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A Direct Integral Method for the Analysis of Borehole Fluid 

Conductivity Logs to Determine Fracture Inftow Parameters 

Chin-Fu Tsang and FranJc Hale 

Earth Sciences Division 
Lawrence Berkeley Laboratory 
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Abstract 

It is of much current interest to determine the flow characteristics of fractures intersecting a well bore in 
order to provide data in the estimation of the hydrologic behavior of fractured rocks. Often inflow from these 
fractures into the wellbore is at very low rates. In addition very often one finds that only a few percent of the 
fractures identified by core inspection and geophysical logging are water-conducting fractures, the rest being 
closed. clogged or isolated from the water flow system. A new procedure is proposed and a corresponding 
method of analysis developed to lOCale water-conducting fractures and obtain fracture inflow rates by means 
of a time sequence of electric conductivity logs of the borehole fluid. The physical basis of the analysis 
method is discussed. The procedure is applied to a synthetic set of data, which shows initiation and growth of 
four conductivity peaks in a 900-m section of a 1690-m borehole, corresponding to water-conducting fractures 
intersecting the borehole. We are able to match all four peaks and detennine the flow rates as well as the 
salinity of the water from these fractures. 

Introduction 
In the study of the hydrology of fractured rocks, it is important to know the fracture properties. Surface 

observations may be useful, but the more relevant observations are those made at the depths of interest. Such 
measurements are mainly carried out through boreholes or underground openings. In the case of boreholes 
various methods of studying fracrure properties have been used. For example, a downhole televiewer can be 
used to map the fracrure traces on the borehole walls and detennine their density and orientations. However, 
it is well known that often these traces do not correspond to locations of water-conducting fractures. Hence. 
there is a need to (1) identify the location and (2) measure directly the hydraulic or flow properties of an 
identified water-conducting fracrure or group of fractures intersected by the borehole. 

Constant-pressure, constant-flow or pulse tests have been applied to packed intervals along a wellbore. 
Since many of the fracrured rocks of interest are of low penneability. the flow from a packed interval can be 
very slow. This has necessitated the development of low-Row measurement tools and the use of long-tenn 
measurements involving many packed intervals tested one at a time. Packed-off test intervals are usually 
larger than individual water-conducting zones, thus leading to an uncertainty in the location of a water­
bearing fracrure. An alternative method is the measurement of inflow along the borehole from fractures 
without the use of packers, with the well Rowing at a moderate rate. Borehole Rowmeters (see e.g., Hufs­
chmied, 1983: Omega. 1987: Bean, 1971) can in principle yield the inflow rate from individual inflow lones. 
Such a flow- meter log is often suongly affected by wellbore radius variations. Thus, a caliper log has to be 
run to calibrate the results. Also, there is a low flow rate limit below which the conventional flowmeter log is 
no longer useful. 

A more recent method using a heat pulse for measuring low velocities in boreholes (Paillet et aI., 1987. 
Hess, 1985) can measure much lower Row velocities than conventional flowmeters, especially when an 
inflatable packer is used to direct flow through the heat pulse flowmeter. 
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The present paper describes a new method involving the use of a time sequence of electric conductivity 
logs of borehole fluid without the use of packers. The following section describes the logging procedure and 
the analysis method used. Next. analytic considerations are discussed to show the functional dependence and 
expected results for the shon and long time limits. Then the numerical method used in the data analysis is 

. introduced and applied to a set of synthetic data based on field data from the Leuggem borehole in Switzer­
land. 

