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SYSTEM USING SEQUENTIAL AQUIFER TESTS AND
FLOWMETER LOGS

STEPHEN G. MCLIN
Los Alamos National Laboratory, P.O. Box 1663, Los Alamos, NM 87545, sgm@lanl.gov

AssTrRACT — Four sequential aquifer tests were conducted in new municipal water supply wells located in Guaje Canyon on the
northeastern flank of Pajarito Plateau. The plateau borders the western perimeter of the Espafiola Basin and defines the western
margin of the Rio Grande rift system. Each aquifer test consisted of a pumping and recovery phase, and adjacent wells were
used to record both drawdown and recovery data. Collectively, these tests reveal horizontal propagation of drawdown in the
regional aquifer beyond about 2500-4800 ft from individual pumping wells. Each well is approximately 2000 ft deep, and has
about 1300 ft of continuous louvered screen at the bottom. However, dynamic flowmeter logs from each well show an effective
aquifer thickness (or high water-yielding interval) that is only about 435 ft in the east and thins to about 325 ft in the west over
a lateral distance of about 8300 ft. These logs demonstrate that the aquifer is highly stratified and laterally discontinuous. In the
east, this high-yielding interval is located above the Miocene basalt flows that separate poorly sorted, fluvial Santa Fe Group
deposits from lower yielding fine-grained sandstone and siltstones. In the west, this high-yielding interval is interbedded with
the basalts. Aquifer transmissivity varies from about 3440 ft’/day in the east to about 700 ft*/day in the west. This westward
decline in transmissivity is strongly correlated to the observed westward thinning of the high-yielding interval so hydraulic con-
ductivity remains nearly constant. The storage coefficient averaged about 0.00062 for the four aquifer tests and is characteristic
of early-time confined behavior. Complex barrier, or no-flow, boundary effects are also apparent after several hundred minutes
of pumping and mask the theoretical transition from a confined to phreatic aquifer response. Mesa-top surface expressions of
faulting were mapped in the Puye Quadrangle by Dethier (2003); here, several of his fault traces are projected into the alluvial
canyon drainage system where the well field is located. These projections coincide with predicted locations of buried, no-flow
boundaries obtained from aquifer test analyses. These results imply that aquifer units not only thin to the west but are also dis-
placed vertically downward by normal faulting as one moves to the east and toward the floor of the Rio Grande rift system.
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SITE LOCATION AND TEST DESCRIPTION

The Guaje well field is located in Guaje Canyon on the north-
eastern flank of Pajarito Plateau (Fig.1). Historically, the highest
yielding water supply wells have been located in the east-central

plateau area and penetrate into relatively thick sequences of the
Puye fanglomerate where axial deposits of ancestral Rio Grande
gravels (i.e., the Totavi Lentil of Griggs, 1964) are commonly
encountered (Purtymun, 1984; Purtymun and Stoker, 1988; Brox-
ton and Vaniman, 2005). This east-central portion of the regional
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FIGURE 1. Location of wells on Pajarito Plateau. Note the location of cross-section A-A’ in Guaje Canyon.
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aquifer is the primary source of potable drinking water for Los
Alamos County, Los Alamos National Laboratory, and Bandelier
National Monument; it has been described by numerous authors
(e.g., Purtymun and Johansen, 1974; Purtymun, 1995; Broxton
and Reneau, 1996; McLin, 2005a, 2006a; Collins et al., 2006). In
contrast, the Guaje well field is less productive and shows more
drawdown than other water supply wells located in the east-cen-
tral plateau area (e.g., McLin, 2006b, c¢). The Guaje Canyon area
has been described by Purtymun (1995), Renecau and Dethier
(1996), Shomaker (1999), Dethier (2003), and WoldeGabriel et
al. (2006).

