quartz thermometer
is open to discussion, in the case of low temperature thermal
waters.

The aquifer temperature method (ATM) can in
certain respects be considered as holding an intrinsic ad-
vantage over conventional methods in that it makes use
of the temperature of a layer with a relatively high ther-
mal inertia and where hydrologically induced thermal
disturbances practically comes to a stop while conventio-
nal method based on temperature logs in layers overlying
the aquifer may lead to values that may not be free from
such perturbations. Another main advantage is that it re-
quires a knowledge of only Ta, To and the cumulative
thermal resistance, PjZ;.

It is however important to note that the heat flow
density as defined by equation (2) is a value that is cha-
racteristic of the local geological conditions and may not
always provide an accurate estimate of heat flow from
deeper layers. Significant departures from background
flow may occur under conditions such as low water sto-
rage capacity of the aquifer, high water leakage rates, ste-
ep dipping strata and low background heat flow. Such
conditions usually occur however while dealing with
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Figure 5 - Simplified geologic map of western part ot the State of Sdo Paulo
showing locations of heat flow measurements by Aquifer Tempera-
ture and Conventional Methods. Heat Flow data by conventional me-
thod are taken from the uncompleted thesis work of one of theauthors

(J. Santos).

shallow unconfined aquifers. On the other hand it must
be remembered that spatial dimensions and time scales
associated with groundwater systems are comparable to
the regional variability in heat flow and separation of the
two effects may easily turn out to be a complicated task.

At this point it is perhaps worth pointing out that
though downhole temperature logs are quite valuable in
determining conductive geothermal gradient, the linearity
in temperature profiles is not always a guarantee that the
measured gradient is free of hydrological disturbances
either in layers intersected by the borehole or in deeper
ones. Lewis and Beck (1977) recognized this problem and
cautions against the validity of apparently “good-loo-
king” heat flow values based on measurements in single
boreholes. They recommended detailed measurements in
a large number of ciosely spaced boreholes as one way of
overcoming the problem, but this solution may not al-
ways be practical due to the sparsity of available boreho-
les.

The ATM though similar to the bottom-hole
temperature technique has some inherent advantages
over the latter, the main ones being wider regional repre-
sentation and access to detailed sampling facilities for
thermal conductivity measurements. Since the method
requires only a relatively good thermal conductivity la-
boratory the initial investment in starting a heat flow pro-
gram can be kept to a minimum, a factor worth mentio-
ning in connection with institutions in developing coun-
tries. Though we have made use of divided-bar appara-
tus for thermal conductivity measurements it is also pos-
sible to adapt QTM (Quick Thermal Conductivity Meter)
type devices for rapid measurements of thermal conduc-
tivities of samples in the form of chips or powder.,

The present method (ATM) is mainly intended to
provide a rapid coverage of terrestrial heat flow density
distribution in “frontier” areas where conventional me-
thods may not be practical (ex.: presence of pumping
equipments installed in water wells) or possible {ex.: lack
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of proper logging equipments). On the other hand the
intrinsic advantage of ATM over conventional methods
may be exploited for determining deep basal heat flow as
well as for evaluating the local variability in heat flow that
is related to subsurface fluid circulation pattern.
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