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Abstract 
Approaches to investigate possible recharge during a pumping test period are demonstrated by analyzing the pumping test 

data from the Nottingham aquifer, UK. The pumping lasted more than 200 days and the data for different observed periods are 
used to obtain aquifer parameters. If recharge is ignored, estimated transmissivities and storntivities change progressively with the 
observation time. This indicates that a gradually added new source may be involved. Then the observed data in both pumping and 
recovery periods at one of the pumping sites are matched by the data calculated from the Tliteis equation. The match is very good 
except near the end of the recovery period. It shows that the real draw down recovered more quickly than predicted by the model, 
indicating that the aquifer obtained extra recharge from other sources. The match between the observation and the model is 
improved by including a fixed-head boundary or leakage in the model. The recharge to the at[Juif'er is estimated to be 19% and 34% 
of the pumpage at the end of pumping, depending on the method used. The real source of the additional recharge is not clear; it 
could be from the surface water in the unconfined area, the storage of the aquitard, tlite compaction of the aquitard, or a 
combination of the three. This requires further hydrogeological investigation. 

Introduction 
Pumping test analysis based on the Theis equation using 

log-log or semilog curve-matching methods has been practiced 
for several decades (Kruseman and Ridder, 1990). Many success
ful examples in the literature show a very good match between 
the real data and the data calculated from the Theis equation 
using single-value transmissivity and storativity (Fetter, 1980). 
However, some researchers (e.g., Butler and Liu, 1993) have 
challenged the significance and usefulness of the single-value 
parameters estimated from the Theis equation. It has been dem
onstrated (Jiao, 1995) that satisfactory fitting of drawdown by a 
standard or classical model with uniform parameters does not 
prove that the aquifer is homogeneous. This paper will further 
show that satisfactory fitting of drawdown by the Theis equation 
may not necessarily mean that the aquifer has no additional 
recharge. Another issue to be addressed is the importance of 
residual drawdown in understanding additional recharge. In the 
case study to be shown later, the drawdown in the whole pump
ing and even a large part of the recovery period can be fitted very 
well by the Theis equation. However, in the final stage of the 
recovery period, the real drawdown recovered more quickly than 
the drawdown predicted by the Theis equation. Calculation 
shows that the slight disparity may be caused by additional 
recharge. 

In a real pumping test, if the geological condition of an 
aquifer is not well recognized or a conventional analysis method 
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cannot account for the boundary condition, the boundary may 
be totally ignored. This will lead to errors in estimating transmis
sivity and storativity. For instance, when a recharge boundary is 
involved, the flow will gradually approach a steady state. If the 
boundary is ignored, the storativity value estimated from the 
drawdown at the very beginning of the test will be the largest 
when water is derived completely from aquifer storage. The 
value may approach zero if it is estimated based on the draw
down at the late period when the recharge from the boundary is 
very significant. In terms of transmissivity, an aquifer may 
appear to be more transmissive when recharge is added. There
fore, when a recharge boundary is ignored, the storativity will be 
underestimated and transmissivity overestimated. The disparity 
between the real and the estimated parameter values will pro
gressively increase with time when the recharge becomes more 
significant. Detailed discussion can be found in Jiao ( 1993). If the 
parameters during different pumping periods are estimated by 
the Theis equation, the change in the estimated values may reflect 
the change of the pumping conditions. 

