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KEYWORDS Summary One of the main difficulties encountered when characterizing the hydrody-
Fracture; namic properties of a fractured aquifer is to identify the preferential flow paths within
Connectivity; it. Different methods may be applied to determine the variability of the permeability
Flowmeter; at the borehole scale and to image the structure of the main flow zones between bore-
Packer; holes. In this paper, we compare the information obtained from different measurement
Geophysical techniques performed in a set of three 100m depth wells (well-to-well spacing:
measurements 5—-10m) in a fractured crystalline rock setting. Geophysical logging and borehole-wall

imaging are used to identify open and closed fractures intersecting the boreholes and
their orientation. The comparison with flowmeter and single packer tests shows that
few of the fractures interpreted as open from geophysical logs are significantly transmis-
sive. Cross-borehole connectivity is first investigated from single packer tests with pres-
sure monitoring in adjacent boreholes. To determine fracture zone connectivity, we
propose a methodology simply based on the variation with packer depth of the ratio of
the drawdown in the observation well and the drawdown in the pumping well. The results
are compared to the analysis of cross-borehole flowmeter tests. We show that both meth-
ods provide consistent results with a similar level of information on connectivity.
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Introduction

In fractured rock, flow is often localized in a few main flow
paths that control most of the hydrological response of the
aquifer. The identification of these main flow paths is criti-
cal since it controls the transfer of fluid as well as the trans-
port of solutes in the subsurface. In particular, the spatial
organization of these flow paths controls the dependence
of hydraulic properties on scale (Sanchez-Vila et al., 1996;
Bour and Davy, 1997; Hsieh, 1998; de Dreuzy et al.,
2001a; Illman, 2006; Le Borgne et al., 2004; Le Borgne
et al., 2006a,b). However, information about the connectiv-
ity of theses main flow paths — e.g. about the connectivity
of the most transmissive fractures in the rock mass — is gen-
erally very difficult to obtain. It usually requires the identi-
fication of the most transmissive features at the borehole
scale followed by intensive double packer testing between
boreholes with monitoring of pressure variations in multiple
intervals in observation boreholes (Butler et al., 1999; Day-
Lewis et al., 2000; Muldoon and Bradbury, 2005; Martinez-
Landa and Carrera, 2006). The interpretation of such
hydraulic tests has been largely improved in the last few
years through numerous works about hydraulic tomography
(Butler et al., 1999; Yeh and Liu, 2000). However, this
method is time consuming and requires instrumental re-
sources that are rarely available for systematic use. As a re-
sult, information about the connectivity of the main flow
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paths or about the connectivity of the most transmissive
fractures is not available in most hydrogeological sites. Re-
cently, an alternative method has been proposed to obtain
the same kind of information through flowmeter tests (Wil-
liams and Paillet, 2002), which have the great advantage
that they do not require the use of packers.

In this paper, we compare the information that may be
derived from different field techniques including geophysi-
cal and imaging logs, single and cross-borehole flowmeter
tests (Williams and Paillet, 2002), and single and double
packer tests (Day-Lewis et al., 2000; Karasaki et al.,
2000). Our results are based on a field study at the Ploemeur
crystalline aquifer, in Britanny, France. On the main pump-
ing site, an average of 2000 l/min is pumped from a set of
three wells for the supply of drinking water for the town
of Pleemeur. The large scale transmissivity is on the order
of 1073 m?/s, which is high compared with that generally
expected in similar rocks in Brittany. Flow is localized in a
few fractures zones, whose width does not exceed a few
meters. The good fracture network connectivity is thought
to be related to the existence of a sub-horizontal contact
between the intrusive granite and the overlying mica-schist
(Le Borgne et al., 2004; Le Borgne et al., 2006b). The pres-
ent study is focused on the Stang er Brune site, located
about 3 km west of the main pumping site (Fig. 1), in similar
geological conditions, at the contact between the Ploce-
meur granite with the overlying micaschistes. This experi-
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Location of the experimental site. (a) General map with the location of the Ploemeur town, (b) map of the Ploemeur

area and (c) experimental site layout. Boreholes B2 and B3 are 100 m deep. The cored borehole B1 is 84 m deep. Borehole F22 is 70 m
deep. Boreholes P1, P2 and P3 are shallow, 10 m deep piezometers.
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mental site was set up as part of the European projects
ALIANCE and SALTRANS and is now part of the Observatory
for Environmental Research H+. The site is composed of
(i) three unscreened wells of 80—100 m depth forming a tri-
angle of size about 10 m (wells B1, B2, B3), including one
fully cored borehole (B1), (ii) a well (F22) of 70 m depth,
positioned at about 35m from the B1—B3 hydropad and
(iii) three shallow, 10 m deep piezometers used to monitor
water level in the superficial weathered crystalline zone.
Beneath the new borehole array, mica schist overlies the
Ploemeur Granite at a depth of approximately 40 m. The
overall transmissivity, derived from hydraulic tests in each
well varies around 1073 m?/s.

We focus our analysis on the identification of the main
flow paths at the borehole scale and between boreholes.
Our main goal is to provide a comparison of different meth-
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odologies that can be used for characterizing preferential
flow paths in heterogeneous systems at the site scale.

