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ABSTRACT

Upper Lake Mary provides approximately 75% of the water

for Flagstaff, Arizona. Water budget studies by the U.S.

Geological Survey indicated that 42% of lake inflow is lost

to leakage through alluvium, fractured volcanics and the

underlying Kaibab limestone. The hypothesis that the majority

of leakage is occurring above fractures was tested.

A one dimensional, linear relationship between streaming

potentials and seepage rates was developed. Streaming

potential and seepage meter surveys were performed in an area

near the dam. The developed relationship was then used to

convert streaming potential measurements to seepage rates.

Results show that leakage is 2.3 times greater than the lake

average above fractures. However, the total volume of this

preferred leakage is not significant in comparison to total

leakage from the lake.
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SECTION 1

INTRODUCTION

Flagstaff, Arizona obtains water from two well fields,

an integrated system of wells and springs, and two reservoirs,

Lower Lake Mary (LLM) and Upper Lake Mary (ULM). The lakes are

operated in series, and on an annual basis, supply

approximately 75% of city's water (Flagstaff Water, 1988).

This system is adequate for Flagstaff's present water

supply needs. However, water demand will likely double by the

year 2005 (Duren, 1983). This anticipated increase in demand

will require additional water sources. With this in mind,

studies have been performed to determine alternatives for

optimizing existing water supplies, and for developing new

water supplies.

Previous Work

Table 1 is a brief summary of water supply studies

completed to date (March, 1989) which deal specifically with

the ULM area. The table reveals large discrepancies in

estimates of the amount of water available from well fields

in the ULM area. These discrepancies can be attributed, in



12TABLE 1. PREVIOUS WATER RESOURCE INVESTIGATIONS
IN THE VICINITY OF UPPER LAKE MARY

DATE 	AUTHOR	 PERINENT CONCLUSIONS

1939 A.A. Stovanow Lake Mary graben is favorable
G. Davenport for the construction of ULM.

1941 Flagstaff Water Lava and clay formations seal
Dept. the bottoms of ULM and LLM.

The existing water supply
system will provide ample
water for 20 years after which
time additional groundwater
pumpage will be required.

1962 J.P. Ackers Fractured rocks near major
faults in the Flagstaff area
transmit 10 to 50 times more
water than do unfractured
rocks.

1971 J.W.H.	 Blee Evaporation and leakage losses
(posthumously published in from ULM are 21% and 45%
1988) respectively of inflow.

1972 John Carollo Lake Mary well field has a
Engineers potential capacity to produce

2.0 to 5.0 mgd. Up to 2.7 mgd
of additional water could be
gained by lining ULM. ULM
lining should be a low
priority project.

1976 D.B. Koval Gravity surveys are used to
compute lava flow thicknesses
and fault displacements in the
Lake Mary graben.

1976 Harshbarger and Lake Mary well field is
Associates presently able to produce 3.3

mgd. Wells placed at he
intersection of Lake Mary and
Marshall Lake grabens would
extend sustained yields to 7.5
mgd.

1977 Harshbarger and The greatest amount of
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TABLE 1 continued

DATE	AUTHOR 	PERINENT CONCLUSIONS

Associates fracturing in the Lake Mary
area occurs within the Lake
Mary Graben between Marshall
Lake and Horse Lake grabens.
Leakage from ULM and LLM is
significant but secondary to
recharge near Hoxworth Springs
to the southwest.

1977	 Harshbarger and	 Wells placed at the
Associates	 intersection of Lake Mary and

Marshall Lake grabens would
extend sustained yields to
about 15 mgd.

1978	 E.E. Peacock	 Geomagnetic surveys are used
to determine locations of lava
flows and faults where these
features are covered by
alluvial deposits.

1980	 Hargis and	 Fractures at the intersection
Montgomery, Inc.	 of Lake Mary and Marshall Lake

grabens causes water in the
Coconino-Supai Aquifer to
drain into underlying
aquifers.

1983	 Duren Engineering There has not been a long term
decline of water levels in the
Lake Mary well field. The
sustained yield for the Lake
Mary Well field is between 1.0
and 1.5 mgd. The average water
demand of Flagstaff will be
10.1 mgd by the year 2007.

1986	 HDR Infrastructure The average water demand of
Flagstaff will be between 9.6
and 13.7 mgd by the year 2007.
The present firm yield of ULM
is 1.2 mgd. Raising the crest
of the dam will increase the
firm yield to 1.4 mgd.
Complete sealing of ULM would
increase the firm yield to 3.5
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TABLE I continued

DATE	 AUTHOR	 PERINENT CONCLUSIONS

mgd. Placing another dam at
the "Narrows" is not a viable
option for increasing the
firm yield.

1987	 D.V. Wagner	 Water from only one well in
the Lake Mary well field is
definately recieving
significant recharge from LUI.
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part, to a lack of data on the mechanisms and distributions

of recharge to the local aquifer. All of the studies,

excluding Blee (1988), have been based on aquifer data.

