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A method was developed for determining the number,

shape and size distribution of macropores in a soil sample.

The method involves analyzing photographic images of

horizontal serial sections sawed from large (20 x 20 x 30.5

cm) paraffin impregnated soil cores. Approximately 1% by

weight of >95% pure Anthracene was added which, under

ultraviolet light, caused the paraffin to fluoresce a bright

bluish white. Photographing these sections under

ultraviolet light provided sharp contrast between soil and

impregnant filled pores and concealed most ambiguous

features. Photographs of sections were digitized to create

a 256 level grey scale digital image. Image processing

techniques were employed to classify each pixel in the

digital image as pore space or soil matrix. This

information was imported into a raster/vector based



geographical information system which measured the area and

perimeter of each macropore. Using these measurements, each

pore's equivalent diameter and circularity index were

calculated. The method should be useful in quantifying soil

macroporosity in soils that have a low shrink-swell

potential and contain relatively few rocks. The method was

able to measure pores with an equivalent radius 85 gm.

The developed method was used to compare macroporosity for

two tillage treatments in a field soil. A comparison was

made between soil cores sampled along the central axis of a

tillage path and soil cores in an adjacent, undisturbed

region. Tillage sections contained, on the average, 3761

macropores which occupied 0.08 m2/m2. In contrast, no-till

sections contained only 301 macropores which occupied 0.003

M
2 /In2

. However, differences between the mean value of pore

area, pore perimeter, equivalent pore radius or circularity

index for tillage and no-till samples were not statistically

significant. The intrinsic permeability of tillage soil

sections computed using Marshall's equation was nearly 1000

times larger than that calculated with micropore information

only. This indicates that permeability calculations based

on pore size distributions that fail to consider macropores

will be in error when soils contain substantial quantities

of macropores.
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A METHOD FOR QUANTIFYING SOIL MACROPOROSITY

I. INTRODUCTION

In recent years, it has become apparent that

groundwater supplies are being depleted in quality as well

as quantity. One method to objectively measure the effects

of human activities on groundwater resources is through the

use of groundwater flow and solute transport models. The

traditional porous media concept employed by most

groundwater flow and solute transport models assumes that

hydraulic conductivity can be defined for a representative

elementary volume (REV) and that groundwater velocities

within the REV can be computed using Darcy's Law. However,

this may not be the case when networks of connecting

macropores provide a conduit for the rapid movement of

water. Non-channeling macropores will also have an effect

on a soils hydraulic properties. To completely understand

the role of macropores in the movement of water through

soil, a method for quantitatively describing macroporosity

is needed. The quantification of macroporosity is also

needed to assess the effectiveness of tillage induced

macroporosity in increasing infiltration rates and reducing

surface runoff, and to aid in the characterization of soil

structure.
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A method has been developed to quantify macroporosity

in an undisturbed soil core. The method provides

information on the number, shape and size distribution of

macropores in a section sampled from a paraffin impregnated

soil core. This developed method is then applied to a field

soil. Statistical comparisons of macroporosity are made

between two tillage treatments, tillage and no-till, at two

depths below the soil surface. In addition, the macropore

size distribution will be used to determine the effect that

non-channeling macroporosity has on a soils intrinsic

permeability.
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II. QUANTIFICATION OF SOIL MACROPOROSITY.
PART 1. METHODOLOGY

V. R. Vermeul, J. D. Istok
and J. L. Pikul

ABSTRACT

A method was developed for determining the number,

shape and size distribution of macropores in a soil sample.

The method involves analyzing photographic images of

horizontal serial sections sawed from large (20 x 20 x 30.5

cm) paraffin impregnated soil cores. Approximately 1% by

weight of >95% pure Anthracene was added which, under

ultraviolet light, caused the paraffin to fluoresce a bright

bluish white. Photographing these sections under

ultraviolet light provided sharp contrast between soil and

impregnant filled pores and concealed most ambiguous

features. Photographs of sections were digitized to create

a 256 level grey scale digital image. Image processing

techniques were employed to classify each pixel in the

digital image as pore space or soil matrix. This

information was imported into a raster/vector based

geographical information system which measured the area and

perimeter of each macropore. Using these measurements, each

pore's equivalent diameter and circularity index were

calculated. The method should be useful in quantifying soil

macroporosity in soils that have a low shrink-swell

potential and contain relatively few rocks. The method was

able to measure pores with an equivalent radius 85 pm.
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Additional index words: pore size distribution, digital

image processing, geographical information systems, shape

indices.

In recent years, it has become apparent that

groundwater supplies are being depleted in quality as well

as quantity. One method to objectively measure the effects

of human activities on groundwater resources is through the

use of groundwater flow and solute transport models. The

traditional porous media concept employed by most

groundwater flow and solute transport models assumes that

hydraulic conductivity can be defined for a representative

elementary volume (REV) and that groundwater velocities

within the REV can be computed using Darcy's Law. However,

this may not be the case when networks of connecting

macropores provide a conduit for the rapid movement of

water. Non-channeling macropores will also have an effect

on a soils hydraulic properties. To completely understand

the role of macropores in the movement of water through

soil, a method for quantitatively describing macroporosity

is needed. The quantification of macroporosity is also

needed to assess the effectiveness of tillage induced

macroporosity in increasing infiltration rates and reducing

surface runoff, and to aid in the characterization of soil

structure.

The methods most commonly used to describe soil
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porosity have involved volumetric techniques, e.g. water

sorption/desorption, nitrogen sorption, and mercury

intrusion. These methods are indirect approaches and result

in the computation of an "equivalent porosity" based on some

assumed pore shape, usually cylindrical. However, these

methods fail at small matric potentials and thus are not

applicable to the characterization of pores with an

equivalent diameter larger than about 150-300 gm (Dexter,

1988). In contrast, inspection of sections taken from

impregnated soil cores provides direct information regarding

the number, shape and size distribution of macropores.