The pumping tests conducted at West Burton, Cottam, and 
High Marnham in theN olttingham, UK, are used as a case study 
(Figure I). The tested aquifer is Sherwood Sandstone (Rushton 
and Bishop, 1993). Eastwards the aquifer gently dips conform
ably under the Mercia Mudstones, at approximately 2-3°, and 
extends to well outside the study area. The Mercia Mudstones 
overlie the sandstones and, being less permeable, act as confining 
horizon. The westward margin of the aquifer is the Permian 
Magnesian Limestone ser:ies with coal measures, which underlie 
the aquifer and act as a markedly less permeable horizon. Some 
intermittent streams, with their source on the Magnesian Lime
stone, flow eastwards and then northwards to form the River 
Idle, which again joins with the River Trent. 
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Table 1. Details of Abstraction and Observation Wells 

Depth of abstraction borehole (m) 
Thickness of sandstone aquifer (m) 
Thickness of Mercia Mudstone (m) 
Distance to observation well (m) 
Average abstraction rate (m3/d) 

West Burton 

395 
237 
157 
280 

5500 

At each of the three sites, an observation borehole was 
drilled to the same depth as the corresponding abstraction bore
hole and between 155 and 280 m from it (Table 1). During 
testing, the aquifer near the pumping holes remained confined. 
The analyses are based on the data from the observation wells. 

The pumping lasted more than 200 days. The rates were 
initially steady for 52 days at West Burton, 46 days at Cottam, 
and 27 days at High Marnham. At later pumping time, the rate 
was still steady at Cottam but it changed significantly at the other 
two sites due to electric and mechanical problems. Some details 
of the tests are shown in Table 1. 

The pumping test data had been analyzed by Central Elec
tricity Generating Board (CEGB). The drawdown increased with 
time during the whole pumping period and showed no evidence 
of equilibrium. The drawdown responses in observation wells, 
especially the one at Cottam, display virtually perfect classical 
behavior and can be fitted very well by the Theis equation. The 
CEGB therefore concluded that "water was drawn from storage 
with little positive evidence of any leakage from the overlying 
mudstone" (CEGB, 1985). 

In this paper, firstly, the pumping data in the Nottingham 
aquifer are analyzed and parameters are estimated using the data 
in different periods. The changing pattern of the estimated values 
indicates possible recharge. Then the observed data in both 
pumping and recovery periods at Cottam are matched by the 
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Fig. 1. Simplified geological map of study area (after Rushton and 
Bishop, 1993). 
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Cottam High Marnham 

430 420 
212 205 
210 205 
225 !55 

4600 3500 

Table 2. Parameters Estimated Using the Data for Early 
Pumping Times by Means of Coupling Optimization Method 

with Theis Equation 

Site T (M 2/d) 10 4S Time involved (d) 

West Burton 
Cottam 
High Marnham 

75.97 
51.52 
81.86 

3.62 
4.73 
4.39 

52 
46 
27 

data calculated from the Theis equation. The disparity at the end 
of the recovery is examined. Two models which include extra 
recharge are used to improve the fit. Finally additional recharge 
is estimated tentatively. 

Parameters are estimated using an optimization method 
coupled with the Theis equation instead of using type-curve 
matching and straight-line approximation, since these tradi
tional methods have some arbitrariness in fitting and may use 
only part of the data. The objective function is the sum of squares 
of the differences between the observed and the calculated draw
downs, and it is minimized using the Gauss-Newton method 
(Numerical Algorithms Group Limited, 1990). 

Parameter Estimation and Evidence of Recharge 
Parameter Estimation from Data Early in Pumping Periods 

First only the data at the early pumping times when the 
pumping rate was steady are discussed. The observation periods 
used for West Burton, Cottam, and High Marnham are 52, 46, 
and 27 days. During these periods, the well interference is 
thought to be negligible considering the large distance between 
these three pumping sites. The results are shown in Table 2. The 
fit, shown in Figure 2, may be considered to be very satisfactory, 
and it seems that the drawdowns at the three pumping sites for 
the early times can be reproduced by the Theis equation. 

Evidence for Extra Recharge 
Although the drawdowns can be generally fitted by the 

Theis equation, the drawdown at different times may include 
information regarding the changing of the aquifer properties and 
pumping conditions (Jiao, 1993). The information may be inter
preted by analyzing the data for different times, and slight 
changes in estimated parameters may be obtained. These 
changes are difficult to obtain by traditional fitting methods. 
Optimization also has the advantage that the data from the 
pumping and the recovery periods can be analyzed together and 
the fit for the whole observed period can be examined. 