Four sequential aquifer tests were conducted in the Guaje well
field shortly after four new replacement wells were installed in
1998 (McLin, 2006b). Each test consisted of pumping a single
well at a constant discharge rate and observing water level
changes in both the pumping and surrounding observation wells.
During each test cycle, a two-day pumping interval was followed
by a two-day recovery period. Individual test cycles were sepa-
rated by at least 30 days of nonpumping and allowed for nearly
complete water level recovery. The purpose of these tests was to
estimate aquifer parameters that characterize the saturated porous
media below Guaje Canyon. These parameters include aquifer
transmissivity (7), storage coefficient (S), and thickness (b). Tra-
ditionally, 7" and S are obtained from aquifer tests while b is esti-
mated from drilling and/or geophysical logs (e.g., Fetter, 1994).
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Hydraulic conductivity (K) is then determined after dividing 7 by
b, while specific storage (S,) is determined after dividing S by b.
This traditional approach assumes that b can be accurately identi-
fied using lithology and is rarely confirmed by alternate methods.
In this study, dynamic flowmeter logs were used to make direct
hydraulic measurements of b (e.g., Izbicki et al., 2005). A second-
ary test objective was to identify any recharge or barrier boundary
effects that might be located near the well field.

Hydrogeologic cross-section A-A’ (Fig. 2) runs west to east
through the Guaje well field, and is based on recent work by Sho-
maker (1999), McLin (2006b), and WoldeGabriel et al. (2006).
This cross-section represents a complex regional aquifer system
that consists of several distinct hydrostratigraphic zones that yield
substantially different volumetric flow rates over the vertical
screened interval of each production well. As shown below, these
hydrostratigraphic zones do not precisely correlate with previ-
ously identified stratigraphic units. Each well is hydraulically
dominated by water produced from poorly sorted, medium- to
fine-grained, arkosic sandstones and interbedded siltstones from
the Miocene Santa Fe Group. This high water-yielding interval is
located below the unsaturated volcaniclastic sediments that form
the lower portions of the Pliocene Puye Formation, which con-
sists of stratified fanglomerate and conglomerate intervals. These
Puye deposits originated from source areas in the Jemez Moun-
tains located to the west, whereas the Santa Fe Group sediments
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FIGURE 2. Hydrogeological cross-section A-A’ following Guaje Canyon. Location of the cross-section is shown in Figure 1. The high-yielding water

production zones were defined using flowmeter logs.
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originated from source areas located to the north and east of the
Espafiola Basin (WoldeGabriel et al., 2006). As implied in Figure
2, the high-yielding zones within the Santa Fe Group are verti-
cally stratified and horizontally discontinuous. More will be said
about this later. In the east, these high-yielding zones tend to be
located above Miocene basalts, but in the west they are interbed-
ded with them.

Much smaller water volumes are produced from the underlying
fine-grained sandstones, siltstones, and claystones that comprise
the lower Santa Fe Group. These Santa Fe deposits are overlain
by unsaturated portions of Puye fanglomerate and conglomer-
ate in the Guaje well field. While these volcanogenic materials
thicken to the west and south, they are not a significant source of
water in Guaje Canyon wells. However, in the Guaje well field,
the Puye is probably a significant recharge pathway to underly-
ing units. These Puye sediments are saturated farther to the south
in the east-central plateau area and comprise some of the most
productive units in the regional aquifer. Historical information
for the regional aquifer below Pajarito Plateau was previously
described by Theis and Conover (1962), Conover et al. (1963),
Griggs (1964), and Cushman (1965).

TEST RESULTS
Flowmeter logs

Dynamic, impeller-type, flowmeter logs were obtained for
each replacement well and indicate that only a small portion of
each well screen yields most of the water to each well (Shomaker,
1999; McLin, 2006b). An example of one of these logs (for well
G-2a, Fig. 3) reveals a clear picture of important hydrostrati-
graphic units. This particular log indicates that Santa Fe Group
sediments located immediately below the top of the well screen
and down to about 1005 ft below ground surface (bgs) yield
almost all of the water produced at this well. These sediments
contain five high-yielding zones (zones A, B, C, D, E) that repre-
sent only about 325 ft of saturated aquifer material. These zones
are located within the 435 ft-thick interval between about 570-
1005 ft bgs, and are above the uppermost Miocene basalt layer.
This analysis demonstrates that high-yielding zones are sand-
wiched between thick sequences of lower-yielding sediments. In
addition, the high-yielding units are much thinner than the full
screen length in each well. While other flowmeter logs are not
shown here, they demonstrate that this vertical aquifer heteroge-
neity is typical throughout the well field. Similar conditions have
been documented elsewhere (Izbicki et al., 2005).