However, the water table is more than 900 ft (274 m) below

the surface. Consequently, the studies have been limited to

data from a few wells.

Sealing of ULM has been suggested as an additional

water "source". HDR Infrastructure (1986) estimated that up

to 3.5 million gallons per day (mgd)(13,247 m 3/day) could be

recovered in this fashion (see Table 1). However, they

projected that the saved water would cost up to $1.46 per 1000

gallons (3.78 m 3)(8.76 million dollars capital investment in

1972 dollars). Other alternatives,such as well field

expansion, would cost less than $0.50 per 1000 gallons (3.78

m3 )(1972 dollars).

Simply allowing the lake to leak, and increasing well

field withdrawals around the lake has been attempted. However,

exploratory boreholes revealed that intensely fractured rocks

underlying the lake provide an "underdrain" which funnels the

water to an underlying aquifer (Hargis and Montgomery, 1980).

This has resulted in water levels too deep for economical

pumpage at the present time.

Conclusions from certain studies which helped form

the objectives of this investigation include (see Table 1):
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o 42% of the total inflow to Lake Mary is lost to

leakage (Blee, 1988);

o fractured rocks in the vicinity of Flagstaff

transmit 10 to 50 times more water than the unfractured rocks

(Akers, 1962); and

o fracturing and faulting of rocks in the vicinity of

ULM is concentrated in specific areas (Harshbarger and

Associates, 1977).

Statement of Investigation Objective

Based on the above conclusions, I developed the

following hypothesis for investigation:

The majority of water leaking out of ULM is along
fractures and faults. Because these features are concentrated
in certain areas, corrective actions (e.g. sealing) could be
focused on those areas.

The proof of this hypothesis could allow Flagstaff to

obtain most of the 3.5 mgd (13,247 m 3/day) predicted by HDR

Infrastructure (1986) at a fraction of the cost for a total

lake sealing program. The most direct test of this hypothesis

would be to measure and map leakage from ULM.

Approach of Investigation

At its maximum stage, ULM is approximately five miles

(8 km) long with a 876 acre (3.5x10 6 m12) surface area. This

size precluded a complete mapping of leakage from the lake
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(the budget for the investigation was $3,000). However, most

fracturing and faulting is concentrated near the dam.

Therefore, this is where the relationship between fracturing

and leakage would be most pronounced (if it exists).

Consequently, this area and adjacent less fractured areas

were chosen for the investigation. The total area studied was

about 50 acres (202,350 m 2) or 5.7% of the lake's total

maximum surface area.

Based on a qualitative review of existing

hydrogeologic data, it was decided that leakage measurements

should be made for about every 2,500 ft2 (232 re) of study

area. This data density would have required about 850

measurements. This estimate was revised as the study

progressed and 427 measurements were actually made.

Methods for direct leakage measurement have been

developed (Bower, 1961; Lee, 1976). However, the equipment

has a high failure rate and results have poor precision (see

Section 4). In addition, measurements often require more than

24 hours to perform. Assuming that 10 devices were

constructed and rotated around the lake, 100 days of

continuous work would be required to complete the study

(taking into account average failure rates).

Geophysical methods have been used as alternatives

to direct measurement of seepage (Boyoslovsky and Ogilvy,
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1969; Ogilvy et al., 1969; Corwin, 1976; Koester et al., 1984;

Fritterman, 1983; Haines, 1978). However, the results from

these methods are usually qualitative. It was necessary to

obtain quantitative seepage rates for this investigation.

Various geophysical programs, followed by a limited number

of direct leakage measurements, have been devised (Hughes et

al., 1986; Cherkauer and Nader, 1988; Cherkauer and

McKeregham, 1987; Taylor and Cherkauer, 1984; Cherkauer et

al., 1987). The geophysical data are collected at a high

density and provide qualitative leakage distributions. This

is usually followed by a sufficient number of direct seepage

measurements to develop a correlation between seepage rates

and geophysical measurements. The qualitative seepage data

are then converted into quantitative rates using this

correlation. Finally, the seepage distributions are plotted

and compared to hydrogeologic data.

The geophysical method chosen for this study

(streaming potential survey) can be affected by a multitude

of factors other than leakage. Therefore, the following sub-

hypothesis was investigated:

Streaming potential surveys can be quantitatively
correlated with direct seepage measurements.
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SECTION 2

STUDY AREA DESCRIPTION

Location

Upper Lake Mary is in the high plateau region of north

central Arizona (San Francisco Plateau). The reservoir is in

Coconino County approximately 10 miles (16 km) southeast of

Flagstaff within the Coconino National Forest (see Figure 1).

Land Use

The LLM dam was built in 1903 by the Arizona Lumber

and Timber Company. The resulting lake was named after the

daughter of the company's president.