Identification of transmissive fractures

Characterization of open fractures from
geophysical and optical logs

Borehole geophysical measurements (e.g. electrical resis-
tivity log) along with imaging, cores, and thin-section anal-
yses can be combined to obtain a detailed characterization
of fractures in terms of geometry and origin (Pezard and
Luthi, 1988; Genter et al., 1997). Note that in the term geo-
physical measurements we do not include flowmeter logs
that are described in a following section. Eletrical resistivity
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Figure 2 Geophysical and flowmeter logs in borehole B1. (a) Fracture traces measured on optical and acoustic logs. Only the
fractures interpreted as open from the image logs are represented, (b) caliper log, (c) ambient vertical velocity (positive values
correspond to upflow) and (d) vertical velocity measured while pumping in the cased part of the well at a rate of 3 [/min. The steady

state drawdown observed was 6 cm.
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can be used to identify open fractures since a decrease of
the electrical resistivity with respect to the surrounding ma-
trix is obtained in front of an open fracture. However, such
a decrease can be due solely to the presence of clays in the
fracture. An electrical resistivity decrease is therefore not
sufficient to identify an open fracture. From the optical
and acoustic image logs, open fractures that cross the bore-
hole may be identified and differentiated from fractures
filled either with clays, quartz or chlorite. Acoustic and
optical imaging in the borehole yield continuous and ori-
ented 360° views of the borehole wall at the mm- to cm-
scale (Fig. 2). In map view, the fractures are characterized
by sinusoid traces, either complete or partial. This repre-
sentation corresponds to unfolding the borehole surface
onto a plane. The dip and dip direction of fractures are mea-
sured from each of the sinusoids. The local aperture of frac-
tures may be characterized from a local increase in acoustic
transit time data along the trace. Fig. 2(a) shows the frac-
tures identified as open for borehole B1 from the joint inter-
pretation of optic, acoustic and electrical logs. Note that
fractures that appear as open in the borehole wall are not

necessarily transmissive since they may be closed or filled
in the vicinity of the borehole. These results are synthetized
for all boreholes in Tables 1-3.

Single packer tests

A reconnaissance survey was conducted at the site using sin-
gle packer equipment to identify the major transmissive
zones and to investigate the magnitude of non-linear energy
losses within pumped fractures (see e.g. Lloyd et al., 1996;
Kolditz, 2001; Qian et al., 2005). Measurements were made
by inflating a packer at a given depth and performing a step
drawdown test using a pump located above the packer. The
pressure response was monitored in the sections above and
below the packer and in all other boreholes. In general, the
observed drawdown in the pumped zone decreases with
increasing packer depth, as the number of transmissive frac-
tures intersected increases. The changes in drawdown at
successive packer depths can be used to identify transmis-
sive regions, which in conjunction with the optical and
acoustic borehole logs can highlight the probable locations

Table 1 Flow zones depths below top of casing in borehole B1 deduced from single borehole flowmeter and single packer tests
Fracture zone number Optic/acoustic Single packer test Flowmeter test Dip direction Dip angle
B1-1 24.10 m weak trace 24.05 + 0.1 317° 40°
B1-2 50.90 m open Between 52.1 and 46.5 m 50.40 + 0.5 228° 37°
B1-3 60.9 m open Between 62 and 53.1 m 220° 31°

63.4 m no signal 62.60 +0.3 281° 81°
B1-4 78.70 m open Below 74 m 78.70 £ 0.1 215° 15°

Comparison with optic and acoustic log and ambient flow measured.

Table 2 Flow zones depths below top of casing in borehole B2 deduced from borehole flowmeter and single packer tests

Fracture zone number Optic/acoustic Single packer test Flowmeter test Dip direction Dip angle
B2-1 Casing 25.4+0.4
27.85 m open 27.4£0.2 305° 42°
B2-2 55.60 m open Between 57.95 and 52.3 m 55.90 + 0.5 213° 33°
B2-3 58.85 m open Between 71.5 and 59.45m 58.60 + 0.3 191° 31°
B2-4 79.30 m 79.50 m weak trace 79.10+ 0.2 270° 72°
81.5 m weak trace Between 81.07 and 71.5m 104° 45°
B2-5 97.5 m open Below 84 m 97 + 0.1 102° 53°
97.6 m weak trace 96.60 + 0.1 100° 51°
98.5 m open 98.5 + 0.1 288° 59°
99.1 m weak trace 98.91 £ 0.1 309° 58°

Comparison with optic and acoustic log.

Table 3 Flow zones depths below top of casing in borehole B3 deduced from single borehole flowmeter and single packer tests

Fracture zone  Optic/acoustic Single packer test Flowmeter Dip direction Dip angle
number test

B3-1 2 open fractures from 36.2 to 37.2 m Above 41.5 m 37.5+0.5 342° 84°

B3-2 Open fracture at 44.90 m Between 48 and 42.5 m 45+1.0 254° 52°

B3-3 3 fractures 2 of which are steeply dipping Between 83 and 80.1m 80.4+0.5 0° 71°

from 79.90 to 81.7 m

Comparison with optic and acoustic log.
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of fractures that transmit water. For this study, the draw-
down at the end of the first pumping step has been used
in the analysis, since non-linear losses are minimal and stea-
dy state is clearly achieved. Employing the same pumping
regime at each depth is not essential, but allows direct
identification of changes in transmissivity.

Assuming non-linear losses in fractures to be negligible,
the relationship between the steady state drawdown, sg,
in a borehole (B) and the constant pumping rate, Q, can
be characterized by a conductance, Cg [LT~'], given by

Q

. (1)
(e.g. Sanford et al., 2006; Dershowitz and Fidelibus, 1999).
If flow to B is considered two-dimensional and radially sym-
metric, the effective homogeneous transmissivity of the re-
gion around the borehole is related to the conductance
using the Thiem analysis by

Co n (&),
I'w

T n
where r,, is the radius and R the radius of influence of bore-
hole B.

