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Abstract

Although it may be intuitive to think of the hydraulic conductivity K of unconsolidated, coarse-grained sediments as

increasing monotonically with increasing porosity F, studies have documented a negative correlation between these two

parameters under certain grain-size distributions and packing arrangements. This is confirmed at two sites on Cape Cod,

Massachusetts, USA, where groundwater investigations were conducted in sand-and-gravel aquifers specifically to examine the

interdependency of several aquifer properties using measurements from four geophysical well logs. Along with K and F, the

electrical resistivity R0 and the natural gamma activity g of saturated deposits were determined as functions of depth.

Qualitative examination of results from the first site implies a negative correlation between K and F that is substantiated by a

rigorous multivariate analysis of log data collected from the second site. A principal components analysis describes an over-

determined system of inversion equations, with approximately 92% of the cumulative proportion of the total variance being

accounted for by only three of the four eigenvectors. A subsequent R-mode factor analysis projects directional trends among the

four variables (K, F, R0 and g), and a negative correlation between K and F emerges as the primary result.

q 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The hydraulic conductivity of granular deposits is

generally considered as being dependent upon

porosity and sorting. As porosity increases or

decreases, the hydraulic conductivity of coarse-

grained sediments is thought to monotonically follow

the same trend (e.g. Nelson, 1994). Other factors such

as grain size and shape, tortuosity, packing
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arrangement, and pore shape also affect the hydraulic

conductivity of these materials. Vukovic and Soro

(1992) present an extensive compilation of empirical

formulas that consider both porosity and sorting in

the computation of hydraulic conductivity. These

investigators recommend using the Zunker formula

for fine and medium grain-size sand, and the Zamarin

formula for large grain sands.

The Zunker empirical formula takes the form
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and the Zamarin formula is represented by the relation
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In Eqs. (1) and (2), K, hydraulic conductivity

(L/T); g, gravitational constant (L/T2); n, kinematic

viscosity (L2/T); F, total porosity (dimensionless); bZ,

empirical coefficient based on sorting and grain shape

(dimensionless); bZN, empirical coefficient based on

porosity (dimensionless); and de, effective grain

diameter (L). Other empirical investigations have

shown that grain size is the fundamental independent

parameter that controls hydraulic conductivity in

unconsolidated sediments (e.g. Hazen, 1911; Pryor,

1973). Shepherd (1989) summarizes this work with

the expression

P Z Cd2 (3)

where P is the permeability (L2), d is a representative

grain size (L), and C is a dimensionless proportion-

ality constant. This constant may encompass a variety

of factors, including path tortuosity and particle shape.

Experimental studies of grain packing (Fraser,

1935) and grain-packing models based on mixed

grain-size populations (Marion et al., 1992; Kolter-

man and Gorelick, 1995) have demonstrated that the

porosity of a granular material varies with the volume

fraction of fines (Fig. 1) and that it reaches a minimum

value, Fmin, when the volume of fine-grained particles

equals the porosity of the coarse-grained particles.
Fig. 1. Illustration of packing effect on porosity (modified from

Fraser, 1935).
At this stage, the fines fill much of the void space

produced by the packed coarse grains. As the fines

content continues to increase to the right of the

inflection point, Fmin (Fig. 1), the larger grains

become suspended in the accumulating mix of fines.

At this subsequent stage, the representative grain

diameter, d, decreases but the porosity increases.

Moreover, this decrease in d occurs at a faster rate

than does the corresponding increase in F. Conse-

quently, if the hydraulic conductivity of a granular

material is based predominantly on grain size

(Eq. (3)), K may decrease with increasing porosity

under changes in grain-packing schemes. Although

the relation presented in Fig. 1 was developed for

a mixture of two distinct grain sizes, it has been

recognized in real field samples (Graton and Fraser,

1935; Beard and Weyl, 1973; Clarke, 1979).

