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Abstract:

Permeability measurements are critical to the calculation of water-flow within hillslopes. Despite this, errors in permeability
measurements are often ignored, and can be very large particularly in disturbance-sensitive gley soils. This work compares
the uncertainties associated with six field methods of permeametry applied to a gleyed soil in upland Britain. Slug tests,
constant-head borehole permeametry, and falling-head borehole permeametry were undertaken on established piezometers.
Additionally, ring permeametry and two types of trench tests were evaluated.

Method-related uncertainty due to proximity of impeding layers of high sorptivity soils produces under- and over-estimates
of permeability by a factor of up to 0Ð2 and 5, respectively. This uncertainty band is smaller than the observed effects
of anisotropy and temporal variability. Had smearing and soil-ring leakage errors not been minimized, the methodological
uncertainties would have been so large that they would have distorted the true spatial field of permeability and its estimated
impact on the balance of vertical and lateral flow. Copyright  2007 John Wiley & Sons, Ltd.

KEY WORDS borehole; error analysis; gley; hydraulic conductivity; permeability; permeametry

Received 15 December 2004; Accepted 28 April 2006

INTRODUCTION

The coefficient of permeability or saturated hydraulic
conductivity (Ks) is defined using Darcy’s law (Darcy,
1856), as the flow of subsurface water per unit cross-
sectional area and per unit hydraulic gradient, and is
the most critical parameter governing subsurface water
pathways (Zaslavsky and Sinai, 1981; Rogers et al.,
1985). Despite this importance, we are becoming increas-
ingly aware that even local measurements of perme-
ability can be difficult to make with accuracy, particu-
larly in disturbance-sensitive gleyed, organic or swelling
soils (Hemond and Goldman, 1985; McKay et al., 1993;
Chappell and Ternan, 1997; Bagarello et al., 1999; Sher-
lock et al., 2000). Moreover, Sherlock et al., (1995,
2000); Brooks et al., (2004) and Chappell and Sherlock
(2005), have shown that systematic errors in Ks measure-
ments have a large impact on our calculation of the dom-
inant direction of subsurface water-flow. For example,
subsurface systems dominated by vertical flow can appear
to be dominated by lateral flow where systematic errors
in Ks measurements differentially affect each soil horizon
(Sherlock et al., 2000). Clearly, assessment of technique
error should be a precursor to the analysis of the spatial
variability of permeability across hillslopes (Chappell and
Ternan, 1992). In comparison to precision/random errors,
quantification of these systematic errors in permeametry
can be difficult (Chappell and Ternan, 1997), and require
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sensitivity analysis of the component variables (e.g. soil
moisture, head), hypothetical calculations, and compari-
son of different field and numerical methods applied to
the same test hole or adjacent soil cores.

This study has sought to quantify key systematic errors
associated with the use of six widely used field meth-
ods for measuring soil permeability, together with ten
associated analytical techniques. All tests are undertaken
within disturbance-sensitive gley soils of an experimen-
tal watershed in upland Britain. To show the magnitude
of both over-estimation and underestimation errors, each
uncertainty is presented primarily as an error factor (εf):

εf D
(

xmeas

xbest

)
�1�

where xmeas is the measured estimate of the permeabil-
ity and xbest is the best estimate of the permeability
(Bagarello et al., 1999; Kumar et al., 2005), rather than
as a percentage uncertainty (Chappell and Ternan, 1997).
Thus, a three orders of magnitude underestimate of Ks

is shown as 0Ð001 εf, while a three orders of magni-
tude over-estimation of Ks is shown as 1000 εf. The
uncertainties related to the specific methods were then
compared with the measurement uncertainty arising from
temporal changes and spatial variability within the best
Ks data.

SITE CONDITIONS

All tests were undertaken within a 4 ha tributary area
(Figure 1) of the 1 km2 Greenholes Beck experimental
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Figure 1. The 4 ha Greenholes Beck tributary area (54Ð065° North,
�2Ð658° East) in northwest England, United Kingdom. The catchment
divide and stream is shown with a broad solid line, the elevation contours
with a fine solid line, and the piezometer transects (e.g. Transect 1 or ‘T1’)

with broken lines

catchment in the uplands of northwest England, United
Kingdom (Lancaster, 1999). The stream gauging structure
and raingauge for this tributary area are located at 54Ð064°

North and �2Ð658° East. All soils tested were classified
as Humic Gleysol (FAO-UNESCO, 1990), which is
equivalent to the Cambic Stagno-Humic Gley of the
Wilcocks series in the English system (Jarvis et al.,
1984) or Humaquept in the United States Department
of Agriculture (USDA) soil taxonomy (Landon, 1991;
Soil Survey Staff, 1999). In England and Wales, these
soils are very extensive, covering 30% of the landscape
(Avery et al., 1974). Locally, the soils have an Ah
horizon (0–20 cm), a Bg horizon (20–50 cm), and a
BCg (50–100 cm) with a predominantly silt loam texture
(Lancaster, 1999). The soils are derived from glacial till
deposited on a Claughton Shale bedrock (Brandon, 1974)
and are covered by heath moorland dominated by Molina
spp. grass.