The locations of the most transmissive zones inferred
from the tests (Fig. 3) are reported in Tables 1—3. Decreas-
ing drawdown with packer depth is not always observed. For
example, B2 contains open fractures at 55.65 and 58.85 m
but pumping from above the packer located between the
two fractures produces less drawdown than when the pack-
er is lowered to 60.5 m. However, repeating the test with
the fracture at 58.85 m blocked by the packer produces
drawdown consistent with increasing transmissivity with
depth. It is concluded that the fracture at 55.65 m is well
connected with that at 58.85 m, which if left unblocked,
provides a good hydraulic connection to the full depth of
the borehole producing an apparently large effective trans-
missivity in the 55.65 m fracture and above. Thus, the pos-
sibility of short-circuiting a simple single packer demands
that results from the application of simple, single packer

Ce

Tg (2)

systems be considered carefully. However, in appropriate
circumstances, judicious packer placement can provide
information on vertical connections in the system.

Single borehole flowmeter tests

High-resolution borehole flowmeters such as the heat-pulse
flowmeter (Hess, 1986) can also be used to identify flow
zones such as fractures intersecting boreholes. Ambient ver-
tical borehole flow from one fracture zone to another is
commonly observed, due to differences in hydraulic head
between large-scale flow paths that connect to fractures
intersecting boreholes. These differences in hydraulic head
may be due to the global flow direction: downwards in re-
charge areas and upwards in discharge areas. To estimate
the hydraulic heads and local transmissivities, single-bore-
hole flowmeter tests need to be performed under two
different flow conditions, usually ambient and pumping con-
ditions (Paillet, 1998, 2000).

At the Stang er Brune site, borehole flows were first mea-
sured in ambient conditions in the four boreholes using a
heat-pulse flowmeter (Fig. 2c). The flowmeter was
equipped with a 10 cm diameter flow concentrator that acts
to focus the main part of the flow in the measuring zone, in
order to increase the sensitivity of the tool. For each bore-
hole, a second borehole flow profile was obtained while
pumping at pumping rates ranging between 3 l/min and
about 20 l/min depending on the well. Flowmeter output
gives the mean travel time of the heat pulse mode moving
from the heating grid to the thermistors located 5 cm above
and below the heat source within the cylindrical measure-
ment section. The vertical flow is estimated from these
velocity measurements using a flow calibration performed
in the borehole above all flow zones (Paillet, 2004). Flow
profiles are then obtained from flowmeter measurements
with the flowmeter positioned at different depths (Fig. 2).
The flow profiles are measured in ambient condition and
in pumping condition, with a pump placed at the top of
the well.
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Figure 3 The cumulative conductance with depth in boreholes B
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Inflow points for each observation borehole were identi-
fied by inspection of the pairs of ambient and pumping flow
profiles. Note that, as discussed by Paillet (2004), there is
an inherent variability in flowmeter measurement. Scatter
in flow measurements is related to the variability in the
coaxiality of the flowmeter and the borehole. Hence, the
permeability detection capability of flowmeters is effec-
tively limited to about two orders of magnitude regardless
of their dynamic range and accuracy. Therefore, flowmeter
tests may be used to characterize the main flow zones with-
in boreholes. Ambient upflow was measured in all bore-
holes. Inflow zones are deduced from changes in the
measured vertical flow (Fig. 2). In Tables 1—3, the locations
of transmissive zones are reported with an estimate of the
vertical resolution that corresponds to the spacing between
flow measurement stations.

Comparison of the different single-borehole
techniques

For further reference in the text, the fracture zones in
each borehole are numbered (see Tables 1—-3). Few of
the fractures interpreted as open from geophysical logs
contribute significantly to flow. Similar results were also
obtained at other sites (Paillet, 1993; Nativ et al., 2003;
Hitchmough et al., 2007). Some fractures may appear open
in the vicinity of the borehole whereas they are actually
closed. Often, the transmissive zones may be associated
unambiguously with fractures interpreted as open from
optical and acoustic image logs (Fig. 2). However, in a
few occurrences, the transmissive zones correspond to
weak traces on the optic and acoustic logs. In general,
we observed that flowmeter and hydraulic tests using sin-
gle packer give coherent results in term of transmissive
zone localization (Tables 1—-3). Both methods are based
on cumulative measurements. The flowmeter test accuracy
is lower at the top of the well, right under the pump, since
the flowmeter measures the contribution of all flow zones
in the borehole. On the other hand, the single packer test
accuracy is lower when located at the bottom of the well,
since the pressure response measured is that of all the
fractures in the well.

Connectivity of transmissive fractures

In this section, we compare different methods to derive the
cross-borehole connectivity of transmissive fractures. These
methods include: (i) projecting the intersection of transmis-
sive fractures with other boreholes, using the estimates of
fracture strike and dip determined from geophysical logs;
(ii) single packer hydraulic tests with pressure monitoring
in adjacent wells; (iii) cross-borehole flowmeter tests, per-
formed by turning on a pump in one of the wells, while
tracking measurable changes in vertical flow in the other
boreholes; (iv) multi-level pressure monitoring in observa-
tion wells during hydraulic tests. Although some quantita-
tive results are presented, we focus the analysis on a
qualitative characterization of fracture connectivity. We
do not quantify a degree of connectivity. The main point
is to compare the methods in terms of characterization of
the geometry of the connected fractures.