In the work reported herein, this negative

correlation between porosity and hydraulic conduc-

tivity in granular deposits is examined through the

multivariate analysis of geophysical log data. Logs

were obtained in shallow wells at two sites on Cape

Cod, Massachusetts, to help characterize the local

sand-and-gravel aquifers prevalent throughout the
Fig. 2. Location of two study sites on Cape Cod, Massachusetts.
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peninsula (LeBlanc et al., 1986; Oldale, 1992; Uchupi

et al., 1996). At the first site in Provincetown (Fig. 2),

these downhole measurements indicated that ground-

water flow was confined to one particular hydrostrati-

graphic unit having a higher hydraulic conductivity

but a lower porosity than adjacent deposits. At a

second site in Falmouth, geophysical logs were

obtained that provided continuous vertical profiles

of several physical parameters. Here, test conditions

were more favorable for undertaking a detailed

statistical study that built upon the observations at

Provincetown to investigate the interdependence of

hydraulic conductivity and porosity. Results from

both field sites on Cape Cod depict a negative

correlation between these two properties that may

have implications in the modeling of physical

processes associated with groundwater flow and

transport through granular deposits.
2. Provincetown study site

2.1. Site description and field measurements

The first study area is located in Provincetown,

Massachusetts, at the northern tip of Cape Cod

(Fig. 2). It is situated within and adjacent to the

Cape Cod National Seashore on a glacial-outwash

plain. The Provincetown area was formed by north-

erly coastal drift and deposition of ocean-reworked

glacial sands over 60 m thick since the close of the

Wisconsin Glaciation some 12,000 years ago

(Strahler, 1972). These deposits overlie ancient

Eocene sediments (Zeigler et al., 1965); bedrock is

at a depth of about 150 m in the central part of the

region (Strahler, 1972).

A series of five monitoring wells is located

between Provincetown Harbor and the Provincetown

landfill about 1000 m to the northwest. The wells are

roughly 30 m deep, are constructed with 5.1-cm

diameter PVC casing, and penetrate unconsolidated

sand-and-gravel deposits. Geophysical logs were

obtained in these wells in an effort to locate a

contaminant plume emanating from the landfill and

migrating toward the harbor. Morin and Urish (1995)

present a detailed analysis of the logs and report on

the hydrogeologic characteristics of the aquifer. For

the purposes of this study, attention is limited to
the well closest downgradient from the landfill and to

three specific downhole measurements: the natural

gamma log, the neutron porosity log, and the

electromagnetic induction log (Fig. 3).

The natural gamma log is a measure of the natural

gamma radiation being emitted by the surrounding

sediments. Clays tend to accumulate radioisotopes

through adsorption and ion-exchange processes, and

zones of high gamma activity detected by a logging

probe are typically interpreted as being clay rich.

However, in the granular deposits of Cape Cod where

clays are virtually absent (Barber et al., 1992),

intervals exhibiting high gamma activity more often

correspond to coarse and immature glauconitic sands.

The neutron probe used in this study was a single-

detector epithermal tool that yields an estimate of

formation porosity. This tool has been calibrated in

specially designed test pits and the response of the

neutron detector, in counts per second, can be

accurately converted to quantitative values of total

porosity provided the formation is saturated. How-

ever, because the wells at this site were constructed

with a hollow-stem auger, inaccuracies in the

estimation of in situ saturated porosity may result

from physical disturbances to the aquifer caused by

material collapsing around the annulus between the

exterior augered hole and the PVC casing inserted in

the hole (Morin et al., 1988a). Thus, it should be

recognized that there could be slight errors in the

porosity estimates derived from the neutron log in this

particular application.

Finally, the electromagnetic induction tool, which

operates at a frequency of 40 kHz, provides a measure

of the electrical conductivity (or resistivity, its

inverse) of the surrounding saturated sediments and

is particularly effective in identifying freshwater–

seawater interfaces. However, where pore-water

conductance is relatively uniform, resistivity in clastic

aquifers will commonly vary proportionally with

grain size and inversely with porosity. Lower

resistivity corresponds to smaller grain size because

the greater surface area associated with fine particles

promotes the transmission of electric current (e.g.

Biella et al., 1983; Kwader, 1985). Since the primary

conducting medium is the fluid, lower resistivity can

also be indicative of higher porosity. Hearst et al.