FIELD PERMEAMETRY METHODS

A large range of field methods is available for Ks assess-
ment (Boersma, 1965; Hendrickx, 1990; Paige and Hillel,

1993) though site conditions often preclude the practical
use of certain methods. Within upland Britain, the high
rainfall and slowly permeable soils mean that saturated
conditions are often found close to the ground surface
allowing permeability tests beneath the water-table to be
undertaken. Such tests include slug tests (Bouwer, 1989)
and trench bailing tests (Cedregen, 1967). Although the
majority of the piezometers installed in transects within
the Greenholes Beck sub-catchment (Figure 1) show high
water-tables, some soil horizons are only infrequently
saturated making them more amenable to tests such as
ring permeametry (Talsma, 1960). While some perme-
ametry methods are applicable over a greater range of
conditions, consideration should be given to the sensi-
tivity of each method to the magnitude of systematic
errors (Sherlock et al., 2000). In this study, the errors
associated with six field methods for determining perme-
ability and ten associated analytical solutions were com-
pared. These methods comprise three techniques using
existing piezometers, namely, constant-head and falling-
head permeametry and slug tests (Talsma and Hallam,
1980; Bouwer, 1989; Philip, 1993), two methods using
existing trenches, namely, trench bailing and percolation
tests (Cedregen, 1967; Picornell and Guerra, 1992), and
one method using soil cores, namely, ring permeametry
(Talsma, 1960; Chappell and Ternan, 1997).

Slug tests

Slug tests are carried out on individual piezome-
ters, and require the water level within the piezome-
ter (i.e. head) to be either increased (falling-head test)
or decreased (rising-head test) to a new level (Bouwer,
1989). In this study, falling-head tests were undertaken
and the results analysed using: (a) the Bouwer and Rice
(1976) method, and (b) the Hvorslev (1951) method mod-
ified for piezometers with closed bases (British Standards
Institution, 1983). All the piezometers installed had 10 to
20 cm screen lengths and 5Ð0 cm diameter holes includ-
ing the gravel pack. Preferential flow of water along the
outer walls of the piezometers was minimized by incorpo-
rating a 10–20 cm deep bentonite seal above the gravel
pack (Lancaster, 1999). Slug tests were undertaken on
153 piezometers.

Constant-head borehole permeametry

A common method used to determine permeability in
initially unsaturated soil is constant-head borehole perme-
ametry (CHBP). This technique involves the maintenance
of a constantlevel of water in a borehole, and is the basis
for the commonly used Guelph Permeameter technique
(Reynolds and Elrick, 1985; Bell and Schofield, 1990).
The CHBP is normally used within newly excavated
auger-holes (Bonell et al., 1983; Reynolds and Elrick,
1985; Chappell et al., 1996), however, with this study
all tests were undertaken on existing piezometers. The
CHBP used follows the design of Talsma and Hallam
(1980), modified with a smaller diameter outer tube to
allow insertion into the piezometer cases. As CHBP anal-
yses assume that percolation occurs along the entire depth
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2506 N. A. CHAPPELL AND J. W. LANCASTER

of water within a borehole, all CHBP tests were under-
taken with the water level maintained at the top of the
open/screened section. Soil near the piezometer screens
was pre-wetted with several litres of water prior to the test
to reduce the effect of capillarity or ‘sorptivity’. CHBP
tests were performed on 29 piezometers. The original
solution of Talsma and Hallam (1980) was used to anal-
yse the test data. Because this solution does not include
the possible sorptivity effects of the unsaturated zone
away from the borehole (Stephens and Neuman, 1982a,b;
Philip, 1985; Bell and Schofield, 1990), alternative solu-
tions given by: (i) Reynolds et al., (1985), (ii) Philip
(1985) and rearranged by Bell and Schofield (1990), and
(iii) Stephens et al., (1987), were also applied.

Falling-head borehole permeameter

The falling-head borehole permeameter (FHBP)
method of Philip (1993) was used on 39 piezometers
within the Greenholes Beck tributary area. The analytical
solution presented in Philip (1993) was modified slightly
to account for the gravel pack around our piezometers
(Lancaster, 1999).

Trench bailing tests

In order to derive values of permeability at a slightly
larger scale, four of five trenches 1Ð6 m long, 0Ð2 m wide
and 0Ð7 m deep excavated at the top of the piezometer
transects (Figure 1) were subjected to trench bailing
experiments. The trenches were open to the soil over their
entire depth so the solution for an uncased hole given
in Cedregen (1967) was used. The radius term within
Cedregen (1967) was derived from the area of a circle
equivalent to the area of the rectangular trench floor.

Trench percolation tests

Trench percolation tests were carried out on three of
five trenches, two the same as for the bailing tests, and
Ks was derived by the analytical method presented in
Picornell and Guerra (1992).

Ring permeametry

The ring permeameter technique is the only core-
based technique used within the Greenholes Beck sub-
catchment, and involved the excavation of large
(7200 cm3) undisturbed cylindrical soil cores, followed
by the subsequent measurement of the amount of water
required to maintain a constant-head on the top of the
core (Talsma, 1960; Bonell et al., 1983; Chappell and
Ternan, 1997). This method uses much larger cores than
typical laboratory permeameters (British Standards Insti-
tution, 1990) to reduce the errors arising from disturbance
and edge effects during ring insertion (Hill and King,
1982; Rogers and Carter, 1987). Chappell and Ternan
(1997) have presented a full error analysis of this method
that can be used as a reference for the in situ borehole
methods. In contrast to all the other field methods of
Ks determination used, the ring permeametry technique

determines the soil permeability in only one direction,
normally vertical permeability.