Fluid CODductivity LoggiDg Procedure 

Consider the uncased section of a wellbore that intersects a number of flowing fractures. In general. the 
ftowing fractures contain fluids with different chemical compositions and ion content, and hence different 
e1ecuic conductivities. The relationship between ion concentration and fluid electric conductivity is 
reviewed. for example, by Shedlovsky and Shedlovsky (1971), who give graphs and tables relating these two 
quantities. Hale and Tsang (1988) made a sample fit for the case of NaCI solution at low concentrations and 
obtained 

a = 0.187C - O.OO4C:Z (l) 

where a is the ftuid electric conductivity in S/m and C is concentration of NaO in kglm3. The fonnula is 
valid at a temperature of 2Q°C. and for values of C up to about 6 kglm' and values of a up to 1.1 S/m (or 
11000 J,.LS/cm). The quadratic term can be dropped if one is interested only in values of C up to about 4 kg/m' 
and a up to 0.8 S/m (or 8000 J.1S/cm). In this case we have a convenient linear relationship between a and C: 

a(J.LS/cm) = aC(kg/m') (2) 

where a = 1870 (J.LS/cm)· (m3/kg) and the units were chosen because in the field data we analyzed c:r is given 
in J,.LS/cm . 

Suppose the well bore is first washed out with de-ionized water by passing a tube to the well bouom. 
There will be some residual ion content and associated electric conductivity (e.g. about 60 J,.LS/cm. correspond­
ing to a residual salinity concentration of 0.03 kglm'). Now let us produce from the wellbore at a flow rate Q. 
For three fractures we have a siruation shown schematically in Figure 1. Note that the Bow rates at different 
pans of the wellbore are different. being equal to the sum of aU upstream inflow rates. At each fracture inflow 
point. the parameters characterizing the flow are loi. the time when the fracture fluid emerges at the wellbore; 
Xi, the location of the inflow point; 'Ii, the volumeaic inflow rate; and 'Ii C ... the solute mass inflow rate, where 
Coi is the concentration of ionic: solutes in the fracture fluid. Here we have assumed that generally loi can be 
different Cor different fracture inflow points. This could be due to different initial hydraulic heads in these 
fractures or the specific borehole development and pressure history, with the result that the de-ionized water 
enu:rs the fractures during borehole-washing OUl Thus when the wellbore is produced at flow rate Q. the de­
ionized water from the fractures first returns to the borehole. delaying the arrival of in-situ fracture water. 
These arrival times can be different for the different fractures. 

Figures 2-5 display schematically salinity distribution inferred from fluid electric conductivity distribu­
tion in the weUbore for a series of times. Figure 2 shows the curves for early values of time. In this paper we 
assume that the weUbore cross section is small compared with its length, so that salinity or chemical concen­
tration is uniform at each cross section. If there is no overall upward flow in the wellbore and density effects 
can be neglected, one expects the salinity curves at each inflow point to be symmetrical about the inflow point 
(see formula in the next section). When the well is pumped at a given flow rate, a skewing of the curves is 
expected due to the upward flow in the wellbore, which is larger near the well top than near the well bottom. 

Figures 3-5 show three possible sets of salinity curves for large time periods. all assuming very small 
borehole diffusivity. Figure 3 shows one possible set of results. At large times. the saturation salinity is given 
by 

(3) 

where 'Ii is the inflow rate, with i = 1 corresponding to the deepest inflow point of the flow survey (i.e .• most 
upstream), and w is the borehole flow rate from below the surveyed section. and Co is the initial salinity of 
well bore water. If the salinity curves from two inflow points i and i + 1 overlap. then Cmaa.i is still given by 
(I), but Cm.a.i+1 is given by 

wCo + tliCi + 'Ii+1 Ci+1 
Cmaa.i+ I = i+ I (4) 

w+l:'ln 
a-I 
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There is a step-jwnp at the location of the (i+l)-th inflow point when the salinity curve from i-th inflow 
reaches the (i+l)-th location. This is demonstrated in Figure 3 for three inflow points. with second and third 
intIow salinity curves interfering with each other. 

At the limit of very large time periods. the expected salinity curves are shown in Figure 4. Here the step 
sttucture is prominent. with the Cmu value between the i-th and (i+ 1 )-th inflow points given by . 

i 

wCo+l: CIa Ca 
a-I Ca.u.i = --::"';':"i-- (5) 

w+l:CIa 

With diffusion. the step structure will be smeared OUL Note that the results. equations (3). (4) and (5). are 
independent of variations of wellbore radius. 