Upper Lake Mary is formed by its earthf ill and rock

dam which was completed in 1941 and raised in 1951. The

maximum stage along its present concrete spillway is 38.5 ft

(11.7 m). At this level, the reservoir is 5.11 miles (8.22

km) long, with a maximum surface area of 876 acres (3.54 x10 6

le) and a capacity of 5,092 million gallons (19.3x10 6 re)

(Blee, 1988).

The area surrounding ULM is range land managed by the

U.S. Forest Service. ULM is operated by Flagstaff Water under

an agreement with the Forest Service. The U.S. Park Service

maintains boat ramps and recreational facilities on
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the east side of the lake. Because of this, ULM is a multiuse

reservoir for fishing, swimming, boating, animal propagation

and water supply. The area is reached by Lake Mary road which

runs along the east side of the lake. The road is heavily used

by recreational vehicles, and is kept open throughout the

winter.

The area is characterized by flat treeless valleys

(locally called parks) separated by relatively steep fault

scarps and edges of lava flows. The valley containing ULM is

typical of these parks. Vegetation in the valleys consists

mostly of short grasses. Ponderosa pine and scrub oak grow on

the sides of the valleys, in narrower drainages and on higher

flat lands (Blee, 1988).

Topography

The maximum elevation in the ULM watershed is about

7700 ft (2347 m) above mean sea level (msl) on Mormon

Mountain. The lowest elevation is 6789 ft (2069 m) msl near

the "upstream" toe of the ULM dam. Figure 2 is a topographic

map of the portion of the water shed adjacent to ULM. Figure

3 is a bathymetric map of the lake bottom within the main

study area. The map was constructed from approximately 400

manual and sonar measurements made during this study. The

trace of Walnut Creek, which flowed through the valley prior
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to dam construction, can be seen on this figure.

Climate

The mean annual air temperature in the ULM area is

about 44gC. Water surface temperatures range from 0 12C in

January to 22 2C in August (Blee, 1988). The mean annual

precipitation is 19.5 in. (49.5 cm). Approximately 11 in. (28

cm) of this precipitation is snow. The majority of rain falls

during monsoons in the mid to late summer.

Surface Hydrology

Lake Inflows

Inflows to ULM include precipitation falling directly

on the lake, stream inflow, overland flow and interflow.

Summer storms contribute some direct precipitation to the

lake. However, winter snow storms contribute the majority of

direct precipitation. Because of partial ice coverage, some

of this inflow is not received until spring melts.

Figure 1 delineates the boundaries of the ULM

watershed. There are no perennial streams within this area.

However, during this investigation (June 1988 to December

1988), a creek (discharging at approximately 10 gpm or 55

m3/day) flowed continually from Babbit spring into the lake
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(see Figure 1). Other streams usually flow only during spring

melts. Summer stream flow contributes less than 5% of the

total annual stream flow (Blee, 1988).

Overland flow is most significant during spring melts.

This inflow occasionally occurs during intense summer storms.

However, because these storms are short and irregular, their

contribution to the total inflow is small. The overland flow

and stream flow components of runoff have not been separated

in any water budget studies. Average annual total runoff is

about 2.7 in. per square mile (2.7 cm per square km) of

watershed (Harshbarger and Associates, 1976).

Although interf low has not been quantified, it is

significant during the later stages of spring melts. Interflow

occurs where a significant soil thickness overlies relatively

unfractured rocks and where low permeability clays are

interbedded with fractured basalts.

Significant inflow to ULM occurs only about 15% to

20% of the time in normal years, and in dry years, less than

5% of the time (Blee, 1988).

Lake Outflows

Water losses from ULM include evaporation,

transpiration, Flagstaff withdrawals, spillage and leakage.

As described by Blee (1988), the average evaporation rate is
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3.5 in. (8.9 cm) per month. This rate varies from

approximately 1 in. (2.5 cm) per month in January (when the

lake is generally frozen) to 6 in. (15.2 cm) per month in

June. These evaporation rates resulted in a loss of 686

million gallons (2.6x10 6 m3 ) per year for the period 1950 to

1971.

Transpiration from ULM includes withdrawals by trees

adjacent to the lake. However, because most trees are at least

300 ft (91 m) away and at least 10 ft (3 m) above the average

shoreline, this outflow is not considered important.

Flagstaff withdrawals from ULM have increased from 90

million gallons (340,650 m 3 ) in 1949 to 1857.8 million gallons

(7x10 6 m 3) in 1987.

ULM occasionally overflows due to large spring melts.

The most recent spill was in April 1985 (see Figure 4). The

spilled water is not lost to Flagstaff as it is retained in

LLM. However, as shown in Figure 1, the ULM dam is a boundary

for that watershed. Consequently, spillage is considered an

outflow.