Collectively, these flowmeter logs also reveal a water produc-
tion zone that dramatically thins toward the west (Fig. 2). Since
meaningful flowmeter logs can only be recorded in the screened
interval of a well, the upper boundary of this high-yielding zone
is defined by the contact between the upper solid well casing and
lower well screen. The lower boundary is defined according to
each flowmeter log since well screens are continuous here. Some
water-bearing units may be located above the casing-screen con-
tact in each well, but water must first move vertically downward
in the formation or filter pack before entering the well screen.

This lack of precise definition for the upper flow-zone bound-
ary implies that the high-yielding zone in the regional aquifer
may be thicker than indicated in Figure 2. When this high water
producing zone is superimposed onto the geologic cross-section
(Fig. 2), it reveals an effective aquifer thickness that cannot be
hydraulically characterized by stratigraphy alone. This contrast in
hydraulic detail is unrelated to scale effects even though lithology
is defined in each well by a 10 ft sampling interval while flowme-
ter logs are defined by a 0.5 ft sampling interval. Even if geologic
samples were collected more often, they would not yield the same
information shown in Figure 3.

Aquifer tests

Individual aquifer test results are only briefly discussed here; a
detailed analysis and complete data sets are contained in McLin
(2006b). Each constant-rate aquifer test consisted of a pumping
phase that lasted two days and a non-pumping recovery phase
that also lasted two days. Table 1 summarizes important aqui-
fer parameters from these tests. Results from some of the Theis
(1935) analyses are graphically shown (Figs. 4-6). Most of these
tests reveal pronounced barrier (or no-flow) boundary effects after
about 100-400 min of pumping. These boundary effects restrict
the radial expansion of the cone of depression outward from the
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TABLE 1. Summary of aquifer parameters from Guaje well field.

Parameter G-1A! G-2a G-3a G-4a G-5a
Year 1982 1998 1998 1998 1998
0 (gpm) 400 901 800 752 408
T (ft/day) 4200 3440 1618 1749 700
S (dim) 6.2E-4 97E-4 7.7E-4 1.1E-4 6.2E4
b (ft) 563 435 261 245 325
K (ft/day) 7.5 7.9 6.2 7.1 22
S (1/ft) 1.1IE-6  2.2E-6 3.0E-6 4.3E-7 1.9E-6

"From specific capacity analysis (McLin, 2006¢, 2005b).

pumping well and produce more aquifer drawdown. Each test is
briefly discussed below and boundary effects are collectively dis-
cussed in the next section.

Graphical results from the G-2a aquifer test are summarized
first. Figure 4a shows the curve match between the theoretical
Theis type-curve (i.e., the solid line) and observed drawdown (i.c.,
individual data points) from observation well G-3, while Figure
4b shows simultaneous curve matches for both pumping well G-
2a and observation well G-3. These analyses indicate that 7 and
S estimates from well G-3 are higher than when data from both
wells are analyzed together. Recall, however, that the Theis model
assumes that 7 and S do not change in a homogeneous system.
These results suggest that spatial variability in the aquifer response
is produced by a combination of head losses near well G-2a and
aquifer heterogeneity between the two wells. Drawdown data at
G-3 (Fig. 4a) follow the Theis type-curve for about 100-200 min
before boundary effects began to dominate (i.e., observed draw-
down falls above the Theis type-curve). However, a similar depar-
ture occurs after about 400 min in well G-2a, and after about 30
min in G-3 (Fig. 4b). The reported values for S in both analyses are
characteristic of a confined aquifer response. Some might argue
that the results shown in Figure 4a are more reliable because they
are from an observation well. Others might favor the results shown
in Figure 4b because they are based on data from two wells. We
think that both analyses are representative. In addition, we note
that a repeat test at well G-2a in 2005 produced 7 and S values that
were midway between those shown in Figure 4.

All of these observations are important because they reveal
slightly different information about the aquifer and wells. First,
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FIGURE 4. Theis aquifer analyses using drawdown data from (a) obser-
vation well G-3; and (b) wells G-2a and G-3.
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different results shown in Figure 4 suggest that uncertainty in
aquifer parameters may result from alternative methods of analy-
sis. For example, if we compare results shown in Figure 4, we
conclude that 7" is about 30% larger using only G-3 data com-
pared to using data from both wells. Parameter uncertainty can
be more fully characterized if alternatives to the Theis model
are used but this was not done here. Second, the Theis analysis
assumes horizontal (radial) flow between the pumping and obser-
vation well. This assumption may not hold because the departure
times marking the onset of boundary effects are different in each
well. Theoretically, these times should be identical. These depar-
ture times are different because both » and the anisotropy ratio
(K,/K ) change radially away from well G-2a.