(2000) present additional information on these

logging tools and their principles of operation.
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Fig. 3. Composite of logs obtained from one monitoring well in Provincetown nearest the landfill. The specific conductance was calculated from

the porosity and resistivity logs using Archie’s law (Archie, 1942).
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The log composite presented in Fig. 3 displays a

low-porosity zone from about 9 to 14 m depth. This

interval is coincident with higher gamma activity and

with lower resistivity. Assuming that the pore-fluid

resistivity remains uniform throughout the aquifer, the

formation resistivity is expected to increase as

porosity decreases and also increase as gamma

activity increases (high gamma counts indicative of

coarse grains). That the resistivity decreases across

this 5-m thick interval indicates that fluid resistivity is

low enough to counteract the effects of porosity and

grain size. The true values of pore-fluid resistivity

with respect to depth can be computed by combining

the porosity and resistivity logs, and applying

Archie’s law (Archie, 1942)

RW Z
FmR0

a
(4)

where RW, pore-water resistivity (O m); R0, saturated

formation resistivity (O m); m, cementation factor,

and a, pore-geometry coefficient. The value of a is

assumed to be 1.0 for most granular systems and that

of m approximately equal to 1.4 for cohesionless
sands and gravels (Kwader, 1986). Substituting these

values into Eq. (4) and inserting the values for R0 and

F determined directly from the logs yields a

continuous vertical profile of pore-water resistivity

RW for this well that can then be converted to specific

conductance, as shown in the last panel of Fig. 3.

2.2. Results and discussion

The log composite of Fig. 3 shows that the

presence of a contaminant plume is reflected in the

specific conductance log and that the plume is

confined within about a 5-m thick unit from 9 to

14 m depth. That it flows preferentially through this

interval implies that this unit has a higher hydraulic

conductivity than adjacent sediments. The comp-

lementary porosity and natural gamma logs delineate

a low-porosity and coarse-grained interval, respect-

ively, that corresponds to this depth. Thus, the logs in

combination define a dominant hydrostratigraphic

unit that is characterized by higher hydraulic

conductivity and larger representative grain size, but

lower porosity.
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This interpretation of the field logs provides

implicit evidence of a negative correlation between

porosity and hydraulic conductivity at this site.

Complementary laboratory analyses of split-spoon

samples recovered from this well at multiple depths

verify that deposits located within the plume path

have relatively larger grain sizes and contain fewer

fines (Urish et al., 1993). However, the variation in

hydraulic conductivity with depth was not measured

directly and porosity estimates derived from the

neutron log are somewhat suspect due to possible

aquifer disturbance resulting from the well-installa-

tion technique (Morin et al., 1988a). Nevertheless, the

information provides the conceptual framework from

which to design a more rigorous study where field

conditions are more amenable to obtaining quality

measurements in situ.
3. Falmouth study site

3.1. Site description and field measurements

The study area is located near the town of

Falmouth on an extensive glacial outwash plain that

forms the western part of Cape Cod (Fig. 2).

Sediments here were deposited by braided streams

emanating from the receding ice sheets of the

Pleistocene Epoch (Oldale, 1981). Field work was

conducted at the US Geological Survey’s Toxic

Substances Hydrology Research Site where the

aquifer is composed of unconsolidated granular

materials that overlie crystalline bedrock at a depth

of roughly 90 m. Within this surficial section,

medium- to coarse-grained deposits overlie finer-

grained sediments at a depth of about 50 m (LeBlanc,

1984; LeBlanc et al., 1986).

Two wells were selected in which to perform a

detailed investigation designed to identify possible

correlations among several physical parameters

measured in situ using geophysical logs. These

wells were chosen because: (1) they had been

constructed by driving and washing flush-jointed

steel pipe into which was inserted 5.1-cm diameter

PVC casing, and (2) because the wells were fully

screened. The drive-and-wash drilling method of

casing installation has been shown to minimize

disturbance to the surrounding aquifer fabric (Morin
et al., 1988a), thereby improving the accuracy of the

neutron porosity log; the fully-screened construction

permits the vertical distribution of hydraulic

conductivity to be determined at a high spatial

resolution using the flowmeter-pumping technique

(Hufschmied, 1986; Morin et al., 1988b; Rehfeldt

et al., 1989). These two improvements to field-

testing conditions, as compared to the previous

Provincetown analysis, bring more confidence to the

estimates of formation porosity and add quantitative

values of K.