As described by Blee (1988), leakage rates from ULM

are dependant on lake stage, permeabilities of submerged

areas, hydraulic gradients, and viscosity of the water. Based

on water budgets, leakage rates averaged 1,140.3

million gallons (4.3x10 6 m 3 ) per year for the period 1950 to
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1971. Figure 5 is a stage-leakage rate graph developed by

Blee (1988). The increased leakage rate with stage is

attributed to increased head and to increased areas of

submersion. Figure 6 is a combination of the two previous

graphs (and a stage-surface area relationship) showing average

total leakage from 1955 to 1988.

Lake Storage

Lake stages vary from empty in dry years to full and

overflowing in wet years (see Figure 4). Carollo Engineers

(1972) estimated that the lake has a probability of going dry

with a frequency of about 20 years.

Bank storage effects were observed during this study

(see Section 6). As lake levels rise, water permeates

shoreline sediments. If the sediments are underlain by

relatively unfractured rocks, the water is stored. As lake

levels decline, the water is slowly released back into the

lake. The total volume of this storage has not been estimated.

However, within the study area of this investigation, the

amount was insignificant. If short term water budget studies

are performed (e.g. monthly intervals or less), bank storage

effects might be classified as inflows and outflows.
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Erosion

The lake water has a high turbidity. Nevertheless,

sedimentation of ULM has not been considered a problem because

of the lack of perennial inf lowing streams. Hydrometer

analyses have shown that the turbidity is due to colloidal

size particles which effectively do not settle out (Flagstaff

Water, 1988). However, during July and August, 1988 when lake

levels had dropped, I observed significant erosion along

exposed portions of the lake bed during intense storms. The

redistribution of these fine materials towards the central

part of the lake does not affect its storage capacity.

However, if my hypothesis of preferred leakage in certain

areas is correct, the redistribution of sediments could affect

leakage rates over long time frames.

Surface Water Quality

Table 2 is a summary of ULM water quality data.

Although the water is turbid, its chemical quality is very

good. The water is classified as a Ca-Mg-HCO 3 type. Table 2

indicates that (at the time of sampling) water quality does

not vary with depth.

The turbidity of ULM water is a consequence of its

low ionic strength. As described in Section 3, colloids in

low ionic strength solutions have thick electric double
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layers. As a result, the particles are not able to approach

one another close enough to aggregate and precipitate.

Geoloqy

The Flagstaff area is underlain by Quaternary and

Tertiary volcanic rocks overlying Triassic through Devonian

sedimentary rocks. The sedimentary rocks overlie Precambrian

granites and metamorphic rocks. This stratigraphic sequence

is presented in Figure 7. That portion of the sequence

overlying the water table is important to this study since it

is the transmission zone for waters leaking from ULM.

Therefore, only this portion of the sequence is discussed.

Figure 8 is a geologic map of the ULM area.

Coconino Formation

The Coconino sandstone is made up of whitish to pale-

orange, fine-grained, well sorted, quartz sandstones cemented

mostly with siliceous materials. The formation is

characterized by large scale cross-bedding (Carollo, 1972).

The Coconino sandstone is the most widespread

formation in northern Arizona. The lower part of the Coconino

and the Upper part of the underlying Supai Formation form the

principle aquifer in the region. In the area of ULM, the

Coconino is not exposed (see Figure 8).
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Chemical Data
(all values in mg/1)
(from Wagner, 1987)

ULM @ 20ft ULM @ 3.5ft Egll_ta Well #4

Date 9/27/83 9/27/83 1/6/84 9/27/83

Na 1.9 2.2 5.6 2.5

K 1.3 1.1 0.6 0.3

Ca 7.0 6.8 62.8 29.6

Mg 4.0 5.1 46.9 16.6

Toal Hard.
as CaCO3

34.0 38.0 350.0 142.5

Alk. as 36.3 34.9 346 142
CaCO 3

Cl 1.9 1.4 2.9 1.2

SO 4 4.0 3.0 1.0 1.0

NO3 1.3 1.3 1.1 0.9

Total Fe 1.8 2.2

SiS0 2 10.8 10.6 10.0 8.7

For well locations, see Figure 10.
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Although further to the north-west, it is exposed on the

Anderson Mesa Fault scarp. Beneath ULM, the formation ranges

from 700 to 750 ft (213 to 229 m) thick (see Figure 9).

Kaibab Formation

The Permian Kaibab includes yellowish-gray, silty to

sandy, dolomitic limestones which weather to light gray when

exposed (Carollo, 1972). The formation is divided into three

members. The upper two members ("Alpha" and "Beta") are mostly

light grayish-yellow, thin-bedded limestones which may contain

chert. The lower, "gamma" member includes thick-bedded, olive-

greenish-gray limestones which contain marl (Carollo, 1972).

This member may also contain limey sandstones.

In the ULM area the Kaibab varies from 300 to 350 ft

(91 to 107 m) thick (see Figure 9). It crops out along the

Anderson Mesa fault scarp and in the vicinity of Babbit Spring

(see Figure 8). The Kaibab is well indurated, and brittle.