Three-dimensional geometry of transmissive
fractures

To define the connections between boreholes, one may argue
that the simplest solution consists of projecting the intersec-
tion of transmissive fractures with other boreholes, using the
estimates of fracture strike and dip determined from geo-
physical logs. Some of the transmissive fracture orientations
are found in several boreholes (Tables 1—3). For instance,
the B1-1 and B2-1 fracture zones have similar orientations.
Also the B1-2, B1-3 and B2-2, B2-3 zones have similar orien-
tations. On the other hand, the fracture zone orientations
in B3 and in F22 are not found in other boreholes.

Fig. 4 represents the geometry of transmissive fractures
for two pairs of boreholes. The geometry of the boreholes
in space was determined from multi-directional magne-
tometers. We observe that the B1-1 and B2-1 fracture
zones could form a continuous fracture zone. Conversely,
the B2-2, B2-3 zones do not intersect the B1 borehole at
the same depth as the B1-2 and B1-3 zones. Note that
there are some uncertainties in the precise estimation of
the dip direction and angle since they are measured over
the borehole cross-section, which is relatively small. De-
spite these uncertainties it is found that most transmissive
fractures are not continuous between boreholes. It sug-
gests that the transmissive fractures in one borehole are
either closed in other boreholes or have been shifted.
The hydraulic connections between boreholes are thus
likely formed through complex three-dimensional patterns
of fractures.

Single packer hydraulic tests with pressure
monitoring in adjacent boreholes

The interpretation of single well packer tests with pressure
monitoring in adjacent wells, in fractured media, is very
specific compared to the interpretation of regular hydraulic
tests. To interpret this kind of test correctly in terms of
fracture connectivity it is essential to account for vertical
flows that occur between fractures in boreholes. In the fol-
lowing, we express the hydraulic properties of the connect-
ing zones in terms of conductances and we show that the
key parameter to assess fracture connectivity from one
borehole to another using single well-packer tests is the ra-
tio of the drawdown in observation wells to the drawdown in
the pumping well sops/ Spump for different packer positions in
the pumping well. Then, we interpret the single packer test
dataset using this method.

Characterization of preferential flow paths connectivity
from single packer tests

In terms of steady state, linear flows, the hydraulic connec-
tions between the section of a pumping borehole (A) above
the packer and an observation borehole (B) can be charac-
terized by a conductance, Cgs [LZT~"], such that the dis-
charge, Qga, between the two zones can be expressed as

QBA = CBA(hB - hA)7 (3)

where h, is the head above the packer in borehole A and hg
is the head in borehole B. Each zone has a number of flow
inlets and outlets that can be characterized individually by
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Figure 4 Representation of the transmissive fractures in B3 and B1 (left) and B2 and B1 (right). Fracture traces are shown in the
cross-section containing the two wells. Note that the boreholes are deviated from the vertical, but borehole B1 and B2 do not
intersect: B1 is beside B2 (the minimum separation between the two boreholes is about 5m) on the B1—B2 cross-section. The
measured angles are corrected for the borehole deviations, which may be as high as 15° on this site.

a conductance, denoted by C4; or Cg; and a fixed head, de-
noted by H,; or Hg; (Fig. 5). To account for the ambient
vertical flow observed in the boreholes at the site, the fixed
heads are all allowed to be different. In the following, fixed
heads, conductances and discharges relating to the pumped
zone in borehole A have a subscript A and an integer sub-
script indicating the number of the inlet or outlet from
the top of the borehole. Parameters relating to borehole B
are defined similarly. The pumped zone in borehole A has
n inlets and outlets and borehole B has m inlets and outlets

’—'Q

— hB
hy —
Hp, -
HBJH Q
= Qs
Cpas .. Hy,
Ca
QB]
HB.? —. QAH
Cin Hyy
Osm
Hy,, _.__—"‘_ ........................................ —
(’Bm
Figure 5 Schematic representation of steady-state flows,

conductances and fixed heads around boreholes A and B when
the section of borehole A above the packer is pumped at a
rate Q.

in addition to the flow pathway(s) characterized by Cgy.
Other than the ordering of the inlets and outlets down each
hole, no geometrical relationships are implied in Fig. 5.

The steady-state mass balance equations for boreholes A
and B are

Q- Qer=>_ Qu=>_ CulHy—hn) )
and
Qea = ZQBi = Z Cei(Hpi — hg). (5)

Solving Egs. (3)—(5) for h, gives

CBA (zn: CAiHAi + f: CBiHBi> + <z": CA,'HAj> (2’7’: C5i> — <CBA + i CBi> Q
hA — =1 =1 - — =1 . =1 Z =1
Cea <Z Cai+2 CBr’) + (E CAi> (Z CBi)

i=i i=i

(6)

and solving for hg gives

n m n m
Cea (Z CaiHai +>° CBiHBi) + (Z CAi> (Z CBiHBi> —CenQ
hg = .

1=1 - 1=1 — 1=1 - =1 —
Cea <Z CAi+ZCBi) + (Z CAi> ZCBi)
i=i =i

i=i i=i
7)
The drawdown (s, and sg associated with h, and hg, respec-

tively) is given by the difference between the head when
the pumping rate is zero and when it is Q. Thus,

(CBA L i cBi) Q 8
Tafofa) Fa)fe)

i=i i=i
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and

e - 9)
Cea (Z Cai + Z CBi) + (Z CAi) (Z CBi)

Hence, dividing Eq. 9 by Eq. 8 gives

B e I (10)

S Cea + > G Co

i=i

where Cg is the conductance characterizing steady-state
converging flow to borehole B as defined in the section *‘Sin-
gle packer tests’’. So the conductance between borehole A
above packer and borehole B can be calculated from the
tests simply by

Con = 22 Cs. (11)
SA

In the following, we assume that the conductance remains
constant over the range of pumping rates used in the tests.

