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ABSTRACT 

Laboratory experiments were conducted on vesicular basalt cores to 

determine hydraulic properties including dry bulk density, effective 

porosity, skeletal density, saturated hydraulic conductivity, and 

moisture characteristic curves. Unsaturated hydraulic conductivity and 

diffusivity as a function of matrix suction were also estimated. 

A large vesicular basalt block taken from the Radioactive Waste 

Management Complex at the Idaho National Engineering Laboratory was used 

to run infiltration tests. Infiltration curves were developed for the 

large basalt block. Saturated hydraulic conductivity was estimated for 

the block. 
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CHAPTER ONE 

INTRODUCTION 

Disposal practices for radioactive wastes generated since the 1940s 

have utilized a variety of techniques. Prior to the 1970s predominant 

among these techniques was shallow-land burial for low level wastes. 

These burial grounds were commonly located in arid areas where the 

wastes appeared to be isolated from the accessible environment. At that 

time, however, hydraulic and chemical properties governing the migration 

of waste constituents were not well understood and, unfortunately, in 

some cases understanding of these properties remains obscure. Thus, 

wastes buried decades ago are now recognized as sources of contamination 

to the air, soil and ground water. 

Currently work is on going to develop a geologic repository that 

meets United States Environmental Protection Agency (EPA) requirements 

mandating radionuclides not exceed threshold concentration levels in the 

accessible environment within ten thousand years after disposal. 

To meet EPA repository goals and also define the mechanisms of 

waste migration, intensive research has been undertaken. Theoretical 

understanding and development of methods to measure chemical, hydraulic 

and thermal properties of geologic strata are high priority research 

areas. Basalt is among strata being investigated. The dense basalt 
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underlying the Hanford Nuclear Reservation in Washington was under 

consideration as a high level waste repository. Many of the basalt's 

properties were investigated to determine its capability to isolate high 

level radioactive wastes. 

Basalt is also the predominate lithology below the Radioactive 

Waste Management Complex (RWMC) at the Idaho National Engineering 

Laboratory (INEL) where low level radioactive wastes have been buried 

since the early 1950s. Contaminants from these wastes including 

radionuclides may be migrating through the vadose zone from the soil 

trenches. 

Characterization of the Eastern Snake River Plain basalts that 

underlie the RWMC was undertaken when scientists investigating waste 

migration from the trenches needed specific information about basalt 

properties. Part of this effort included a detailed investigation of 

the vesicular basalt that occurs in zones generally found at the top and 

bottom of each flow (Decker, 1981). That investigation resulted in a 

research study to determine hydraulic properties of vesicular basalt. 

Objective and Scope of Work 

This research is focused on experimentally characterizing vesicular 

basalt for hydraulic properties. The properties measured included 

effective porosity, dry bulk density, skeletal density, saturated 

hydraulic conductivity and matrix moisture characteristic curves. The 

above properties along with other experimentally developed data were 

used to estimate unsaturated hydraulic conductivity and diffusivity as a 
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function of matrix suction. Infiltration curves were developed for a 

larger block of vesicular basalt. 

The investigation can be divided into two parts: 1) research 

involving basalt cores and 2) research involving a larger block of the 

same type of basalt. The primary objectives for both parts were first, 

to develop techniques for measuring hydraulic properties at a variety of 

negative fluid potentials (i.e. matrix suctions) and second, to measure 

hydraulic properties of vesicular basalt in the laboratory and make 

inferences regarding the effect scale has on those properties. 

BACKGROUND 

The INEL, located in eastern Idaho, is a 2,320 km2 site established 

in 1949 by the Atomic Energy Commission (AEC) as an area to build and 

test nuclear reactors (Figure 1). A total of fifty-two reactors have 

been built and tested there. The RWMC, developed in 1952 when the AEC 

needed a disposal area for wastes generated by the reactors, comprises 

58.28 hectares in the southwestern corner of the INEL. It has been 

divided into a 35.61 hectare Subsurface Disposal Area (SDA) and a 22.66 

hectare Transuranic Storage Area (TSA) (Figure 2). Wastes generated by 

INEL operations were buried in the SDA. In 1954 wastes containing 

transuranium elements, such as plutonium and americium, and transuranic-

contaminated solvents from the Rocky Flats Plant near Denver, Colorado 

were also disposed in the SDA. It has been estimated that total 

plutonium and americium 241 from Rocky Flats disposed in the SDA between 

1954 and 1970 are 366 Kg and 15 Kg respectively (Barraclough, 1976). 
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Idaho 

INEL 

Figure 1: Location of the INEL within Idaho. 
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Figure 2: Location of TSA and SDA within RWMC. 
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Since 1970, these transuranic-contaminated low level wastes have 

been stored temporarily on asphalt pads above ground at the TSA. They 

are awaiting transport and permanent storage at the Waste Isolation 

Pilot Project (WIPP) site in New Mexico. Non-transuranic contaminated 

low level wastes continue to be buried in the SDA. 

Containers for wastes disposed in the SDA prior to 1970 included 55 

gallon drums, wooden crates and cardboard boxes. These containers were 

placed in shallow soil trenches and pits and covered with soil. 

Trenches were generally excavated such that varying thicknesses of soil 

cover remained between the bottom of the pit and the top of the basalt. 

However, in some cases insufficient soil thickness resulted in 

containers being placed directly on the basalt. 

In 1969 the long term safety of burying the long-lived 

radioisotopes above the aquifer was questioned. 

During the middle-to-late 1970s radionuclide and organic compounds 

were suspected to have migrated from the trenches. In June 1987 

radionuclides were detected at the 110 and possibly 240 foot interbeds. 

Carbon tetrachloride and other purgable organics have migrated 177 

meters vertically through the vadose zone to the Snake River Plain 

aquifer (D0E/ID-10274). 

A subsurface investigation program was initiated to determine the 

extent of migration and develop a remediation approach. One 

investigative technique was the development of a computer program to 

predict long term migration in the unsaturated zone and possible 

contaminant migration pathways. For this code to accurately model 
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existing conditions, it needed to be field calibrated against accurate 

data. Much of these data had to be developed from field investigations 

and laboratory research. The vesicular basalt research was undertaken 

to supply a component of the needed data. 

REGIONAL AND RWHC GEOLOGY 

The INEL is located on the Snake River Plain (SRP), a structural 

downwarp 50 to 100 km wide arcing 600 km through southern and eastern 

Idaho. Geology of the SRP is composed of 600-3,000 meters of Quaternary 

basalt containing relatively thin sedimentary interbeds overlying 

extensive rhyolitic flows. 

The volcanism on the eastern SRP generally follows a modified 

"plains-type" model postulated by Greeley (1982). Interfingering of the 

flows has complicated the stratigraphy of the basalt. 

The RWHC is located in a rift zone on the eastern SRP about two km 

south of the Big Lost River, in the Big Lost's flood plain and possibly 

over an old river channel, and is bordered on three sides by low hills 

and basaltic ridges. 

Basalts underlying areas near the RWHC have been divided into 

seventeen major time groups (Knutson, 1989). Each group is composed of 

several units. Those immediately below the RWHC and above the water 

table are the A, B, and C groups. Each group is bounded by an easily 

recognized sedimentary interbed, i.e., those at 9, 34 and 73 meters, 

commonly known as the 30, 110 and 240 foot interbeds. Group A consists 

of one unit with two flows originating from Quaking Aspen Butte and is 
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about 100,000 years old (Knutson, 1989). Three flow units comprise 

Group B, with B1 and B3 being represented by a single flow, while B2 

consists of two flows. Units 1 and 2 of the B flow originate from Butte 

5206 (Figure 3). Origin of flow B3 has not been identified. 

Potassium-argon dating indicates that the B group is not older than 

200,000 years (Knutson, 1989). Group C is represented by at least three 

flow units which may have up to five individual flows (Knutson, 1989). 

This group has not been investigated in as much detail as groups A and B 

because deep wells and resulting core have not generally been available. 

Surface and interbed sediments consist of unconsolidated clay, 

silt, sand and gravel. Surface covering at the RWMC range from 1.0 to 

7.6 meters thick and appear to be derived from the volcanic rocks and 

mountainous areas to the north. The 110 foot and 240 foot interbeds, 

ranging from 3.0 to 7.9 meters and 1.2 to 9.8 meters thick respectively, 

are generally continuous beneath the RWMC. 

REGIONAL AND RWMC HYDROLOGY 

The Snake River Plain aquifer, the principal aquifer in Idaho, is 

located beneath the eastern SRP. Located primarily within the 

Quaternary basalts, the aquifer has been estimated to contain more than 

1.23X1012 cubic meters of water (Barraclough, Lewis and Jensen, 1981). 

Water-bearing interstices in the basalt are distributed throughout the 

rock system in the form of intercrystalline and intergranular pore 

space, fractures, cavities, interstitial voids, interflow zones, and 

lava tubes. 



21 

CraterPeak Known flow direction (surface) 
Pond Butte 

Probable flow direction 
for Units B-3 and B-4 

Possible flow directions for 
Flow Group C 

Lavatop Butte 
Sixmile Butte 

95 50 Ka 
D r> 

<200 Ka 

RWMC 
Butte A* Flow Group A 

Flow Units A-1 
and A-2 

Flow Group B 
Flow Units B-1 

and B-2 

Butte 5206 

BI9 Southern Butte 

* 
Quaking Aspen Butte 

Scale (Miles) 

Figure 3: BASALT FLOW MAP AT RWMC. 
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Flow within the aquifer is generally toward the south-southwest 

direction (Figure 4). Locally, however, this is complicated by types 

and location of openings within the basalt, recharge, and mounding from 

surface water spreading areas. Water travels at relatively high 

velocities ranging from 1.5 to 6 meters per day (Barraclough, Lewis and 

Jensen, 1981). Transmissivity of the aquifer is estimated to be 1.44 to 

0.0719 m s"1 (DOE/ID-10274, 1990). Major sources of aquifer recharge 

include infiltration of irrigation water, underflow from the 

northeastern part of the plain and from drainages to the south and 

north. About 7.87X1010 m3 of water is discharged annually to rivers and 

springs (D0E/ID-10274, 1990). 