Analyzing Data for Different Periods 
The way of estimating parameters for different periods is 

the same as that of estimating the parameters in Table 2. The 



50 

45 

40 

35 

g 30 
c: 

~ 
u 

25 

~ 
0 

20 

15 

10 

5 

0 
0,01 

50 

45 

40 

35 

g 30 
c: 

~ 25 

l 20 
0 

15 

10 

5 

0 
0,01 

50 

45 

40 

35 

g 30 
c: 

~ 25 u 

~ 20 
0 

15 

10 

5 

0 

0.1 

• Field drawdown 
-Theis model 

0.1 

• Field drawdown 

-Theis model 

0.1 

• Field drawdown 
-Theis model 

Time (days) 

Time (days) 

10 

Time (days) 

(a) 

10 100 

(b) 

• 

10 100 

(c) 

100 

Fig. 2. Comparison of drawdowns observed at (a) West Burton, 
(b) Cottam, and (c) High Marnham with those calculated from Theis 
model during early pumping periods of steady pumping rates. 

only difference is that gradually more drawdown readings are 
included: initially five drawdown readings are used, then two are 
added, then two more, and so on. The estimated values against 
the time span of the drawdown used are plotted in Figure 3. 

It can be seen that, except during the first few days, the 
estimated transmissivity tends to increase gradually with time 
and the storativity to decrease. This is very similar to the pattern 
when additional recharge is gradually involved (Jiao, 1993). The 
changes in estimated parameters are generally very small and 
differ slightly between the sites. The parameters at West Burton 
are almost constant over most of the first 15 days and show a 
pattern of slight changes in later times. Nevertheless, the results 
for Cottam clearly show progressive changes even in the early 
stages. The estimated parameters at High Marnham increase 
very slightly with time but are almost constant. 
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Fig. 3. Change in estimated (a) transmissivity, and (b) storativity from 
Theis equation with time for th1~ same periods as in Figure 2 at West 
Burton (continuous line), Cottam (broken line), and High Marnham 
(chain line). 

In the first few days, the estimated parameters show com
plex patterns, as may be expected when the amount of data used 
is small: the longer the period used, the smaller will be the effect 
of adding two points. Another possible reason is that, in the early 
stages, when the depression cones are very small, the estimated 
parameters are sensitive to local heterogeneities between the 
pumping and observation wells (the distances between the obser
vation and pumping wells range from 155 to 280m), and around 
the observation wells. As the depression cones become larger, 
more zones (some of which are more permeable and some less 
permeable) are involved and the information of different zones 
may be canceled out or filtered out so that the estimated parame
ters show only the general trends in the changes of flow proper
ties of the background aquifer or the boundary conditions. 

The pumping rate at Cottam remained almost constant for 
the entire pumping period, so parameters can be estimated over 
long periods. The results are listed in Table 3. It seems from this 
table that throughout the whole pumping period, the estimated 

Table 3. Estimated Parameters Changing with Time at Cottam 

Time involved (d) T (m 2/d) I0 4S 

16 49.06 4.93 
29 50.34 4.72 
58 51.41 4.51 
83 51.80 4.41 

109 51.99 4.36 
134 52.21 4.29 
230 52.24 4.18 
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Fig. 4. Comparison of observed and calculated drawdowns during 
pumping and recovery periods at Cottam observation well using 
(a) Theis model; (b) fixed-head boundary model; (c) leakage model. 

parameters show a trend of increasing T and decreasing S. This 
suggests that the aquifer is not entirely of the Theis type and has 
some recharge from other sources. 

The pattern of parameters changing with pumping time 
discussed above may also be caused by the fact that, when the test 

covered a larger area and longer time, more permeable zones 
were involved. Therefore, more evidence about the additional 
recharge will be sought in the discussion below. 