Sections taken from impregnated soil cores have been

prepared at a variety of scales. Materials such as

polyethylene glycol (Carbowax 4000)(Lafeber, 1965), paraffin

wax (Dexter, 1976), and plaster of paris (Fitzpatrick et

al., 1985) have been employed as impregnants. Most early

research in this field utilized "thin sections". Jongerius

and Heintzberger (1975) developed a method for preparing

thin sections as thin as 15 gm and as large as 8 X 15 cm.

These are considered large thin section. Thin section

techniques utilize transmitted light to create a contrast

between the impregnant filled pores and soil matrix and

permit the measurement of pores larger than about 10 gm in

diameter. Because samples must be small and because the

preparation of the sections is time consuming and requires

expensive, specialized equipment, this technique is not
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widely used for quantifying macroporosity.

To study macroporosity, researchers have used larger

scale "thick sections" or polished faces of impregnated soil

core (Pikul et al., 1990). The advantage of these

techniques is that sample size is limited only by weight and

size restrictions for a research facility, e.g. drying oven

dimensions or weight limitations associated with the

excavation process. This allows for greater freedom in

selecting a representative sample. Thick sections are too

thick to transmit light, so light reflection techniques must

be employed. They permit the measurement of features larger

than about 100 Am.

Some researchers have incorporated additives into the

impregnant to increase the contrast between soil and

impregnant filled pores (Lafeber, 1965; Murphy et al., 1977;

Wilkins et al., 1977 ). Lafeber (1965) reported that

addition of anthracene caused the impregnant to fluoresce a

bright bluish white under ultraviolet light. Dexter (1988)

noted that the contrast between soil and resin filled pores

could be enhanced in thick sections by adding a white

pigment to the resin.

A quantified description of soil macroporosity requires

methods for accurately identifying pores and for measuring

pore size and shape. Dexter (1976) used a tedious manual

counting method wherein a graduated rule was laid across the

section at several parallel locations and a value of 0 for
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wax and 1 for soil was assigned at each graduation. High

contrast photography, digital scanning devices and digital

image processing systems have been used to determine whether

a pixel, whose size is dependent on the spatial resolution

of the photograph-scanning process, should be classified as

pore space or soil matrix. These methods provide an

automated means of pixel classification and can be performed

much more quickly than manual methods.

Murphy et al.(1977) analyzed thin sections using the

Quantimet 720 digital image processing system, which

consists of a microscope (for studying thin sections

directly) or an epidiascope (for viewing photographs of thin

sections), a television camera, a closed-circuit monitor, a

detector unit and a computer. The Quantimet system is

capable of measuring, for each feature, the area, perimeter,

feret diameter at four angles, and projected length in both

vertical and horizontal directions. Ringrose-Voase and

Bullock (1984) developed a computer program, ANOPOR, which

uses the Quantimet 720 image analyzer to identify and

measure three types of pores: channels, planar voids (cracks

and fissures) and vughs. Shape factors, which were a

function of area, perimeter and convex perimeter, were

derived that best differentiated between the three chosen

pore classes. Measurements made on channels, planar voids,

and vughs were used to develop a learning set of pores which

represented each class. ANAPOR was then used to allocate
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each pore in an image to the most probable class by

comparing its shape factor with that of the learning set.

Wilkins et al. (1977) used a Flying Spot Particle

Analyzer (FSPA) in the lineal analysis mode of operation to

measure pore area and intercept lengths. This information

was used to calculate the mean and variance of both soil

aggregate and soil pore size, as well as apparent soil

porosity.

A number of methods have been developed to

quantitatively describe the shape of objects. These include

Fourier radius expansion, Fourier angular bend, equivalent

ellipses and representation with a single shape index

(Clark, 1981). Davis (1986) tabulated a selection of

single-value, nondimensional shape indices taken from

geologic and geographic literature. Parameters used to

describe shape included area of the object, area of the

smallest enclosing circle, area of the largest inscribed

circle, perimeter of the object, length of the long axis,

and width of axis perpendicular to the long axis. These

parameters are combined to form nondimensional descriptors

of shape such as elongation, circularity, compactness and

thinness.

The objective of this study was to develop a method for

determining the number, shape and size distribution of

macropores in a soil sample. The second paper of this

series will discuss an application of this methodology.
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MATERIALS AND METHODS

Overview

The developed method for quantifying soil macroporosity

involves impregnating soil cores with paraffin containing 1%

anthracene, a fluorescent dye. The cores are sawed into

horizontal serial sections and photographed under

ultraviolet light. Photographs of sections are digitized to

create a 256 level grey scale digital image. Image

processing techniques are employed to classify each pixel in

the digital image as wax or soil. This information is

imported into a raster/vector based geographical information

system to measure the area and perimeter of each macropore

in a soil section. Using these measurements, each pore's

equivalent diameter and circularity index are calculated.

Studying macroporosity creates a need for a working

definition of what constitutes a macropore. Beven and

Germann (1982) tabulated definitions of macroporosity used

by other researchers. The smallest equivalent pore diameter

which constituted a macropore ranged from 30 to 3000 Am. We

have chosen to define a macropore as any pore with an

equivalent diameter 170 gm. This diameter is within the

transition zone between the largest pore size measurable by

traditional methods of determining pore size distributions

and the smallest pore our method can measure with acceptable

accuracy (equivalent radius 85 Am).
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Sampling and Sample Extraction

Sampling tins were constructed of a single piece of 16

gauge sheet metal 30.5 x 82.5 cm. Four successive bends

were made to form a square box measuring 20 cm on a side and

30.5 cm high. The edges of the box were fastened together

using pop rivets. Care was taken to secure this joint

adequately near the cutting edge of the sampling tin by

placing at least two rivets within 1 cm of the edge. To

obtain a core sample, the tins were pushed into the ground

to a depth of about 30 cm with a hydraulic jack; sharpening

the lower edge of the tin reduced the force required. The

tins were carefully excavated with a spade, transported to

the laboratory, placed in an impregnation vessel and heated

for 12 hrs at 80°C. Twelve hours of heating assured that

most moisture was removed and that the temperature

throughout the soil core was greater than the melting point

of paraffin (52°C). Pikul et al. (1990) used a similar

sampling procedure in a study of tillage induced

macroporosity.