Figure 5 shows a sequence of curves from early to later times. In this figure. the effect of having one of 
the three inflows starting much earlier than the other two is shown. 

Thus. the procedure for fluid conductivity logging is as follows. AfU!t the wellbore tluid is replaced by 
de-ionized water. the well is produced at a low flow rate. Then a fluid conductivity logging probe is run 

. through the weUbore and electric conductivity distribution recorded at several times. Care should be taken 
not to disturb the weUbore fluid to induce large scale disturbances. With the time sequence of fluid conduc­
tivity logs. the inflow characteristics of the fractures can then be determined. 

Analytic Considerations 
In this section we present a simple analytic method to estimate flowrates Qi and salinity Ci of the fracture 

fluid. The results will be used later as initial guesses to fit synthetic data. 

Given a borehole electric conductivity profiles measured at a given time. such as that given in Figure 2. 
the area under each peale can be obtained numerically. This can be simply related to qCo• where q is flow rate 
in m'/s and Co is concentration of the inflow fluid in kg/m':: 

J a(x.t)dx = a(qCo ) ~ • t (6) 
Jtd 

where d is the weUbore diameter. a is coefficient relating salinity with electric conductivity (equation 2) and t 
is time since the fracture fluid flows into the borehole. This equation assumes that both q and Co are constant 
with time. Also the integral on the left-band-side can only be made at relatively early times before the adja­
cent peaks overlap significantly as in the case in Figures 3 and 4. 

Equation (6) can be applied to a few conductivity profiles. and a plot of J adx against t wiU give as the 
slope (4a/Jtd2)qCo and as the intercept the time. to when the fracture fluid starts to flow into the borehole. 

In principle. once to and qCo are obtained for each peak. one can apply large·time results. equations 
(2)-(5). to calculate the flow rate of the particular inflow poinL Thus. from careful measurements of early­
time log data and late-time log data. one can obtain all the inflow flow rates in a simple and straightforward 
way. These results are not sensitive to moderate variations of weUbore diffilsivity. Note also that while the 
short-term results depend on weUbore radius, the large-time results are independent of iL 

Now if large-time results are not available. as is usually the case in field experiments. we can use the 
foUowing method to obtain a good first guess of flow rate q from each peak. Figure 6 shows a schematic 
diagram of a weUbore with several inflow points. each with a flow rate Qi. concentration Ct. and position Xi' 

The total flow rate out of the weU is Q. the initial salinity in the weU is Co. and the inflow at the bottom of the 
weU is W. Positions are indicated assuming the origin at the surface and increasing downward (Le .• depth). 

Let 1..0 be a reference point near the bouom of the weU. upstream of (below) the first fracture inflow 
point. and let L be a point up the weU from 1..0. At 1..0. the conductivity is assumed constant and equal to the 
initial conductivity ko. The problem then is to obtain the flow rate Ot at the point L in the weUbore in terms 
of the electric conductivity log at different times. Ot is the sum of all of the Qi's between Lo and L. plus the 
inflow from the bottom of the weU at 1..0. W. To simplify the discussion without loss of generality. W wiU be 
assumed to be zero in the analysis that foUows. Note that taking the difference of two values of Ot. one 
upstream of an inflow point and one downstream of the inflow. will yield a value for 'Ii at that inflow. 

If we assume all inflows initiate at the same time (t=O). then the mean concentration. CL • in the wellbore 
over the section between 1..0 and L is given by the incoming salinity from the inflow points minus the salinity 
that leaves the section at L with flow rate Ot: 

- 3 -
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, 
(<Lo-L)1til >Cdt) = (<Lo-L)nr2)Co + t 1: 'li~ - <4. J C(L,t) dt (7) 

LGt<Le 0 

wheze <Lo-L)xr2 is the wellbore volume in the section between La and L, and C(L.t) is the time-varying salin­
ity at the location L. The first term on the right-hand side represents the background mean salinity in the 
wellbore. 