Drilling logs from all of the wells (Fig. 2) suggest that the
aquifer is under stratified, water-table (or phreatic) conditions
because no single geologic unit can be identified as a confining
layer. As previously noted, however, S values are characteristic of
confined behavior. We note that a layered, phreatic aquifer exhib-
iting large K,/K ratio differences between layers could respond
like a confined system. Conversely, we might also expect a theo-
retical transition from confined to phreatic behavior to occur. If
this transition were actually present in the Guaje system, it was
masked by barrier boundary effects that appeared after several
hundred minutes. Alternative methods of analysis like those
of Neuman (1974) or Moench (1997) consider this transitional
behavior but these methods yield similar results to those already
shown. Ultimately, the flowmeter logs effectively characterize
the aquifer as a vertically stratified system that thins toward to
the west. Unfortunately, these logs do not differentiate between
a confined or phreatic response so this question remains unan-
swered. In fact, all of the Guaje Canyon wells contain alternat-
ing layers of high and low hydraulic conductivities that are sand-
wiched together into a single high-yielding, heterogeneous zone
that varies both laterally and vertically. At well G-2a, these high-
yielding units are located below the unsaturated Puye fanglomer-
ate and above the first Miocene basalts. We note that the barrier
boundary effects may be simultaneously related to both aquifer
thinning and normal faulting associated with the Rio Grande rift
system. These effects are collectively discussed below.

Results from the test at well G-3a are shown in Figure 5. Draw-
down and recovery values were again recorded in both pumping
well G-3a and observation well G-3. This test differed from the
previous one because no boundary effects were observed in G-3a
but appeared in well G-3 after about 300 min (Fig. 5). A notice-
able decline in 7 between the G-2a and G-3a tests is associated
with westward aquifer thinning. In addition, the observed draw-
down in G-3 falls below the Theis type-curve (Fig. 5), and sug-
gests a decline in hydraulic communication between wells G-3a
and G-3. This barrier boundary response is quite unusual (com-
pare Figs. 4 and 5) and might have been mistaken for a recharge
boundary without the flowmeter logs and the G-2a aquifer test.
In other words, when the cone of depression radiates westward
from well G-2a toward G-3 (Fig. 4a), the barrier boundary causes
drawdown to plot above the Theis curve. However, when the cone
of depression radiates eastward from well G-3a toward well G-3
(Fig. 5a), the same boundary causes drawdown to plot below the
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FIGURE 5. Theis aquifer analyses using drawdown data from (a) obser-
vation well G-3; and (b) wells G-3a and G-3.

Theis curve. These remarkable observations are probably associ-
ated with westward aquifer thinning, directional anisotropy (i.e.,
the K,/K ratio is higher from east to west than from west to east),
and a leaky barrier boundary as discussed below.

Results from the test at well G-4a are shown in Figure 6. Again,
drawdown and recovery were recorded in both pumping well G-
4a and observation well G-4. The most significant result from
this test is that 7' values are comparable to those at well G-3a. As
seen in Table 1, K values are remaining about the same between
wells G-3a and G-4a because the aquifer thickness declines only
slightly. Some drawdown effects in G-4a are caused by a barrier
boundary but these effects are absent in well G-4. These observa-
tions suggest that the boundary near well G-4a may be different
than the multiple boundary effects seen near wells G-2a and G-3.
More will be said about this later.

Graphical results from the G-5a test are not shown here. This
test is still noteworthy because it showed no drawdown response
at observation wells G-4a and G-4 while G-5a was pumped.
These results also indicate that 7 is only about 700 ft?/day, and
that significant boundary effects appear in G-5a after 100-200
min of pumping. Since the cone of depression did not intersect an
observation well, a reliable estimate for S could not be made.