Core Impregnation

The impregnation vessel consisted of an outer casing, a

bottom plate, a top plate, and a grated core stand which

allowed molten paraffin to wet the core from the bottom up

(Figure II.1). The outer casing, bottom plate, and top plate

were constructed using 16 gauge sheet metal. Fabrication of
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the outer casing resembled that of the sampling tins.

Instead of using a single piece of sheet metal with four

bends, two pieces, each having two bends, were riveted

together to form the 23 x 23 x 42 cm outer casing. The

joints of the casing were pop riveted and sealed with

silicone sealant. A single piece of sheet metal was cut,

bent and spot welded to form a 24 x 24 cm bottom plate with

2.5 cm side walls. The same technique was used to form an

21 x 21 cm top plate with 10.2 cm side walls. The top plate

was equipped with an air release valve. The grated core

stand consisted of a 21 x 21 cm piece of expanded metal

grating (American Steel Co.'s Expand-x Flattened, style 1/4

No. 18) fixed to a 1.5 cm high supportive framework.

The impregnation vessel was assembled as follows: 1)

the bottom plate was placed on a flat surface with side

walls facing upward, 2) the grated core stand was placed in

the center of the bottom plate, 3) the sampling tin

(containing the soil core) was placed on the core stand, 4)

the top plate was centered on and sealed to the top edge of

the sampling tin with silicone sealant, and 5) the outer

casing was placed on the bottom plate and silicone sealant

was used to form a seal between the outer edge of the

casing and the side walls of the bottom plate.

The impregnant was Unical Aristowax 125 paraffin wax.

Aristowax has a melting point of 52°C and at 80°C has a

density of 0.76 Kg/liter. Anthracene (C14H10), a florescent
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compound obtained from Fluka Chemika, was incorporated into

the molten paraffin. Approximately 1% by weight of >95% pure

Anthracene was added which, under ultraviolet light, caused

the paraffin to fluoresce a bright bluish white.

The molten paraffin was slowly poured into the space

between the sampling tin and the outer casing. Turbulence

created by pouring the paraffin in too quickly may erode

soil from the bottom of the core. This procedure wetted the

core from the bottom up and allowed trapped air to escape

through the air release valve. When the free surface of the

paraffin had reached the top plate inside the sampling tin,

the air release valve was closed and approximately 10 cm of

paraffin was ponded above the top plate of the impregnation

vessel. This pressurized the core and helped remove

entrapped air. The air valve was periodically opened to

allow air to escape the impregnation vessel. The ponded

molten paraffin also provided additional paraffin to the

soil core as the paraffin within the core cooled and

contracted. Because this method relies on wetting a soil

core with molten paraffin, it should not be used for

characterizing macroporosity in swelling soils.

Serial Sectioning

Soil cores were removed from the impregnation vessel by

drilling out all the rivets and disassembling the vessel.

Vertical lines were scribed into each side of the soil core
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to mark the central axis of the core. The cores were then

sawed to obtain a set of horizontal serial sections, each

representing a specific depth within the core. Cuts were

made at 15 mm increments, starting from the soil surface,

and resulted in approximately 15 soil sections, each having

a thickness of about 13 mm.

Serial sections were sawed using an Ellis (Model #

2000) mitre band saw. The blades were high speed steel with

standard set teeth, 2 teeth per inch. The surface of each

section was cleaned of saw marks by scraping it with a razor

blade. Because soil sections were damaged and saw blades

were quickly dulled when rocks were encountered, cores

should contain relatively few rocks.

Section Photography

A photography table was constructed which kept the axis

of the camera aligned with the central axis of the soil

core. A section was placed on the table and centered in the

camera's field of view. If needed, the table was tilted

along one or both axes to align the central axis of the

section with that of the camera. The sample was oriented to

the axis of the camera using sights on three sides of the

table which always remained parallel to the axis but were

horizontally adjustable. The sights were aligned with the

scribed marks on the first section (with the horizontal

adjustment) and secured in place. Using these three fixed
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sights, successive serial sections were registered to a

known datum. The datum was defined by a 18 x 18 cm window

fixed around the axis of the camera and adjustable along its

focal length. Once a suitable focal length was determined,

the window was secured to keep the focal length constant for

all sections. Each time a new section was aligned on the

table, the camera and window were lowered until the window

just touched the section. This windowed area represented an

area registered between all of the sections in a core.

Sections were photographed using a Pentax K1000 35 mm

camera with a SMC Pentax Macro 1:4/50 macrolens. Lighting

consisted of ultraviolet light supplied by two 15 watt

Sylvania Blacklight Blue fluorescent tubes (#F15T8/BLB).

Due to the low intensity of visible light emitted from the

fluorescing sample, an exposure time of 50 seconds and an

aperture opening of f4 were required. Kodak 2575 high speed

duplicating film processed with AB Lith chemistry was used

to achieve high contrast and resolution in the photographic

images. Eight by ten inch prints were made from these

negatives.

Photographic images were analyzed with a microscope

equipped with a graduated rule. It was found that the

impregnation technique used in this study deposited an

identifiable (to the photographic process) quantity of

impregnant in all pores larger than about 25 microns.