Now, if the electric conductivity a is linearly related to salinity, as in equation (2), we can arrive at the 
following result by simple algebraic manipulations: 

at 1: 'lie; - (<Lo-L)xr2 )(adt) - 0'0] 
L<It<L. , (8) <4.= 

J (a(L.t)-0'0) dt 
o 

where adt)=aCdt) and a(L,t)=aC(L.t). This equation gives the flow rate, Or., at any location L in the 
borehole directly without trial-and-ezror procedure, and is valid for any time l 

The first term in the numerator of equation (8) is determined as follows. We note that at time t=O, the 
well is flushed with de-ionized water (or water at constant salinity) with electric conductivity ko. Then the 
well is pumped at a constant small How rate at the wellhead Thus at each inflow point, an electric conduc· 
tivity profile will develop. By integrating the areas of the profile at two successive times, tl and t2. near each 
of these inflow points we can obtain 

Xj+~ 

J m2(a(x,t2)-a(x.tl»dx .. ~ 
12 - tl 

(9) 

where Xi is the inflow point location and SI and ~ are appropriate distances to bracket the local inflow profile. 
All of the other quantities in the right-hand side of equation (8) can be obtained from the measured electric 
conduc~vity profile. 

Note that the quantity <Lo-L)xr2 is an integral quantity representing the total borehole volume over the 
section L. Thus equation (8) is not sensitive to local borehole radius variation, a major advantage over the 
spiMer method of measuring flow rates. Because of the integral forms of the terms in equations (8) and (9), 
the effects of solute dispersion around the peaks within the interval La to L do not affect the results. However, 
dispersion effects at or near L introduce an error in the value of C(L,t) or k(L,t). This, we believe, is a source 
of uncertainty in our parameter estimation. Examining the values of Ox. determined from equation (8) at a 
series of locations between two successive peaks illustrates this uncertainty. At these locations. we know that 
Qx. should be constant The variation in Ox. is a measme of solute dispersion in the borehole and can probably 
be studied to cancel its effect and obtain the proper values of the flow rate. An alternative is to solve for Or. 
using equation (8) and then slightly adjust the value to match the data using the code BORE. In this paper, the 
latter approach is used. 

If 'li~ is constant for aU inflow points. equation (8) holds for any time l Thus we can solve the problem 
at a few different time periods and the result should be the same. This is a good internal check. This also 
means that short term data may be sufficient to give accurate results. A reduction of the necessary measure­
ment time (say, from 600 hours to 100 hours) represents a major savings in testing cost. and makes the tech­
nology more commercially applicable. 

On the other hand, if any Qj~ changes with time, Or. will also change with time. Thus applying equa­
tion (8) at different times will tell us (probably crudely) how Qj changes with time. NOIe that if Ci changes 
with time, but not Qj, we expect <4 obtained by equation (8) will be the same at different times (so long as t2 is 
set equal to t and t\ equal to 0 in equation (9». This means that the equation is applicable even when Ci from 
each inflow point is time varying! 

Now, in field operations, because of the fluid logging procedure or changing flow rates (transient 
effects), it is conceivable that the fluid flows from the fractures into the weUbore do not initiate at the same 
time, but at lot respectively, then an estimate for ~ is obtained as follows: 

.. +~ 

J m2(a(x,t\)-O'o)dx 

t... = t\ - (10) 
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And equation (8) can also be easily modified to take this into accounc 

01.= 
a 1: (t-fa.><h~ H(t-~) - «L.,-Lpa-l )[adt)-<1o] 

LCIIt<l. 
(11) 

where H(t-fa.) is the Heaviside step function, which is 1 for t>fa. and 0 for tSfa.. Here in the denominator the 
lower limit of integration, It.. is taken as the time at which k(L,lt.) at L begins to be greater than the back­
ground concenb3tion value ko. 

Now (t-fa.><hY represents the total salinity input into the borehole. If. at time t after the initial washing 
out of the borehole with de-ionized water, the conductivity log is measured, we can set t1 =0 and t2=t in equa­
tion (9). the total salinity input into the borehole is: 

14+&t 
~ J nr2(k(x,t)-ko)dx (12) 
al4~ 

regardless of the values of fa. and also regardless of whether 'Ii or Y is time dependent or not Then equation 
(11) can be generalized to: 

14+5z 

1: J nr2 (k(x,t) - ko) dx - «Lo-L)m2 )(kdt)-ko) 

t 
(13) 

J (k(L,t)-ko) dt 
\. 