As a result, it has been extensively fractured by regional

tectonic stresses. These fractures provide avenues for water

percolation and karst topography has developed. In some places

sinkholes are large enough to cause visible

depressions in overlying basalt flows.
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Moenkopi Formation

The Triassic Moenkopi includes orange-red siltstones,

fine-grained sandstones, and mudstones. In exposures, the

formation weathers into irregular, ledgy slopes (Carollo,

1972). Local thicknesses vary depending on the amount of

erosion prior to volcanism. Thicknesses generally decrease

towards the southwest. In the ULM area the formation varies

from almost 100 ft (30m) thick along the Anderson Mesa fault,

to 0 ft thick along the Lake Mary fault (see Figure 9).

Volcanics

Five distinct stages of volcanic eruption have been

identified in the Flagstaff area (Carollo Engineers, 1972).

These eruptions started approximately 6 million years ago (+/-

0.3 million years), in the Pliocene, and have continued to

recent times with the eruption of Sunset Crater between A.D.

1064 and 1065 (Carollo Engineers, 1972).

Volcanics in the ULM area are associated with the

earliest stage of volcanism, and they cover most of Anderson

Mesa. These Anderson Mesa volcanics are basalt flows which

include some pyroclastics ranging from ash to bomb size.

The flows average less than 100 ft (30 m) thick on

Anderson Mesa. However, they have been estimated to be as much

as 450 ft (137 m) thick within the Lake Mary graben. This is
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because tensional tectonic stresses which produced the graben

probably occurred concurrently with the volcanic eruptions.

As a result, the basalt flows were funneled into the graben.

Faulting continued after basaltic extrusions in the ULM area

ceased.

Alluvium and Colluvium

The Quaternary alluvium in "parks", such as that

forming ULM, lie unconformably on volcanics and the Kaibab,

where it is exposed. The deposits are heterogeneous mixtures

of unconsolidated boulders, fine-grained sands and silts with

small amounts clay (Carollo, 1972). Within the Lake Mary

graben alluvium thins from about 60 feet (18 m) at the ULM

dam to less than 10 feet (3 m) near the LLM dam (Harshbarger

and Associates, 1976). Side drainages which flow during

intense storms and snow melts contain coarser alluvium mixed

with gravelly and bouldery colluvium.

Colluvium originates on side-slopes as slope wash,

creep and slope failure. It interfingers with alluvium in the

drainages. In places, the colluvium may be more than 150 ft

(46 m) thick (Carollo, 1972). Adjacent to the ULM study area,

it is less than 10 feet (3 m) thick.

The alluvium and colluvium are made up of basalt and

limestone fragments (including some chert from the Kaibab)
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with few chemical weathering products (based on qualitative

observations by myself).

Structural Development

ULM is on the Mormon Mountain anticline which has been

disrupted by numerous northwest-southeast and northeast-

southwest trending faults (Carollo Engineers, 1972). These

structures are the major controls for ground water flow in the

region. The anticlinal and related structures are reflected

by the contours of the top of the Kaibab Limestone. However,

they are often masked by overlying basalt flows.

The faults, which form long narrow grabens, are

indicative of tensional stresses. The first faulting is

thought to have occurred before the Tertiary volcanism

(Robinson, 1913). The majority of faulting is believed to have

occurred in the Miocene time as Anderson Mesa basalt

extrusions were ending. Movement probably recurred

periodically into Pleistocene time.

The Lake Mary graben is on the northeast side of the

Mormon Mountain anticline. The graben trends northwest-

southeast and it is delineated by Anderson Mesa and Lake Mary

faults. The Anderson Mesa fault trends northwest in the

vicinity of ULM but it turns northward northwest of the lake.

The southwest side of the fault is downthrown, with a maximum
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displacement in the ULM area of about 700 ft (213 m) (see

Figure 9). Lake Mary fault runs parallel to the Anderson Mesa

Fault, and is downthrown to the northeast, with a maximum

local displacement of about 450 ft (137 m) (see Figure 9).

Numerous smaller faults within the graben were caused by

excessive "reverse drag" along the major faults as the graben

formed (see Figure 8). These minor faults are concentrated in

the area of the ULM dam (see Figure 8).

The Marshall Lake graben, which was formed by two

north-trending faults, runs into the Lake Mary graben (see

Figure 8). This feature may be responsible for additional

fracturing in the area of the ULM dam.

Hydrogeology

Perched Systems

As described in Section 2 (Surface Hydrology) , perched

ground water systems (interflow) develop during rainy seasons

and during spring snowmelts. Perched zones in the ULM

watershed discharge where perching layers are exposed and

perhaps into the Lake.