Depth of the aquifer beneath the INEL ranges from approximately 70 

to 305 meters. Beneath the RWMC depth to the Snake River Plain aquifer 

is approximately 177 meters. Although runoff from snowmelt and rainfall 

carried by the Big Lost River normally disappear from the surface in the 

Big Lost Sinks area, in times of high water the Big Lost flows past the 

RWMC into the spreading areas to the southwest. The RWMC has been 

flooded three times in the recent past (1962, 1969 and 1982). 

Subsequent to the last flooding event, a diversion system of four 

separate spreading areas whose capacity exceeds the expected 300-year 

flood event have been constructed to protect the RWMC from future 

flooding (D0E/ID-10274). Large drainage ditches have also been 

constructed around the SDA perimeter to contain surface runoff. 
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Figure 4: Elevation contour map of INEL water table. 
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CHAPTER TWO 

SAMPLE ACQUISITION AND METHODS 

Sample Acquisition 

It was necessary to obtain one 20 cm x 20 cm x 50 cm test block and 

if possible a second for back-up purposes for the proposed research. It 

was also desirable to have a number of smaller blocks that could be 

cored. This allowed research on two scales—the relatively small cores 

and the larger test block. 

In January 1988 Drs. Carroll Knutson and Dick Smith accompanied the 

author to the Active Management Pit (AMP) at the RWMC (Figure 5). 

Opened in the early 1980s, the AMP has been excavated 6.0-9.2 meters 

through varying amounts of sediments into the basalt. Low level waste 

containers are being stacked and covered with soil at the north end of 

the pit. The 30 foot interbed is exposed on the pit's west wall. 

The objective of this visit was to obtain a representative sample 

of vesicular basalt for research purposes. A large block of vesicular 

basalt was selected from the west wall. Although specific weights and 

measurements were not taken of the irregularly shaped block, it is 

estimated to have measured roughly one and one half meters square and 

weighed in excess of 910 kg. Figure 6 is a photograph of the basalt 

block, and Figure 7 is a photograph of the saw cutting the block at the 

quarry. North and up orientations were painted on the rock. A 



Figure 5: Photograph of the RWMC showing the active management pit. 

ro CJl 



Figure 6: Photograph of basalt block taken from the RWMC. 

Figure 7: Photograph of block being cut at the quarry. 
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front-end loader was used to lift the block from the wall. It was 

easily removed as it was bounded by naturally occurring fractures. The 

selected block was located about 3.0-4.6 meters down from the surface. 

Figure 8 is a photograph of the west wall of the active management pit. 

An "X" marks the position from which the block was removed. It is from 

a small anticlinal structure formed by the B-l flow upwelling above the 

A group. Figure 9 is a close up of the same area. Again the "X" 

denotes the area from which the block was removed. 

Once the block was on the ground it was carefully inspected to 

determine if it were large enough so that two 20 cm x 20 cm x 50 cm 

blocks without fractures could be obtained. It was also inspected for 

uniform vesicularity. 

Once the block was removed from the pit, it was surveyed to ensure 

that no radionuclide contamination was present and subsequently shipped 

to a stone quarry in Sandy, Utah. 

A large wire saw along with carbide sand was used to cut the block 

into three slices. Once a cross section of the rock was exposed, it was 

noticed that the rock was crossed by numerous horizontal channels 

generally one to two cm wide and extending one third meter or more. 

These horizontal channels are flow features that resulted from cooling 

of the top surfaces of molten rock pulses creating a thermal gradient. 

This thermal variation resulted in a zone of increased viscosity at the 

tops of the pulses. As gas bubbles developed and rose in the flow, they 

encountered the more viscous zone. The bubbles, blocked by the viscous 

zone, congregated just below it and cooled forming the open horizontal 



Figure 8: Photograph of west wall of AMP. 



Figure 9: Close-up photograph of west wall of AMP. 
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channels. That many of these had been conduits for water is apparent by 

the sediment fill and secondary mineralization coatings. Figure 10 is a 

photograph of the cut block showing the horizontal channels. 

From the basalt slices two 20 cm x 20 cm x 50 cm blocks were cut. 

Every effort was made to avoid the horizontal channels, but this was not 

entirely possible. Inclusion of these feature would require a much 

larger sample since the sample should be many times larger than its 

largest structural feature. From the remaining pieces other roughly 8 

cm x 8 cm x 8 cm blocks were also cut. The top and bottom surfaces of 

both of the 20 cm x 20 cm x 50 cm blocks were lightly ground to ensure 

flat surfaces. 

In February 1988 the two 20 cm x 20 cm x 50 cm blocks along with 25 

smaller blocks arrived at the Department of Hydrology and Water 

Resources at the University of Arizona. Each block had been marked at 

the quarry to preserve its orientation in the original rock and also 

orientation within the basalt flow. Figures 11, 12 and 13 show each 

block's location within the original rock. Figures 14 and 15 are 

photographs of cutting and the resulting blocks. 

The objective of characterization of the vesicular basalt was to 

determine its hydraulic properties using the 5.6 cm cores and run 

infiltration and tracer tests on the large block. It was also hoped 

that some inferences could be made regarding the role of scale on 

hydraulic properties as well. 

Hydraulic properties measured and estimated using the core samples 

included dry bulk density, effective porosity, skeletal density, 



Figure 10: Photograph of basalt block showing horizontal 
flow channels. 
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Figure 11: West portion of basalt rock showing locations of small 
blocks. 
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Figure 12: Middle portion of basalt rock showing locations of small 
blocks. 
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Horizontal Flow Channel 

Figure 13: East portion of basalt rock showing locations of small 
blocks. 



Figure 15: Photograph of cut blocks at University of Arizona. 

Figure 14: Test blocks being cut from large rock at quarry. 
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saturated hydraulic conductivity, moisture characteristic curves, 

unsaturated hydraulic conductivity and diffusivity. Infiltration curves 

were developed for the block. Conservative tracer tests were delayed 

and are not included in this research. 

METHODS 

CORE EXPERIMENTS 

CORING 

Selected blocks (not including the 20 cm x 20 cm x 50 cm blocks) 

were taken to the Department of Mining and Geological Engineering at the 

University of Arizona where 5.6 cm diameter cores were cut. The 5.6 cm 

size was chosen because that diameter was sufficiently larger than the 

size of the largest visible vesicles. Thus, a representative elementary 

volume (REV) (de Marsily, 1988) was assumed to have been obtained. 

However, this is not valid when the interconnectedness of the vesicles, 

pores, horizontal channels, and fractures is considered a structural 

feature. Since a REV must be many times larger than the largest 

structural feature and since the above structures are usually large, an 

appropriate REV size would a field scale. For this reason all data 

obtained from this research are measurements of the basalt matrix only. 

A diamond-studded bit was used to core. Cores were trimmed to an 

average length of 5.6 cm using a rock saw with a water coolant. The 

water coolant was used instead of the usual kerosene to avoid 

introduction of any hydrophobic substances, and surgical gloves were 
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worn during core handling so that the cores were not exposed to any 

material which might affect the hydraulic properties of the basalt. 

Each core was marked to preserve orientations. Although some cores were 

cut in the horizontal direction, most were cut vertically. 

EFFECTIVE POROSITY AND DRY BULK DENSITY METHODS 

Cores were dried at least one week but generally much longer in an 

oven maintained at 105°C. A constant dry mass was obtained and core 

lengths were measured with calipers for volume calculation. In 

preparation for outflow experiments, the cores were placed in a vacuum 

chamber where a maximum vacuum of approximately 700 mm of mercury (Hg) 

gauge was drawn for 24 hours. While the vacuum was maintained, a 0.1 H 

calcium chloride solution (CaCl2»2H20, formula weight (FW) = 147.02) was 

introduced into the vacuum chamber such that all cores were immersed in 

the solution. At the end of another 48 hours the vacuum was released, 

and the cores were weighed. This weight was the wet or saturated mass. 

It was used to calculate effective porosity (Hi 11 el» 1980) which is 

defined as the volume of interconnected voids per unit volume of rock. 

It was calculated as follows: 

= m  sat -  m  'dry 

PwV 

(2.1) 

where 

ne effective porosity, (dimensionless); 
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msat saturated sample mass, (kg); 

mdry oven dry sample mass, (kg); 

pM density of water, (kg m"3); 

V sample volume, (m3). 

The dry bulk density was calculated using dry mass and the volume. 

Pi, " (2-2) 

where 

pb dry bulk density, (kg m"3) 

A total of 71 core samples were analyzed for effective porosity and dry 

bulk density. 

SKELETAL DENSITY 

Skeletal density, a measure of the density of the rock matrix, is a 

calculated value from bulk density and effective porosity using the 

following formula. 

Ps = „ Ph (2.3) 
3 1 - ne 

v ' 

where 
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ps skeletal density, (mg m"3). 

Pore Surface Area 

Mercury intrusion was used in an attempt to measure pore surface 

area, the interfacial area between the wetting fluid and the rock 

matrix. Cores that were 2.54 cm in diameter and approximately 2.54 cm 

long were placed into a penetrometer, which was evacuated and filled 

with mercury. Volume of mercury intruded in the penetrometer was 

measured and volume of the sample calculated by subtracting the volume 

of the mercury from the volume of the penetrometer. 

Pressure applied to the mercury in the penetrometer drove mercury 

into the void spaces in the basalt. At a given pressure step the 

surface tension of mercury intruded in the sample was counterbalanced by 

the applied pressure. This was done for 45 pressure increments and from 

this information the pore diameter and area can be obtained. 

This method, however, was unsuccessful in the vesicular basalt with 

its large voids spaces created by the vesicles. Without applying any 

pressure a high percentage of the total volume of intruded mercury 

filled the void spaces. Thus when pressure was applied, only a small 

volume was forced into the rock. This resulted in a curve with a flat 

slope. Thus, even though approximately 100 samples were intruded in the 

penetrometer, information obtained was of little value. No further work 

was done with this data and it is not included with this research. 

One factor contributing to the failure of this experiment was, 

undoubtedly, the small core sample size in comparison to the large 



vesicle sizes. Perhaps if a larger core that was sufficiently larger 

than the vesicles had been used, usable data might have been 

forthcoming. 

PNEUMATIC PERMEABILITY 

Six cores were tested for pneumatic permeability at the EG&G Idaho 

laboratory. Here the 5.6 cm cores were subcored with a 2.54 cm diameter 

diamond studded bit and trimmed to approximately 2.54 cm in length. 

