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ANALYSES OF THE PM-4 AQUIFER TEST USING
MULTIPLE OBSERVATION WELLS

by
Stephen G. McLin

ABSTRACT

A 21-day aquifer test was conducted at municipal water supply well PM-4 at a constant
discharge rate of 1,494 gpm. This pumping interval was immediately followed by a 21-day
recovery period. Surrounding observation wells were used to record both drawdown and
recovery. These datareveal horizontal propagation of drawdown in the regional aquifer beyond
8,700 ft from PM-4, and a pronounced resistance to vertical drawdown propagation at shal-
lower depths. Hydraulically, the regional aquifer behaves like a leaky-confined aquifer with
leaky units located above a highly conductive layer that averages about 850 ft in thickness.
Classical distance-drawdown and fully confined aquifer behavior of early-time drawdown
data (i.e., less than 4 days) from individual observation wells suggest that the highly conduc-
tive layer in the regional aquifer between wells PM-4 and PM-2 has a transmissivity of about
6,451 ft>/day and a storage coefficient of about 0.00039. The corresponding hydraulic con-
ductivity is about 7.6 ft/day. The aquifer thins between wells PM-4 and PM-5 to an effective
thickness of about 490 ft, but the aquifer transmissivity increases to about 6,817 ft%/day, and
the storage coefficient increases to about 0.00046. The corresponding hydraulic conductivity
near PM-5 is about 13.9 ft/day. Comparisons of late-time drawdown data (i.e., greater than
4 days) using leaky-confined aquifer models suggest that there is a gradual transition from
confined to leaky-confined behavior. These observations provide estimates for aquifer leak-
age factors.

This test has also demonstrated that regional aquifer materials below the central portions of
Pajarito Plateau are strongly heterogeneous, and exhibit pronounced horizontal and vertical
anisotropy in hydraulic transmitting properties. An idealized radius of influence about 8,700
to 10,500 ft long extends outward from well PM-4, including portions of the regional aquifer
below Mortandad Canyon. Numerous observation wells inside this radius respond to both
PM-4 and PM-5 pumping influences. These data also suggest that two competing conceptual
models can represent the regional aquifer. First and most likely, aquifer drawdown data
suggest a traditional leaky-confined aquifer model is appropriate. Here leaky source beds in
the regional aquifer are located above a highly conductive layer of variable thickness that
extends between R-20 screen 3, PM-2, PM-4, PM-5, and R-14. A second possibility is that the
regional aquifer behaves like a leaky-confined model because it contains interbedded layers
of alternating high and low hydraulic conductivities that are sandwiched together into a high-
yielding zone. In this second model, the overlying units at the top of the regional aquifer may
not be a significant source of water to the municipal supply wells. This second conceptual
model requires the low-conductive layers within the alternating sequence to be leaking into
the adjacent high-conductive layers. These competing interpretations cannot be resolved
without additional, deep, multiple-screened observation wells located near wells PM-4 and
PM-5 that characterize vertical leakage between adjacent layers within the regional aquifer.
These parameters are important because they provide experimental measurements of aquifer
responses to controlled aquifer stresses. They also partially fulfill requirements for aquifer
parameter identification that support model verification studies.



I. INTRODUCTION
Purpose and Scope

A long-term aquifer test was conducted at municipal water supply well PM-4 during
February and March of 2005. This test consisted of a 21-day pumping interval followed
by a 21-day recovery period. Both drawdown and recovery data were collected at PM-4
and numerous observation wells. The purpose of this aquifer test was the experimental
determination of regional aquifer parameters that characterize the saturated porous media
below Pajarito Plateau. This test consisted of pumping PM-4 at a constant discharge rate
and observing water level changes in both the pumping and surrounding observation wells.
Charles Theis (1935) first introduced the theoretical response of an ideal, confined aquifer
to pumping while he was with the US Geological Survey’s district office in Albuquerque,
New Mexico. Using an analogy between two-dimensional (2-D) heat and water flow, he
developed an analytical solution to the governing partial differential equation that related
drawdown to aquifer transmissivity (7) and storage coefficient (S). Here T represents the
rate of flow to a pumping well in gallons per minute through an imaginary, vertical cross-
section of aquifer material one foot wide and extending the full saturated thickness of the
aquifer that is subjected to a hydraulic gradient of one. Today T is commonly expressed
in equivalent units of length squared per unit time (L%T). Hydraulic conductivity (K) is
determined by dividing T by the aquifer thickness (b). Values for T and K are important
because they define how the aquifer will respond to stress (e.g., pumping, natural discharge,
or recharge). In addition, S is defined as the volume of water yielded to a pumping well per
unit area of saturated aquifer material per unit decline in water level. As such, § is dimen-
sionless. Specific storage (S,) is determined after dividing § by b, and has units of inverse
length. Aquifer parameters like T and S were originally developed for confined aquifer
conditions assuming radial, 2-D, horizontal flow. However, in complex three-dimensional
(3-D) groundwater representations, it is often best to use the parameters K and S, because
the influence of b has been removed. The primary objective of this report is to determine
values for the aquifer parameters 7, K, b, S, and S, using test data obtained from both the
pumping well and numerous observation wells.