Calculations to determine the smallest pore the impregnant
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could enter were unnecessary since the resolution of the

digital scanner resulted in an image spatial resolution of

85 microns.

Photograph Digitizing

Photographs were digitized using a Hewlett Packard

ScanJet Plus flatbed digital scanner in the 256 level grey-

scale mode. A scanner resolution of 300 dots per inch

resulted in an image spatial resolution of 85 gm. Spatial

resolution was calculated by equating the number of pixels

transecting the photographic datum with the actual window

size of 18 cm. The ScanJet Plus was driven by DeskScan, a

driver program, on a Macintosh IIx microcomputer.

DeskScan's grey-scale mode assigns a brightness value

between 0 and 255 to each pixel in the scanned area, 255

being equated to the blackest objects in the image and 0 to

the whitest.

Image Classification

In this study, a simple binary thresholding

classification scheme was utilized to classify each pixel in

an image as either wax or soil. This decision was

influenced by the following factors: 1) memory limitations

of the available image processing system restricted the size

of grey-scale image that could be processed at one time and

2) High contrast black and white photography resulted in two
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easily distinguished themes. The added processing time

involved in using a more rigorous classification scheme most

likely would not have resulted in a significant increase in

classification accuracy.

Binary thresholding involves assigning a value of zero

to all brightness values less than or equal to a threshold

brightness value and assigning a value of one to all

brightness values greater than the threshold brightness

value.

The threshold brightness value was selected by

analyzing the distribution of brightness values across known

transitions between areas of wax and soil (Figure 11.2).

Two hundred transects across known pore boundaries were

randomly sampled from pores of varying size and at depths

throughout the soil core using NIH Image (National Institute

of Health, 1989). Ninety-five percent of the brightness

values for these transects were less than or equal to 248

(Figure 11.3). By setting the threshold brightness value to

248, the error in wax classification was therefore limited

to 5%. That is, when a transition pixel was classified as

wax, there was only a 5% chance that it had been classified

incorrectly.

Grey-scale images were exported as Tagged Image File

Format (TIFF) binary files. A program was developed which

deciphered the TIFF file header, located the start of the

image, extracted a 2000 x 2000 pixel (17 x 17 cm) image
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from the center of a 2100 x 2100 pixel scan area to

eliminate photographic edge effects, performed the binary

thresholding, and wrote the information to an ASCII file

importable by TERRASOFT (Digital Resource Systems Limited,

1989), a raster/vector based geographical information system

(GIS).

Measuring Pore Area and Perimeter

The transformation from a 2000 x 2000 binary array of

pixels, each depicting an area of wax or soil, to a vector

representation of each pore was made with TERRASOFT. This

GIS package was chosen for its ability to convert a raster

image, containing numerous interior islands (pores) within a

continuous background (soil), to a vector representation.

Processing this vector representation builds pore polygon

topology, and when linked with a data base, provides

information about the size and shape of each pore in the

image.

Although TERRASOFT was the best suited PC based GIS

available to this project, it had limitations. The amount

of information contained in some of the tillage samples

exceeded limitations in TERRASOFT's program structure and

resulted in program failure. Each digital image was divided

into, and processed in, quarters to avoid these limitations.

This reduced the effective sample size to 1/4 of the digital

image, or 8.5 x 8.5 cm, and resulted in the division of some
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larger pores into two or more smaller pieces.

An ASCII text file containing the X and Y coordinates

of each pixel classified as wax in the digital image was

imported into TERRASOFT and placed in a raster map. The

imported raster representation was then converted to a

vector representation. A proprietary fitting technique was

used to fit enclosing vectors around each pore.

Some of the larger pores contained interior "islands"

of soil. This represented a problem because these interior

polygons could not be distinguished from wax polygons. This

problem was remedied by labeling each interior polygon

manually. The occurrence of relatively few interior

polygons, most of which were located within large wax

polygons, made manual labeling feasible.

Once the conversion to a vector representation was

completed and interior polygons were labeled, the vector map

was processed to create polygon topology. This polygon

information was then linked to a data base which tabulated

the area and perimeter of each wax filled polygon..

Calculated Parameters

Using the above measured parameters, equivalent radius

and a measure of circularity were calculated for each pore

in a soil section. Equivalent radius was calculated by

equating pore area with the area of a circle and solving for

the radius. The nondimensional circularity index, C, was
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used to quantify circularity

C = 4rA/P2 (1.1)

where A is pore area (Am2) and P is perimeter (Am). The

circularity index will have a value between zero and one

with one representing a perfect circle.
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RESULTS AND DISCUSSION

Example photographs of several sections obtained with

the developed method are in Figure 11.4. The figure

compares sections from two tillage treatments at three

depths below the soil surface. The sampling location, soil

properties, and tillage treatments are discussed in detail

in the second paper of this series (Section III). The

change in soil structure with depth is consistent with that

expected for the tillage treatment and attests to core

stability during sampling and sample extraction.

The tillage soil core, at a depth of 120 mm, contained

3518 macropores which occupied 0.07 m2/m2 of pore space.

The no-till soil core, at the same depth, contained 159

macropores which occupied 0.002 m2/m2 of pore space. The

macropore size distribution for both sections is in Figure

11.5. In tillage and no-till soil sections, macropores

having a small equivalent pore radius were most nearly

circular and circularity decreased with increasing pore size

(Figure 11.6).

The high contrast between pore space and matrix

achieved in the photographs in Figure 11.4 resulted from

extensive testing of impregnant-additive combinations to

determine which would provide the greatest contrast between

soil and impregnant filled pores. Trials with paraffin

alone, paraffin and a white pigment, and paraffin and

anthracene indicated that the greatest contrast could be



21

achieved with the latter. This combination, when exposed to

ultraviolet light, revealed pore structure that would be

impossible to detect using any of the other impregnant

combinations. In addition, photographing the sections under

ultraviolet light concealed most of the ambiguous features,

e.g. differences in soil color or pieces of straw residue.