After a dry mass was obtained, they were individually placed in a 

Hassler holder where the packer was inflated to about 689 kPa which 

prevented the helium from bypassing the core. Pressurized air was 

forced to flow through the basalt sample and measured with a calibrated 

flow meter. This information was used to determine pneumatic 

permeability. 

A serious drawback with using this procedure for the vesicular 

basalt was that in some cases it is doubtful that the small plug was a 

REV. In one instance, the void space of one vesicle was approximately 

equal to one third of the total volume of the sample. 

SATURATED HYDRAULIC CONDUCTIVITY 

Saturated hydraulic conductivity is the coefficient that relates 

the hydraulic head gradient to fluid flux. The constant head method was 

employed to measure saturated hydraulic conductivity (Ks) of the core 

samples (Klute, 1986). Oven dried cores were saturated in a 0.1 M 

solution of calcium chloride. Although literature is ambiguous as to 
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the correct fluid to use in conducting such an experiment, a 0.1 M 

solution of calcium chloride was utilized since chemical analyses of 

basalt pore water indicate that a chloride solution is closer to the in 

situ solution present in the basalt at the RWMC. Thymol was added to 

inhibit biological growth, but there was some concern as to its 

effectiveness. The saturated cores were wrapped with duct tape and 

placed in a rubber packer. The duct tape wrap was necessary to avoid 

cutting the inflated rubber packer on the sharp edges of the vesicles. 

The core and assembly were placed within a modified Tempe pressure cell 

(see Figure 16) between two rubber rings used as spacers—one at the top 

and one at the bottom of the cell. The packer, which served to seal the 

annul us between the rock core and the sides of the permeameter, was 

inflated to 689 kPa, and the cell attached to the constant head water 

supply. The constant head of 50 kPa was maintained by the water column 

and compressed nitrogen pressure on the column. Flow rate through the 

sample was measured using a pi pet flow meter installed at the Tempe cell 

exit port. Figure 17 is a photograph of the experimental setup. 

Saturated hydraulic conductivity was calculated using 

KA = (2.4) 
s A H  

Ks saturated hydraulic conductivity, (m s~1); 

Q flow rate, (m3 s"1); 

L sample length, (m); 

A sample area, (m2); 
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Figure 16: Photograph of modified Tempe pressure cell. 
Figure 17: Photograph of hydraulic conductivity experimental setup. 
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H total head difference imposed across the 
sample, (m). 

MOISTURE CHARACTERISTIC CURVES 

Moisture characteristic curves (MCC) relate water content to matrix 

suction. The MCC is primarily dependent upon the structure of the 

vesicular basalt. The method for determining the relationship between 

water content and matrix suction involves establishing a series of 

equilibria points between the water in a soil and a body of water at a 

known potential. A porous plate was used to establish hydraulic content 

between the water in the basalt and the body of water below the plate. 

It also served as a means for maintaining a pressure difference between 

the two moisture fields. The technique used in these experiments is 

after Klute (1986). 

The basalt cores were first oven dried and placed in a vacuum 

chamber where the maximum vacuum possible was drawn, approximately 700 

mm Hg and maintained for 24 hours. A 0.1 M solution of calcium chloride 

was allowed to flow into the chamber while maintaining vacuum until the 

samples were covered. Cores were allowed to saturate for another 48 

hours. 

The saturated cores were then weighed and firmly placed on a 

saturated five-bar porous plate. Six to ten grams of silica gel covered 

by a wet 41 ashless filter paper served to establish hydraulic contact 

between the basalt and porous plate. Once twelve cores were arranged on 

the porous plate, the plate was placed in the pressure extractor where 
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the outflow tube was connected to the pass-through connector in the base 

of the pressure extractor and then connected to the outflow reservoir. 

The chamber was closed and the desired pressure applied. Pressure was 

supplied by nitrogen gas and maintained at a constant level with a 

computer. 

As soon as air pressure inside the extractor was increased above 

atmospheric pressure, the higher pressure inside the extractor forced 

excess water from the gel and basalt sample through the small pores in 

the porous plate. At a given pressure, solution in the basalt drained 

from the larger vesicles first then successively smaller pores until 

equilibrium was achieved and flow stopped. At equilibrium the air 

pressure in the extractor balanced the suction in the samples. Time for 

equilibrium to occur in the basalt cores was generally two to three 

days; however, each increment was maintained for at least seven days to 

ensure that equilibrium had been achieved. 

The chamber was depressurized and the core removed and weighed. 

Cores were stored in plastic bags while out of the chamber to prevent 

moisture loss due to evaporation. Time taken for weighing of the cores 

also was held to an absolute minimum. Once weights were recorded, 

cores were again firmly placed on the porous plate using a freshly mixed 

drop of silica gel and the filter paper. After the lid was bolted on, 

the next higher pressure was applied. This was continued for at least 

another seven days until a new equilibrium was reached. 

Basalt moisture, pressure head (0,h) equilibrium points were 

originally developed for 100, 200, 300, 400 and 500 kPa. However since 
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there was very little difference between the equilibrium point developed 

at 400 and 500 kPa, the four bar point was dropped. Residual moisture 

content was assumed to have been reached at 500 kPa. While this was 

true in most cases, it may not be a valid assumption in all cases. 

The above process obtained the desorption limb of the hysteresis 

loop. A modification of this process was used to develop the sorption 

limb. The sorption limb was determined by vacuum saturating the 

previously oven dried samples as described above. They were then placed 

on a saturated, modified porous plate using the previously described 

silica gel and filter paper to ensure hydraulic contact. Pressure 

within the extractor was immediately increased to 500 kPa corresponding 

to the residual moisture content. After equilibrium was achieved, the 

pressure was decreased to 300 kPa to allow moisture sorption to begin. 

The porous plate had been modified such that the calcium chloride 

solution could be circulated from a reservoir, underneath the porous 

plate, through the port in the top of the plate and out of the extractor 

back into the reservoir. This allowed the basalt core a continuous 

supply of moisture. A detailed discussion of this modification is found 

in Methods of Soil Analysis, Part 1, p. 654 (Klute, 1986). 

The pressure extractor was depressurized approximately weekly for 

weighing of cores and determining equilibrium. At higher pressures very 

little water was absorbed and equilibrium was achieved in several weeks. 

At zero pressure, though, small increments of moisture continued to be 

gained and equilibrium was not achieved for months. These long times 

resulted from capillary forces within the core causing the very small 
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pores in the basalt to continue to absorb water. Due to the long times 

involved (up to six months) the full hysteresis curve was developed for 

only twelve cores. Equilibrium points for the sorption limb were 

obtained at pressures of 500, 300, 200, 100 and zero kPa. 

Volumetric water content in both cases was computed as a percentage 

of total volume using the following formula: 

6  "  ' < z - 5 > 

Where 

0 = Volumetric water content, (dimensionless); 

VM = volume of water in the basalt core, (m3); 

Vt = total volume of the basalt core, (m3). 

UNSATURATED HYDRAULIC CONDUCTIVITY 

Two approaches were used to estimate unsaturated hydraulic 

conductivity (K). Both employed the outflow method originally 

introduced by Gardner (1956) and modified by others. Miller and El rich 

(1958) extended the original method to include pressure plate impedance. 

Rijtema (1959) defined a method for determining plate impedance while 

Kunze and Kirkham (1962), Gardner (1962) and Doering (1965) further 

refined it into the one-step outflow method. 

The first approach for obtaining K used the one-step outflow 

procedure while the second approach, the multi-step method, utilized the 
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approach described by Klute (1964), Rather than measuring outflow over 

one fairly large pressure step as in the first approach, outflow was 

measured over four smaller pressure steps (10, 25, 50 and 90 kPa). Both 

approaches assumed that porous plate impedance could be neglected as 

insignificant when compared to the low hydraulic conductivities 

associated with the basalt cores. The one-step approach assumed that 

the hydraulic conductivity is constant over the entire pressure 

increment while the multi-step approach assumed that hydraulic 

conductivity was not constant. 

The one-step outflow method renders an estimate for unsaturated 

hydraulic conductivity by measuring the outflow volume that drains from 

a saturated sample over time. This is done by measuring the volumetric 

flow of a saturated sample when it was placed in a pressure cell and 

pressure applied. The increased pressure within the cell forces the 

water from the sample through the porous plate into the bottom of the 

cell where the outflow volume can be measured. The water stops moving 

out of the core when equilibrium is achieved, that is when capillary 

forces within the core counterbalance the applied atmospheric pressure. 

Pressure was supplied by compressed nitrogen gas and maintained by a 

computer control unit. 

For the purposes of this research eight modified Tempe pressure 

cells with one-bar porous plates were employed. The Tempe cells had 

been modified to allow circulation of fluids below the porous plate. 

This allowed for the removal of entrapped air. A peristaltic pump 

circulated air from tubing and beneath the porous plates in the cells 
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and out of the system. Figure 18 is a photograph of the tempe cells and 

figure 19 a photograph of the experimental setup. Seven core samples 

were run in the Tempe pressure cells using the large pressure step 

described as the one-step method while 104 were run using the 

multi-pressure steps. 

It was necessary to keep the Tempe cell scrupulously clean to 

prevent air leaks. A cleaned Tempe cell was assembled with two "o" 

rings on either side of the saturated porous plate. Both ends of the 

cylinder were fit with rubber sleeves to ensure a tight fit between the 

cylinder and the "o" rings in order to sustain a pressure in the cell. 

Silica gel paste was placed in the center of the porous plate and a 

saturated 41 ashless filter paper was placed on top the gel. The 

saturated core was firmly pressed into the filter paper/gel such that 

good hydraulic contact was established between the porous plate and the 

core. After the eight cells were assembled and connected to the 

circulating system, the pump was run to purge air from the system. When 

nitrogen gas had achieved the desired pressure, the pressure was applied 

to the cells. Changes in water volume in the burettes were recorded at 

the following intervals: 

Table 1: Schedule for number of readings and time taken of 
volumetric outflow data. 
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Figure 18: Photograph of Tempe cells in constant temperature 
chamber. 

Figure 19: Photograph showing Tempe cell experimental setup. 
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Reading Frequency (minutes) Interval (minutes) 

1 every minute 0 to 15 

1 every 2 minutes 16 to 26 

1 every 5 minutes 26 to 45 

1 every 15 minutes 45 to 90 

1 every 30 minutes 90 to 120 

Further readings varied but were taken hourly for several more hours 

followed by every two or three hours except overnight. In that case 

readings were taken late at night and early the following morning. This 

continued for at least 24 and frequently as long as 48 hours. 