A secondary objective of this aquifer test was to characterize aquifer heterogeneity and
anisotropy in the regional aquifer. Heterogeneity is demonstrated when aquifer param-
eters change from well to well. Anisotropy simply means that parameter values may be
directionally dependent. For example, hydraulic conductivity at one location may have
different horizontal (K,) and vertical (K,) values, and the ratio (K,/K,) between the two
may vary from point to point. Typically, K, > K for most aquifer materials. Directional
variations in K, would be revealed by an elliptically shaped cone of depression rather than
a circular one. This cone expands laterally outward from the production well in response
to pumping and requires at least two observation wells at different locations to verify the
elliptical shape. Horizontal anisotropy is important because it reveals preferential water
movement toward the well more easily in one horizontal flow direction than in another.
Similarly, variations in K, would be revealed by different drawdown values recorded in
adjacent observation wells (or nested piezometers) completed at different vertical depths
in the aquifer. Vertical anisotropy is important because it says that water generally moves
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Table 4. Aquifer configuration dimensions in pumping and observation wells.
See Figure 11 for definitions.
Well r (ft) d (ft) 1 (ft)

PM-4 1 160 850
PM-2 4463 109 850
PM-5 4651 165 850
R20-1 5508 30.3 37.9
R20-2 5508 272.8 2804
R20-3 5508 454.5 462.2
R32-1 8713 37.0 44.7
R32-2 8713 101.3 104.4
R32-3 8713 142.4 150.1

of the software. Hence, the traditional practice of fixing K,/K,, at a value of one before
solving for T is followed here. If a parameter sensitivity analysis was performed, the K, /K,
value was sequentially fixed between 1 to 1,000, and a corresponding T value was found.
Aqtesolv™ also yields a storativity (S) value for any analysis by pumping-test methods as
part of a solution. However, such a determination is only valid for multiple-well tests where
both pumping and observation wells are used in the analysis. Therefore, results for this
parameter are only listed in summary tables when this well combination is available.

At this point, a brief digression is needed to clarify several important points. First, exactly
when are anisotropy effects significant and when can they be safely neglected? Otherwise,
the reader may get the impression that those analytical methods that allow the K, /K, ratio
to vary are always preferable to methods that do not have this feature. Second, nearly all
analytical solutions used for aquifer test analyses assume 2-D, horizontal (radial) flow
toward the pumping well where the well screen fully penetrates the saturated thickness
of the aquifer. In these situations, anisotropy effects will not influence the test results
even though the K, /K|, ratio is not one. Thus, flow toward the pumping well is horizontal
and drawdown is only affected by K, S, and b, where b represents the saturated thick-
ness of the aquifer. It is common, however, for wells to partially penetrate an aquifer.
When this occurs, drawdown and converging flows within the aquifer may result in
pronounced vertical flow effects near the pumping well. These vertical flow effects may
significantly affect the observed drawdown in both the pumping and observation wells out
to aradial distance of about (3b/2)(K, /K ) 112 In other words, flow toward the pumping well
is now affected by the K h/Kv ratio, b, and S. In these situations, a technique that allows the
K, /K, ratio to vary should probably be used.
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The cautious reader may conclude that an ideal aquifer test will have a partially penetrating
well screen in the pumping well and an observation well located less than (35/2)(K h/Kv)l/ 2
away. With this configuration, a determination of aquifer characteristic values for 7, S, and
the K,/K, ratio can be made from a single test. However, the reader is reminded that none
of the analytical methods of analysis will provide a unique solution for both transmissivity
and the anisotropy ratio at the same time. Again, this is not a limitation of the software.
In addition, one rarely encounters an ideal test configuration because it generally is not
known a priori.

Response to Pumping. Initially, static water levels are allowed to recover in all wells so that
individual responses to pumping can be later determined. This initial recovery period was
set at about 7 days for the tests reported here. Once pumping starts at time t = 0, a cone of
depression propagates radially outward from the production well and intersects different
observations wells at different times. That is, closer observation wells see drawdown first,
and these drawdown values are generally larger than observation wells located farther
away. Here drawdown at a well is computed as the difference between the recorded water
level at some time t >0 and the initial static water level at t <0. Likewise, when pump-
ing stops, these water level declines start to rebound back toward initial static conditions.
Hence, both drawdown and recovery data are collected over time for analyses by classical
pumping techniques.

Simple Recovery. A procedure described by Driscoll (1986, 252-260) was employed to
process recovery data collected after pumping ceased. In this method, a trend line was
extended through the data collected from the latter portions of the pumping phase and into
the recovery period, as illustrated in Figure 9.37 of Driscoll. Recovery was then computed
as the difference between values on this trend line and the observed water levels for the
same time. Results of this process are referred to simply as recovery data, and the analysis
is identical to that for pumping data. The advantage of using this type of recovery data is
that the effects of partial penetration and anisotropy can be taken into consideration when
using certain methods in Aqtesolv™,

Residual Recovery. Recovery was also determined by subtracting observed water levels
after pumping ceased from the static equilibrium value established before pumping. Results
of this operation are referred to as residual-recovery data. The advantage of this type of
recovery data is that it is not potentially biased by a trend line fitted to the observed data
as in the simple recovery method mentioned above. However, the disadvantage is that the
effects of partial penetration and anisotropy are not taken into consideration when using
certain methods in AqtesolvT™.

Data that were collected from individual observation wells during the long pumping and
recovery intervals at PM-4 were analyzed by various standard pumping-test methods. These
observation wells included PM-4, PM-2, PM-5, and R20-3. Data were also collected at
R20-1, R20-2, R32-1, R32-2, and R32-3. Data were also collected at wells R-14, R-19,
R-15, and R-13. These latter data were affected by pronounced vertically downward flow
(i.e., vertical leakage). Hence, these data cannot be reliably analyzed by traditional pump-
ing techniques that assume only horizontal flow. Test data collected at individual wells are
analyzed by as many as seven different methods for comparison, including Theis pumping,
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Theis recovery, Theis residual-recovery, specific capacity, Hantush-Jacob leaky, Moench
leaky, and Neumann-Witherspoon leaky aquifer techniques. In addition, drawdown data are
analyzed from multiple observation wells using the distance-drawdown and multiple-well
leaky aquifer techniques. To avoid repetition in the text, parenthetical reference citations
for the various methods (that is, the years of publication) are only given here.