This approach to the analysis of the packer tests allows
the connections between boreholes to be quantified without
having to make assumptions of two-dimensional radial flow
and the homogeneity of hydraulic properties, which are not
well founded a priori in this study. Interconnections be-
tween fractures caused by the presence of the boreholes
are automatically accounted for in the analysis. However,
it should be noted that the packer also forms part of the
tested system.

The conductance of the zone connecting the two bore-
holes is directly related to the drawdown ratio Seps/Spump
(Eq. 11). An illustration of this property is given in the
appendix. Fig. A1 shows that for some simple connectivity
patterns of two-dimensional fracture zones, the expected
drawdown ratio Sops/Spump May be solved explicitly. The
analysis of the drawdown ratio Sgps/Spump @s @ function
of the packer depths provides a direct information about
fracture connectivity. An increase of Sgps/Spump as the
packer is lowered indicates the presence of a fracture
zone that is connected to the observation well
(Fig. At1). Conversely, when the ratio Sops/Spump remains
constant as the packer is lowered, it indicates that the
fracture zones at these depths are not connected to the
observation well.

Analysis of the fracture zone connectivity at the Stang er
Brune site from single packer tests
Fig. 3 shows the cumulative conductance with depth in each
borehole. The conductances describing steady-state con-
verging flow to the open boreholes B1, B2 and B3 are 26,
192 and 442 m2d~", respectively. The apparently anomalous
result in B3 between 78.6 and 82.5 mbgl may be due to
short-circuiting related to vertical hydraulic connectivity
between the zones above and below the packer. Indeed
the optical and acoustic logs show two high angle (85° dip)
open features between 80 and 82 mbgl, but this was not
investigated further in the field.

The hydraulic connections inferred from the analysis of
single packer tests are synthesized in Fig. 7(a). In most
cases, the transmissive zones are found to be either discon-

nected to the other boreholes or connected to all the other
boreholes. This indicates the presence of fracture clusters
that are well connected all over the site.

Tests in borehole B1. In borehole B1, hydraulic tests were
conducted with the packer positioned at 33.3, 45.5, 52.1,
62.0 and 74.5m and in the open hole (Fig. 6). From
Fig. 6(b), it appears that there are three zones that con-
nect with B3. Fig. 6(a) shows that the same zones connect
with B2. These zones correspond to B1-1, B1-2 and B1-4.
For the B1-4 zone, the interpretation in terms of connec-
tivity is ambiguous, since the open borehole tests in Bore-
hole 1 showed a relatively strong non-linear response even
at the lowest pumping rate.

Tests in borehole B2. In borehole B2, single packer tests
were carried out at 51.2, 55.2, 58.4, 61.0, 70.5, 81.0 and
83.0m and in the open hole. Figs. 6(a) and (c) show that
the zone above 51.2 m is relatively poorly connected to
the other holes. The remaining tested sections of B2 all con-
nect (to varying degrees) with B3. There is at most only a
minor connection between the zones above 55.2m and
B1, and similarly little connection with B1 from the zone be-
tween 58.4 and 61.0 m. However, all other zones tested ap-
pear to connect with B1. It thus appears from single packer
tests that the B2-2, B2-3, B2-4 and B2-5 fracture zones are
connected to B1 and B3.

Tests in borehole B3. In borehole B3, hydraulic tests were
done with the packer positioned at 41.5, 46.5, 48.5, 59.0,
79.1, 83.0 m and in the open hole. Figs. 6(b) and (c) show
that the zones below 79.1 m and above 41.5 m connect with
B1 and B2. Hence the B3-1, B3-2 and B3-3 fracture zones ap-
pear to be connected to B1 and B2.

Cross-borehole flowmeter tests

Cross-borehole flowmeter tests are performed by turning on
a pump in one of the wells, while monitoring changes in the
vertical velocity in the other boreholes. This technique is
based on the idea that changing the pumping conditions at
a well will modify the head distribution in large-scale flow
paths, which in turn should change the flow profiles in obser-
vation boreholes (Paillet, 1998; Williams and Paillet, 2002;
Le Borgne et al., 2006a,b). Such cross-borehole flowmeter
tests provide information on the properties of the flow zones
that connect borehole pairs, whereas single-borehole flow-
meter tests provide information about the properties of
the individual fracture segments surrounding the borehole.
The change in flow in observation wells induced by pumping
in another well can be interpreted in terms of flow zone con-
nectivity since the hydraulic head should change only in the
flow paths connected to the pumping well. Cross-borehole
tests were performed for three pairs of observation and
pumping wells (Table 4). The full characterization of the
fracture connectivity would have required performing flow-
meter tests using each of the wells successively as pumping
wells and observation wells. This was not done due to lack of
time. The present dataset is however sufficient for the pur-
pose of comparison with packer based techniques.