Babbit Spring is the exclusive outflow of a perched

system within the Kaibab Limestone. The perching layer is a

finer grained, less calcareous bed of either the Alpha or
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Beta Member. In that area there is little fracturing to

provide downward conduits for water. The spring surfaces where

a drainage has cut into and exposed the perching layer. The

recharge area for the perched system is large enough to allow

the spring to flow perennially with very little change in the

discharge rate (approximately 10 gpm or 55 m 3/day).

Aquifer Inflows

The regional aquifer for the San Francisco Plateau is

formed by the lower Coconino and upper Supai formations. A

combination of low to moderate primary permeabilities and high

secondary permeabilities (caused by fracturing) have created

a variable water source with sustained yields ranging from

less than 50 gpm (272 m 3/day) to over 2000 gpm (10,902 m 3/day).

In the area of LLM, wells yield between 200 and 800 gpm (1,090

and 4,361 m3/day).

Inflows to the Coconino-Supai aquifer beneath ULM

include leakage from ULM, and recharge from precipitation.

Prior to the damming of ULM, infiltration and eventual

recharge of runoff within the "park" was a slow process. As

observed in similar "parks", water would become temporarily

perched on silts and clays. However, these systems were

transitory and the water would eventually percolate downward.

Today, with ULM present, infiltration (leakage) and eventual
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recharge is a constant process resulting in about 3.1 mgd

(11,733 m3/day) of recharge.

Leakage has not resulted in a continuously saturated

transmission zone down to the water table. At some point

beneath the lake (probably within the fractured volcanics),

saturated flow gives way to gravity flow limited only by the

hydraulic conductivity of the rock. A consequence of this is

that fluctuating Coconino-Supai aquifer water levels do not

affect leakage rates from the lake

Most precipitation and runoff on the side slopes and

uplands of the area evaporates, is transpired or flows into

ULM before it can infiltrate. However, a thin coverage of

moderately high permeability soils in some areas allows some

of this water to infiltrate and eventually become recharge.

The porosity of the basalts is high, but there is

little interconnection between the pores. Therefore, the

primary vertical permeability of these rocks is low. However,

water is generally able to move downward because of

"rubbilization" which occurred as the flows cooled and rolled

over themselves; because of interbedding with gravels; and

because of fracturing caused by cooling and tectonic tensions.

However, the flows are also interbedded with some low

permeability baked soils which can be tens of feet thick.

Transitory perched systems develop in these areas.
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The Moenkopi, which underlies the basalt flows, has

a low enough primary permeability to cause perching. But it

is commonly absent in this area, and it is intensely

fractured. Therefore, it does not substantially impede

downward movement of water.

The Kaibab limestone is usually sufficiently porous

and fractured to allow percolation down to the Coconino-Supai

aquifer. The vertical permeability has been enhanced by

dissolution along fractures and bedding planes. In places

dissolution has resulted in caverns and sinkholes.

Harshbarger and Associates (1976) stated, " The

effects of fractures on the movement of ground water in the

Lake Mary area cannot be overemphasized. Stream valleys are

preferentially located along these structural features due to

the easy erodability of the fractured rocks. Recharge from

stream flow percolates readily downward through the fractured

rocks to the underlying aquifer system. Solution cavities,

which also enhance downward water movement, are concentrated

along fractures."

Aquifer Outflows

Outflows from the Coconino-Supai aquifer in the ULM

and LLM areas include pumpage, and ground water outflow.

Pumpage in the Lake Mary Graben started in 1969 at a rate of
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about 25 million gallons (94.625 m) per year, and has

increased to 268 million gallons (1x10 6 m3) in 1987.

As can be seen from Figure 9, ground water flows

radially away from the area because of net recharge. The

exception to this is a local sink near the ULM dam. Intense

fracturing in that area has apparently provided a conduit to

the underlying Redwall-Martin aquifer.

Aquifer Characteristics

Wells in the LLM area have specific capacities ranging

from 0.6 to 5.5 gpm per ft (10.7 to 98.4 m3/day per m) and

transmissivities ranging from 1000 to 44,500 gpd/ft (17,883

to 795,832 m2/day). The highest transmissivities are within

the Lake Mary Graben where fracturing has been the most

intense (Carollo Engineers, 1972; Harshbarger and Associates,

1976). Storage coefficients range from 0.02% to 10% with the

highest coefficient also occurring within the graben

(Harshbarger and Associates, 1976; HDR Infrastructure, 1986).

Ground Water Flow Directions

Because the depth to ground water is between 900 and

1000 ft (274 to 305 m) beneath ULM, there are few wells from

which water levels for potentiometric surfaces can be

measured. Those wells which do exist are placed for water
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supply purposes. Consequently, the wells' locations and

continual pumpage do not facilitate the construction of

meaningful potentiometric surfaces.