Theis Method (Theis 1935). The aquifer test was initially analyzed by the Theis method.
Analyses include both pumping and simple-recovery data (as defined above). In this clas-
sical method, a log-log plot of drawdown or recovery data versus time is fitted to a Theis
type-curve. The method assumes that the well is fully penetrating, the hydraulic condition
of the aquifer is confined, and application or relaxation of stress is by prolonged withdrawal
or recovery of water. The method has been extended to include partial penetration effects
in confined aquifers, and allows the anisotropy ratio (K, /K ) to vary. Theoretically, both
pumping and recovery techniques should replicate one another in both the pumping and
observation wells. However, when they do not, one might infer that wellbore clogging,
turbulence, or other phenomena were present in the pumping well during some phase of
the test, or that static conditions were not completely reestablished during the recovery
phase. Note that except for static conditions being reestablished, most of these effects are
generally present only in the pumping well and not observation wells.

Theis-Residual Recovery Method (Theis 1935). The test data were also analyzed by the
Theis-residual recovery method. This traditional method differs from the Theis analysis
of recovery data described above in that it uses residual-recovery data. In practice, it is
generally most applicable to recovery data from the pumping well where well bore tur-
bulence or clogging may be a problem. In this method, a straight line is drawn through
a semi-logarithmic plot of residual recovery data versus the dimensionless ratio of #/¢".
Residual recovery is the difference between the original static water level and the depth
of water at a given instant during recovery. In addition, ¢ is the time since pumping started
and ¢’ is the time since pumping stopped. This method is probably more widely used than
the simple Theis-recovery method mentioned above; however, corrections for partial pen-
etration cannot be made with this technique. Some readers may wonder why two different
recovery methods were employed here. The answer is simple: when using the pumping
well as the observation well, many hydrologists consider recovery data to be more reliable
than pumping data because wellbore turbulence is minimized. As previously mentioned,
all three approaches (i.e., Theis pumping, Theis simple recovery, and Theis residual recov-
ery) should replicate one another exactly when the well is fully penetrating. When they do
not, hydrologists simply have additional information to make inferences about dominant
effects during certain phases of the test procedure. These differences can influence alterna-
tive interpretations by lending support to the method that is most reliable. However, when
drawdown and recovery data are available from an observation well, the advantages of this
method are probably overshadowed by other techniques presented here.

Specific Capacity Method (McLin 2005c). As an additional method of comparison,
test data from the pumping well were also analyzed by the specific capacity method to
determine T. This traditional technique was modified by McLin (2005¢) from a procedure
originally developed by Bradbury and Rothschild (1985). Here specific capacity is defined
as discharge (Q) divided by drawdown (s), and has units of gpm/ft. Strictly speaking, this
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method is only valid for confined aquifers and is typically used to estimate a minimum
value for T. However, it is often used for unconfined aquifers as a basis of comparing
alternative techniques. This method uses an iterative approach to solve for T using the
Cooper-Jacob approximation for the Theis well-function. It also corrects specific capacity
data for partial penetration and well losses in arriving at an estimate for 7. In addition,
K, /K, is also fixed at a value of one. As before, K is then obtained from the relationship
K =T/b, where b is saturated thickness. Numerous authors (e.g., Walton 1970) have
demonstrated that T values from the specific capacity technique are rather insensitive to
changes in storage coefficient (S). McLin (2005c¢) has also suggested that well efficiency
and partial penetration effects can dramatically influence these T values. Hence, the origi-
nal program of Bradbury and Rothschild (1985) was modified by McLin (2005¢) so that
it uses a single S value while allowing well efficiency and partial penetration to vary over
an expected range of values. The original Basic program was adapted to the Matlab™ lan-
guage, and it computes and plots a range of T values. This range in T values demonstrates
that the specific capacity method is relatively sensitive to variations in these parameters.
Hence, results from these analyses might be viewed as representing a lower limit for pos-
sible T values when the well is fully penetrating and 100% efficient.

Hantush-Jacob Method (Hantush and Jacob 1955). In many situations, the assumption of
an idealized confined aquifer used in the Theis solution is not met because the overlying
and/or underlying units leak water into the production interval that yields water to the
pumped well. In this situation, the aquifer is considered leaky. Hantush and Jacob (1955)
derived an analytical solution for predicting drawdown in an observation well in response
to pumping a fully penetrating production well in a leaky, confined aquifer assuming no
storage in the leaky-confining layer and a constant head in the overlying unpumped aquifer
material. This solution extended the earlier Theis methodology because it accounted for
leakage from adjacent units by assuming it was proportional to the hydraulic head difference
between the aquifer and constant-head source bed. However, some hydrologists consider
this method to be of limited usefulness because it implies that the unpumped aquifer can
supply an infinite amount of water to the pumped well via leakage through the confining
unit, and because storage in the leaky unit is ignored. Later, Hantush (1964) corrected his
earlier omission of storage in the leaky unit. In addition, this technique was also extended
to include the effects of partial penetration and anisotropy. The refined Hantush-Jacob
solution provides estimates for 7, S, r/B, and the K, /K|, ratio. Here r/B is a dimensionless
leakage factor defined as

riB=rJK, /T, (1)

where r is the radial distance between the pumping and observation wells, B is a leakage
factor with dimensions of length and defined by the terms under the square root symbol
on the right-hand side of Equation (1), K, is the hydraulic conductivity of the aquitard
with saturated thickness b, and T is aquifer transmissivity. Note that if 7, S, and r/B are
known from an aquifer test, only the K /b, ratio can be uniquely found. However, if the
b, value is known from a driller’s log, then a unique value for K can be determined. Many
hydrologists find this refined solution to be very practical because it limits the number of
unknown aquifer parameters.



Neuman-Witherspoon Method (Neuman and Witherspoon 1969, 1971). Neuman and
Witherspoon (1969, 1971) developed a more general theory for leaky aquifers thatincluded
storage effects in the leaky unit (or aquitard) and drawdown in the unpumped aquifer lying
above the pumped aquifer configuration in the Hantush-Jacob method. The disadvantage
of this technique, however, is that there are as many as four terms like Equation (1) that
represent different combinations of pumped, unpumped, and aquitard parameters included
in the solution. Hence, itis extremely difficult to obtain a unique solution for all parameters
without making numerous assumptions about many of them. As a result, this technique is
not as widely used as the Hantush-Jacob method presented above even though it is more
mathematically appealing. In addition, the importance of anisotropy cannot be evaluated
with this technique. A unique advantage of this method, however, is that an estimate for
the storage coefficient can be determined for the unpumped (i.e., overlying) aquifer.