Fig. 8 shows an example of a cross-borehole flowmeter
test. In this experiment, flow was measured as a function
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Figure 6 Conductances between pairs of boreholes as a function of depth below ground level. Markers indicate the bottom of the
packered zone in the pumped borehole. The top marker for each borehole indicates the location of the bottom of the casing.

of time at different depths in borehole B1, while a pump
was turned on and off with 20 min cycles in an isolated
interval of 80 cm (using a dual packer system) centred on
the B3-2 fracture zone in borehole B3 (Fig. 8). The measured
vertical flows at locations between and above the flow
zones in borehole B1 are shown as the discrete data points

in Fig. 8. Measurements at positions 3 and 4 show an in-
crease in upflow followed by a return to ambient flow when
the pump is turned off. On the other hand, flow measured at
position 2 remains constant during the experiment except
for a short decrease when the pump is started and a short
increase when the pump is stopped. Such response is typical
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a. Synthesis of hydraulic connections infered from
cross borehole single packer tests

b. Synthesis of hydraulic connections infered from
cross borehole flowmeter tests
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(a) Synthesis of the hydraulic connections inferred from single packer tests. The connections with borehole F22 (Fig. 1)

are also indicated. (b) Synthesis of the hydraulic connections determined from cross-borehole flowmeter tests. (c) Possible hydraulic
connections at the Stang er Brune site inferred from the comparison of single packer tests and flowmeter tests results.

Table 4 Cross-borehole flowmeter tests performed at the
site

Pumping zone Observation well

B3-2 B1
B3-2 B2
B1 B2

of flow resulting from the decrease or increase of borehole
water level (also called borehole storage effect) (Lapcevic
et al., 1993). Finally, the flow response above all flow zones
(position 1) appears relatively noisy and difficult to corre-
late with pumping rate variations. The observed water level
decreased to a minimum of about 3.5 cm and increased back
towards the level measured at the start of the experiment
when the pump is turned off.

The increase in upflow at positions 3 and 4 when the
pump is turned on in the pumping well implies a decrease
in hydraulic head in one of the flow zones above these
depths. The fact that the flow remains constant at position
2 suggests that the zone where the hydraulic head is
decreasing should be located between position 2 and 3.
The only transmissive zone in this interval is the B1-2 frac-
ture zone. Hence, it appears that when the pump is turned
on in the isolated interval at 45 m depth in B3, the hydraulic
head is decreasing in the B1-2 fracture zone. The fact that
the flow measured at position 3 and 4 are nearly identical
implies that the head in the B1-3 fracture zone does not
change significantly during the experiment. The conclusion
in term of connectivity is that the B3-2 zone in B3 is con-
nected mainly to the B1-2 zone in B1.

The hydraulic connections inferred from all the cross-
hole flowmeter tests are synthesized in Fig. 7(b). The
cross-borehole flowmeter tests performed using B3 as a

pumping well (with the B3-2 zone isolated with a double
packer system) and B2 as observation well showed that
the main head variation is occurring in the B2-2 fracture
zone in B2. Another cross-borehole flowmeter test, with
B1 as pumping well (the whole well was pumped) and
B2 as observation well showed that the main head varia-
tion is occurring in the B2-2 fracture zone in B2 when
pumping in B1. Flow was not measured between the B2-
4 and B2-5 zones, so that the connectivity of the B2-4
zone cannot be assessed from this experiment. We can
only conclude that one of these zones is not connected
to the B1 well.

Multi-level pressure monitoring

Cross-borehole flowmeter tests and single packer tests both
agree that the B1-2 fracture zone in borehole B1 is con-
nected to other boreholes (Fig. 7). To test the validity of
this result, we isolated the B1-2 fracture zone in B1 with a
double packer, and pumped borehole B3. Fig. 9 shows the
evolution of hydraulic head when inflating the packers and
when turning on a pump in borehole B3. First, the evolution
of hydraulic head when inflating packers is a decrease of the
hydraulic head above the packers of about 45 cm and a de-
crease of hydraulic head between packers of about 8 cm.
The hydraulic head below the lower packer remains approx-
imately constant. These differences in hydraulic head be-
tween the different fractures in the borehole are driving
the measured ambient upward flow (Fig. 2(c)). When turn-
ing on the pump in borehole B3, the hydraulic head in the
isolated interval in B1 decreased by about 5 cm, while the
hydraulic heads on either side on the dual packer system
remained constant. The same result was obtained when
pumping in B2. Thus, the maximum head variation is ob-
served in the B1-2 fracture zone when pumping other
boreholes.
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packers at 50.9 m in borehole B1, when inflating packers. The
effect of turning on a pump in borehole B3 is to decrease the
hydraulic head between packers whereas no significant
responses are noticed above the top packer and below the
lower packer.

The absence of a clear hydraulic response on either side
of the dual packer system would appear to indicate that the
B1-1 and B1-4 zones are not connected to the other bore-
holes. However, an alternative interpretation, for which

there is some evidence from the single packer tests, is that
the comparatively high drawdown in the packered interval
occurs because the interval is relatively poorly connected
hydraulically to its surroundings compared with its connec-
tion to B3. In addition, the low drawdown below the pac-
kered interval could quite reasonably be due to the fact
that that section of the borehole is well connected to a
transmissive network of fractures. Unfortunately, the exist-
ing evidence does not conclusively favour one of the inter-
pretations. This illustrates the difficulty of characterizing
connectivity by tracking hydraulic head variations, espe-
cially in the case that indirect connections exist.