Disparity at End of Recovery Period 
The drawdown data for Cottam are fairly smooth (Figure 

4), and it seems that equilibrium had not been attained at the end 
of the pumping phase, as concluded by CEGB. However, the fact 
that equilibrium is not attained does not necessarily mean there 
is no recharge, it may only mean that the recharge is small 
compared to the abstraction rate during the pumping period. In 
the following discussion, after the Theis equation has been used 
to fit the pumping data, and the match between the observed and 
recovery periods has been carefully examined, a different conclu
sion is reached. 

Using the Theis equation, the drawdown of pumping and 
recovery phases in the observation well at Cottam is modeled by 
using the parameters 

T = 51.14 m2/d, S = 4.70 X 10-4 

which are obtained by running the equation and the optimiza
tion model for both pumping and recovery periods. The fit is 
very good within thew hole pumping period and even a large part 
of the recovery period (Figure 4a). It might be concluded that 
water was obtained only from storage, but if the drawdowns are 
checked carefully during the recovery period a different conclu
sion may be reached. Near the end of the recovery period, the 
disparity between the observed and estimated data gradually 
becomes significant. This indicates that the real aquifer recov
ered more quickly than the model predicts so that the aquifer 
must have obtained some extra water from elsewhere. 

Leakage Evidence from Observation Well in Mudstone 
There is only one shallow observation well near the deep 

observation well at Cottam, and only five water-table readings 
are available during the recovery period (Table 4). These data 
were thought to be meaningless and were ignored by CEGB 
(1985) because they are sporadic and do not show a reasonable 
pattern. However, if they are carefully examined, a relationship 
is found to exist between the sandstone aquifer and the mud
stone layer even during the recovery phase. When the water level 
in the aquifer recovered very quickly and the vertical gradient 
between the aquifer and the overlying layer decreased signifi
cantly, the water in the aquitard was still recharging the aquifer 
so that the water table in the overlying layer was still dropping. 
After 169 hours from the beginning of recovery in the aquifer, the 
overlying layer also began to recover (the data are very sparse, 
and it may be inferred that recovery actually occurred much 
earlier). This indicates that there is a hydraulic connection 

Table 4. Observed Drawdown During the Recovery Period in the Mudstone Layer and Sandstone Aquifer at Cottam 

Recovery 
time (hours) 

0 
0.5 

25 
73 

169 
1393 

798 

Depth of water level below datum (m) 

Observation well in mudstone 

42.48 

42.55 
42.85 
42.10 
42.00 

Pumping well in aquifer 

148.05 
105.16 
62.97 
53.43 
47.36 
32.70 



between the two zones, but the response in the upper zone is 
delayed. Even when the water table began to recover in the 
mudstone, it is more correct to say that the vertical flow to the 
sandstone had decreased than to say it had stopped. 

Estimation of Parameters by Models Including Extra Recharge 
It was demonstrated above that the aquifer received some 

extra water from other sources, but it was unclear whether the 
recharge was from a leaky aquifer, an unconfined boundary, or 
both. In an attempt to distinguish between them, two models, 
one including recharge from the boundary and the other from 
the leaky aquifer, are used to account for the observed draw
down. Attention will be restricted to the data for Cottam, 
because only at this site was the pumping rate steady for the 
whole pumping period. 

Fixed-Head Boundary Model 
As shown by Figure 1, at the western boundary of the model 

area, the aquifer becomes unconfined. It is assumed that the 
aquifer received some water from the unconfined area which 
behaved approximately like a fixed-head recharge boundary. 
Introducing such a boundary, at a distance R, from the pumping 
well at Cottam, improves the fit during the recovery period. 
Using the superposition theory (Fetter, 1980) and the optimiza
tion method a new set of parameters is obtained: 

T == 50.10 m2/d, S = 5.03 X 10-4
, R, = 6.43 km 

and the agreement is improved (Figure 4b). 
The regional map (Figure 1) shows that the Sherwood 

Sandstone aquifer outcrops 8-10 km west of the pumping station 
at Cottam, but the actual division between the confined and the 
unconfined area may be closer to the pumping well. If the 
unconfined area, which is recharged directly by precipitation and 
surface water, can be approximately regarded as a recharge zone 
to the confined area, the result is reasonable. 