Moench Method (Moench 1985). Moench (1985) derived a modern alternative analytical
solution for predicting drawdown in an observation well in response to pumping a fully
penetrating production well in a leaky-confined aquifer. This method assumes storage in
the aquitard (or leaky confining unit) and a wellbore skin effect. The solution also assumes
that the aquitard is overlain or underlain by either a constant head boundary (case 1) or a
no-flow boundary (case 2). Like the previous leaky-aquifer solution, the Moench technique
also provides estimates for 7, S, r/B, and PB. Here B is defined as

B
Bz?/sa /S 2)

where S, is the storage coefficient of the aquitard and the other parameters are as before.
The Moench solution is an improvement over the Neuman-Witherspoon method in that the
number of parameters has been reduced. It is also an improvement of the Hantush-Jacob
solution because an estimate for the storage coefficient can be determined for the aquitard.
However, the relative importance of anisotropy cannot be found.

Distance-Drawdown A nalysis

Since simultaneous observations of drawdown were made in five separate wells, a distance-
drawdown analysis was initially made so that results from all methods could be compared
against the results from this important technique. Here drawdown recorded at a given time
is plotted against radial distance from the pumping well. Details are discussed by Bouwer
(1978, 92-93) and Fetter (1994, 227-229). The distance-drawdown formula is obtained
from the Thiem steady-state solution, which says that

e Qln(n /n) 23030
2n(s;—sy)  2mAs

3)

where Q is the discharge rate in the pumping well, In is the natural logarithmic function,
r, and r, are the radial distances from the pumping well to observation wells 1 and 2,
respectively, and where drawdown values s, and s, were recorded in observation wells 1
and 2 at the same time. If the data are plotted on semi-logarithmic graph paper (base 10),
then a linear fit through the data yields the second (or right-hand) relationship shown in
Equation (3) above where As is measured over one log cycle. These analyses are shown
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in Figure 12 with Q = 1,494 gpm and As = 16.34 ft. according to (3), T = 6,451 ft%/day.
Data used to construct Figure 12 are summarized in Table 5.

When the best fitting straight line for z = 3.01 days in Figure 12 is extended to zero draw-
down, a value of r, = 10,545 ft is found. Here r, defines the average radius of influence of
PM-4. When S is estimated from the relationship,

g 2.2§Tt , 4)

(0

one finds that S =0.000393 when 7T =6,451 ftz/day, t=3.01 days, and ry= 10,545 ft.
The data summarized in Table 5 include drawdown at ¢, = 3.01 and #, = 20.01 days. This
second set of drawdown data was not used in the preceding analysis because leaky aquifer
behavior was apparent after about 4 days as described below. These data are still reported
in Table 5 and in Figure 12 because they confirm that near steady state drawdown was
achieved during the aquifer test. This means that As does not significantly change over
one log cycle between the two times as seen in Figure 12 (i.e., compare the two linear fits
at ¢, and t,). Hence, the implied limitations of the Thiem steady-state equation given by
Equation (3) are adequately met in the foregoing analysis.

Equation (4) is strictly valid only when u < 0.05, where u = r2S/4Tt. These u values are
listed in Table 5 using the ¢, value for time. The Thiem parameters for 7 and § are only
approximate but can still serve as a basis of comparison with other techniques presented
below because they represent system-wide averages. In heterogeneous and anisotropic me-
dia like the regional aquifer below Pajarito Plateau, it is important to recognize that other
estimates for 7 and S may deviate from these averages and still be locally representative.

Note that in Figure 12, the best-fitting straight line was obtained using only drawdown from
certain wells and not others. These wells included wells with long well screens that nearly
fully penetrate the highly productive water zone (i.e., wells PM-2, PM-4, and PM-5), and
multi-screen wells that had the lowest screen at or below an elevation of about 5,660 ft.
Hence, drawdown from screen 3 at well R-20, screen 3 at well R-32, and screen 7 at well
R-19 were also used. However, drawdown values from wells R-13, R-14, and R-15 were
not used because all of these well screens are probably above the high K zone that yields
water to PM-4. Hence, the drawdown values from these latter wells plot below the best
fitting line in Figure 12 and suggest a significant vertical flow component. However, in the
Thiem derivation, it is assumed that flow is only moving horizontally toward the pumping
well. Additional discussion on this important point is presented below in the analyses of
data from these other wells.

Specific Capacity Analyses of Historical Data

Values for T and K can be computed from historical data obtained from individual water
supply wells using the specific capacity method of McLin (2005c¢). These values and sup-
porting data are shown in Table 6. Similar to the distance-drawdown analysis presented
above, this information can also serve as a basis of comparison for aquifer test parameters
presented below.
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Figure 12. Distance-drawdown analyses from the PM-4 aquifer test using the data listed

in Table 5.
Table 5. Data used in distance-drawdown analyses shown in Figure 12.
Well r (ft) s, (f0)? u,’ s, (fO)°
PM-4 1 65.75 <0.001 69.60
PM-2 4463 9.49 0.093 13.98
PM-5 4651 5.81 0.101 7.81
R20-3 5508 12.17 0.142 16.97
R19-7 7253 1.11 0.247 4.51
R32-3 8713 0.52 0.356 1.41
Notes: 2 Average of drawdown and recovery at 7, = 3.01 days.
by = r25/4Tt, where T = 6,451 ft¥/day and S = 0.000393.
¢ Average of drawdown and recovery at £, = 20.01 days.
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Table 6. Transmissivity? estimated from specific capacity data.