The impact of changing water temperature and hence
viscosity on permeability test values should be taken into
account (Loague, 1992). Thus, all field measurements
of permeability were corrected to those that would have
been recorded at an ambient temperature of 20 °C (Bonell
et al., 1983; Chappell and Ternan, 1997).

METHODOLOGICAL UNCERTAINTIES

Evaluation of the six field techniques plus the different
ways of analysing the same test results has allowed
direct quantification of five sources of method-related
uncertainty within Ks values for the gleyed soil tested.
Tests designed to quantify the errors associated with
smearing and coring disturbance were not undertaken at
Greenholes, as these effects had been minimised within
our procedures. As previous studies have shown that
the uncertainties arising from these two errors are very
large in certain circumstances (Chappell and Ternan,
1997), they were included in this results discussion as
a reference. The methodological uncertainties quantified
are due to (i) smearing, (ii) coring disturbance, (iii) non-
linearities in test data, (iv) error in depth to an underlying
impermeable layer, (v) soil moisture error during test,
(vi) analytical approximation in the borehole methods,
and (vii) anisotropy. As noted earlier, all uncertainties
are presented in factors, where the best estimate of the
Ks values multiplied by the Error Factor εf gives the
observed value.

Uncertainty due to smearing

Augering within soils, particularly in gleyed soils,
forms a ‘skin’ of smeared clay blocking structural pores
and thus artificially reducing permeability. Chappell and
Ternan (1997) showed that the smearing of the auger-
hole walls prior to standard CHBP tests can lead to
the underestimation of actual soil permeability by up
to a factor of 0Ð001 to 0Ð0001 (Kanwar et al., 1987;
Paige and Hillel, 1993; Chappell and Ternan, 1997;
Sherlock et al., 1995, 2000). Rather than use newly
prepared auger-holes for our tests we used piezometers
(incorporating gravel packs) and trenches installed over
one year prior to testing. This unconventional use of
established piezometers and trenches for all in situ tests
allowed installation-related smearing to be cleared by
many natural exchanges of soil-water across piezometer
screens/trench walls prior to permeability testing. As a
result, no smearing errors are expected in the piezometer
and trench data from the Greenholes Beck sub-catchment.

Uncertainty due to coring disturbance

Inserting rings into the ground to isolate a soil sample
can produce systematic errors within subsequent core-
based permeametry (Hill and King, 1982; Rogers and
Carter, 1987; Chappell and Ternan, 1997). Chappell and
Ternan (1997), demonstrated that Ks values could be
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over-estimated by a factor of 66 to 6557 for intermediate
to slowly permeable soils, where the prescribed ring
permeametry method was not followed. Poor practice
typically results from uneven hammering for the ring into
the ground, which creates a gap between the metal ring
and the soil sample, which is then not sealed. Within the
Greenholes Beck catchment, all rings were inserted by
vertical hammering centrally on a plate placed over the
ring (Chappell and Ternan, 1997). Large gaps between
soil and ring were avoided, and the contact between the
ring and soil was sealed by tamping clay. As a result, no
over-estimation of permeability due to leakage between
ring and soil should be observed.

Insertion of metal rings into layered and compacted
stony sediments can open the structure of the whole soil
core, and thereby lead to over-estimation of the Ks by
more than a factor of 100 (Chappell, unpublished data).
The regolith produced by solifluction processes present
in many parts of western England typically comprises
layered and compacted stony sediments (Harris, 1987).
The gley soil and regolith tested within the Greenholes
Beck catchment did not comprise such sediments and
was, therefore, not subject to these errors.

Uncertainty due to non-linearities in test data

Most of the responses during the slug tests conformed
well to straight lines on semi-log plots of ln(head ) plotted
against time (Bouwer and Rice, 1976). Figure 2 shows
that incorporation of non-linear sections of these data
would have led to errors of �80 to C230% or a factor of
0Ð55 to 3Ð3 error in the permeability results. For the other
five tests, small non-linear sections of the ln(head ) versus
time relation (for falling-head tests) or head versus time
relation (for constant-head tests) were excluded from the
analyses, and complete data sets were excluded where
the majority of the relation was non-linear.

Uncertainty due to error in depth to impermeable layer

The Bouwer and Rice (1976) method of slug test analy-
sis requires definition of the depth of the piezometer base
to an underlying impermeable layer. For our piezometer
geometries, if the piezometer is incorrectly assumed to
lie directly upon an impermeable layer, the Ks value cal-
culated would be over-estimated by C30 to C40% or
a factor of 1Ð30 to 1Ð46 (Figure 3). The slug test solu-
tion of British Standards Institution (1983), a modified
form of the Hvorslev (1951) equation, does not require

Figure 2. Errors in Ks estimation by Bouwer and Rice (1976) solution of
slug test data where non-linear as well as linear elements of the ln(head )

curve are used

Figure 3. Effect of uncertainty in the depth to an impermeable layer with
the Bouwer and Rice (1976) solution of slug test data

specification of the underlying impermeable layer and is,
therefore, not sensitive to uncertainty in its quantification.