Barrier boundary effects

Boundary effects were observed in wells G-2a, G-3, G-4a, and
G-5abut notin G-3a and G-4 (Figs. 1, 4-6). The importance of this
sequence will become clear later. Despite the unusual response
for well G-3 (Fig. 5), all of these boundaries represent barriers to
flow. These effects can be analyzed using traditional image well
theory (e.g., Walton, 1970). For example, the G-3 boundary influ-
ences shown in Figure 4a begin after 100-200 min of pumping at
G-2a. In addition, the almost linear appearance of the boundary
effect is striking (i.e., the drawdown appears like a straight line
after 100 min). If only one boundary were present, we would not
expect to see this type of response. We conclude that more than
one boundary is affecting drawdown at well G-3. In addition,
boundary effects appear at different times in G-3 and G-2a (Fig.
4). Normally we expect the expanding cone of depression to radi-
ate quickly from the production well. Hence, the first appearance
of a boundary should be similar in both G-3 and G-2a. The sig-
nificant timing difference in this first appearance suggests that the

aquifer is heterogeneous. This observation is also consistent with
the G-2a flowmeter log (Fig. 3). The multiple boundary effects
seen at G-3 are probably associated with both aquifer thinning
and buried faults between wells; faulting based on lithology was
described by WoldeGabriel et al. (2006). We can analyze the first
of several boundary effects by starting with the 7 and S values
shown in Figure 4a and the image well analysis described by
Walton (1970). This analysis says that the first boundary must be
located about 600 ft away from well G-3. With only one observa-
tion well, however, it is apparent that we can not precisely locate
the first boundary or determine its orientation.

If we combine this image well analysis with other geologic
information, we may still be able to identify the nature and
approximate locations of several boundaries. Projections of sev-
eral normal faults were extended into the Guaje well field for this
analysis (Fig. 7). These faults were previously mapped by Deth-
ier (2003) but he could not detect them in the alluvial canyon fill.
While several fault projections pass near wells G-3 and G-2a, all
of these are located much farther away than 600 ft. We conclude
that the initial G-3 boundary effect (Fig. 4) cannot be associated
with any of these projections, but they may account for subsequent
effects as described below. The early linear drawdown behavior
in G-3 is more likely related to aquifer thinning between wells
G-2a, G-3 and G-3a. This thinning is clearly shown in Figure 2
and is based on flowmeter logs from each well. Fault Projections
1 and 2 (Fig. 7) are optimally located so that they could account
for secondary and tertiary boundary effects recorded at both G-3
and G-2a.

All of the fault projections shown in Figure 7 are intriguing
because they can account for complex, multiple boundary effects
in several wells. The first projection is located about 1200 ft cast
of well G-2a and passes between wells G-2a and G-1a. This is
important because no drawdown was recorded in well G-1a during
a repeat aquifer test at G-2a in 2005 (McLin, 2006b). Accord-
ing to 7'and S values shown in Table 1, pumping at G-2a should
produce drawdown at G-1a. The presence of a barrier boundary
represented by this fault projection would explain this lack of
observed drawdown. It would also account for secondary and
tertiary boundary effects at G-2a and G-3 (Fig. 4). The delayed
timing departures marking the onset of multiple boundary effects
(Figs. 4, 5) also appear to be affected because Fault Projection 1
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FIGURE 6. Theis aquifer analyses using drawdown data from (a) obser-
vation well G-4; and (b) wells G-4a and G-4.
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is located farther away from G-2a than Fault Projection 2. This
second projection passes between wells G-3 and G-3a and would
explain the poor hydraulic communication noted in Figure 5.
This same projection also accounts for the poor communication
between wells G-2a, G-3a, and G-4a during the 2005 repeat test.
This poor hydraulic communication suggests that Fault Projection
2 is actually a leaky barrier boundary. Finally, Projection 3 passes
between wells G-4a and G-5a. This last projection would explain
why there is such a dramatic reduction in K values between these
two wells and why there are boundary effects at both G-4a and
G-5a. In addition, it would account for the lack of observed draw-
down at G-4a when G-5a was pumped.