Parameter® | PM-1¢ | PM-2¢ | PM-3¢ | PM-4¢ | PM-5¢ | 0-4¢ | PM-29 | PM-4¢
Year 1998 1998 1998 1996 1998 1994 2003 2005
QO (gpm) 574 1243 1395 1270 1161 1396 1249 1494
s (ft) 27 73 27 480 84 21 84 66

t (minutes) 480 480 480 480 480 480 5300 4333
L (ft) 848 741 874 690 325 1068 741 690
d, (in) 22 24 24 26 26 26 24 26
S/(dim) 0.00035 | 0.00035 | 0.00035 | 0.00035 | 0.00035 | 0.00035 | 0.00035 | 0.00039
D (ft) 848 850 1025 850 490 1421 850 850
E (%) 100 100 100 100 100 100 100 100
T/ft?/day) | 5351 4530 14928 | 7484 4247 21161 4504 7115
K (ft/day) 6.3 5.3 14.6 8.8 8.7 14.9 5.3 8.4

Notes: ? Transmissivity from specific capacity; see McLin (2005¢) for details.
b Parameter definitions are as follows:
Year = year that data were reported.

RNmMOT LR 2Q

= average well discharge (gpm).

= quasi-steady state drawdown (ft).
= estimated time of drawdown (min).
= effective screen length (ft) from PM-4 spinner log or estimated value.
= effective screen diameter (in.).
= storage coefficient from McLin (2005a) or Figure 12.
= effective aquifer thickness (ft) from spinner log or estimated value.
= assumed well efficiency (%).
= acquifer transmissivity estimated from specific capacity.
= hydraulic conductivity computed from K = 7/D.

¢ Data summarized from Koch and Rogers (2003); and Purtymun (1995).
d Data summarized from McLin (2005a, Table 8).
¢ Data from this aquifer test.

IV. ANALYSIS OF PM-4 DATA

Drawdown and recovery were automatically recorded in well PM-4. These data can be
analyzed for aquifer transmitting properties. Figure 5 shows a plot of discharge and water
level responses to continuous pumping for almost 21 days, followed by responses to
no pumping for the next 21 days. Figure 6 shows several observation well responses to
pumping. Analyses of the PM-4 data are shown in Figure 13 using the idealized aquifer
configuration shown in Figure 11 and aquifer dimensions shown in Table 4. Theis analy-
sis of drawdown is shown in Figure 13(a), while Theis analysis of recovery is shown in
Figure 13(b). Figure 13(c) shows an analysis using the Theis residual-recovery method.
If the distance drawdown analysis presented in Figure 12 is assumed to represent an
average value for T and the Theis analyses shown in Figure 13 represent predicted values,
then the relative error in each of these analyses is —34%, —30%, and —48%, respectively,
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Figure 13. Theis confined aquifer analysis using PM-2 data from(a) drawdown, (b) recovery,
and (c) residual recovery. Note that in (a) and (b) the anisotropy ratio is 1.

for Figures 13(a), 13(b), and 13(c). Here the relative error is defined as predicted T minus
average T, divided by average T, noting that the results are expressed as a percentage.
These differences would probably be considered acceptable by many hydrologists. Note
that in each of these analyses, the Theis type curve is fitted through the early-time data
(i.e., before about 4 days). It is obvious that after this time, observed drawdown effects are
falling below that predicted by the Theis model. In other words, the water level responses
in PM-4 are starting to sense the presence of a recharge boundary. More will be said about
these boundary effects later. Note that in Figure 13(c), this departure occurs at a dimension-
less time of about #/t' =7, and corresponds to about ¢ = 4 days.
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Using the technique described by McLin (2005c¢) and the data listed in Table 6, a specific
capacity analysis yields a T value of 7,115 ft*/day by comparison, and corresponds to a
relative error of +10%. The results shown in Figure 13 suggest that there is a moderately
large difference between the Theis methods of analyses and the distance-drawdown tech-
nique shown in Figure 12.

In addition to the effects mentioned above, the T estimates may vary because of the curve-
matching procedure required to obtain a solution, especially if specific portions of the data
are more heavily weighted than others. This point can be illustrated by selectively using
different portions of the data that are shown in Figure 13(a). If only a small portion of the
original data are initially used, one possible answer is obtained as shown in Figure 14(a).
If data are selectively added to the analysis, different results are obtained as seen in
Figures 14(b), 14(c), and 14(d). While there are many factors that may affect these results,
one interpretation says that transmissivity is changing as the cone of depression expands
radially outward from the pumping well. Hence, the T values are changing in Figure 14
because K and b are changing in some unknown way. These results are striking and serve
as a stark reminder of complex, heterogeneous, aquifer behavior. Others might interpret
these results by pointing out that the ratio between the maximum and minimum 7 from
these analyses is only about two, and conclude that at a sufficiently large scale these results
are essentially the same. These different views can be reconciled by noting that as the
expanding cone of depression continues to intersect a larger portion of the aquifer volume
over time, the final answer is converging to some global average T value.

All of the Theis analyses shown in Figure 13 imply that leaky aquifer behavior started
after about 4 days of continuous pumping. Hence, this behavior was evaluated using the
Hantush-Jacob, Neuman-Witherspoon, and Moench techniques. Results are shown in
Figure 15 and summarized in Table 7. All three of the leaky aquifer methods show good
to excellent curve matches, and yield similar aquifer parameters. Note, however, that the
T values from the leaky analyses are about 50% higher than those predicted from a Theis
model.