Uncertainty due to soil moisture error during borehole
testing

The FHBP solution of Philip (1993), requires an esti-
mate of the difference between the volumetric moisture
content at the start of the test and the porosity (i.e. term
�1 � �0). For the FHBP tests at Greenholes Beck, neu-
tron moderation measurements (Institute of Hydrology,
1981) gave a mean value of �1 � �0 of 0Ð16 cm3 cm�3 for
piezometers within the Ah horizon and 0Ð15 cm3 cm�3

for piezometers in the Bg horizon. Consequently, an
error of C0Ð01 cm3 cm�3 in the volumetric water content
(Institute of Hydrology, 1981) would have given an over-
estimation of Ks by a factor of 1Ð1 (Lancaster, 1999).

The same soil moisture data were used to estimate Ks

from the CHBP tests using the Reynolds et al., (1985)
equation. The sorptivity values derived from the soil
moisture data had a geometric mean of 0Ð76 m�1 and
a variance of 0Ð33. If the true sorptivity is greater by
one standard deviation than an estimate based on the
mean, the CHBP method underestimates Ks by a factor
of 0Ð8. Where true sorptivity is smaller by one standard
deviation, the method over-estimates Ks by a factor of
1Ð3 (Lancaster, 1999).

Uncertainty due to analytical approximation in the
borehole methods

The Hvorslev (1951) analysis is considered by Keller
et al., (1989), to be more reliable than the Bouwer and
Rice (1976) method, as it better allows for both vertical
and horizontal flow, a critical issue for piezometers with
the short screen lengths used within our study. Figure 4a
shows a comparison of the Bouwer and Rice (1976)
and Hvorslev (1951) derived Ks values for slug tests
performed on 120 piezometers, together with a line equal
to unity. It can be seen that the Bouwer and Rice
(1976) method consistently underestimates Ks (by up to
a factor of 0Ð1) compared to the Hvorslev (1951) method,
although the difference between the two methods is not
consistent, being dependent on the configuration of the
local flow system. The difference in estimated Ks values
is not, however, due to an incorrect assumption that the
piezometer base rests on an impermeable layer used in
the Bouwer and Rice (1976) analysis, as this would lead
to an over-estimation of Ks.
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(a)

(b)

Figure 4. The effect of different analytical solutions of Ks from slug tests and CHBP. Subplot (a) shows a comparison of Hvorslev (1951) and
Bouwer and Rice (1976) analytical solutions to slug test data (including a 1 : 1 line), and (b) the uncertainty in estimates of Ks using the Talsma
and Hallam (1980); Stephens et al., (1987) and Philip (1985) solutions to CHBP results in comparison to those produced by the Reynolds et al.,

(1985) solution

As many of our piezometers have a screen length and
effective radius of similar size, the CHBP equations of
Talsma and Hallam (1980); Philip (1985) and Stephens
et al., (1987), are likely to produce less accurate perme-
ability values in comparison to the solution of Reynolds
et al., (1985). Differences in the Ks values between these
analytical methods, therefore, are shown with reference
to the Reynolds et al., (1985) solution (Figure 4b). The
solution of Talsma and Hallam (1980) consistently over-
estimates Ks by a factor of 1Ð6 (for most permeable soils)
to 4Ð3 (for least permeable soils). This over-estimation
is expected as the solution neglects the effect of capil-
larity on the flow from boreholes whilst the other three
solutions take account of the effects of capillarity. The
Stephens et al., (1987) solution mostly over-estimates Ks

by a factor of 1Ð7 to 3, while the Philip (1985) solution
is most similar, underestimating Ks by a factor of 0Ð05
to 0Ð6 (Figure 4b).

Assuming that the modified analytical solutions of
Hvorslev (1951); Reynolds et al., (1985) and Philip
(1993), give the least uncertainty in the slug, CHBP and
FHBP results, respectively, we now compare the results
of these three field methods. Only two piezometers were
available for comparison of the CHBP, FHBP and slug
test results on the same piezometers and these results
are shown in Table I. Within the subsoil (piezometer
T1Ð2 at 28 cm depth) the largest Ks values were only
a factor of 1Ð2 larger than the smallest, while in the

topsoil (piezometer T1Ð1. at 14 cm depth) the difference
is a factor of 4Ð5. A further six piezometers had both
FHBP and slug tests and showed a difference of a
factor of 0Ð2 to 6Ð2 (mean 1Ð41: Table I), while 12
piezometers were subjected to both CHBP and FHBP
tests and showed a difference of a factor of 0Ð1 to 5Ð3,
but with a mean of only 1Ð04 (Table I). Comparison
of the statistical distributions of the FHBP and slug
test data shows that they produce equivalent statistical
distributions at the 0Ð95 confidence level using T-Tests
(Wrinkler and Hays, 1975) applied to the log-normalised
data (Table II). The CHBP data could not be normalised
by a natural log transform, so a Wilcoxon Signed-
Rank Test (Wrinkler and Hays, 1975), was undertaken
to compare the untransformed means of the CHBP
and FHBP data (Table II). This statistical test showed
that these field techniques similarly produce equivalent
distributions at the 0Ð95 confidence level (Table II).
From the comparisons of the statistical distributions,
we can conclude that any systematic over-estimation or
underestimation in the modified Hvorslev (1951) solution
for slug tests, the Reynolds et al., (1985) solution of
CHBP tests and modified Philip (1993) solution of FHBP
tests are too small to affect the statistical distributions.