Synthesis on hydraulic connections

The characterization of fractures from borehole imaging
and geophysical logging is obviously not sufficient to assess
the geometry of flow structures, since the local properties
of fractures may greatly differ from the properties of the
main flow paths. On the other hand, single packer tests
and cross-borehole flowmeter tests appear to be very com-
plementary. By combining the results of single packer with
flowmeter tests, we propose in Fig. 7(c) a geometry of the
hydraulic connections at this site that is compatible with
all the dataset obtained from the different techniques.
Generally, the two methods provide consistent results. Note
however that, in the case where multiple connections exist
between boreholes, such as for borehole B2 and B3, it is dif-
ficult to determine exactly the pair of fractures that are
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connected to each other, from either the flowmeter or the
single packer methods. Obtaining such information requires
the use of additional packers. This was done for two of the
flowmeter experiments so that it was possible to assess one
to one connections between fracture zones in the different
boreholes (Fig. 7(b)). As we discussed in the section ‘‘Tests
in borehole B1’’, the connectivity of the B1-4 zone with
other boreholes is not clearly characterized from single
packer tests due to quadratic head losses effects in the B1
well.

At the scale of the test site, the transmissive fractures
are found to be well connected to each others. Neverthe-
less, none of them is found to intersect directly the other
boreholes. The fracture network is composed of few of
the fractures identified in the boreholes that form a con-
nected cluster all over the site. The good connectivity of
the fracture network is also observed on the main pumping
site, where long-range hydraulic connections are belived to
occur in the vicinity of the sub-horizontal contact between
the intrusive granite and the overlying micaschist
(Le Borgne et al., 2006a,b).

Discussion and summary

As illustrated in this study, the characterization of fracture
connectivity is difficult even for small-scale sites. On the
test site, the connectivity of main transmissive zones was
first assessed from single packer tests with pressure moni-
toring in adjacent wells. We showed that the analysis of
the ratio of the drawdown in the observation well and the
drawdown in the pumping for different packer positions al-
lows an efficient characterization of the fracture zone con-
nectivity. The comparison of these results with flowmeter
test results showed that these different techniques provide
relatively consistent results for characterizing the main con-
nected flow zones. The permeable fracture network is com-
posed of few of the fractures identified in the boreholes
that form a connected cluster at the site scale.

Flowmeter and single packer tests provide a comparable
level of information on connectivity. A limitation of the sin-
gle packer technique is that it cannot be used in a screened
borehole. In addition, two features of single packer testing
need highlighting. First, vertical hydraulic connectivity be-
tween the zones above and below the packer produces a
biased estimate of the conductance measured above the
packer, which is indicated by an apparent reduction in
conductance when the packer is lowered to below the
short-circuiting fractures. Second, when drawdown in the
observation hole is small, the measured conductance be-
comes sensitive to the drawdown measurement. This can
occur when the packer is lowered through a transmissive re-
gion but the pumping rate has not been increased. The
effect of this can be seen clearly in Fig. 6(c), which shows
the open hole conductances between B2 and B3 to differ
by nearly 30 m?/day, whereas theoretically, these values
should be identical. However, the drawdown in the observa-
tion holes is only 3 and 4 cm. A change of just 1 cm in either
drawdown can reduce the difference in conductance to less
than 10 m?/day. Consequently, it is recommended that
calculations of conductance be carried out following each
test in the field so that short-circuiting can be identified

(allowing further tests to be conducted to identify its
cause), and so that the pumping rate can be adjusted where
necessary to avoid oversensitivity of the measured conduc-
tances to observation hole drawdown.

The advantage of the flowmeter based method is that it
does not require the use of packers and can be used in cased
well. However, the interpretation of the cross-borehole
flowmeter tests is less direct than that of single borehole
packer tests. The use of flow measurement to characterize
fracture connectivity implies interpreting the vertical flow
variations in the borehole in terms of hydraulic head varia-
tions within each fracture zones. The interpretation of flow
measurements allows to identify the zones where the larg-
est hydraulic head variations occur when changing the
pumping condition in a nearby well. The influence of the
head variations in the fracture zones on the vertical flow
in observation boreholes depends on the local transmissivity
of these fracture zones in the boreholes. The consequence
is that cross-borehole flowmeter tests will detect the most
transmissive fracture among the fractures that are con-
nected. Single packer tests do no have this limitation, at
least for the upper fracture zones that can be isolated from
the rest of the fractures.

The flowmeter tests are used to characterize which of the
fracture zone in the observation well is connected to the
pumping well, whereas single packer tests allow determining
which of the fracture zone in the pumping well is connected
to observation wells. The two methods are thus complemen-
tary. If multiple connections exist between boreholes, the
distribution of connected fractures can be identified, but it
is difficult to determine exactly to which fracture in the
other boreholes they are connected. Obtaining such infor-
mation requires some complementary dual packer tests, or
more simply, to use in conjunction a single packer in the
pumping well and a flowmeter in the observation well. The
latter methodology should allow a much faster determina-
tion of preferential flow paths than the former one.
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Appendix. Illustration of the analysis of the
drawdown ratio sqps/Spump fOr some simple
connectivity patterns