The primary advantage of the leaky aquifer models is that they provide us with dimension-
less leakage estimates (r/B). However, parameters like S and /B are not considered valid
when they are estimated from pumping well data because water levels inside and outside
the wellbore are not usually the same due to well losses. In other words, these parameter
estimates require an observation well where r > 0. Hence, S and /B values are not reported
in Figure 15; however, these parameters are listed in Table 7 for completeness. On first
thought, it may seem that the Neuman-Witherspoon technique is best because it also provides
reasonable estimates for 7" and S’ that represent the leaky source aquifer. However, these
parameters are not well constrained and actually may vary by several orders of magnitude.
The problem with all curve-matching solutions is that there are many different possible
matches that result in different possible solutions. For example, as seen in Figure 16, the
Hantush-Jacob technique shown in Figure 15(a) yields possible T and § values that may
vary between about 5,000 and 7,000 ft2/day and between 0.001 and 0.020, respectively,
while leakage (B) varies between about 550 and 24,000 ft. The results shown in Figure 16
were obtained by sequentially fixing 7, and iteratively solving for S and r/B. But how can
this range be narrowed down to a single best estimate for each parameter? Here the best
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Figure 14. Parameter sensitivity analysis using the PM-4 drawdown data with the Theis
method and varying the number of data points.

visual curve match was subjectively picked, and the corresponding T value was fixed so
that values for § and r/B could be obtained. This process yielded more consistent results
between the various methods as seen in Figure 15 and Table 7.

One final point should be mentioned. The Hantush-Jacob method is the only leaky-aquifer
technique that allows the K, /K|, ratio to vary. Unfortunately, a unique value for both T and
K, /K, cannot be obtained simultaneously. Generally, this ratio is assumed to be one and
that practice was followed here. In this application, the variability in T values associated
with varying the K, /K| ratio is less than the variability associated with the curve-matching
procedure.
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Figure 15. Leaky aquifer analysis using PM-4 drawdown data for the (a) Hantush-Jacob,
(b) Neuman-Witherspoon, and (c) Moench models.

It is important to recall that variations in the K,/K ratio are only revealed when there are
vertical flow effects near the well screen in a pumping well. If flow is moving toward a
fully penetrating screen in a pumping well, the flow is essentially horizontal regardless of
the K, /K ratio. In other words, a partially penetrating well screen is required in a pumping
well that results in sufficient vertical flow before the K, /K| ratio can be estimated. According
to Hantush (1960, 1964), these vertical flow effects theoretically extend radially outward
from the pumping well for a distance of (3b/2)(K,/K ). If an observation well is within
this radial distance, then the effects of partial penetration may cause sufficient vertical
flow effects in the observation well. If 1 < K,/K < 100 and b = 850 ft, then this distance is



£

¢

L] A 4
Table 7. Summary of aquifer parameters obtained from PM-4 aquifer test.

Well Method Figure | r (ft) | T (ft¥day) | b (ft) S r/B B B S,
PM-4 Theis pumping 13-a 1 4285 850

Theis recovery 13-b 1 4519 850

Theis residual recovery 13-c 1 3350 850

Specific capacity - | - 7115 850 393 E-04

Hantush-Jacob 15-a | 6200 850 8.42 E-03 1.96 E-04 5102

Neman-Witherspoon 15-b 1 6200 850 7.65 E-04 6.71 E-05 14903 1.00 E-05 5.51 E-21

Moench (case 1) 15-¢ 1 6200 850 7.65 E-04 6.70 E-05 14925 1.00 E-05 223 E-21
PM-2 Theis pumping 17-a | 4463 3638 850 | 3.10E-04

Theis recovery 17-b | 4463 3574 850 | 3.43E-04

Theis residual recovery 17-¢c | 4463 47962 850

Specific capacity —-—— - 4504 850 3.50 E-04

Hantush-Jacob 18-a | 4463 3000 850 | 2.65E-04 | 0487 9164

Neman-Witherspoon 18-b | 4463 3000 850 | 2.64E-04 | 0489 9127 392E-03 | 7.81 E-16

Moench (case 1) 18-¢c | 4463 3000 850 | 2.65E-05 | 0487 9164 1.00 E-05 | 5.05E-22
PM-5 Theis pumping 20-a | 4651 5210 850 3.34 E-04

Theis recovery 20-b | 4651 5280 850 3.86 E-04

Theis residual recovery 20-¢c | 4651 9346* 850

Hantush wedge shaped 20-d | 4651 6817 490 | 4.61 E-04

Specific capacity - | === 4247 490 3.50 E-04

Hantush-Jacob 22-a | 4651 5200 850 | 3.27E-04 | 0.512 9084

Neman-Witherspoon 22-b | 4651 5200 850 | 2.08E-04 | 0.512 9084 1.72 E-01 1.20 E-12

Moench (case 1) 22-¢ | 4651 5200 850 | 326E-04 | 0.512 9084 1.00 E-05 | 6.32 E-21
R20-3 Theis pumping 24-a | 5508 2769 850 1.49 E-04

Theis recovery 24-b | 5508 2856 850 1.63 E-04

Theis residual recovery 24-c | 5508 40244 850

Hantush-Jacob 25-a | 5508 2400 850 1.27E-04 | 0.508 10843

Neman-Witherspoon 25-b | 5508 2400 850 1.27 E-04 | 0.509 10821 1.00 E-05 1.74 E-21

Moench (case 1) 25-¢ | 5508 2400 850 1.27E-04 | 0.508 10843 1.00 E-05 1.73 E-21

Multiple | Distance-Drawdown 12 —-——— 6451 850 3.93 E-04

a Result is invalid since u > 0.035, where u = 2S/4Tr,
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Figure 16. Parameter sensitivity analysis for the PM-4 drawdown data using the Hantush-
Jacob leaky aquifer analysis.

somewhere between 1,275 ft and 12,750 ft. In this report, all observation wells are within
this range where vertical flow effects might be important. These partial penetration effects
are automatically considered in the Aqgtesolv™ program. The problem, however, is that
there is still no way to uniquely fix the K,/K| ratio.