Uncertainty due to unmeasured anisotropy

Figure 5 shows borehole-derived Ks profiles along
Transect 1 and by ring permeametry at three slope posi-
tions less than 2 m away. The ring permeametry results
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Table I. Comparisons of Ks values by different borehole-based techniques

a. Estimates of saturated hydraulic conductivity (cm h�1) at two locations using different techniques

Piezometer
number and depth

Slug test CHBP FHBP

T1Ð1 at 14 cm depth 5.06 8.02 1.78
T1Ð2 at 28Ð5 cm depth 0.012 0.012 0.010

b. Ratio of slug test derived Ks to FHBP derived Ks estimates

Piezometer T1Ð1 T1Ð2 T4Ð2 T4Ð3 T5Ð10 T5Ð9 Geomean
Ratio 2Ð8 0Ð2 2Ð9 6Ð2 1Ð3 0Ð6 1Ð41

c. Ratio of CHBP derived Ks to FHBP derived Ks estimates

Piezometer T1Ð1 T1Ð2 T1Ð3 T1Ð4 T1Ð5 T1Ð6-s T1Ð6–30
Ratio 5Ð3 0Ð3 4Ð5 0Ð2 0Ð2 3Ð6 0Ð8
Piezometer T1Ð7–30 T1Ð7-S T1Ð8 T1Ð9 Geomean
Ratio 0Ð1 0Ð7 2Ð8 0Ð6 1Ð04

Table II. Comparisons of statistical distributions of Ks values
measured by different borehole-based techniques

a. Tests for normality of datasets used in the comparison
of measurement techniques: (i) Slug tests versus FHBP, and
(ii) FHBP versus CHBP

Distribution (i)
K–S

statistic

Significance
level

(ii)
K–S

statistic

Significance
level

FHBP 0Ð71 0Ð69 1Ð32 0Ð06
Slug test 0Ð86 0Ð45 1Ð51 0Ð02
ln(FHBP) 0Ð30 1Ð00 0Ð63 0Ð82
ln(slug test) 0Ð57 0Ð90 0Ð62 0Ð83

b. Results of F-tests and t-tests for comparison of slug and
FHBP datasets

Distribution n Test
result

Critical
value

F-test 6 4Ð75 5Ð05
t-test 6 0Ð34 2Ð23

c. Wilcoxon Signed-rank Test results from the comparison of
different measurement techniques

Distributions n Test
result

(WC,W�)

Critical
value

Slug/FHBP 6 4, 17 1
CHBP/FHBP 13 46, 32 14

are a factor of 0Ð5 to 200 different from the borehole
results (Figure 5). As our borehole tests were undertaken
on long-established piezometers and thus not subject to
acknowledged smearing problems (see Sherlock et al.,
2000), the differences may be due to the fact that our ring
permeametry provides estimates of only vertical Ks while
the borehole-based methods produce estimates of the Ks

tensor predominantly in the horizontal direction. Morpho-
logical observations indicate that macropores within the
Humic Gleysol at Greenholes Beck were predominantly
aligned in a vertical direction (Lancaster, 1999), and thus
anisotropy would be expected.

Figure 5. Comparison of ring and borehole-derived estimates of KsÐ at
three different slope locations along Transect 1 (see Figure 1). Bars
indicate the range of depth around the mid-point over which Ks was

measured

The four Ks values from the trench percolation tests
are an average of a factor of 37 larger than the mean
of the slug test values derived from the two 70 cm deep
piezometers adjacent to each trench (Lancaster, 1999).
The mean head in the trenches during the percolation
tests was 21 cm so the ratio of the wetted wall area
to the floor area was 2Ð4. With the slug testing of the
piezometers, this ratio was only 0Ð01. Consequently, a
greater proportion of the percolation would be vertical
with these trench tests in comparison to the slug tests on
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piezometers. Again, a greater vertical compared to lateral
permeability (due to a predominantly vertical orientation
of desiccation cracks) would explain the lower Ks values
derived from the borehole slug tests. Trenches 3 and 4
had Ks values derived from both percolation and bailing
tests. The percolation tests give Ks values a factor of
1Ð9 (Trench 3) and 4 (Trench 4) greater than those
from the bailing tests. These differences could be due to
the reduced proportion of vertical to lateral flow during
bailing tests because of the lower head of approximately
7 centimetres. Alternatively, the higher water levels in
the percolation tests mean that the Ks values are affected
by flow into higher strata (i.e. 49 to 63 cm), which are
often more permeable (Chappell and Ternan, 1992).

It should be noted that the Ks values for each strata
derived by ring permeametry (Figure 5) and trench tests
are all within the range of the Ks values for each strata
for the whole dataset of borehole values.