Unlike the contamination conditions recognized in

the Provincetown study, the treated-wastewater plume

at this site (LeBlanc, 1984) is too dilute to be detected

with our present logging tools. Consequently, pre-

ferential flow pathways attributed to high hydraulic

conductivities could not be deduced from specific

conductance profiles. However, the long screens

allowed the horizontal hydraulic conductivity to be

measured directly at different depths. In addition to

hydraulic conductivity and porosity, natural gamma

activity and electrical resistivity were also measured

in a manner identical to the previous study and with

the same tools. For the sake of brevity, a log

composite from only one of two wells is shown in

Fig. 4, though results from both wells are similar.

The plot of hydraulic conductivity was developed

from measurements of vertical flow taken at 15.2-cm

depth intervals during pumping at a constant rate of

7.7 L/min. The small gaps in this profile represent

blank casing collars where no flow could enter the

pumped well.

3.2. Analysis of multivariate log data

Multivariate analyses of geophysical logging data

have been previously used to identify fine-scale

structural trends in aquifers (e.g. Kassenaar, 1991;

Barrash and Morin, 1997). The data set represented

by the four profiles in Fig. 4 provides a similar

opportunity to conduct a systematic statistical

analysis designed to identify and evaluate inter-

relationships among independent variables measured

in situ.

From implementation of the flowmeter-pumping

test, values of hydraulic conductivity were determined

across consecutive 15.2-cm depth intervals penetrat-

ing the sand-and-gravel aquifer. However, the other
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Table 1

Data matrix (57!4) of log-derived variables

Samples/

depth

intervals

Porosity,

F

Resis-

tivity, R0

(O m)

Gamma

activity, g

(cps)

Log

hydraulic

cond., K

(cm/s)

1 0.360 74.82 31.39 K1.397

2 0.357 73.69 31.94 K1.061

3 0.343 71.15 30.83 K0.719

– – – – –

– – – – –

– – – – –

57 0.381 68.66 31.30 K1.366
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geophysical logs shown in Fig. 4 were routinely

collected at 3-cm intervals. In order to insure that all

measurements obtained at a common depth rep-

resented the same sampling volume, the latter data

were averaged over the same 15.2-cm intervals

coincident to the hydraulic conductivity values.

Consequently, each depth interval has associated

with it a unique value of hydraulic conductivity (K),

porosity (F), gamma activity (g), and electrical

resistivity (R0). Because the hydraulic conductivity

data vary over an order of magnitude, a logarithmic

transform is applied to make their distribution more

normal. The final data set to be analyzed statistically

is comprised of these four independent variables

arranged into a 57!4 matrix (Table 1). The four

columns represent the four measurements derived

from geophysical logs (F, R0, g, log K) and the 57

rows depict sequential depths within the aquifer. A

symmetric matrix of crossplots constructed from all

combinations of variables is presented in Fig. 5.

As a starting point in this analysis, principal

components are used to develop insight into the

structure of the data matrix by recombining the total

variance in the system unequally among the variables

(Davis, 1986). Principal components are the eigen-

vectors of the variance–covariance or correlation
matrix, and their application standardizes variables

having different units. This exercise is described by

the following matrix manipulation

XTX Z ZD2ZT (5)

where X is the standardized [n!p] data matrix (n,

number of observations; p, number of variables), Z is

an orthonormal matrix [p!p], and D is a diagonal

matrix [p!p]. The diagonal elements of D2 are

eigenvalues of XTX and the columns of Z are its

eigenvectors. These eigenvectors define the principal

components. It should be noted that a review of basic
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Table 2

Results of principal components analysis on original 57!4 data

matrix

PC-1 PC-2 PC-3 PC-4

Standard

deviation

1.3838 1.0944 0.7521 0.5672

Proportion of

variance

0.4787 0.2994 0.1414 0.0804

Cumulative

variance

0.4787 0.7782 0.9196 1.0000
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statistical principles and a detailed description of each

processing step undertaken as part of this study are

beyond the scope and context of this paper.