Discussion. The static water level obtained in well PM-4 before the start of the aquifer
test was reestablished after the recovery period (see Figure 5). In addition, wells PM-2,
PM-4, and PM-5 are considered to be nearly fully penetrating according to the geologic
and spinner log information presented earlier. However, the dilemma encountered in
testing wells on Pajarito Plateau is that many of these wells encounter a massively thick
aquifer that is lithologically variable. Of course, this is nothing new. Nevertheless, the
difficulty in establishing the idealized leaky-aquifer configuration depicted in Figure 11
cannot be overemphasized. Recall that this figure is based on geologic information from
all wells reported here; however, it also heavily emphasizes spinner log information from
well PM-4. Hence, the idealized aquifer and semi-confining layers shown in Figure 11 are
intentionally drawn as continuous horizontal units because that is the implied assumption
inherent to all analytical aquifer test methods. All analytical methods of analyses used here
represent the real 3-D world as 2-D. In reality, one must recognize that the thickness of a
high-yielding water-bearing unit may be highly variable between wells as seen in Figure 4.
As a direct consequence of this variability, our test results also represent estimates that
are also subject to natural variability. Hence, it is often not possible to know what aquifer
thickness to use when calculating hydraulic conductivity (K), using the relationship K = 7/b.
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Using Figure 10, a b value of 850 ft is estimated. In reality, T may change as the cone of
depression expands because b is changing in an unknown fashion. This condition makes
test analyses extremely difficult because there are no analytical methods that specifically
apply to these complex test conditions. Furthermore, this test variability cannot be com-
pletely eliminated.

Another important point to recognize is that all analytical models assume horizontal flow
toward the pumping well. Departures from this assumption may result because both b and
K,/K , change in unpredictable ways. Characterization of some of this variability can be
achieved by using multiple techniques to analyze drawdown and recovery data in the pumping
well. As reported in the earlier PM-2 aquifer test (McLin 2005a), uncertainty in 7 has also
been associated with varying the anisotropy ratio. These analyses suggest that 7 increases
only about 7% as the K #K, ratio increases from 1 to 1,000 in the Theis analysis, and about
10% in the Hantush-Jacob method. Ultimately, these analyses are only approximate because
there is no way to determine the K, /K ratio. In addition, there is added uncertainty in the
curve matching procedure. Some of this uncertainty is probably associated with using the
pumping well as an observation well. The good news is that estimated aquifer parameters
were made and these results are significant. As seen later, these results also suggest that
there are differences in aquifer parameters from different wells. Are these differences the
result of natural aquifer heterogeneity and anisotropy? Or are they associated with vari-
ability in data interpretation? Obviously, both possibilities exist because there is no clear
way to separate and quantify individual sources of variability.

The Hantush-Jacob leaky aquifer analysis yielded the most reliable results because there
are fewer aquifer parameters than with either the Neuman-Witherspoon or Moench tech-
niques. Hence, T varied from 5,000 to 7,000 ftz/day, S varied from 0.001 to 0.020, and B
varied from 550 to 24,000 ft. According to Equation (1), this means that K varies between
about 1.7 and 0.0012 ft/day when b, = 100 ft.

Recall that Figure 5 shows drawdown and recovery data versus time for well PM-4. On the
plot, the effect of casing storage is not apparent. The theoretical duration of casing storage
can be calculated from the following equation (Schafer 1979):

0.6(D? —d2)
“TTons

where ¢, is the duration of casing storage (minutes), D is the inside diameter of the well
casing (14.0 inches here), d is the outside diameter of column pipe (10.0 inches for the
PM-4 production tubing and pump bowls), Q discharge rate (gpm), and s is drawdown at
time ¢,.. The data from the PM-4 aquifer test and Equation (5) produced a theoretical cas-
ing storage duration of less than 3 minutes. Hence, the pumping and recovery data should
each describe a steep curve for about 3 minutes. This curve should gradually transition
to the correct theoretical slope after these effects have dissipated. This formula usually
produces a conservative 7, estimate. In many tests, the observed effects of casing storage
can be as little as half the theoretical value because the asymptotic approach of the data to
the theoretical drawdown curve has been largely achieved by then. Inspection of the time-
drawdown graphs on Figure 13 shows that the effects of casing storage dissipated quickly

)
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because the sampling interval was 30 minutes. Hence, these effects were not significant
during the PM-4 aquifer test.

Which analytical method gives the most representative hydraulic properties for the formation
opposite the screen in well PM-47? First, the distance-drawdown analysis presented earlier
reflects average T and S values for the productive zone yielding water to PM-4 better than
any of the techniques presented above simply because it provides a single answer. However,
the Theis and Hantush-Jacob methods provide techniques that reflect how the anisotropy
ratio affects parameters like 7, S, or #/B. In addition, the spinner log at PM-4 was used to
estimate the best representation for aquifer thickness, b. A comparison between Figures 12
and 13 shows that the Theis analyses reproduces the distance-drawdown method reason-
ably well. In addition, the specific-capacity technique appears to be the least accurate of
all techniques presented because it only uses one value for drawdown at one time during
the entire test. This is in stark contrast to a conventional aquifer test in which numerous s
and ¢ values are matched to an appropriate theoretical type-curve. However, according to
Walton (1970, 314-321), the specific-capacity method gives minimum values for 7 when
well efficiencies approach 100% because the effects of partial penetration, well losses, and
hydrogeologic boundaries are taken into consideration. In other words, this technique also
yields results that are comparable to other methods. Finally, the leaky aquifer methods all
yield comparable aquifer parameters, including important estimates for leakage. These
results and the recommended values for aquifer parameters are summarized in Table 7.