Measurement Error

Three sources of error were identified in the

measurement of pore area and perimeter. These errors occur

during the transformation 1) from a fluorescing soil section

to a photographic representation, 2) from a photograph to a

raster representation, and 3) from a raster to vector

representation.

Estimates of the magnitude of these errors were made to

determine the degree of confidence that could be placed in

the computed values of equivalent pore radius and

circularity. Because the image spatial resolution, which

was precise to only two significant figures, dictates the

precision of area and perimeter measurements, these

measurements will only be precise to two significant

figures. Any error in the measurement of these parameters

below this level of significance would not influence results

and could be neglected.

In this study emphasis was placed on the determination

of errors associated with measuring pore area and the
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resulting error in equivalent pore radius. Because

circularity was directly proportional to area and inversely

proportional to perimeter squared and because a reduction in

pore area usually results in a corresponding reduction in

pore perimeter, errors in the measured parameters are

assumed to have a negligible effect on the circularity

index.

A visual comparison of the fluorescing soil section and

its resulting photographic image indicated that the

photographic representation was a close approximation of the

actual pore structure. However, there was no way to

quantify this observation. Considerable effort went into

testing various combinations of film, exposure times and

film processing to find the one that most closely

represented the pore structure. Because the project did not

have access to a photography laboratory, all trials had to

be professionally developed and extensive testing was

prohibitively expensive. Although every possible film,

exposure time and film processing combination was not

tested, the chosen photographic process provided acceptable

results. The best way to minimize this source of error

would be to eliminate the photographic step and directly

digitize the fluorescing soil sections.

The magnitude of measurement error resulting from the

transformation of a photograph to a raster representation

was estimated using image processing techniques. Pore
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boundaries consist of a transition zone between areas of wax

and soil (Figure 11.2). The binary thresholding

classification scheme resulted in 5% of the pixels along

this transition being mistakenly classified as wax. Close

inspection indicated that in almost every case, pixels

included in this five percent occupied the first (interior)

position along the transition. It follows that a reasonable

estimate of this error would be 5% of the area contained in

a one pixel band around the perimeter of a pore. This area

was approximated by determining the number of pixels that

could fit around a pore's perimeter and multiplying it by

the area of one pixel. This classification error resulted

in measured pore areas that were greater than the true pore

area. This error estimation technique resulted in an

average equivalent pore radius error of 5 Am. This error is

below the level of precision dictated by the image spatial

resolution for all macropores greater than 100 gm and will

have a negligible effect on computed macropore size

distributions.

Measurement errors resulting from the transformation of

a raster to a vector representation were estimated by

comparing the area of all the rasters classified as wax to

the area of all wax filled vectors in a section. This

comparison showed that, on the average, these areas were

within four percent of each other. This approach provides

no information about the error associated with fitting
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individual pores with enclosing vectors but gives an

estimate of the average accuracy of the fitting technique

for an entire section.
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CONCLUSIONS

A method has been developed to quantify macroporosity

in an undisturbed soil core. The method provides

information on the number, shape and size distribution of

macropores in a section sampled from a paraffin impregnated

soil core. The developed method can be used in soils that

have a low shrink-swell potential and contain relatively few

rocks. However, these limitations exist only in the

sampling, impregnation and sawing of the cores into serial

sections. Once serial sections are obtained, the methods

used to photograph, digitize, and extract information from

the digital imagery will be the same for any type of sample.

An application of the developed method to comparing

macroporosity for two tillage treatments is addressed

in the second paper of this series.
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III. QUANTIFICATION OF SOIL MACROPOROSITY.
PART 2. AN APPLICATION

V. R. Vermeul, J. D. Istok
and J. L. Pikul

ABSTRACT

The method developed in the previous paper was used to

compare macroporosity for two tillage treatments in a field

soil. A comparison was made between soil cores sampled

along the central axis of a tillage path and soil cores in

an adjacent, undisturbed region. Tillage sections

contained, on the average, 3761 macropores which occupied

0.08 m2/m2 while no-till sections contained only 301

macropores which occupied 0.003 m2/m2. However,

differences between the mean value of pore area, pore

perimeter, equivalent pore radius or circularity index for

tillage and no-till samples were not statistically

significant. The intrinsic permeability of tillage soil

sections computed using Marshall's equation was nearly 1000

times larger than that calculated with micropore information

only. This indicates that permeability calculations based

on pore size distributions that fail to consider macropores

will be in error when soils contain substantial quantities

of macropores.

Additional Index Words: pore size distribution,

Marshall's equation, intrinsic permeability.
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The need for a quantitative description of soil

macroporosity was discussed in the first paper of this

series. In this paper, the developed method is applied to a

field soil. Statistical comparisons of macroporosity are

made between two tillage treatments, tillage and no-till, at

two depths below the soil surface. In addition, the

macropore size distribution is used to determine the effect

that non-channeling macroporosity has on a soils intrinsic

permeability.

Several researchers have used similar techniques to

quantify and compare different macropore structure. Dexter

(1976) used a tedious manual counting method to study the

distribution of angles of incidence between voids and

aggregates and the distribution of aggregates and voids

along sample transects. He studied the tilths produced by a

mouldboard plough, a tine cultivator, and a rotary

cultivator. Murphy et al. (1977) used image analysis of

thin sections to measure and characterize pores in two sets

of soil samples in a compaction study. Pikul et al. (1990)

used image processing software to quantify macroporosity in

serial thick sections taken from paraffin impregnated soil

cores. This method was used to study depth distribution of

areal macroporosity and overwinter stability of macropore

structure in no-till, chiseled tillage, and Paraplow tillage

soil samples.