Summary of methodological uncertainty

Chappell and Ternan (1997) assessed the methodologi-
cal uncertainties arising from all precision and systematic
errors associated with the prescribed use of the ring per-
meameter. They found a š11% total uncertainty with the
ring permeameter (Chappell and Ternan, 1997), which is
equivalent to an error factor of 0Ð90 to 1Ð11 εf. Using the
results from the comprehensive error analysis of Chappell
and Ternan (1997) as a reference, some of the systematic
errors associated with the borehole methods were consid-
erably larger than this range. Incorrect use of non-linear
sections of ln (head ) versus time relation (for falling-
head tests) or head versus time relation (for constant-head
tests), gave an error factor of 0Ð55 to 3Ð3 with the slug
test data. Such an error is likely to be produced by incor-
rect use of non-linear portions of test data from CHBP,
FHBP, trench and ring permeametry (Chappell and Ter-
nan, 1997), but can be avoided by omitting such data.

As the standard ring permeametry method requires
tests on cores excavated from the ground, the method
is not sensitive to the effects of proximity to impeding
layers or high sorptivities of nearby soils. The Bouwer
and Rice (1976) solution of slug test data is shown to be
sensitive to an accurate knowledge of the proximity to an
impeding layer, with errors of a factor of up to 1Ð3 to 1Ð46
generated where these depths are inaccurate. Where such
depth data are not known, then the solution of Hvorslev
(1951) can be used, but this does not mean the presence
of an impeding layer just below the test hole will not
affect the flow geometry during a slug, CHBP or trench
percolation test, and thereby lead to an underestimation
(εf < 1) of the Ks. The effect of high and uncertain
sorptivity of nearby soils was examined with the CHBP
and FHBP tests. These were found to produce errors of
a factor of 0Ð8 to 1Ð3 with the Reynolds et al., (1985)
solution of the CHBP tests and a factor of 1Ð1 with
the modified Philip (1993) solution of the FHBP tests.
Larger sorptivity related uncertainties of a factor of 0Ð05
to 0Ð6, 1Ð7 to 3 and 1Ð6 to 4Ð3 were seen with the Philip

(1985), Stephens et al., (1987), and Talsma and Hallam
(1980) solutions to the CHBP data. The impeding layer
and sorptivity effects, therefore, give larger uncertainties
in the borehole and trench data in comparison to the
total errors of ring permeametry techniques (i.e. 0Ð90 to
1Ð11 εf).

Critically, sorptivity and impeding layer uncertainties
are insignificant when compared to the published under-
estimation of Ks by a factor of 0Ð001 to 0Ð0001 due to
smearing of new auger-holes or over-estimation of Ks by
a factor of 66 to 6557 due to core-ring leakage (Chap-
pell and Ternan, 1997). As all our borehole and trench
tests were undertaken on holes installed more than one
year prior to the test, this smearing error was not present.
Similarly, all ring permeametry tests were undertaken
on cores sealed against soil-ring leakage. Consequently,
uncertainties due to errors in soil moisture quantifica-
tion, unmeasured impeding layer effects and analytical
approximation were within the range of a factor of 0Ð2
and 5, which is equivalent to š400% uncertainty or š
half an order of magnitude (Chappell and Ternan, 1992,
1997). Where the best analytical solutions were used
(i.e. Hvorslev, 1951; Reynolds et al., 1985; Philip, 1993),
uncertainties remain within the range of š400% uncer-
tainty for individual boreholes or trenches, and reduce to
less than š40% (or a factor of 0Ð71 to 1Ð4), where the
centroid of data distributions are compared.

The effect of allowing only one-dimensional vertical
flow into the soil during our ring permeametry becomes
an important ‘error’ when anisotropy is large and no
attempt is made to measure separately the lateral and ver-
tical components of permeability. Lateral as well as verti-
cal permeability should and can be determined using ring
permeametry (Chappell and Ternan, 1997). Anisotropy
affects borehole and trench test results, but the lateral and
vertical components are difficult to quantify separately.

UNCERTAINTY FROM TEMPORAL VARIABILITY

Two periods of CHBP testing were carried out on the
shallow Transect 1 piezometers (Figure 1), one dur-
ing very dry antecedent conditions in the summer and
the other during more typical, wet antecedent condi-
tions (Lancaster, 1999). From the results presented in
Figure 6a, it is noticeable that for most piezometers the
wet-period determined Ks values were typically lower
than the values determined in the dry-period by up to a
factor of 0Ð02. The lower wet-period Ks values are most
likely due to closure of desiccation cracks with prolonged
exposure to moisture (Lin et al., 1998; Bagarello et al.,
1999).

A total of fifteen 7200 m3 cores in three soil profiles
were measured using the ring permeameter close to
piezometer Transect 1. Three of the cores were extracted
during dry conditions and subject to between 4 and
7 repeat ring permeametry tests within one day. The
core taken from the near-surface (0–10 cm) showed a
decrease in Ks by a factor of 0Ð02 (Figure 6b) due
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(a)

(b)

Figure 6. Effect of non-stationarity in permeability (after correction for
viscosity effects) from: (a) CHBP tests on shallow piezometers (where
1 : 1 line is for dry-period values), and (b) repeat ring permeametry tests

method at an initially dry mid-slope position. Units are log�cm hr�1�

to closure of desiccation cracks with the maintenance
of saturated conditions. Figure 6b also shows that the
temporal change in permeability or ‘non-stationarity’
(Zheng et al., 2000), reduces with soil sampled from
deeper in the soil profile due to their lower levels of
organic matter (Hemond and Goldman, 1985).