In a regional sense, the Lake Mary graben sits astride

a ground water mound in the Coconino-Supai Aquifer. This is

caused by recharge in the southwest and by leakage from LLM

and ULM (Carollo, 1972). The regional flow from this mound

is towards the northeast and the southwest. However, Hargis

and Montgomery Inc. (1980) found, on a local scale, that water

in the Coconino-Supai Aquifer flows towards a sink at the

intersection of the Lake Mary and Marshall Lake grabens (see

Figure 10). This sink was probably caused by intense

fracturing of rocks at the junction of these two features and

by dissolution of the Kaibab limestone. The water is

apparently draining into the underlying Redwall-Martin

aquifer.

Water Quality

Chemical analyses of ULM water and water from the

Coconino-Supai Aquifer show that the quality of the water is

good (see Table 2). The only treatments required are

clarification and chlorination.

Coconino-Supai water has high iron concentrations (not

shown on Table 2), it is hard, and it has been classified as
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a Ca-Mg-HCO 3 type with small amounts of chloride and sulfate

(Carollo Engineers, 1972; Wagner, 1987). Total dissolved

solids average about 300 ppm. This quality suggests

that the major changes which occur as water percolates to the

water table are caused by dissolution of calcite and dolomite

in the Kaibab Formation. It appears that some sodium is

contributed by the basalts.

Wagner (1987) compared the isotopic and chemical

composition of lake waters and well waters in the ULM and

LLM area to test the hypothesis that the lakes recharge the

Coconino-Supai aquifer. Only well #4 near LLM reflected

recharge from LLM. However, wells LM6 and LM7, near ULM, were

not sampled. Based on water-levels (see Figure 10), these are

the only wells which could be expected to reflect recharge

from ULM.
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SECTION 3

GEOPHYSICAL TECHNIQUE

Streaming potential surveys have been used to

qualitatively measure water flow through rocks and sediments

(Schiavone and Quarto, 1984; Hughes et al., 1986; Ogilvy et

al., 1969; Corwin and Hoover, 1979; Haines, 1978; Boyoslovsky

and Ogilvy, 1969). This is a passive technique in which

electrical potentials, caused by the flowing water, are

measured. These voltages are linearly proportional to the

flowrates (Abaza and Clyde, 1969). Because these voltages are

naturally occurring, they are considered self potentials

(SP), and can be measured using the techniques developed for

this broad group of phenomena.

Theory

Spontaneous potentials can arise from a variety of

mechanisms. These mechanisms fall into four major categories

electrochemical potentials; telluric and cultural

potentials; electrode potentials; and electrokinetic

potentials (including streaming potentials)(Hallenburg,

1971). Electrochemical potentials have been used by the

minerals industry for 159 years to find sulfide ore bodies

(Corry et al., 1983; Hughes et al., 1986). This application
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has provided the basic techniques which are used in streaming

potential surveys (Corry et al., 1983). SP measurements do

not differentiate among the various types of potentials.

Therefore, each of the potentials should be identified

separately. This can be difficult. Consequently, the method

is not regularly used.

Electrochemical Potentials

Effects included under this blanket term include

diffusion potentials (liquid-junction potentials), shale

(Nernst) potentials, mineralization potentials, and

bioelectric potentials (Telford et al., 1982; Hallenburg,

1971; Gensler and Lai Yan, 1988).

Electrochemical potentials are primarily caused by

differences in ion concentrations and their diffusive

mobilities (Hallenburg, 1971). At the contact between two

differing water saturated geologic media, a difference of ion

concentrations develops. Ions will diffuse towards areas of

lower concentration. However, different ions have different

diffusion coefficients. As a result, separation of charges

occurs, and potential differences result. The net potential

difference is the electrochemical potential.

Complexities which affect this simplistic model are

surface complexation, precipitation, hydration, redox, and pH
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differences (Hallenburg, 1971). The result is that

electrochemical potentials are a function of the rock or

sediment compositions, exposed surface areas and fluid

compositions. Electrochemical potentials may range from a few

millivolts up to 1 volt (Telford et al., 1982).

Electrochemical SP modelling has been done. However,

this requires extensive measurement of various parameters.

More often electrochemical SP is separated from other SP

effects through a qualitative evaluation of the geology,

basic water chemistry, and soil composition. This is the

approach used during this investigation.

Possible sources of electrochemical SP in the ULM

study area include changing lithology, changing mud

composition, chemical variations along fault lines, rip rap

from the dam, changing water composition, and changing

microorganism activity.

Telluric and Cultural Potentials

Telluric currents occur in the earth's surface layers

and appear to be associated with solar activity and

ionospheric disturbances (e.g. interaction of solar wind and

the earth's magnetic field)(Corry et al., 1983; Telford et

al., 1982). The currents cause potentials which have diurnal

variations and short period variations (which are reduced at
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night). Telluric voltages (and currents) are a function of

horizontal distance between electrodes. Realistically, the

phrase "telluric potentials" is often used to include all

potentials which cannot be explained by other SP effects.

Cultural potentials can result from power lines,

radio communications, buildings, fences, pipelines, cathodic

protection systems, motorized equipment, etc.. Voltages from

these effects are a function of magnitude and distance from

the source.