At equilibrium when readings had stabilized, pressure was increased 

to the next increment and the procedure was repeated for the multi-step 

approach. In the one-step case the tempe cell was disconnected from the 

pressure source, disassembled, and the core samples weighed. At this 

point the core was returned to the oven. 

Data resulting from the multi-step approach were supplemented by 

data gathered using the pressure plate extractor and used in the 

construction of moisture characteristic curves. These equilibrium data 

were ultimately fed into the RETC (van Genuchten, 1987) program for 

parameter estimation necessary in the calculation of unsaturated 

hydraulic conductivity and diffusivity. 

Outflow volumes from the one-step approach were directly used in 

SFIT (Kool and Parker, 1987) to also estimate fitting parameters for the 

calculation of unsaturated hydraulic conductivity of the basalt matrix. 
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SFIT 

Kool and Parker's (1987) SFIT program was developed for estimating 

soil hydraulic properties from one-step outflow data. It can estimate 

up to five properties in van Genuchten's K-O-h model (1980) for 

one-dimensional, vertical, transient flow data using a weighted 

nonlinear least squares approach. 

It is assumed that hydraulic properties can be described by 

Mualem's (1980) parametric model 

S. e 
( 2 . 6 )  

where 

0, 

S 

S 

e effective saturation, 
(dimensionless); 

saturated volumetric water content; 

0 

0 residual volumetric water content; 

volumetric water content; 

a 

h 

n 

fitting parameter; 

fitting parameter; 

pressure head, (m). 

with 

_i 
K = KG JiTB [l - (l - s g

m ) m ] 2  
(2.7) 
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m = 1 - 1/n 

where 

K„ saturated hydraulic conductivity, 
(ms"1). 

SFIT determines the parameters by solving the weighted nonlinear 

least squares problem 

min0(jb) = £ [tv^ {gi - ql (b) }]2 (2.8) 
i-l 

where 

q vector of observations (measurements); 

q* vector of corresponding model 
predictions for given parameter 
vector b = (a, n, 0r, 0S, Ks; 

Wj weight given to the i-th 
observation. 

RETC 

RETC is a least squares optimization process that can be used to 

fit several analytical functions to observed retention and unsaturated 

hydraulic conductivity or diffusivity data. The soil water retention 

curve can be described with equations proposed by Brooks and Corey 

(1964) or van Genuchten (1980). This code can be used to predict the 

unsaturated hydraulic conductivity from observed soil water retention 
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data if the saturated hydraulic conductivity is known, 

The soil water retention curves are given by 

0 = 0r + ^^ (2.9) 
[l + (a i3)n]m 

where 

e = e, + 6« ~ (2.io) 
a h n  

0 volumetric water content, dimensionless; 

0r residual water content; 

0S saturated water content; 

h total pressure head, (m); 

or fitting parameter; 

n fitting parameter; 

m fitting parameter. 

This program allows the choice of either Hualem or Bureine's 

predictive conductivity model. Hualem's model was used: 

" r f{s-) 
where B e 

K = Ks Se [ I2 (2.11) 

f ( S e )  =  d S ' e  < 2 * 1 2 )  
h (s'e) 

EPIFLUORESCENCE MICROSCOPY 



54 

Matrix porosity was viewed using the epifluorescence technique, a 

modification of incident-light fluorescence, developed by the Institute 

of Gas Technology (Foh, et. al, 1987, Soader, 1988). 

Two 2.54 cm diameter basalt plugs were cored using a diamond-

studded core bit from several of the basalt blocks and trimmed to 

approximately 2.54 cm in length. These were sent to the Institute of 

Gas Technology in Chicago, Illinois where they were shielded in lead, 

and dried for at least a week in a controlled humidity oven at 60°C and 

45% relative humidity. The samples were impregnated with 

fluorescent-dyed epoxy using vacuum followed by pressure, then mounted 

on glass slides and ground into thin sections. Petrographic 

observations were undertaken to observe the pore geometry and structure 

of interconnected void spaces. Figure 20 is a photograph of a thin 

section. The large vesicles are obvious in the figure as are the 

thread-like intercrystalline fractures that can be seen connecting the 

vesicles to one another through the rock matrix. The thread-like 

fractures are responsible for the low permeabilities of the basalt. 

These narrow, linear intergranular microfractures are flow paths for 

water movement through the basalt matrix. 

X-RAY DIFFRACTION 

Three samples were taken to the Department of Soil and Water 

Science at the University of Arizona for X-Ray diffraction analysis. 

These included a sample of the sedimentary material in the horizontal 

channels, secondary mineralization within the vesicles and a fresh 
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Figure 20: Photograph of thin section showing basalt matrix permeability. 

U1 
cn 



56 

sample of the basalt itself. Major mineral components for each of these 

samples were identified. This was done by analyzing the angles at which 

diffraction occurs. Since no two minerals have exactly the same 

interatomic distances in three dimensions, these angles are distinctive 

for each mineral. The interatomic distances within a mineral crystal 

then result in a unique array of diffraction maxima, which serves to 

identify the mineral. Figures 21, 22 and 23 show the diffraction 

tracings of the three samples. As can be seen the basalt is largely 

plagioclase (labradorite), pyroxene and olivine. Calcite dominates the 

vesicle fillings and is the major component of the sedimentary material 

in the fractures and horizontal channels. Other components include 

moderate amounts of quartz, small amounts of feldspars and trace amounts 

of Cristobalite. 
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Figure 21: X-Ray diffraction tracing of basalt. CTt 
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Figure 22: X-Ray diffraction tracing of vesicle fill material. 
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Figure 23: X-Ray diffraction tracing of cover material. CJl to 
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CHAPTER THREE 

BLOCK EXPERIMENTS 

Review of Background Block Experiments 

Previous experiments performed on rock test blocks include those on 

discrete and in situ blocks of varying lithologies. Experiments done at 

the University of Arizona other than that reported here have examined 

fluid transport and developed breakthrough curves for single vertical 

fractures in tuffaceous rock. Haldeman (1988), Chuang (1988) and Myers 

(1989) developed techniques, performed infiltration experiments, and 

determined matrix hydraulic conductivity and fracture transmissivity on 

tuffaceous blocks. 

Research recently completed at the Colorado School of Mines 

involved an in situ test block of metamorphic gneiss located in an 

underground research facility. The block measured 2 m on each side and 

contained several continuous fractures. A series of experiments 

measuring rock mechanic and hydraulic properties related to underground 

disposal of hazardous waste have been performed on this block (Hardin et 

al., 1981; Montazer et al., 1982; Jakubick, 1983; Brown, 1986; 

Richardson, 1986; Sour et al., 1987). 

BLOCK EXPERIMENTS 

The 20 cm x 20 cm x 50 cm block judged to have the most uniform 
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surface vesicularity and be most free of horizontal channels was dried 

in a 105°C oven for fourteen days. Weights were taken prior and 

subsequent to drying. The block was then wrapped in plastic and stored 

for the summer. In the fall of 1989, a frame was constructed of angle 

iron and rubber. Before the block was suspended in the frame, the sides 

were sprayed with a clear spray lacquer. The lacquer had been evaluated 

and shown not to penetrate the rock. Care was taken to avoid getting 

any lacquer on the top or bottom of the block. Lacquering the sides was 

done to prevent fluid loss due to evaporation thereby conserving 

infiltration solution and ensuring one dimensional flow in the vertical 

direction. Special care was taken to heavily spray areas where 

horizontal channels or large vesicles were evident. After the lacquer 

had dried, eight 0.635 cm holes were drilled approximately 5 cm deep 

into two sides of the block. These holes were to be used as tensiometer 

ports and were strategically located such that one hole should not 

interfere with hydraulic characteristics of neighboring holes. 

Specifically, this was done to avoid any shadowing effects from an up-

gradient hole. Pressurized air was used to clean the holes of the 

resulting rock dust. The block was then suspended in the frame. Figure 

24 is a photograph of the block suspended in the frame and showing 

tensiometer ports. Before hanging three 100 ml burettes above the 

block, porous plates needed to be calibrated and microtensiometer 

designed, constructed and calibrated. 



Figure 24: Photograph of basalt block suspended in frame. 
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POROUS PLATE CALIBRATION 

Two bar porous ceramic plates custom made in two sizes were used to 

deliver a 0.001 M solution of calcium chloride to the block. Figure 25 

is a photograph of one of the porous plates. The sides of each of the 

plates were painted with epoxy to ensure flow of solution through the 

plate remained one dimensional and to prevent evaporation as the sides 

were not in contact with the block. It was necessary to calibrate the 

porous plates to determine their conductance so that an accurate 

calculation of the fluid potential drop across the plate could be made. 

Plates were calibrated using similar procedures to those used by 

Myers (1989) and Haldeman (1988). However, the procedures were slightly 

adapted to avoid long lengths of tubing which introduce error through 

evaporation losses and internal tubing drag. Also the calibration setup 

was changed allowing three-fingered lab clamps to hold the plate into 

the solution such that the top of the solution was even with the top of 

the plates. Also readings were taken directly from a burette rather 

than a manometer. Prior to calibration the plates where placed in a 

ultrasonic cleaner to clean them and also remove entrapped air from the 

fine pores in the ceramics. Time in the ultrasonic varied, but in all 

cases exceeded three hours. Figure 26 is a photograph of the 

calibration setup. 

The calcium chloride solution was used as the calibration fluid 

because it is compatible with the conservative tracer solution to be 

used later. Thymol was added to the solution to reduce biological 



Figure 25: Photograph showing ceramic porous 
plate from top and bottom. 
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Figure 26: Photograph showing experimental setup for calibrating 
porous plates. 
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growth. It did not appear to completely eliminate the growth as it was 

later found to be present. 

Calibration readings, which consisted of the rate the solution 

flowed through the porous plates at several different heads, were taken 

frequently although not on a set schedule. Conductance is defined as 

the flow rate per unit area per unit head drop across the plate and was 

calculated as follows: 

where: 

C = conductance, (time"1); 

Q = q /A = flow rate, (m3 minute"1); 

q = volume of solution flowing through porous 

plate, (m minute"1); 

A = area of porous plate, (m2); 

H = Total head at top of plate, (m); 

h = Total head at bottom of plate, (m). 