A useful application of data obtained from this study
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of macroporosity is determining the effect that non-

channeling macropores have on a soils intrinsic

permeability. Hammermeister (1978) reviewed literature and

conducted research on the relationship between the percent

pore space occupied by large pores and hydraulic

conductivity. It was shown that permeability was most

closely related to the relative volume of pore space

occupied by large pores (equivalent radius larger than about

30 microns). This indicates that methods of calculating

permeability, based on pore size distributions, that fail to

considering macropores will greatly underestimate

permeability.

One of the most widely recognized methods of

calculating a soils intrinsic permeability with pore size

distribution information was derived by T.J. Marshall

(Marshall, 1958). If the mean radius of the pores in each

of n equal fractions of porosity is represented in

decreasing order of size by r1, r2,... rn respectively, the

permeability, k (cm2), is given by

k = e2/8n2 [r
1

2 + 3r22 + 5r32 + + (2n-1) r r12 ]

where ri is the radius of the ith fraction (cm) and e is

porosity (cm3/cm3) .

Marshall (1958) presents a detailed derivation of

equation II.1 and outlines a method of calculation. One
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assumption made in the derivation of Marshall's equation is

that the sample be isotropic and not contain any lengthy

conducting channels which may cause non-laminar flow

(channeling). It is assumed that the rate of flow is

controlled by the cross-sectional area of "necks" connecting

the pores. It is also assumed that the porosity determined

in any plane through the soil matrix is equal to e.

This leads to the question of whether the inclusion of

macropores in a soil's pore size distribution will violate

any of the above assumptions. If macropores are assumed to

act as large interconnected conduits, which is sometimes the

case, laminar flow cannot be assumed and Marshall's equation

is not applicable. However, some research into the function

of macropores in saturated flow indicates that channeling

does not always occur. Bouma et al. (1977, 1979) followed

the preferential path of methylene blue through an initially

saturated soil core by analyzing large thin sections with

image processing techniques. They concluded that flow

through large surface connected macropores was regulated by

pore necks because dye patterns in these pores indicated

that flow occurred along the pore walls without filling the

entire pore.

In this study it will be assumed that flow through any

large interconnected pores is regulated by pore necks and

that channeling does not occur. To verify this assumption,

a complete three dimensional study of pore structure would
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be needed. This is possible with quantitative analysis of

horizontal serial sections but was not within the scope of

this study.

The objective of this study was to apply the

methodology developed in the previous paper to a field study

of soil macroporosity. The application involved comparing

the size, shape and size distribution of macropores and the

predicted intrinsic permeability for two tillage treatments.
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MATERIALS AND METHODS

Soil cores were obtained from the United States

Department of Agriculture-Agricultural Research Service's

Columbia Plateau Conservation Research Center located 15 km

northeast of Pendleton, OR. The Experiment Station receives

an average annual precipitation of 400 mm, occurring mainly

as rain, during October through June. Soil at the site is a

Walla Walla silt loam (coarse-silty, mixed, mesic Typic

Haploxerolls). Physical and chemical properties of this

soil are listed in Table III.1. The plot area has been in a

winter wheat/spring wheat (Triticum Aestivum L.) rotation

and has not been tilled for 10 years. Straw residue at the

time of sampling was approximately 9,000 kg/ha.

Methods for obtaining pore measurements were described

in detail in the first paper of this series. The following

is an abbreviated description of methods as they apply to

the above site.

The soil was tilled to a depth of 24 cm using a rigid

tine parabolic subsoiler fitted with a 1.5 inch shoe. Four

cores were taken from the sampling area. Two cores were

sampled along the central axis of the tillage path. Two

more cores were taken from an adjacent area that had not

been tilled. Sample spacing was chosen to avoid soil

compaction from previous seasons harvests.

In this paper, soil sections will be referred to by the

soil treatment, replication and depth from which they
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originated. For example, a section sampled from the

replication number two tillage core at a depth of 120 mm

will be called till#2-120. The corresponding core from the

area that had not been tilled will be called notill#2-120.

The cores were excavated, transported to the

laboratory, dried and impregnated with paraffin wax

containing approximately 1% by weight of > 95% pure

Anthracene. Next, cores were sawed into serial sections,

each representing a horizontal surface at a known depth.

Cuts were made at 15 mm increments, starting at the soil

surface. It should be noted that the location of the "soil

surface" is some what arbitrary for the tilled samples. In

this study, it was defined as the elevation of the

undisturbed soil surface adjacent to the tillage path.

Sections were then photographed with black and white film

under ultraviolet light and eight by ten inch prints were

made. Photographs of till#2 and notill#2 at depths of 45,

120 and 210 mm are in Figure 11.4 of the first paper of this

series (Section II).

Photographs of sections were digitized to create a 256

level grey scale digital image. Image processing techniques

were employed to classify each pixel in the digital image as

wax or soil. This information was imported into a

raster/vector based geographical information system (GIS)

which measured the area and perimeter of each macropore in a

soil section. Using these measurements, equivalent pore
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radius and a measure of circularity were calculated for each

macropore in each soil section.

Pore measurements were made at two depths, 45 mm and

120 mm, on each of the four soil cores (two tillage

treatment replications and two no-till replications). The

data from each of these soil sections was analyzed to

determine the number of macropores, and the amount of pore

space they occupied, and descriptive statistics for the two

measured and two calculated parameters.

Statistical Comparisons

A statistical analysis was performed to determine if

observed differences in parameters between replications,

depths, and treatments were significant. The test statistic

used to compare two samples of unequal size takes the form
(Ostle and Malone, 1988)

Z = (X1-X2) / (Si2/ni + 2/n2) 0.5

where X1 and X2, s1 and s2, and nl and n2 are the means,

variances and sample sizes for replications 1 and 2

respectively. The test was run at the 5% significance

level. At this level of significance, the critical Z value

for a standardized normal distribution curve is 1.96.