Temporal reductions in topsoil Ks by up to a factor of
0Ð02 (or a �4900% change) with closure of desiccation
cracks are considerably larger than the methodological
uncertainties associated with the best borehole techniques
(š400%) or ring permeametry (š11%). Uncertainties
associated with the degree of openness of desiccation
cracks within topsoils (McKay et al., 1993) means that
this non-stationarity must be quantified where infiltration-
excess (Ellis et al., 2006) or very shallow lateral flow
(Bonell and Gilmour, 1978; Chappell et al., 1990) path-
ways are dominant.

METHODOLOGICAL UNCERTAINTY VERSUS
SPATIAL VARIABILITY

A key issue for those using permeability data should
be whether the errors associated with the methods give
uncertainties larger than the true spatial variability and
deterministic patterns in the permeability (Chappell and
Ternan, 1992, 1997; Sherlock et al., 1995, 2000). Where
the methodological uncertainties are larger than the
spatial uncertainty or deterministic patterns in Ks values,
then little physical interpretation of the spatial variability
data should be attempted (Chappell and Sherlock, 2005).
To estimate the statistical and vertical distribution of
Ks within the Greenholes Beck sub-catchment, we use

data derived primarily from slug tests applied to 117
piezometers, plus CHBP tests applied to 10 piezometers
and FHBP tests to 7 piezometers where no reliable slug
test data were available. Permeability values were then
derived by the modified Hvorslev (1951), Reynolds et al.,
(1985), and modified Philip (1993) analytical techniques.

Statistical distribution

Many studies have found that Ks frequency distribu-
tions are skewed, so a range of transforms were applied
to the Greenholes data to identify the underlying statis-
tical distribution (Table III). Kolmogorov-Smirnov Tests
(Wrinkler and Hays, 1975) applied to transformed data
indicated that a log transform best normalises the dataset
(Table III). Many studies (e.g. Nielsen et al., 1973; Chap-
pell and Franks, 1996; Chappell et al., 1998), have simi-
larly observed that Ks follows a log-normal distribution,
though other frequency distributions can be observed (e.g.
Elsenbeer et al., 1992; Chappell et al., 1996). A geomet-
ric mean is the most appropriate mean for a log-normally
distributed population, and for the Greenholes Beck Ks

data for the Humic Gleysol to a depth of 190 cm, it is
0Ð12 cm h�1. The variance is 10Ð2, which corresponds to
a Coefficient of Variation (CV) of 570%. A similarly high
CV for the Ks of a Eutric Cambisol (Chappell and Franks,
1996), and a Haplic Alisol (Chappell et al., 1998), have
been found within the 91 ha Slapton Wood Catchment
(UK) and 44 ha Baru Catchment (Malaysia), respectively.
Box-and-whisker plots (Wrinkler and Hays, 1975) of the
statistical distributions of the Ks data for each of the five
piezometer-transects are shown in Figure 7a. A Wilcoxon
(Mann-Whitney) Rank-Sum Test (Wrinkler and Hays,
1975) does, however, indicate that only Transect 3 per-
meability is statistically different from any other transects
(Transect 1 vs 3: Zrscritical D 1Ð965, Zrs D �2Ð26; Transect
3 vs 5: Zrscritical D 1Ð965, Zrs D C2Ð34).

Vertical (profile) distribution

Soil forming processes affect the changes in Ks with
depth (Chappell and Ternan, 1992). Typically, a decline
in Ks with depth is seen (Lind and Lundin, 1990; Rogers
et al., 1991; Chappell and Ternan, 1992; McKay et al.,
1993). Figure 7b shows individual borehole-measured Ks

values against the depth, and the relationship is best
described by a power function (r2 D 0Ð43). Figure 7c
shows the layer-specific, geometric mean Ks value

Table III. Kolmogorov–Smirnov (K–S) test for normality for
raw and transformed Ks data

Transformation K–S
statistic

Significance
level

Raw 5Ð08 0Ð00
Ln 0Ð79 0Ð56
x1/2 3Ð86 0Ð00
x1/3 2Ð75 0Ð00
x1/4 2Ð20 0Ð00
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(a)

(b)

(c)

Figure 7. The spatial variability in a dataset of Ks. values derived from
the modified Hvorslev (1951) solution of slug tests data, Reynolds et al.,
(1985) solution of CHBP data and modified Philip (1993) of FHBP data.
Subplot shows: (a) Box-and-Whisker plots of the natural log-transformed
data from each piezometer transect 1 to 5, (b) variation in individual Ks
values with depth, and (c) variation in layer-specific, geometric mean Ks

with depth

against depth, and these data are similarly described by
the power function:

Ks�d� D KŁÐe�f �2�

where KŁ D 6Ð48 cm h�1, f D 0Ð0875 and d D depth
(cm), or:

Ks�d� D kŁd�nk �3�

with KŁ D 16 377 cm h�1 and nk D 3Ð24 �r2 D 0Ð96�.
Permeability, therefore, increases by a factor of 550 from

the base of the solum (70 cm depth) to the ground surface
(Figure 7c).