MICROTENSIOMETRY 

Microtensiometers were constructed to determine the moisture 

potential of the basalt block. This was accomplished by letting the 

porous cup portion of the tensiometer come into hydraulic contact with 

the basalt through the use of a filter material. The moisture in the 
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basalt near the cup was in hydraulic contact with the water inside the 

cup through the pores in the cup wall. Flow through the cup wall tended 

to bring the tensiometer water into equilibrium with the basalt water. 

As the basalt water content increased due to the presence of the wetting 

front from the infiltration experiment, changes in readings on the 

voltmeter occurred. These readings gave a precise indication when the 

wetting front passed near the area of the cup. 

Microtensiometer Construction 

One bar ceramic porous cups were obtained from Soil Moisture 

Corporation that measured 0.6 cm x 2.0 cm. Hollow aluminum tubing was 

obtained of the size that snugly fit inside the porous cup and was 

epoxied to the lip of the cup. Extreme care was taken such that only 

the top rim of the porous cup was exposed to the epoxy so that the 

hydraulic conductivity of the cup was unaffected. To ensure a good seal 

between the tubing and the cup, a positive pressure of slightly less 

than one bar was applied to the top of the tube. The cup and portions 

of the aluminum tubing were placed under water. If bubbles arose from 

the cup, the seal and/or cup were deemed unfit for this experiment. A 

"T" connection similar to one described by Myers (1989) was used to 

connect the tensiometer to the pressure transducer and thereby the 

voltmeter. Figure 27 is a photograph of the tensiometer along with the 

"T" connection. 



Figure 27: Photograph of microtensiometer 
showing "T" connection and micro-
transducer. 
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Microtensiometer Calibration 

A calibrated MICRO SWITCH 160PC series transducer was first coupled 

with the microtensiometer, and this assembly was then calibrated. Two 

types of calibration procedures were used. The first involved placing 

the tensiometer in a chamber which was held closed with a rubber 

stopper. A very small hole was drilled into the stopper to allow the 

aluminum tube to pass through it. To the open end of the tube was 

placed the "T" connection/transducer assembly which was hooked to a 

voltmeter. This allowed a vacuum to be drawn on the porous cup portion 

of the tensiometer which was submerged in a 0.001 M calcium chloride 

solution. A manometer was also placed between the vacuum pump and 

tensiometer. Various suctions were drawn and measurements taken. These 

were plotted yielding a calibration curve. 

The second calibration approach involved using a MICRO SWITCH 130PC 

(for its broader pressure range), a vacuum pump, the same chamber, and a 

mercury filled manometer. Readings were taken at various suctions 

yielding a second calibration curve. 

Block Experimental Setup 

On top of the frame above the suspended block, three 100 ml 

burettes were hung. An attempt was made to keep the distance between 

the block and burettes short such that no unnecessary error was 

introduced to the system. Each burette could be easily adjusted up and 

down to facilitate head changes whenever necessary. Care was taken to 
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level the burettes vertically and the block horizontally. Burettes were 

filled with a 0.001 H deaerated calcium chloride solution. Figures 28 

and 29 are photographs of the burette configuration. 

A container of C02 gas was connected to the top of the block. The 

top connection was constructed such that it was air tight, thus 

subjecting the entire top surface of the block to C02 infiltration. The 

gas was allowed to infiltrate throughout the whole block and exit out 

the bottom. The C02 gas was used to displace air originally present in 

the block. Because 2 gas is soluble in water, air should not become 

entrapped and thus develop air pockets which would affect the hydraulic 

properties of the block. 

Immediately upon draining the C02 tank, the connection was removed. 

A cut to fit filter fabric cut slightly larger than the block surface 

measurement was placed directly on the block. On top of the filter, 

approximately one cm of dampened, prewashed and filtered sand was 

carefully packed. This was leveled to ensure flat, level surfaces for 

the porous plates. The plates were firmly placed side by side into this 

sand bed. All of this was done to ensure good hydraulic contact between 

the plates and basalt block. Burettes were connected to each porous 

plate, bubbles flushed from the plates, and solution was introduced into 

the plates and block. This portion of the experiment was executed as 

quickly as possible to avoid air re-entry into the flushed block. 

Infiltration Measurements 

Infiltration rate was recorded. Readings were taken frequently 



Figure 28: Photograph of plate configuration. Figure 29: Photograph showing burettes. 

11••• I » < -**••!•••< 

:D-:' 
i rJfS 



72 

although not on a set schedule. Burettes were filled with solution as 

necessary. As the infiltration progressed, small amounts of solution 

drained from the sand and channeled down areas on the block sides. To 

prevent this, the head at the bottom of the plate was calculated and 

usually the head supplying the plate where the leak occurred was 

dropped. Care was taken to avoid fluid loss through this mechanism 

although some was unavoidable. Infiltration began of February 7, 1990 

and continued through June 2, 1990. Although no solution actually 

flowed from the bottom of the block, saturation of the block was 

believed to have been complete. 

The lacquered sides inhibited evaporative losses, but the 

tensiometer ports were open to the air and evaporation was a possibility 

as the wetting front approached. To avoid this the sides of the entire 

block were wrapped in duct tape. Wrapping of the block was continued 

throughout the duration of the infiltration experiment. Occasionally, 

portions of the tape would be removed, and the block sides were dry with 

the exception of those places where channeling had occurred due to 

solution draining from the sand below the porous plate during the 

initial period of infiltration. 

Initial conditions 

An attempt was made to monitor initial conditions by the use of a 

sling psychrometer and a dew point microvoltmeter. The microvoltmeter 

did not prove to be to useful at least initially as the basalt was too 

dry and, therefore, the suction too high to fall into the sensitivity 
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range of the instrument. As the wetting front approached a tensiometer 

port, suctions decreased and readings could be obtained with the 

instrument. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

Summary of Vesicular Basalt Characterization 

This chapter contains the results obtained for dry bulk density, 

porosity, saturated hydraulic conductivity, moisture characteristic 

curves, and a discussion of estimation methods and values for 

unsaturated hydraulic conductivity. Also included in this section is an 

analysis of the infiltration data on the 20 cm x 20 cm x 50 cm block. 

Porosity and Drv Bulk Density 

Dry bulk density was determined for 71 cores. The diameter for all 

cores was 5.6 cm; length ranged from 5.4 to 5.8 cm. Dry weights ranged 

from 310.49 to 349.92 gm, while saturated weights ranged from 345.17 to 

380.00 gm. Table 2 is a tabulation of the 71 samples along with their 

measurements, weights, porosities, and calculated values for dry and 

saturated bulk densities. Statistics for dry bulk density indicate a 

mean of 2.40 gm cm"3 and a range of 2.14 to 2.58 gm cm"3 with standard 

deviation of 0.09. Considerably more variation was evident in the 

porosity values. 

Three of the samples were apparently slightly more dense (4-2B, 

17.92%; 6-1C, 17.13%; and E5-1B, 18.53% porosity). Samples VC-E2, VA4 



ID POROSITY DRY B.D. SAT.B.D. SK. D. 
No (%) (gm cm"3) (gm cm"3) (gm m"3) 

1-1A 23.13 2.417 2.648 3.14 
1-2A 25.18 2.323 2.575 3.11 
2-1A 27.81 2.251 2.529 3.12 
4-1B 22.52 2.361 2.586 3.05 
4-1C 25.13 2.368 2.619 3.16 
4-2A 23.33 2.277 2.510 2.97 
4-2B 17.92 2.396 2.575 2.92 
4-2C 23.50 2.313 2.548 3.02 
6-1A 21.88 2.467 2.686 3.16 
6—IB 26.65 2.141 2.407 2.92 
6-1C 17.13 2.358 2.529 2.85 
6-2A 21.66 2.472 2.688 3.16 
6-2B 21.94 2.363 2.582 3.03 
6-2C 22.24 2.484 2.707 3.19 
7-1C 21.90 2.215 2.434 2.84 
7-2A 22.64 2.265 2.491 2.93 
7-4B 22.23 2.223 2.445 2.86 
7-5A 21.09 2.221 2.432 2.81 
8-1A 23.24 2.348 2.580 3.06 
8—IB 22.42 2.387 2.612 3.08 
8-2A 23.48 2.325 2.560 3.04 
8-2B 24.37 2.427 2.671 3.21 
8-2C 20.37 2.395 2.598 3.01 
V9-A 21.05 2.533 2.743 3.21 
V9-B 22.28 2.426 2.649 3.12 
V9-C 20.31 2.500 2.703 3.14 
V-8B 24.67 2.353 2.600 3.12 
10—IB 23.32 2.442 2.675 3.18 
10-IC 21.12 2.493 2.704 3.16 
10-2A 22.63 2.497 2.723 3.23 
10-2B 24.24 2.473 2.715 3.26 
12-1A 22.62 2.449 2.675 3.17 
12-1B 20.19 2.508 2.710 3.14 
12-2A 20.79 2.488 2.696 3.14 
12-2B 24.24 2.486 2.728 3.28 
12-2C 22.12 2.455 2.676 3.15 
14-3A 22.78 2.430 2.658 3.15 
14-4B 24.86 2.364 2.613 3.15 
17—1A 24.52 2.343 2.588 3.10 
17—1C 23.73 2.357 2.594 3.09 
17-2A 25.35 2.361 2.615 3.16 

Table 2: Porosity and density values. 
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Table 2: (continued) 

ID POROSITY DRY B.D. SAT.B.D. SK. D. 
(9 m'3) No (X) (gm cm"3) (gm cm ) 
SK. D. 
(9 m'3) 

E4-2A 23.90 2.431 2.670 3.19 
E4-2B 20.48 2.357 2.561 2.96 
E4-3A 21.94 2.377 2.596 3.04 
E4-4A 23.03 2.404 2.635 3.12 
E4-4B 24.27 2.407 2.650 3.18 
E4-4C 23.60 2.460 2.696 3.22 
E5-1A 21.13 2.449 2.660 3.10 
E5-1B 18.53 2.441 2.626 3.00 
E5-2A 21.78 2.463 2.680 3.15 
E5-2B 22.09 2.486 2.707 3.19 
E5-2C 20.41 2.493 2.697 3.13 
H10-B 21.23 2.447 2.659 3.11 
H13-B 20.44 2.520 2.724 3.17 
H4B 23.21 2.325 2.557 3.03 
H4-C. 24.23 2.423 2.666 3.20 
V10-C 21.75 2.533 2.750 3.24 
V6E2 24.55 2.217 2.462 2.94 
V8B 24.42 2.312 2.556 3.06 
V9A 21.05 2.533 2.743 3.21 
V9B 22.48 2.403 2.628 3.10 
V9C 20.59 2.498 2.704 3.15 
V9'-B 21.61 2.458 2.674 3.14 
VA 25.02 2.373 2.623 3.16 
VA3 22.60 2.378 2.604 3.07 
VA4 27.08 2.282 2.553 3.13 
VC-2E 35.97 2.350 2.710 3.67 
V'9C 22.29 2.481 2.704 3.19 
V'9-A 25.24 2.454 2.706 3.28 
WC4 24.47 2.336 2.581 3.09 
W-13A 20.85 2.583 2.792 3.26 
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and 2-lA (35.97, 27.08, and 27.81% porosity) were the most porous of the 

cores. Variations in porosity were not obvious from physical 
. j * 

inspection. Mean porosity was about 23%. A summary of the statistical 

analysis for effective porosity and dry bulk density is tabulated in 

Table 3. 