An analysis of variance (ANOVA) was done with the

software package STATGRAPHICS to determine the effect of

soil treatment and depth on the measured and calculated

L
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parameters. The test was run at the 5% significance level.

Before the soil treatment and depth effects can be

tested independently, it must be determined whether there is

any interaction between these two effects. This was done by

comparing the difference between tillage sections at 45 and

120 mm with the difference between no-till sections at the

same two depths. The soil treatment effect was tested by

comparing the means of all tillage sections with those of

the no-till sections. The depth effect was tested by

comparing all sections at a depth of 45 mm with all sections

at 120 mm.

Calculating Intrinsic Permeability

One of the objectives of this study was to determine if

supplementing a soil's pore size distribution with its

macropore size distribution would have a significant effect

on the soils intrinsic permeability, as predicted by

Marshall's equation. For ease in notation, intrinsic

permeability will be referred to as permeability throughout

the remainder of this paper.

Pikul (1983) developed a water release curve for this

soil by fitting a cubic spline to water release data. The

curve, when related to effective pore radius by the

capillary rise equation, encompassed pore radii ranging from

0.1 to 24 pm. Two additional unpublished data points were

used to extend the curve to pore radii up to 145 Am.
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Because the method developed in this study was able to

measure pores with an equivalent radius ?. 85 gm, pore size

distribution information obtained from the above water

release curve was used to characterize equivalent pore radii

from 0.1 to 85 gm. This range will be referred to as the

micropore size distribution. Pores 85 gm measured with

the developed method will constitute the macropore size

distribution. The combination of these two distributions

will be referred to as the pore size distribution.

The method of calculation for marshall's equation is

discussed in detail in Marshall (1958). In brief, pore

space is divided into n equal increments, each represented

by a mean pore radius. Using these data, permeability is

computed using equation III.1. Permeability can be related

to hydraulic conductivity (K) by incorporating the physical

properties of water. The equation takes the form

K = k pg/A (III.3)

where p and A are the density and absolute viscosity of

water respectively and g is gravitational acceleration.

Permeabilities calculated from the micropore size

distribution were compared with that calculated from the

pore size distribution. Pore size distributions were

obtained by supplementing the pore space of the micropore

size distribution with that of the macropore size

distribution.
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RESULTS AND DISCUSSION

There were clear differences between tillage and no-

till soil sections in the number of macropores and the

amount of pore space they occupy (Table 111.2). Tillage

sections contained, on the average, 3761 macropores which

occupied 0.08 m2/m2. In contrast, no-till sections

contained only 301 macropores which occupied 0.003 m2/m2.

The micropore size distribution (Figure III.1) was

supplemented with the macropore size distribution (Figure

11.5) to develop a pore size distribution (Figure 111.2) for

notill#2-120 and till#2-120. In the pore size distribution,

pore space S 0.50 m3/m3 was occupied by micropores of radius

< 85 gm and the remaining pore space was occupied by

macropores measured with the developed method.

There were no statistically significant differences

between the mean values of pore area, pore perimeter,

equivalent pore radius and circularity index for tillage and

no-till soil sections (Table 111.2). Although tillage

sections contained considerably more large macropores, they

also contained more small macropores. As a result,

parameter means were not clearly different for tillage and

no-till sections. Because these statistics could not show

the clear differences between tillage and no-till soil

sections, they are not useful for characterizing differences

in macroporosity.

Results of the statistical Z test comparing the two
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replications for each combination of soil treatment and

depth are in Table 111.3. The test indicates that there are

some significant differences in parameter means between

these replications. The only replications that had

insignificant differences in measurements of pore area and

pore perimeter were till#1-45 and till#2-45.

This variability between soil section replications is

consistent with the results of the ANOVA analysis (Table

111.4). ANOVA indicated that, for this limited number of

samples, neither soil treatment or depth had a significant

effect on most of the parameters. This can be attributed to

the fact that variability among the tillage and no-till

samples concealed differences in the mean value of the

parameters between tillage/no-till and 45 mm/120 mm soil

sections. However, the analysis did indicate that tillage

may significantly increase pore perimeter.

Permeability was calculated with the micropore size

distribution using two different pore space increments, 0.02

and 0.002 m2/m2, to show that both produce similar results.

The two different pore space increments were needed because

of the difference in magnitude between macropore space in

the tillage soil sections and the no-till sections (Table

111.5).

Permeability was calculated with the pore size

distribution, which includes both micropores and macropores,

for each soil section. Tillage soil sections showed a
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significant increase in permeability over that predicted by

the micropore size distribution. In fact, the influence of

macropores in the permeability calculation was so large that

micropores had relatively no contribution. One of the

No-till soil sections also showed a significant increase in

permeability.

The reported values of permeability and hydraulic

conductivity should not be taken as representative values

for this field soil. Hydraulic properties obtained from

these calculations must be calibrated to actual field

measurements to account for simplifying assumptions made in

the equation derivation. Conditions that can cause these

assumptions to be violated include anisotropic conditions,

representation of irregularly shaped pores with spheres, or

flow conditions that are not completely laminar.. However,

this method does provide a good relative measure of the

effect non-channeling macroporosity has on a soil's

hydraulic properties.
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CONCLUSIONS

The method developed in the first paper of this series

was applied to a field study of soil macroporosity.

Comparisons were made between the macroporosity and

permeability of soil sections from tillage and no-till soil

cores. Clear differences in the number of macropores, and

the pore space they occupy, were observed between tillage

and no-till soil sections. However, mean values of pore

area, pore perimeter, equivalent pore radius, and

circularity index were found to be highly variable among

replicate samples and the effect of soil treatment and depth

was statistically insignificant.