Leakage Model 
From the data available it is very difficult to distinguish 

between recharge from the fixed-head boundary and leakage 
from the overlying mudstone. As an alternative, the Hantush 
leakage model (Fetter, 1980) is used. A better agreement also can 
be obtained (Figure 4c) by using the following parameters 

T = 49.12 m2jd, S = 5.19 X 10-4
, B = 10203 m 

where B is the leakage coefficient. The saturated thickness (M') 
of the semipervious aquifer at the observation well at Cottam is 

Table 5. Estimated Recharge as Percentage of Pumping Rate from 
Fixed-Head Boundary (qb) and Leakage (q,) at Cottam 

Time (days) Fixed-head (qb) Hantush (q1) 

25 
50 

100 
150 
200 
230 
365 
547 
730 

1095 

0.40 
4.17 

14.98 
23.96 
30.85 
34.23 
45.09 
53.80 
59.40 
66.34 

2.25 
4.44 
8.67 

12.75 
16.63 
18.87 
28.24 
38.18 
48.50 
63.05 

about 186m; based on the equation B2 = T/(k'/M') (Fetter, 
1980), the vertical conductivity (k') of the mudstone is estimated 
to be 8.8 X 10- 5 m/d. In this area, the overlying mudstones are 
very thick, the saturated portion of the mudstones being nearly 
200m at some places ( CEGB, 1985). The semi pervious layer can 
obtain water from precipitation and the surface water. Consid
erable amounts of water may be released from the layer when the 
head difference between the overlying layer and the aquifer is 
great enough. 

The estimated transmissivity using the model including 
additional recharge (fixed-head boundary or leakage models) is 
smaller than that from the Theis model and the estimated stora
tivity is larger. As discussed before, transmissivity will be overes
timated and storativity underestimated when recharge is ignored. 

Calculation of Recharges 
The estimated values of boundary distance and leakage 

coefficient are very large; therefore, during the pumping periods, 
the additional water may not be very significant, but how much 
water actually enters the aquifer remains unclear. Calculation of 
the additional recharge is helpful in understanding the implica
tion of fixed-head boundary or leakage models. Two equations 
will be employed to estimate the recharge from the fixed-head 
boundary and the mudstone aquitard using the data at Cottam. 
These equations have the same assumptions as the correspond
ing fixed-head boundary model and Hantush leakage model 
(Fetter, 1980). 

Calculation of Recharge from Fixed-Head Boundary 
The recharge from a fixed-head boundary to a pumped 

aquifer was investigated by Glover and Balmer (1954) whose 
research led to the following equation 

Qb(t) 1 Joo 2 qb = --Q- = ~ exp(-v )dv 
1T v 

where Qb(t) is the recharge from the fixed-head boundary to the 
pumped aquifer, Q is the pumpage, and qb is the ratio between 
them; v = Rr/(4at) 112 and a= TjS. 

For the Cottam case, using this equation and the parame
ters already estimated, recharge from the boundary for different 
times is estimated and is presented in the second column in Table 
5, where it is expressed as a percentage of the pumping rate. 

The table shows that qb = 34% when t = 230 days (the end of 
pumping). This means, at the end of pumping, the flow across 
the fixed-head boundary was about one-third of the pumpage. If 
pumping had continued for a year and ahalf(t = 547 days), there 
would have been a flow of more than half of the pumping rate 
crossing the boundary (qb =54%). 