Table 3: Summary of dry bulk density and effective porosity 
values obtained from vesicular basalt cores. 

Statistical 
Parameter 

Dry Bulk Density 
(gm cm"3) 

Effective 
Porosity (%) 

Mean 2.40 22.86 

Coef. Var. 3.53% 10.94% 

Minimum 2.14 17.13 

Median 2.41 22.60 

Maximum 2.58 35.97 

Obtaining an accurate saturated weight was difficult as immediately 

upon removal from the solution, water drained out of the larger vesicles 

and, thus the core was no longer fully saturated. This problem was 

resolved by using a tared weighing dish. Water that drained out of the 

vesicles was included in the saturated weight. 

QA/QC 

Laboratory QA/QC was checked by statistically comparing saturated 

masses of four cores. These cores had been vacuum saturated multiple 

times during the months that the multi-step outflow experiments were 

run. Statistical parameters were developed for each core's saturation 
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episodes, and these parameters were then statistically compared to each 

other. The four coefficient of variations were averaged to obtain an 

average coefficient of variation of 56.75%. 

SKELETAL DENSITY 

Table 4 is a summary of the statistical properties obtained from 

calculation of skeletal densities of 71 core samples. 

Table 4: Summary of skeletal density statistical properties. 

Statistical Property Skeletal Density mg m"3 

Mean 3.11 

Coefficient of Variation 4.18% 

Minimum 2.81 

Median 3.14 

Maximum 3.67 

Skeletal densities of the 71 cores are printed in Table 2. 

PNEUMATIC PERMEABILITY 

Six samples that were subcored and tested for pneumatic 

permeability are listed in Table 5. The porosity is an air porosity, 

therefore higher than the effective porosities listed above. 

Nevertheless, the permeability values are in close agreement. 
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Table 5: Summary of pneumatic permeability data. 

Sample Total 
Porosity 

Void Vol. 
cm 

Air 
Perm, m 

P-1 30.58% 4.09 4.67X10"13 

P-2 26.73% 3.57 3.66X10"13 

P-4 28.53% 3.80 4.92X10"13 

P-5 29.44% 3.93 4.82X10"12 

P-6 37.48% 5.01 3.68X10"13 

P-7 24.86% 3.32 5.18X10"13 

Saturated Hydraulic Conductivity 

At least two saturated hydraulic conductivity (Ks) tests were run 

for each core sample. If the second value was significantly different 

than the first value, the test was repeated at least twice again at a 

later time. This limited the possibility of experimental error. Values 

for Ks are listed in Tables 6 and 7. The samples have been separated 

into the cores drilled vertically (Table 6) and those cored horizontally 

(Table 7). Twenty-nine vertical and seventeen horizontal cores were 

tested for Ks. Mean Ks measured were an order of magnitude higher in 

the vertical direction than the horizontal (vertical, 9.81X10"7 m s"1; 

horizontal, 8.42X10"sm s'1). This apparent Ks anisotropy resulted 

principally from three samples whose measured Ks values were 

approximately 8.80X10"6 m s~1. When these samples along with all whose 

measured time was less than one minute were deleted, the mean Ks values 

for both directions were virtually indistinguishable. This apparent 



SAMPLE Ks Permeability 
NAME (m/sec) (m2) 

10-2A 1.2090X10"' 1.1025X10"U 
10-2B 1.4710X10 1.3414X10 
10-2C 8.8260X10 8.0486X10"15 
12-2A 1.2791X10 1.1665X10"^ 
12-2C 2.3854X10 2.1753X10"1* 
14-4B 1.6466X10'® 1.5016X10'* 
17-2A 4.7452X10"® 4.3272X10"15 
1-2A 4.4352X10"® 4.0445X10*15 
4-2A 3.0860X10"® 2.8142X10*15 
4-2B 9.2905X10"® 8.4722X10"15 
6-2B 4.2433X10'® 3.8695X10'15 
6-2C 4.7198X10"® 4.3041X10"15 
7-2A 2.8198X10"® 2.5714X10"® 
8-2A 9.0061X10"® 8.2129X10"1* 
8-2B 8.8260X10" 8.0486X10*13 
8-2C 8.8260X10 8.0486X10*13 
104-2A 2.9818X10"® 2.7191X10'15 
104-2B 1.1172X10 1.0188X10* 
104-4A 3.0330X10"® 2.7658X10"15 
104-4B 5.3491X10"® 4.8779X10'15 
104-4C 6.3957X10"® 5.8323X10"15 
105-2A 7.5436X10"® 6.8791X10*" 
105-2B 8.8260X10" 8.0486X10"13 
V8B 7.1756X10"® 6.5436X10"15 
V9C 9.1938X10'® 8.3840X10"15 
VA 6.9496X10"® 6.3375X10*" 
VC10 8.2486X10"® 7.5221X10"15 
VC102 6.2596X10*® 5.7082X10*15 
WB10 5.9635X10'® 5.4382X10*15 

Table 6: Vertical Ks values. 



SAMPLE 
NAME 

Ks 
m/sec 

permeability 
(in2) 

8-1A 
10-1B 
12-1A 
17-1C 
4-1B 
10-1C 
12-1B 
2-1A 
4-1C 
17-1A 
2-ID 
7-1C 
E5-1B 
8-1B 
1—1A 
6-1C 
E4-3A 

5.8450X10"° 
6.3043X10 
3.8541X10*® 
1.7306X10 
1.5191X10 
5.2850X10 
4.5031X10 
1.5789X10 
1.5217X10"* 
3.0860X10 
1.5191X10"8 
3.7557X10 
5.2850X10 

-8 

-7 

5.8450X10"8 
5.0434X10 

5.8450X10 
1.0263X10 

5.3302X10" 
5.7490X10" 
3.5147X10" 
1.5782X10" 
1.3853X10" 
4.8195X10" 
4.1064X10' 
1.4398X10" 
1.3877X10" 
2.8142X10" 
1.3853X10" 
3.4249X10* 
4.8195X10" 
5.3302X10" 
9.3588X10" 
5.3302X10" 
4.5992X10" 

Table 7: Horizontal Ks values. 
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vertical anisotropy is not expected to persist to the field scale. 

There it is expected that a saturated wetting front with relativity 

little matrix suction should flow fairly readily through the horizontal 

flow channels and along flow tops and bottoms. 

Table 8 is a statistical summary of the analysis for both 

horizontal and vertical KB values. 

Table 8l Summary of hydraulic conductivity values obtained from 
29 vertically and 17 horizontally cored basalt samples. 

Statistical 
Parameter 

Horizontal 
Basalt Cores 

Vertical 
Basalt Cores 

Mean 8.42X10"8 m s'1 9.81X10"7 m s"1 

Coef. Var. 166.77% 271.21% 

Minimum 1.52X10"8 m s~1 1.65X10"8 m s'1 

Median 5.04X10"8 m s~1 7.18X10"8 m s"1 

Maximum 6.30X10"7 m s~1 8.83X10"6 m s"1 

The cores with the high hydraulic conductivity values were visually 

inspected to determine if any evidence for the high Ks values was 

present. Secondary mineralization was evident throughout the cores, 

indicating that they had indeed been conduits for water in the past. 

However, fractures or connected vesicles were not evident. 

Finally positions of these cores within the large original block 

were checked. A majority of the Ks values less than 1.47X10'7 m s'1 

(corresponding to a measured time of 60 seconds or less) were located in 

the center of the block. See Figure 30. Samples (although not every 
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Figure 30: Middle section of basalt rock. Arrows indicate areas of 
anisotropy. 
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sample) from blocks 8, E5, and 12 had the highest measured Ks values. 

The vertical and horizontal arrows in Figure 30 indicate locations of 

anisotropic zones within the blocks. The arrows correspond to Ks values 

less than 1.47X10"7 m s"1. 

TEMPE CELL OBSERVATIONS 

A major difficulty encountered early in finding equilibrium points 

with either the Tempe pressure cells or the pressure plate extractor was 

establishing hydraulic contact between the basalt core and the saturated 

porous plate. Originally a fine silica flour paste was used; however, 

this proved unsatisfactory due to fine silica flour grains migrating 

into basalt vesicles which could significantly alter the weight of the 

cores and introduce error in the calculation of the equilibrium point. 

To prevent the problem of silica contamination of the samples, a filter 

cloth was used in combination with the fine silica flour. The filter 

cloth worked best paired with the fine silica flour. However, the best 

method for establishing hydraulic contact developed in this research was 

use of a coarse grained silica gel combined with the 41 filter paper. 

This method was ideal for establishing hydraulic contact between the 

plate and core. 

The major difficulty encountered in using the Tempe pressure cells 

was avoidance of air leaks. This was very difficult especially at 

pressures near one bar. For this reason the highest equilibria pressure 

point obtained using the Tempe pressure cell was 90 kPa. A peristaltic 

pump was run at very low speeds to drive air bubbles out of the system 



at the beginning of a test but was not run further during the test. If 

air leaks developed, the test was considered failed for that pressure 

and all subsequent pressures. 

A second difficulty was moisture loss due to condensation on the 

sides of the Tempe cells. Condensation losses were significantly 

reduced, although not totally eliminated, by wrapping the sides of the 

Tempe cells with aluminum foil and maintaining the cells in a constant 

temperature chamber. 