V. ANALYSIS OF PM-2 DATA

Drawdown and recovery data were also automatically recorded in well PM-2 during the
aquifer test. Recall that municipal supply well PM-2 was not producing water before, dur-
ing, or after the 21-day pumping interval at well PM-4. Thus, PM-2 was used strictly as
an observation well. Hence, these data can be analyzed for aquifer transmitting properties.
This well is located approximately 4,463 ft from PM-4 (see Figure 3). Analyses parallel to
that presented earlier for PM-4 were conducted. However, unlike before, valid parameters
for T, S, and r/B can be estimated with confidence. Much of the discussion presented for
PM-4 is also applicable here but is not repeated. Analyses of the PM-2 data are shown
in Figure 17, using the idealized aquifer configuration previously shown in Figure 11
and aquifer dimensions shown in Table 4. Hence, Theis analyses of drawdown data are
shown in Figure 17(a), while recovery data are shown in Figure 17(b). Figure 17(c) shows
an analysis using the Theis residual recovery method. Again, assuming that the distance
drawdown analysis presented in Figure 12 represents average values for T and S, then
the relative errors in each of these T analyses are —44%, —45%, and —-26%, respectively,
compared to the distance-drawdown T value shown in Figure 12. Similarly, the relative
errors in the parameter S are —21% and —13%, respectively, for the Theis pumping and
simple recovery analyses. These differences would probably be considered acceptable by
most hydrologists. Note that the Theis residual recovery method does not yield an § value
directly. Instead, an S/Sratio is obtained. Here S is the storage coefficient during pumping,
and §' is the storage coefficient during recovery. Again, note that in each of these analy-
ses, the Theis type curve is fitted through the early-time data (i.e., before about 4 days).
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Figure 17. Theis confined aquifer analysis using PM-2 datafrom(a) drawdown, (b) recovery,
and (c) residual recovery.

It is obvious that after this time, observed drawdown effects are falling below that predicted
by the Theis model. Like PM-4, the water level responses in PM-2 also sense the pres-
ence of a recharge boundary. This observation is also confirmed in Figure 17(c) because
S/S' > 1. More will be said about these boundary effects later. Also note that in Figure 17(c),
this departure occurs at a dimensionless time of about #¢' =7, and corresponds to about
t = 4 days. These times are remarkably close to those previously reported at PM-4 and are
significant. These similarities in time reveal when boundary effects first start to appear.
They are significant because they confirm the interpretation that recharge effects result
from leaky aquifer behavior.
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One final point is worth mentioning about the Theis residual recovery method shown in
Figure 17(c). This technique assumes that u < 0.05, where u = r2S/4Tt. Using the values
of T and S from the distance-drawdown analysis, along with » = 4,463 ft and ¢ = 4 days,
a value for u = 0.076 is found. In other words, this technique is not valid here and values
from it should not be used.

Finally, Figure 18 shows a leaky aquifer analysis using drawdown data and the Hantush-
Jacob, Neuman-Witherspoon, and Moench methods. Again, as with the PM-4 data, the
curve matching process also revealed the possibility of multiple matches and similar vari-
ability in final parameter values to that previously seen for well PM-4. Hence, a parameter
sensitivity analysis similar to that already described was used again. These results are
shown in Figure 19 and demonstrate the T varies between about 1,800 and 4,000 ft*/day,
while S ranges between 0.000274 and 0.000235. The corresponding values for B fluctuate
between about 5,500 and 13,700 ft. Subjectively, the best visual curve match yielded a T
of about 3,000 ft¥/day. This optimal T value was then used with each of the techniques
shown in Figure 18 to obtain final parameter estimates for S and r/B. These results are
shown in Figure 18 and Table 7.

As mentioned before, the real advantage of these leaky aquifer models is that they provide
a dimensionless leakage estimate that were previously defined by Equations (1) and (2).
Hence, values for r/B values that vary between 0.813 and 0.377 are obtained, and optimally
average about 0.488 for all of the various methods. On first thought, it may seem that the
Neuman-Witherspoon technique is best because it also provides reasonable estimates for
T' and S’ that represent the leaky source aquifer. However, as before, these parameters
are not well constrained and actually may vary by several orders of magnitude while still
obtaining reasonable looking curve matches. Both the Neuman-Witherspoon and Moench
techniques also yield estimates for the parameter {3, while the Hantush-Jacob method does
not. Both the Hantush-Jacob and Moench methods of leaky aquifer analysis may be better
than the Neuman-Witherspoon technique because they are simpler to use. This observa-
tion has been noted before by numerous authors despite the insistence by some that more
complex methods of analyses are preferable. In reality, these methods are simpler to use
because they are more restrictive than the Neuman-Witherspoon solution.

Discussion. Most of the discussion points presented earlier for well PM-4 also apply here
but are not repeated. Furthermore, since well PM-2 was used as an observation well, no
casing storage effects were computed because these effects are equal to or less than similar
effects in the pumping well. In addition, the effects of partial penetration are also taken into
consideration because this well is probably within a radial distance of (36/2)(K /K )/ from
the pumping well. In other words, if 1 < K,/K, <100 and b = 850 ft, then vertical effects
may be presentin water level data from observation wells located anywhere between about
1,275 ft and 12,750 ft from PM-4. Recall that PM-2 is about 4,463 ft from PM-4.

Which analytical method gives the most representative hydraulic properties for the forma-
tion opposite the screen in well PM-27 Again, the distance-drawdown analysis presented
earlier adequately reflects an average T and S value for the productive zone yielding
water to well PM-4 better than any of the techniques presented above. In addition, the
spinner log at PM-4 was used to estimate our best representation for aquifer thickness, b.
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Figure 18. Leaky aquifer analysis using PM-2 drawdown data for the (a) Hantush-Jacob,
(b) Neuman-Witherspoon, and (c) Moench models.

Normally these spinner logs are unavailable and estimates for b are made from lithology
or geophysical logs. The estimates for b represented by the spinner log shown in Figure 10
are better than any previous estimates for this parameter because it is based on observed
water yield. A close examination of Figure 17 shows that the Theis confined aquifer method
differs from the distance-drawdown method by a factor of about 2.2. The variability in T
1s more pronounced at PM-2 than at PM-4, while S values are relatively constant at both
wells. The leaky aquifer analyses provide important estimates for 7, S, #/B, B, T', and S
These results and our recommended values for PM-2 aquifer parameters are summarized
in Figure 18 and Table 7.

39



40

14000 ———————————r———1——