Here 01. has to be interpreted as a type of mean flow rate over the time period 0 to 1, at location L. So far we 
have applied equations (8) and (9) to problems presented in Section 4 below. We are in the process of testing· 
the use of equations (12) and (13) for time-varying 'Ii and y. 

The equation (8) assumes all solute ftux is flowing up the weUbore and thus does not apply to locations 
in the weUbore where the solute flux is mainly down the borehole by diffusion. This is not a major restriction 
because avoiding these locations does not prevent us from obtaining the flow profile in the wellbore. In prin­
ciple, all we need is to apply the equation to a point at the downstream side (up the borehole) of each inflow 
point 

A special case is when L is small and is below (or upstream of) the first inflow point. If we apply equa­
tion (8) in this case, we obtain the indeterminate result of Ox. =0/0. This is not surprising, indicating the simple 
result that without input salinity, it is not possible to determine the ftow rate. 

Numerical Metbod 
For a general pro.blem of multiple inflow points, overlapping salinity curves and variable dispersion 

coefficient K, no analytic solution is readily available and numerical methods are required. For our purpose. 
we developed a simple computer code (Hale and Tsang, 1988) that solves the linear advective-dispersive 
equation: 

dlc ac ac K---v-+S=-ox2 ax at (14) 

where C is the concenb3tion of solute, K is the dispersion coefficient, v is the linear borehole ftuid velocity. 
and S is the source term, under the initial condition: 

C(x,O) = Co(x) x S Xmu, t = 0 . (15) 

Here Xma. represents the deepest point of interest in the borehole. The code uses a finite difference solution 
scheme with upstream weighting and can accommodate various boundary conditions. It has been verified 
against a number of analytic solutions and also against a well-validated numerical code, PT (Bodvarsson. 
1982; Tsang 1985; Tsang and Doughty, 1985). 

Figure 7 shows the numerical results of a case with one inflow point under an overall inflow flow rate w. 
Figure 8 shows a late-time numerical solution for the case of the overall wellbore fluid flow rate w equal to O. 
q(3 or q. where q is the fracture inflow rate. The saruration salinity values are Co. 3/4 Co and 1/2 Co 
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respectively. This is obvious from the proportionate mixing of inftow salinity with the upcoming wellbore 
flow with Cw = 0 (equation '3). Note that we are using the volume flow rates w and q and not linear velocities. 
Thus, the variation of wellbore cross-section has no effect on these results. 

Figure 9 shows the salinity curves in the wellbore w = O. Because there is a closed boundary at well 
bottom x = 0, there is still a preferred flow upwards to -x values. This can be seen easily if the closed boun­
dary is represented by image sources below iL With inflow at rate q at the point x = -50 m, the flow rate in the 
wellbore is q downstream from x = -50 m and 0 upstream. 

Figure 10 shows the interference between two inflow points. In all ofthese cases K is taken to be 1.25 x 
10-5 m2/s and the overall wellbore flow rate to be w = 1.5 X 10-7 m3/s. The two inflow points are at x = -50 m 
and x = -100 m with flow rates ql = and <12 = 3 X 10-7 m3/s. Interference effects are seen as a sudden jump in 
the curve when the salinity curve from the upstream inflow point overlaps the downstream point. Figure 10 
also shows the large time period results with a step structure at large times confinning that shown in Figure 4. 

A synthetic data set composed of a time-series of conductivity logs with times ranging from 0.5 to 600 
hours was generated by the code BORE. Four inflow points were used. The synthetic logs for 0.5, 144 and 
600 hours are shown in Figure 11. The data set is designed so that they are realistic. similar to the real field 
data obtained from the Leuggem hole in Switzerland. 