Calculation of Leakage from Mudstone Aquitard 
The ratio (q,) between the total leakage [Q,(t)] from the 

aquitard and the pumpage can be estimated using the equation 
(Fetter, 1980): 

q, = 1 __ e -(Tt/SB'l 

For the pumping test in the Sherwood Sandstone aquifer, 
using the equation above, the ratio is calculated and presented in 
the third column in Table 5, which shows, when t = 230 days, q, is 
about 19%. 

Comparison of the results from the fixed-head boundary 
with those from the leakage models, shows the initial leakage to 
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be greater than the recharge from the fixed-head boundary 
model when the influence of the boundary is not obvious. After 
about 50 days the situation is reversed. 

It is not possible to say which is the correct recharge. 
However, it may reasonably be concluded that, for example, by 
the end of the pumping period, the recharge to the aquifer is 
between roughly 19% and 34% of the pumpage. However, this 
does not mean that 19-34% of the pumpage is from the recharge. 
It means only that this amount of recharge begins to enter the 
aquifer at that time. Because the estimated recharge boundary or 
leakage coefficient is very large, even when a significant amount 
of water has entered the aquifer, it takes a long time for the 
observation well to respond to the recharge. Consequently, the 
drawdown in the observation well does not show much evidence 
of recharge. It should be noted that the additional recharge will 
play an important role in long-term ground-water resources in 
this area. 

It should be pointed out that the discussion above ignores 
the possible interference of pumping at the other two sites. There 
must have been some interference between the three pumping 
sites in the later stages. At Cottam, the observed drawdown is the 
sum of the drawdowns caused by the pumping, interference of 
neighboring wells and recharge (Sobserved = Spumping + Sinterference -
Srecharge). When the interference is ignored, this may lead to 
underestimation of recharge. Therefore, if the well interference 
were taken into account, the conclusion about the additional 
recharge would be strengthened in that a larger rate of recharge 
would be required. 

Discussion and Summary 
It is demonstrated that in the Nottingham aquifer, pumping 

water probably comes not only from aquifer storage, but also 
from other sources. The fact that equilibrium is not attained does 
not necessarily mean there is no recharge, it may only mean that 
the recharge is small compared to the abstraction rate during the 
pumping period. At Cottam, a fixed-head boundary model and 
a leakage model are used, but it is difficult to say which is better 
or exactly how much water has been drawn from other sources. 
Whichever model is used, it is only an equivalent one; for exam
ple, when the leakage model is used, the so-called leakage may 
consist of recharge from the unconfined area, as well as real 
leakage from the mudstones. 

Considering the unusually long pumping period, there 
might be other mechanisms that could contribute to the differ
ence between the theoretical and the observed drawdown. For 
example, a part of the additional water may come from the slow 
drainage due to compaction of the mudstone. If this is the case, 
further research should be carried out to predict the possible 
surface subsidence due to long-term ground-water abstraction. 
The final choice of model to representing the pumping data 
should be based not only on analyzing the data but also on 
detailed investigation of the hydrogeological conditions. 
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Although the real mechanisms for the disparity between the 
modeled and observed drawdown remain unclear, the simple 
and practical approaches to detect the gradually added recharge 
are of general significance. The change in parameter values 
estimated from different pumping periods may provide impor
tant information about the change of aquifer features or pump
ing conditions as the test continues. This paper extended the use 
of the Theis equation in analyzing pumping test data. 

The recovery data are very informative. For instance, dur
ing the pumping period, the time-drawdown curve caused by the 
pumping rate differs little from that caused by the same amount 
of abstraction plus an extra recharge of some 19-34% of the 
abstraction. If only the pumping period data analyzed, some 
important information may be missed. 

The optimization method is very useful in pumping test 
analyses. If the type-curve matching or the straight-line approx
imations are used, it is not easy to find the slight changes in 
estimated parameters resulting from the gradual changes in 
aquifer properties and boundary conditions since these tradi
tional methods have some arbitrariness in fitting and may use 
only part of the data. 
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