The variables are weighted equally, and the

standard deviations of the four principal components

are listed in Table 2; the resulting coefficients of

the eigenvectors, or loadings, associated with the

individual variables are displayed in Fig. 6. Moreover,

as can be seen in Table 2, approximately 92% of the

cumulative proportion of the total variance is

accounted for by the first three principal components.

Consequently, an over-determined system of inver-

sion equations exists and the analysis has effectively

reduced the number of principal components

from four to three. Thus, the interpretation of
the multivariate nature of the data is simplified and

the results can be projected in three-dimensional plots.

Only three factors are required to properly conduct a

subsequent R-mode factor analysis.
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A factor analysis was performed in an attempt to

reveal any underlying structure or pattern presumed

to exist within the multivariate measurements. In this

case, an R-mode technique was used to investigate the

interrelations among variables by determining eigen-

values and eigenvectors from the covariance matrix.

In addition, the factors were rotated using a varimax

criterion in order to optimize the fit to the original

data set. Varimax rotation adjusts the loadings so that

the original variables have either a high positive or a

high negative correlation with each factor (Davis,

1986). This technique determines the final loadings

on the three factors associated with the individual

parameters and these are presented in Fig. 7 as a

three-dimensional plot of directional vectors corre-

sponding to the axes of Factors 1, 2 and 3.
3.3. Results and discussion

The results depicted in Fig. 7 reveal the

statistically determined interrelations among the

four variables measured in this aquifer. This

three-dimensional diagram is presented as a series

of two-dimensional faces in Fig. 8 to better

examine these interrelations. For the three planes

shown in Fig. 8 (Factors 1–2 face; Factors 2–3

face; Factors 1–3 face), the porosity and the

hydraulic conductivity are strongly bipolar as they

consistently project in opposite directions. Other

secondary relations are apparent from these dia-

grams; one of these implies some degree of

interdependence between gamma activity and

hydraulic conductivity. A positive K–g correlation

is evident in the loadings of Principal Component 1,

as shown in Fig. 6, and this principal component

accounts for almost half of the cumulative variance

(Table 2). The K–g correlation indicates that the

presence of coarse, immature glauconitic sands

(high gamma counts and large representative grain

size) is associated with higher values of hydraulic

conductivity. However, the dominant result that

emerges from these vector diagrams is the clear

negative correlation between the porosity and the

hydraulic conductivity.
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4. Summary and discussion

A trend of decreasing porosity with decreasing

effective grain size that reverses as the percentage of

fines exceeds some threshold was elucidated by Fraser

(1935) from experiments with grain-packing schemes.

This reversal depicts a porosity that can increase with

decreasing grain size. Other empirical studies (e.g.

Hazen, 1911; Pryor, 1973) have demonstrated that

hydraulic conductivity is proportional to the square of

some representative grain size (Eq. (3)) and system-

atically decreases as the coarse-grained percentage

decreases. Combining the results of these experiments

withreportsderivedfromfieldmeasurements(e.g.Beard

and Weyl, 1973) indicates that it is reasonable to have a

granular material with a hydraulic conductivity and a

porosity that are negatively correlated under certain

grain-size distributions and packing arrangements.

This appears to be the case for the unconsolidated

deposits investigated at two sites on Cape Cod. At the

Provincetown site, a negative K–F relation was

implied from a qualitative analysis of geophysical

well logs and this was substantiated at the Falmouth

site by a more rigorous multivariate analysis of log data

made possible by favorable field-testing conditions. At

the latter site, a principal components analysis

identified an over-determined system of inversion

equations and demonstrated that most of the cumulat-

ive proportion of the total variance was accounted for

by only three of the four eigenvectors. Accordingly, a

three-dimensional factor analysis was applied that

depicted the porosity and the hydraulic conductivity as

being consistently bipolar, thereby defining a negative

K–F relation for these coarse-grained sediments.

The classification of a K–F relation as being either

positive or negative relates to the interplay between a

fluid winding through a mass of particles at different

microscopic velocities, and the shapes and sizes of

pores. Additional experimental studies may show this

phenomenon to have implications regarding the

physical processes associated with groundwater flow

and transport through sand-and-gravel aquifers.
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