Due to the vesicular structure of the basalt being characterized, 

water readily drained from the large vesicles under gravity pressure. 

Therefore, some solution had drained from the rock by the time all eight 

tempe cells had been assembled and connected to the fluid and pressure 

systems. Since air could not be purged from the system until all 

assemblage was done, the water thus drained from the rock could not be 

accounted for in the subsequent measurements. After the test was 

finished and weights taken, this lost solution was calculated into the 

equilibrium point. The procedure was substantiated by using the 

pressure plate extractor at these pressures and taking weights of cores. 

This was only a problem at saturation, and experimental tests indicated 

roughly 66% of the solution drained from the cores in the 0-10 kPa 

pressure step. Thus, slopes of the moisture characteristic curves are 

initially very steep. 

MOISTURE CHARACTERISTIC CURVES 
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Slopes of moisture characteristic curves in soils traditionally 

show considerable variation between the sorption and desorption limb of 

the curve. This is known as hysteresis, and results in equilibrium soil 

wetness at a given matrix tension being greater in desorption than in 

sorption. Although this research concentrated on the desorption limb of 

the moisture characteristic curve, the sorption limb was investigated on 

limited scale. 

Desorption Curves 

Moisture characteristic curves were developed from equilibrium data 

derived from both the pressure plate extractors and Tempe pressure cells 

techniques. MCCs were developed for 60 core samples. Equilibrium 

points at 10, 25, 50, and 90 kPa were developed from Tempe cell multi-

step outflow data. Equilibrium points at 200 kPa and higher resulted 

from the pressure plate extractor data. Since there was little if any 

water content change between 400 and 500 kPa, 500 kPa was considered 

residual moisture content, and it was assumed that the slope of the MCC 

at higher pressures would be similar to that at 500 kPa. Curves were 

only developed from data that was complete. Some Tempe pressure cell 

runs could not be utilized due to air leaks in cells at some point in a 

run. A run was considered complete when data was collected through 

equilibrium for pressures 10 through 90 kPa for an individual core. 

Table 9 is a listing of equilibrium points corresponding to matrix 

suctions. 

These points include those obtained from the Tempe cell and 



VESICULAR BASALT MOISTURE CHARACTERISTIC CURVE DATA 

(kPa units) 

Sample water 10.00 25.00 50.00 90.00 200.00 300.00 500.00 

12-lb 26.90 14.58 2.50 3.30 4.10 0.26 0.06 0.13 

wb-13 24.29 22.19 0.00 0.00 0.00 0.22 0.22 -0.02 

10—lb 26.81 16.41 2.90 2.90 1.80 0.58 0.06 0.01 

8-2b 28.28 18.53 2.60 2.70 2.50 0.32 0.17 0.07 

e4-3a 30.26 20.74 2.30 3.20 1.60 0.47 0.03 0.12 

2-ld 31.85 20.03 3.20 3.80 2.00 0.54 0.12 0.12 

10—lc 28.24 16.05 3.50 5.00 1.40 0.31 0.24 0.01 

10-2c 29.61 18.44 2.30 3.10 3.50 0.25 0.01 0.07 

14-2a 32.93 23.09 1.40 1.80 3.80 0.70 0.27 -0.02 

e4-2a 30.47 28.53 0.00 0.00 0.00 0.24 0.02 0.01 

e5-lb 26.01 15.69 1.20 1.80 4.80 0.32 0.18 0.02 

6-2c 25.23 16.15 1.90 2.30 2.00 0.76 0.33 0.07 

Table 9: Moisture characteristic curve equilibrium points. 



VESICULAR BASALT MOISTURE CHARACTERISTIC CURVE DATA 

(kPa units) 

Sample water 10.00 25.00 50.00 90.00 200.00 300.00 500.00 

14-2b 32.47 24.42 0.00 0.00 0.00 0.42 1.04 2.51 

2-la 38.03 22.15 2.20 2.90 3.60 0.90 1.25 1.30 

10-2a 32.64 17.30 2.30 2.80 2.90 0.64 2.92 0.66 

17-2a 37.90 12.73 3.50 5.10 6.60 0.62 0.46 1.01 

14-lc 37.46 18.89 3.00 0.30 3.70 0.77 0.16 2.39 

12-2a 31.11 12.74 2.00 3.50 3.80 1.38 2.05 2.27 

14-2c 42.38 30.44 0.00 0.00 0.00 0.69 5.84 1.83 

14-4b 33.98 17.62 2.50 1.00 2.50 0.46 1.02 3.42 

8-lc 30.43 20.47 0.00 0.00 0.00 1.15 4.83 0.42 

e5-2a 29.93 12.52 4.00 3.50 2.20 0.83 1.78 1.36 

4-lc 37.49 24.35 0.00 0.00 0.00 0.10 1.67 5.42 

(Table 9 continued) 



VESICULAR BASALT MOISTURE CHARACTERISTIC CURVE DATA 

(kPa units) 

Sample water 10.00 25.00 50.00 90.00 200.00 300.00 500.00 

14-3a 41.36 22.69 2.50 3.40 3.00 1.34 1.60 2.06 

8-lb 33.56 17.42 2.20 2.50 2.60 0.88 2.60 1.46 

va4 37.63 26.18 0.00 0.00 0.00 1.07 0.95 1.34 

12-2b 33.44 24.58 0.00 0.00 0.00 3.19 0.44 1.38 

12-la 34.07 16.06 2.30 3.50 4.40 1.11 0.96 2.06 

hblO 34.79 24.19 0.00 0.00 0.00 3.01 1.45 1.18 

v6e2 34.47 15.21 1.60 2.40 5.60 2.43 0.78 1.31 

4-la 43.08 32.73 0.00 0.00 0.00 3.03 0.49 1.08 

14-x 32.60 20.38 0.00 0.00 0.00 0.82 1.20 2.71 

6-2a 33.60 22.84 0.00 0.00 0.00 1.05 1.13 0.66 

17-lb 33.02 25.28 0.00 0.00 0.00 1.89 0.94 1.20 

(Table 9 continued) 



VESICULAR BASALT MOISTURE CHARACTERISTIC CURVE DATA 

(kPa units) 

Sample water 10.00 25.00 50.00 90.00 200.00 300.00 500.00 

17-la 37.27 16.99 3.00 3.40 4.20 0.94 1.79 1.31 

14-la 37.60 24.16 0.00 0.00 0.00 1.00 1.35 1.19 

e4-2c 37.59 22.12 3.20 3.50 0.00 1.14 1.58 1.53 

6-2a 30.43 15.74 0.00 3.70 2.80 2.05 1.40 0.15 

e4-4c 33.38 17.41 2.70 3.30 3.10 2.08 1.48 -0.04 

e4-2a 33.54 15.63 2.70 4.60 3.70 1.19 1.90 -0.09 

17-lc 40.30 19.81 3.00 4.30 0.00 1.59 0.74 0.33 

17-la 37.27 24.79 2.50 2.50 1.20 2.13 1.45 -0;28 

e4-2a* 32.63 14.23 3.30 3.20 3.70 2.82 2.04 -0.05 

4-2b 32.67 15.11 2.80 3.50 0.00 0.63 1.56 1.56 

hblO 28.17 18.98 0.00 0.00 0.00 1.00 1.43 1.37 

(Table 9 continued) 



VESICULAR BASALT MOISTURE CHARACTERISTIC CURVE DATA 

(kPa units) 

Samp!e water 10.00 25.00 50.00 90.00 200.00 300.00 500.00 

e4-2b 28.25 10.80 2.50 2.80 3.10 0.93 0.63 1.01 

4-lb 30.26 8.10 3.20 3.70 3.80 1.32 1.02 1.61 

17-2a 34.56 25.29 0.00 0.00 0.00 0.97 0.98 1.49 

va3 31.17 26.29 0.00 0.00 0.00 1.11 0.26 0.66 

8-2a 30.07 10.78 2.80 4.00 3.30 1.07 0.52 1.73 

vce2 34.62 14.24 1.60 2.40 5.60 0.31 0.69 0.98 

wal3 30.05 15.65 2.30 3.00 0.90 1.79 0.80 0.76 

10-2b 32.99 16.35 0.00 4.30 4.90 0.56 0.37 1.19 

1-la 32.43 13.73 2.80 5.30 0.54 0.78 0.88 

6-la 32.34 10.75 4.00 2.50 3.10 0.11 0.44 0.97 

8-2c 33.92 16.45 2.60 2.70 1.60 2.05 0.27 1.50 

(Table 9 continued) 



VESICULAR BASALT MOISTURE CHARACTERISTIC CURVE DATA 

(kPa units) 

Sample water 10.00 25.00 50.00 90.00 200.00 300.00 500.00 

va 33.28 15.18 0.00 2.40 5.40 3.63 0.78 0.38 

va4 32.36 13.98 2.50 3.20 2.30 0.81 0.91 0.58 

v'9b 32.08 10.83 3.30 3.70 3.70 2.71 0.04 0.67 

12-2b 28.87 17.29 0.00 1.60 4.80 0.51 0.20 0.84 

v9b 30.45 17.00 1.40 0.00 4.30 2.84 0.35 0.84 

e5-2b 28.80 9.38 3.10 2.80 2.30 2.66 0.17 1.04 

v'9c 31.29 22.97 0.00 0.00 0.00 1.95 0.36 0.73 

4-lc 34.71 9.39 4.10 4.70 5.10 1.50 0.21 1.31 

vclO 29.11 14.96 2.30 3.00 0.40 2.09 0.53 0.79 

6-lc 35.07 16.19 2.30 4.00 2.70 1.95 0.40 0.86 

v8b 34.28 16.78 1.50 2.40 2.30 3.54 0.03 0.93 

(Table 9 continued) 



VESICULAR BASALT MOISTURE CHARACTERISTIC CURVE DATA 

(kPa units) 

Sample water 10.00 25.00 50.00 90.00 200.00 300.00 500.00 

v9c 28.40 12.79 2.90 2.70 2.50 1.18 0.58 0.95 

10-2a 32.64 27.10 0.00 0.00 0.00 1.65 0.57 -0.28 

e5-lb 31.10 24.93 0.00 0.00 0.00 1.24 1.18 -0.01 

14-lc 38.33 28.82 0.00 0.00 0.00 2.69 1.95 -0.19 

vblO 31.91 26.55 0.00 0.00 0.00 1.41 0.90 -0.07 

12-lb 32.55 27.57 0.00 0.00 0.00 0.91 0.70 -0.04 

12-2a 34.64 28.66 0.00 0.00 0.00 2.02 0.40 -0.04 

(Table 9 continued) 



pressure plate extractor techniques. 