No boundary effects were seen in well G-4 (Fig. 6b), but a
relatively subdued barrier boundary effect was present in well
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(Dethier, 2003). Dashed lines are fault projections identified in aquifer
tests presented here.
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G-4a. This effect is also smaller than those at wells G-2a and G-
3. In fact, multiple boundary effects appear to diminish toward
the west because drawdown values associated with different
boundaries are systematically smaller in each respective aquifer
test. The corresponding 7 values also decline in this same direc-
tion. This declining influence coincides with westward aquifer
thinning that was noted earlier even though K values remain
relatively constant. Changes in b between wells G-3a, G-4a, and
G-5a are relatively small (Fig. 2). In fact, boundary effects dis-
appear at well G-3a and G-4 and then reappear at wells G-4a
and G-5a. This disappearance suggests that the primary boundary
effects at wells G-2a and G-3 are associated with aquifer thin-
ning and that secondary effects are associated with Fault Projec-
tion 2 (Fig. 7). Fault Projection 1, on the other hand, appears to
be related to tertiary boundary influences at both G-2a and G-3.
The reappearance of boundary effects at wells G-4a and G-5a
suggests that these latter wells are primarily affected by Fault
Projection 3 rather than changes in b. In addition, slight aquifer
thickening between G-4a and G-5a may have produced second-
ary effects at both wells. This interpretation is supported by the
relatively small barrier boundary effect seen in well G-4a, and the
somewhat larger boundary effect that appeared in the G-5a test
(McLin, 2006b). Furthermore, the corresponding 7 value near G-
Sa declines sharply from those noted earlier for G-3a and G-4a.
This sharp decline is also reflected in the corresponding K values
reported in Table 1.

Finally, the subparallel orientations of the fault projections
(Fig. 7) are crucial in understanding recharge in the Guaje system.
According to image well theory, this configuration can generate
complex drawdown effects because expanding cones of depres-
sion are distorted when they reflect off each barrier boundary.
In Guaje Canyon, we have northwest-southeast trending aquifer
slabs between subparallel faults and a well field that is oriented
east-southeast across these slabs. If each fault responds like a
barrier boundary to pumping, then individual aquifer slabs are
hydraulically isolated from one another. If fault boundaries are
leaky, then there is hydraulic communication between slabs.
Hence, the hydraulic nature of these boundaries may alter the
spatial distribution of well-field capture zones and potentially
modify recharge pathways to individual wells.

CONCLUSIONS

The sequential aquifer tests described here are significant for
several reasons. First, these tests recorded drawdown and recov-
ery data that can be used to evaluate important aquifer parameters
(Table 1). These tests are supplemented by dynamic flowmeter
logs that accurately define thickness variations in high-yielding
aquifer units between wells. They also demonstrate that screen
length is not a good representation for aquifer thickness. These
logs show that the most productive units are located above the
first Miocene basalt flows in the eastern portions of the Guaje
well field, and are interbedded with the basalts in the west. These
highly transmissive zones generally correspond to piedmont-
derived fluvial sediments within the upper Miocene Santa Fe
Group that have an eastern or northern source area. The sand-



HYDROGEOLOGIC CHARACTERIZATION OF A GROUNDWATER SYSTEM 491

stones, siltstones, and claystones located below the basalts yield
relatively little water to Guaje wells (Fig. 3). This behavior is
typical of the Tesuque Formation (Santa Fe Group) throughout
most of the Espafola Basin.

Secondly, these sequential aquifer tests have clearly identi-
fied a dramatic reduction in 7 values between well G-2a on the
east and well G-5a on the west. This dramatic change is strongly
correlated to an equally dramatic thinning of the high-yielding
aquifer units between these same wells (Fig. 2). These observa-
tions demonstrate that the aquifer is vertically stratified and hori-
zontally discontinuous below this portion of Guaje Canyon. In
addition, the reported values for S are characteristic of a confined
aquifer response.

Finally, the observed changes in T are also related to normal
faulting that was revealed during sequential aquifer testing. Three
buried faults pass through the Guaje well field and create extraor-
dinary responses to pumping. When combined with westward
aquifer thinning, complex multiple barrier boundary effects are
produced that reveal anisotropy in an unusual way. These obser-
vations suggest a very different hydrogeologic picture from that
in the central plateau region (McLin, 2005a, 2006a). As seen in
Figure 7, the first buried fault is located about 1200 ft east of
well G-2a. The second one passes between wells G-3 and G-3a,
and a third fault is located between wells G-4a and G-5a. Draw-
down observations also imply that some barrier boundaries may
be leaky (e.g., Fault Projection 2) while others are not (e.g., Fault
Projections 1 and 3).
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