Comparison with methodological uncertainty

The CV in the borehole Ks data of 570% is larger
than the methodological uncertainties associated with ring
permeametry (š11%) and the best borehole techniques
(š400%); consequently, the CV in the Ks data used for
the statistical analysis, results from a combination of
spatial variability in Ks and errors within and between
our best methods. The uncertainty about the power
relationship between depth and individual Ks values of
some š1000%, or errors of a factor of 0Ð01 to 100,
or š2 orders of magnitude (Figure 7b) is much larger
than the methodological uncertainty. Thus, the spatial
variability in Ks within one soil horizon is much larger
than uncertainties within our best methods. Had our
borehole methods been subject to the worst smearing-
related errors of up to 0Ð001 to 0Ð0001 or soil-ring leakage
errors of a factor of 66 to 6557, then the variations within
our data might have been largely a function of errors in
the methodology.

CONCLUSIONS

There are four key conclusions arising from this study
examining the uncertainties associated with six field
permeametry methods.

1. Previous studies have shown that the largest errors
associated with permeametry arise from: (a) smearing
during augering prior to borehole permeability tests,
and (b) the creation of a gap between soil core and
metal ring during coring prior to core-based perme-
ametry (Chappell and Ternan, 1997). Smearing of clay-
and silt-rich soils can lead to underestimation of per-
meability by up to a factor of 0Ð001 to 0Ð0001 with
tests undertaken directly after augering, while leaving
a large gap between the soil and ring within similar
soils would lead to over-estimation of permeability
by up to a factor of 66 to 6557 (Chappell and Ter-
nan, 1997). Our borehole techniques (i.e. slug tests,
CHBP, FHBP) were undertaken on lined boreholes
installed over 1 year prior to testing, so the permeabil-
ity tests were not subject to smearing errors. Equally,
our core-based technique (i.e. ring permeametry) was
undertaken on cores where the soil-ring contact was
sealed with clay, and thus was not subject to artificial
leakage.

2. Most of our error analysis was based on permeability
tests applied to the network of 153 boreholes within the
Greenholes Beck catchment. Quantifiable uncertainties
of a factor of 0Ð55 to 3Ð3 arose from using non-linear
sections of ln (head ) versus time data for the slug tests.
Similar errors would have been produced if the non-
linear portions of the CHBP and FHBP data had been
used. When only correct data were used, the largest
errors with the borehole methods arose from the effects
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of the depth to the underlying impermeable strata (by
up to a factor of 1Ð30 to 1Ð46) and the sorptivity
of the soil adjacent to test holes. If the Reynolds
et al., (1985) solutions to CHBP tests are considered
to best capture the effects of sorptivity, the Talsma
and Hallam (1980) solution, which does not include
sorptivity effects, may underestimate permeability by
up to a factor of 4. All component errors related to
these two phenomena were within the range of a factor
of 0Ð2 (i.e. underestimation) to a factor of 5 (i.e. over-
estimation), or š400% uncertainty. Comparison of the
best analytical solutions to data from the slug tests,
CHBP and FHBP produced differences in permeability
values for individual boreholes that were within this
same range of a factor of 0Ð2 to 5, or š400%
uncertainty. These errors are larger than those errors
previously quantified for ring permeametry of a factor
of 0Ð90 to 1Ð11 (Chappell and Ternan, 1997). They
are, however, much smaller than the errors of up to a
factor of 0Ð001 to 0Ð0001 (or �10 000 to �100 000%)
that arise from borehole smearing or errors of up to
a factor of 66 to 6557 (C6549 to C655 569%) due to
soil-ring leakage.

3. Wetting of the Ah horizon of the gley at the Greenholes
site when initially desiccated resulted in the gradual
closure of cracks and a reduction in permeability by
a factor of 0Ð02 (or a �4900% change). While these
effects reduced with depth, within the Ah and upper
Bg horizons the temporal changes in (temperature-
standardized) permeability are much larger than our
methodological uncertainty of a factor of 0Ð2 to 5.
Consequently, temporal changes or non-stationarity in
permeability should be characterised routinely in those
soils that are sensitive to change, notably topsoil that is
gleyed, organic rich or contains swelling clays. Trench
tests and ring permeametry can give permeability
values a factor of 37 or even 200 greater than borehole
tests. These differences may be due to anisotropy in
the permeability. As these uncertainties are greater
than non-stationarity effects and other potential biases
except smearing or coring errors, all permeability
measurement exercises should quantify the differences
between the vertical and lateral permeability of each
strata.

4. The uncertainty of a factor of 0Ð2 to 5 (š400%) with
the borehole technique is smaller than the range in
permeability measured for each soil horizon (during
wet conditions) which varies by a factor of 0Ð01 to
100 (or š1000%), and as evidence for this, a power
relationship between permeability and depth could be
established. Our analysis, however, would indicate
that some of the measurement uncertainty relates to
methodological uncertainty as well as the true spatial
variability. Had the smearing errors and soil-ring
leakage errors not been minimized by our procedures
then they would have given uncertainties much larger
than the true spatial variability in the permeability. This
would have made any interpretation of the mean value
of permeability, the CV and depth-related relationships

meaningless. This analysis, therefore, provides further
justification for error analysis during all permeability
testing, the use of only the least error-prone methods,
and for a need not to use others’ data within models
where such error analysis is absent. The errors inherent
within some permeability tests mean that the risks of
misinterpretation of the direction and magnitude of
runoff pathways are very high.
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