PRE was used to estimate the inflow parameters using various subsets of the time-series of logs, with 
successively larger final times (i.e. using the first five logs. the first eight, the first ten, etc.). The resulting esti­
mates of the parameters, shown in Table I, indicate that the values stabilize at relatively short times (less than 
100 hours), and that the use of additional logs provides little additional infonnation. This may mean that the 
test need omy be carried out for 100 hours. This is due to the fact that the values of <LCi are based on early 
times. and the data at later times only enter into the integral in the denominator of the equation for Q. 

The predicted profile of conductivity logs based on parameters obtained by applying PRE to the 96 hour 
data is shown in Figure 12. The agreement with the synthetic data is already very good, with the exception of 
the inflow at 915m. Minor adjustments result in a good fit to the synthetic data. as shown in Figure 13. 

Conclusion and Discussion 

In this paper we first discussed the procedure and physical processes associated with a time series of 
fluid conductivity logs in a borehole intersected by a number of flowing fractures. Simple formulas toevalu­
ate some of the relevant parameters are described and their uses demonstrated. Then numerical matching of 
the data to obtain the remaining parameters is shown. The results are not sensitive to borehole radius varia­
tions and the method may be able to measure small inflow rates. 
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Table 1. Parameter Estimates for Syntbetic Case 

Tuneol Inftow Rate (l/min) 
Latest Log (hrs) ql50 Cl91S Ql200 Ql440 

8 3.4 0.53 0.29 0.11 
12 4.7 0.55 0.30 0.12 
24 4.8 0.58 0.30 0.11 
48 5.0 0.65 0.32 0.10 
96 4.9 0.60 0.32 0.093 

144 4.9 0.59 0.30 0.088 
288 4.9 0.5S 0.33 0.083 
600 4.9 O.5S 0.30 O.OSl 

Fit by slight 4.S 0.23 0.24 0.066 
adjusunents from 96 

Input 4.3 0.27 0.22 0.070 

Tuneol Inflow Concentration (lcg/ml) 

Latest Log (hrs) CI50 YIS Cl200 CI440 

8 1.0 1.6 0.52 0.46 
12 0.77 1.5 0.50 0.42 
24 0.75 1.4 0.49 0.45 
48 0.72 1.3 0.47 0.49 
96 0.73 1.4 0.47 0.54 

144 0.73 1.4 0.50 0.57 
288 0.74 1.4 0.46 0.60 
600 0.74 1.4 0.50 0.61 

Fit by slight 0.85 3.1 0.68 0.72 
adjusunents from 96 

Input 0.85 3.1 0.68 0.71 
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Figure 1. 

q1 + q2 + W 
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Schematic picture of a weUbore with three inflow points and a weU-bore flow rate w from 
below. 
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Figure 2. Schematic picwre of salinity curves from three inflow points in a weUbore at early times. 
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Figure 3. 
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Schematic picture ot salinity curves at a large time. assuming very small diffusion effects. 
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Schematic picture of salinity concentration curves at the very large time limit. assuming 

very small diffusivity effects. 
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Figure S. 

Bottom Hole 

Schematic picture of salinity concentration curves from early to later times. assuming one 
of the Ihree inflow points begins much earlier than the other two. 
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Figure 6. Schematic diagram of a wellbae wirh several inflow points. each 'Nirh a ftow rate Q. cone 
centration 4. and position Xs. The total ftow rate out of the weD is Q. the initial salinity is 
Co. and the inftow at the bottom of the weD is w. Positions are indicated assuming the ori­
gin at the surface and increasing downward (i.e.. depth). 
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Figure 7. Numerical results for one inflow point from early to later times. 
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Figure 8. Numerical results for one inflow point at ftowrate q for three values of weUbore ftow rate 
from below: w = O. w = q(3 and w = q~ , 
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Figure 9. Numerical results for one inflow point and w = 0 for dispersion constant K equal to 50 m2/s. 
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Figure 10. Numerical results for two inftow points. 
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Figure 11. Schematic at 0.5, 144 and 600 hrs. 
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Figure 12. Synihetic initial estimate. 
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Figure 13. Adjust parameters. 
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