In order to illustrate the use of the method of interpretation
of cross-borehole single packer tests, we consider some sim-
ple connectivity patterns and quantify the drawdown ratio
Sobs/ Spump fOr different packer positions in the pumping well
(Fig. A1). The drawdown ratio Sqps/Spump is linearly related
to the cross-borehole conductance (Eq. 11), which we use
to characterize the cross-borehole connectivity (Fig. 6).
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Three basic connectivity patterns are considered. Field
situations are expected to be a combination of these cases.
In case A, the pumping and observation well are connected
through two fractures. In case B, one fracture is connected
to the observation well and one fracture is disconnected. In
case C, one fracture connects the pumping well and obser-
vation well and one disconnected fracture is present in both
the observation and the pumping well. For each of these
cases, we derived the expected drawdowns in the pumping
well and the observation well, when the packer is between
the fractures in the pumping well (position 1) and when the
packer is below the fractures in the pumping well (position
2). We assumed that the fractures may be represented by
homogeneous two-dimensional planes. We consider quasi-
steady state conditions in a context with low storage coef-
ficients and relatively large transmissivity implying that

a.2 fractures connected to the observation well

S S, .
pump obs As the packer is lowered :
- Sobs is constant
1 1
Spump decreases
acker i
gos{tion . Sobs/Spump increases
T
packer
position 2 0

b. 1 fracture connected to the observation well
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packer
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c. 1 fracture connected to the observation well

Spump Sobs
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packer 2 ~H 3
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Figure A1 Illustration of some simple connectivity configu-

rations. For the different cases, we analyze the expected
evolution of the drawdown in the pumping well and in the
observation well as the packer is lowered in the pumping well.
Spump 1S the quasi-steady state drawdown in the pumping well
and sqps is the quasi-steady state drawdown in the observation
well.

the pressure variations stabilize quickly. Note that this
hypothesis may not be always met in natural systems. How-
ever, these simple examples are meant to be used as guide-
lines to interpret measurements in natural systems.

The main result of this analysis is that in the case where
the two fractures are connected to the two boreholes, the
drawdown in the observation remains constant as the pack-
er is lowered. Hence, since the drawdown in the pumping
well decreases as the packer is lowered, the drawdown ratio
Sobs/ Spump iNCreases. In the cases where only one fracture is
connected to the two wells (cases B and C), the drawdowns
in the pumping and observation well decrease as the packer
is lowered but the ratio sops/Spump is found to remain con-
stant. The ratio Sobs/Spump 1S thus a direct indicator for char-
acterizing fracture connectivity using cross-borehole single
packer tests.

Notations

Spump  quasi-steady state drawdown in the pumping well

Sobs quasi-steady state drawdown in the observation
well

Sobs1 quasi-steady state drawdown in fracture 1 in the
observation well created by the pumping in the
pumping well

Sobs2 quasi-steady state drawdown in fracture 2 in the
observation well created by the pumping in the
pumping well

Q flow rate pumped from the pumping well

I'w radius of the pumping well

r distance between the pumping and observation
well

[ radius of influence of the pumping well

Note that the head variations expressed in this analysis
are relative to possible existing ambient heads. Vertical
flow in the observation wells is accounted for. The assump-
tion that we make is that the flow in the borehole and the
heads in the fracture zones are steady state. This is consis-
tent with what we observe during the experiments. We con-
sider that the radius of influence r., is the same for all the
fractures. It depends on the hydraulic diffusivity of the frac-
tures. Hence, some differences with these results are ex-
pected to occur in the field. However, in practice, the
radius of influence appears within a logarithm in the equa-
tions. Thus, differences in radius of influences are not ex-
pected to impact dramatically the results.

Case A

Packer in position 1
Q
Spump = 5. In(rec/rw),

Sobst = ln(rw/r)v

Q.
2’IET1
Sobs2 = 0.
Due to vertical borehole flow between fractures, the
drawdown in the observation well is given by the average
of the drawdown in the fractures in the observation well,
weighted by their relative transmissivity (Paillet, 1998).



Comparison of alternative methodologies for identifying and characterizing preferential flow paths 147

_Tisi+Tasy Q
Sobs = Ti+T, 2n(T1 + T3) n(roc/1)
T1 ln(roc/r)

o S = T, )
Packer in position 2

Q

Spump = m In(reo/rw),

_ @
Sobst = ﬁ ln(roc/r)u

_Q
Sobs2 = 21_[-,—2 ln(roc/r)7

B Q
Sobs = m In(ro/r),

In(ro/r)
sobs/spump = m .

As the packer is lowered in the pumping well, the ratio sqps/
Spump iNCreases.

Case B

Packer in position 1
Q
Spump = ﬁ ln(roc/rw)

. Q
Sobs = T In(re/r)

In(ry/r)
sobs/spump = m

Packer in position 2

As a first approximation, we consider that the flow
pumped in the pumping well is divided proportionally to
the fracture transmissivities (Molz et al., 1989):

Q& Q

T, _TZ_T1+T2.

Note that this assumption has been discussed by Ruud and
Kabala (1996).

Q

Spump = (T + o) In(reo/rw),
Q _ Q
Sobs = 2T In(r/r) = (T - T2) In(re/r),

_In(ry/r)
Sobs/spump - m .

As the packer is lowered in the pumping well, the ratiosps/
Spump F€Mains constant.

Case C

Packer in position 1
. Q

Spump = 2T, In(reo/r)s
_Q

Sobst = 2TET1 ln(roc/r)v

Sobs2 = Oa
_ Tis1+Tasy Q
Sobs = T1 +T3 _ZTE(T1 +T3) ln(roo/r)7
_Ti In(rs/r)

oS0 = T (e )
Packer in position 2

_ Q
Spump = 2T+ T2) In(reo/rw),

_ Q
Sobs1 = 20T, In(ry./r),
Sobs2 = 07

Tis1 + T3s3 T, Q
Sobs = = In(ry/r),
T AT, T T ety
Ti  n(r/r)

Sobs/spump = T1 + T3 m .

As the packer is lowered in the pumping well, the ratiosgys/
Spump F€Mains constant.
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