Although this method cannot be used independently to

predict the hydraulic properties of a soil, it provides

valuable information about the effect macropores have on a

soil's hydraulic properties. It was shown that the

permeability of tillage soil sections was significantly

larger than that calculated with micropore information only.

This indicates that permeability calculations based on pore

size distributions that fail to consider macropores will be

in error when soils contain substantial quantities of

macropores.
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Depth (In) 0 - 6 6 -44

Moist Bulk Density (g/cm) 1.10 - 1.30 1.20 - 1.45

Hydraulic Conductivity (cm/day) 37 -122 37 - 122

Available Water Capacity (in/in) 0.17 - 0.20 0.17 - 0.20

Soil Reaction (pH) 6.6 - 7.8 6.6 - 7.8

Salinity (Mmhos/cm) <2 <2

Shrink - Swell Potential Low Low

Organic Matter (%) 2 - 3

Clay (%) 10 - 18 10 -18

Table 111.1. Physical and chemical properties of a
Walla Walla silt loam.



Treatment
Depth

Replication
45 (mm)

#1 I #2

Tillage
120 (mm)

i #1 I # 2
45 (mm)

#1 I #2

No Till

1 #1
120 (mm)

I #2

Number of Macropores 5539 3272 2715 3518 489 364 191 159

Pore Space Occupied 0.12 0.08 0.03 0.07 0.007 0.002 0.002 0.002

/m )

Pore Area (urn)
-minimum 2.3E04 2.3E04 2.3E04 2.3E04 2.5E04 2.3E04 2.5E04 2.5E04
-maximum 1.3E08 1.9E08 2.0E07 7.5E07 5.1E07 1.3E07 4.5E06 7.8E06

-mean 6.11E05 6.98E05 3.22E05 6.09E05 4.36E05 1.74E05 2.73E05 4.34E05
-variance 1.09E13 2.15E13 7.17E11 5.55E12 6.77E12 4.95E11 2.03E11 8.60E11

Pore Perimeter (urn)
-minimum 6.0E02 6.0E02 6.0E02 6.0E02 6.0E02 6.0E02 6.0E02 6.0E02
-maximum 1.8E05 2.0E05 3.6E04 1.4E05 5.9E04 1.5E04 1.0E04 2.0E04

-mean 2.88E03 2.90E03 2.19E03 2.91E03 2.071103 1.50E03 1.96E03 2.46E03
-variance 3.15E07 3.97E07 6.32E06 2.56E07 1.17E07 1.33E06 2.10E06 7.34E06

Eq. Pore Radius (um)
-minimum 8.5E01 8.5E01 8.5E01 8.5E01 8.9E01 8.5E01 8.9E01 8.9E01
-maximum 6.3E03 7.8E03 2.5E03 4.9E03 4.0E03 2.0E03 1.2E03 1.6E03

-mean 3.03E02 3.07E02 2.50E02 3.07E02 2.46E02 1.91E02 2.47E02 2.85E02
- variance 1.03E05 1.28E05 3.99E04 9.97E04 7.81E04 1.91E04 2.61E04 5.67E04

Circularity Index
-minimum 4.7E-2 5.4E-2 9.5E-2 4.8E-2 1.8E-1 2.2E-1 2.6E-1 2.3E-1

-maximum 9.2E-1 9.2E-1 9.0E-1 9.1E-1 9.0E-1 9.2E-1 9.1E-1 9,1E-1
-mean 6.61E-1 6.73E-1 6.52E-1 6.62E-1 6.80E-1 6.90E-1 6.92E-1 6.61E-1

-variance 3.05E-2 2.92E-2 2.51E-2 3.15E-2 2.02E-2 1.62E-2 1.99E-2 2.29E-2

Table 111.2. A statistical summary of measured and
calculated parameters for each soil section.

to
rn
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Treatment
Depth

Comparison

Tillage
45 (mm) 120 (mm)

reps 1&2 reps 1&2

No-Till
45 (mm) 120 (mm)

reps 1&2 reps 1&2

Pore Area * 0.94 6.68 2.12 2.00

Pore Perimeter * 0.15 7.35 3.43 2.09

Eq. Pore Radius * 0.53 8.69 3.78 1.71

Circularity Index * 3.16 2.34 1.08 1.97

* Significant at the 5% level

Table 111.3. Computed value of test statistic for Z test.
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Soil Treatment

Pore
Area

Pore
Perimeter

Equivalent
Pore Radius

Circularity
Index

Effect' 0.098 0.051 0.087 0.106

Depth Effect' 0.555 0.880 0.663 0.364

2 - Factor 0.331 0.217 0.168 0.939
Interaction Effect '

'Significant at the 5% level

Table 111.4. Results of ANOVA analysis.



Micropore Size
Distribution:

Pore Space
Increment

(in /in )

Number of
Increments (n)

Porosity

(m fin )

Intrinsic
Permeability

(um)

Sat. Ilydraulic
Conductivity

(cm/day)

Trial 1 0.02 20 0.50 4.1 0.35

Trial 2 0.002 191 0.500 4.4 0.37

Pore Size Distribution
(Macropores Included):

Rep 1 0.02 26 0.62 4500 380
45 (mm) Depth

Rep 2 0.02 24 0.58 2800 230
Tillage:

Rep 1 0.02 21 0.53 59 5.0
120 (mm) Depth

Rep 2 0.02 23 0.57 730 62

Rep 1 0.002 194 0.507 15 1.3
45 (mm) Depth

Rep 2 0.002 192 0.502 4.6 0.39
No -Till:

Rep 1 0.002 192 0.502 4.7 0.40
120 (mm) Depth

Rep 2 0.002 192 0.502 4.8 0.41

Table 111.5. Results of Marshall's equation calculations
for intrinsic permeability.
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