Although there is some variability among the individual samples, 

the data indicate that moisture fairly readily moves from the basalt at 

low matrix suctions while at higher suctions water is tightly bound in 

the small pores by capillary forces. Capillarity in the large vesicles 

is low and is easily overcome by gravity and slight applied suctions. 

Figure 31 is a graph of a typical moisture release (drying limb) 

curve. The blocks mark actual HCC equilibrium points while the solid 

curve is the van Genuchten fit to the equilibrium points. 

Sorption Curve 

The sorption limb of the moisture characteristic curve occurs when 

a core at residual water content is gradually wetted while reducing 

pressure. Twelve basalt cores at residual water content were placed in 

a pressure plate extractor and allowed to absorb water. Pressure was 

decreased as equilibrium was reached at each step. Pressure steps were 

400, 300, 100, 50 and zero kPa. 

Due to its structure, the vesicular basalt absorbed very little 

water any of the pressure steps. At zero pressure weights of the cores 

increased a few tenths of a gram at each weighing. The minuscule weight 

increases continued for months. This indicates that only the smallest 

pore spaces filled since the capillary forces in these pores were 

sufficiently high to draw water. Large vesicles with low capillarity 

never filled. There was also the probability of entrapped air not 

allowing some of the vesicles to fill. During the months that the 
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Figure 31: Moisture characteristic curve for vesicular basalt. 



96 

experiment was run, the cores remained in the humid environment within 

the pressure plate extractor. What appeared to be a biological growth 

developed on three core surfaces which could have further inhibited the 

core's ability to sorb water. 

Table 10 is a summary of the statistical parameters obtained from 

this experiment. 

Table 10: Summary of statistical parameters for sorption limb of 
moisture characteristic curve (volumetric water contents). 

Stat. 500 300 100 50 0 
Property kPa kPa kPa kPa kPa 

Mean 1.15% 1.25% 1.40% 1.56% 3.99% 

Coef. 11.67% 10.87% 9.73% 10.57% 4.69% 
Var. 

Minimum 0.914% 0.928% 1.047% 1.175% 3.538% 

Median 1.115% 1.145% 1.365% 1.435% 3.780% 

Maximum 1.378% 1.363% 1.436% 1.610% 4.046% 

Figure 32 is a graph of a typical hysteresis loop. 

Unsaturated Hydraulic Conductivity 

RETC 

Once HCCs had been obtained, the curves were fit with a cubic 

spline generated.curve and one hundred twenty-one points were taken from 

the curve and input into RETC. RETC was then run, and the fitting 

parameters n and a were obtained. Previous research by Guzman 
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(unpublished text) has suggested that RETC yielded more accurate fitting 

parameters by using the cubic spline curve and extracting numerous 

points from it. 

Using the above technique, van Genuchten fitting parameters were 

obtained for 60 basalt samples. Table 11 is a summary of the 

statistical properties for the fitting parameters a and n. Saturated 

hydraulic conductivity and saturated water content, known from previous 

experiments, were set in the program. Residual water content, a and n 

were analyzed. 

Table 11: Summary of statistical properties of fitting parameters 
for 60 vesicular basalt samples using RETC. 

Statistical 
Properties n a 

Mean 1.4741 0.0384 
Coef. Var. 8.37% 33.85% 
Minimum 1.222 0.0101 
Median 1.3980 0.0377 
Maximum 1.8255 0.0690 

Van Genuchten1s RETC was a well behaved, fairly user friendly 

program that seemed to fit the basalt. Fitting parameters for seven of 

these samples were compared to fitting parameters generated by SFIT. 

SFIT 

Seven core samples were processed in the Tempe pressure cells with 

one large pressure step—70 kPa. This data along with several 

equilibrium points were supplied to the SFIT program for the purposes of 

comparing estimated relative hydraulic conductivities yielded by SFIT 
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with those from RETC. 

Relative hydraulic conductivities as a function of matrix suction 

from both programs has been plotted (Figure 33). The shapes of both 

curves are similar; however, Kr for SFIT are lower at higher tensions 

for every case. Table 12 is a summary of statistical properties of the 

RETC fitting parameters for the seven cores in this comparison, while 

Table 13 lists those developed from SFIT. 

Table 12: Summary of statistical properties for RETC fitting 
parameters for seven core samples. 

Statistical 
Parameters n a 

Mean 1.5613 0.0359 

Coef. Variation 9.437% 16.239% 

Minimum 1.3896 0.0278 

Median 1.5755 0.0349 

Maximum 1.8254 0.0448 

Table 13: Summary of statistical properties for SFIT 
fitting parameters for seven core samples. 

Statistical 
Properties n a 

Mean 0.327 3.72 

Coef. Var. 56.58% 46.40% 

Minimum 0.057 2.08 

Median 0.411 2.83 

Maximum 0.537 7.04 
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SFIT was much more difficult to run successfully than RETC. It was 

run many times for each of the seven cases in an attempt to get a good 

fit. The FORTRAN code for SFIT was changed slightly to tighten up the 

conversion test. It was difficult to get acceptable data from this 

program. 

Hydraulic Diffusivitv 

RETC fitting parameters were used to calculate hydraulic 

diffucivity as a function of matrix suction for the vesicular basalt. 

Hydraulic diffucivity is the ratio of the hydraulic conductivity to the 

specific water capacity. 

BLOCK INFILTRATION RESULTS 

Background Conditions 

Effort was made to monitor the background conditions in the 

laboratory where the experiment was being performed i.e., temperature 

and relative humidity. A sling psychrometer was used to measure 

relative humidity and temperature. Measurements were taken fairly 

frequently initially and less frequently as the experiment progressed. 

Conditions varied slightly; temperature was usually several degrees 

cooler in the mornings. Relative humidity increased and then dropped 

back to a fairly constant value. 

The block had been stored in the laboratory in excess of nine 

months and the moisture content was unknown. To assess the background 
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conditions of the block several techniques were tried. The first 

involved determining the moisture content of analogous basalt sample. A 

core that had been stored in the laboratory for an equal period of time 

was weighed then placed in the oven for a dry mass determination. The 

moisture content of the analog core was 0.05%. 

An attempt was also made to monitor background tension in the block 

using a dew point microvoltmeter. This was largely unsuccessful since 

the tension in the basalt block was apparently higher than the 

sensitivity range of the instrument. The instrument did register 

tensions as a wetting front approached a monitoring port. However, this 

information seemed to duplicate that gathered by the microtensiometers. 

After the transducer on the microtensiometer was replaced with the 130PC 

series, the microtensiometer could monitor a wider range of tensions and 

became more useful. 

Infiltration Curves 

Infiltration curves were constructed for each of the three porous 

plates—-A, B and C {Figures 34, 35 and 36). Infiltration times for each 

of the three figures is 117 days. Total solution infiltrated into-the 

block was 6.6 liters. It is believed that excess solution evaporated 

from the bottom of the block. At approximately 42,000 minutes there is 

a distinct change in the slope. This occurs on the same day as the 

block was totally wrapped in duct tape. 

Saturated hydraulic conductivity for the block was estimated by 
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Figure 34: Infiltration Curve for Plate A. 
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Figure 35: Infiltration Curve for Plate B. 
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Figure 36: Infiltration Curve for Plate C. 
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analyzing the slope of the infiltration curves. Table 14 lists the K 

values obtained from each infiltration curve and the average of the 

three which was assumed to be the K for the block. 

Table 14: Summary of K values obtained from the infiltration 
curves. 

PIates 
Parameter (m s"1) 

B. 
(m s ') 

c., 
(m s 1) 

Average 
Value 

K 1.32X10"® 2.12X10® 1.56X10° 1.67X10*® 

Figures 37, 38 and 39 are plots of cumulative infiltration times 

the reciprocal of the square root of time versus the square root of 

time. 

When the 50 cm x 20 cm x 20 cm block experiment had first been 

proposed, it had been hoped that comparing hydraulic properties of the 

block with those of the cores would yield some information on the effect 

scale has on these properties. However, properties measured on the 

block also represent the matrix. This is because the microfractures on 

this scale are still the primary means of connecting the vesicles. A 

considerably larger scale is necessary to evaluate flow paths within the 

basalt other than the microfractures. Nevertheless, the saturated 

hydraulic conductivity information is valuable because it appears to 

validate the accuracy of K values measured on the core. 
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Figure 37: Infiltration Curve for Plate A. 
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Figure 38: Infiltration Curve for Plate B. 
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Figure 39: Infiltration Curve for Plate C. 
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CHAPTER FIVE 

RECOMMENDATIONS AND CONCLUSIONS 

The major conclusion drawn from the above research is that a 

saturated wetting front will move fairly rapidly through the basalt, but 

as matrix suctions increase above one bar, the moisture is bound in the 

small pore spaces and moves very slowly. 

All the data obtained in the above study are measurements of the 

vesicular basalt matrix. The controls in the matrix are the fine 

microfractures that connect the vesicles. Thus, the estimated hydraulic 

values are low. Since these measurements are scale dependent, hydraulic 

properties measured on a field scale will be different. On the field 

scale under "wet" conditions resulting from snowmelt or floodwater 

infiltration, controls are expected to be fractures, void spaces, rubble 

zones and the like. At low matrix tensions, these should prove to be 

fairly rapid conduits of water. Therefore, one recommendation 

forthcoming from the above research is that calibration of a model for 

this basalt must consider actual field conditions especially when 

appraising "wet" conditions. These saturated front conditions appear to 

be the predominate hydraulic controls on the movement of contaminants 

beneath the RWMC. 

The hydraulic properties of vesicular basalt can be summarized as 
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having an effective porosity of 23%, a bulk density of 2.4 gm cm"3 and a 

skeletal density of 3.11 mg m*3. Saturated hydraulic conductivity is 

generally measured with a magnitude of 10"8 m s*1, although some 

anisotropy was noted locally. Estimated saturated hydraulic 

conductivity from the block is in fairly good agreement with that 

measured on the core. Permeability, also measured using two different 

techniques, is remarkably consistent. Moisture characteristic curves 

all indicate over 90% of the moisture is lost by 100 kPa and, therefore, 

have a very steep initial slope. 
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