Significant telluric and cultural voltages in the

study area were caused by solar activity, electrical storms,

wave action, scrap metal and motor boats. Short period solar

events caused potentials of up to 80 mv. Diurnal variations

averaged less than 2 mv. Electrical storms caused SP

variations of about 10 mv. As with Corwin (1976), waves moved

wires up and down in the water and resulted in variations of

less than 2 mv. This was probably due to induction within the

earth's magnetic field. Scrap metal effects were variable,

but they generally caused high positive voltages (e.g. 20

mv). Corwin (1976) suggested that corrosion processes might

be responsible for these potentials. Motor boats raised or

lowered SP readings 2-4 mv depending on engine sizes,

directions of movement and distances from the point of

measurement.



53

Electrode Potentials

When a metal electrode is placed in a solution, a

potential develops between the metallic cations which go into

solution, and the electrode (Telford et al., 1982; Crow,

1988; Ives and Janz, 1961; Petiau and Dupis, 1980). This

electrode potential is a function of the metal type and the

solution chemistry (Hallenburg, 1971). If the electrode is

immersed in a solution containing the same ions as the metal,

a non-polarizing electrode is created. These electrodes are

stable, and their potentials remain relatively constant.

The electrode potential of a non-polarizable

electrode is defined by the Nernst equation:

E, = E 0 - (RT/ZF) ln C	 (1)

where Ee : electrode potential (V/mole),

E 0 : standard electrode potential of the metal

(V/mole),

R: universal gas constant (joule/mole K),

T: temperature (K),

Z: valence of the metal (unitless),

F: Faraday constant (joule/volt),

C: activity of the metal ions in solution

(unitless).
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This equation shows that the magnitude of the

electrode potential decreases with temperature, increases

with valence, and decreases with increasing metallic ion

activity in solution. Therefore, when making measurements of

other SP effects, constant water chemistry and temperature

are desirable. If this is not possible, these parameters

should be measured so that changes in the electrode potential

can be estimated in order to interpret the overall

measurement.

Useful electrode features include non-polarizability,

long-term stability, low sensitivity to temperature, and a

composition similar to that of the solution in which it will

be immersed. The general electrode design which has evolved

for SP surveys includes a metal wire immersed in a solution

or matrix of one of the metal's salts. The salt

solution/matrix is allowed to contact the potential

measurement media (e.g. ULM bottom mud).

Silver-silver chloride (Ag-AgC1) electrodes have been

used in streaming potential surveys (Ogilvy et al., 1969;

Haines, 1978; Corwin, 1976). However, Petiau and Dupis (1980)

indicated that lead-lead chloride (Pb-PbC1 2) electrodes have

greater long-term stabilities and lower temperature

sensitivities. Therefore, when designing equipment for this

investigation, the two probe types were compared. Figures 11
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and 12 present the results of studies to measure stability

and temperature sensitivity of the two probe types. These

graphs show that the Ag-AgC1 probes are more stable, but are

more sensitive to temperature differences. Additionally, Ag-

AgC1 probes equilibrate within only a few minutes. The Pb-

PbC1 2 electrodes require up to one hour for equilibration. The

Pb-PbC1 2 electrodes which were tested were several years old

and had been allowed to dry out. This may have affected their

performance.

Except for their temperature sensitivities, Ag-AgC1

probes appear superior. As shown on Figure 12, water

temperature differences of less than 1 2 C were observed in the

study area. Consequently, voltage deviations attributable to

this effect were negligible. Therefore, Ag-AgC1 electrodes

were chosen for the study.

The Ag-AgC1 electrodes used in this study include an

Ag wire coated with AgCl. The wire is immersed in an AgC1

saturated solution. However, AgC1 is barely soluble and

cannot be relied upon to provide the necessary contact with

the media for measurement. Therefore, the wire/AgC1 solution

assembly is immersed in a potassium chloride (KC1) gel.

Diffusion between the solutions and gel is reduced through

the use of a plug with a porous wick. The KC1 gel is held in

the probe assembly with a porous ceramic tip. The high
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viscosity of the gel prolongs the time for the KC1 to diffuse

through the ceramic (see Figure 13)(Petiau and Dupis, 1980;

Sensorex, 1988).

If differing metals (e.g. spliced wires) in contact

are immersed in a solution, a galvanic potential is setup

(Hallenburg, 1971). Therefore, when making submerged SP

measurements, these junctions must be insulated from the

fluid.

Electrokinetic Potentials

Streaming potentials are included within the larger

category of electrokinetic potentials (Telford et al., 1982;

Crow, 1988: Ishido and Mizutani, 1981). These potentials are

caused by liquids and solids moving relative to one another.

Other effects within this category include electrophoresis,

sedimentation potential, and electro-osmosis (Haines, 1978;

Gray et al., 1967; Esrig, 1968; Terzaghi and Peck, 1967;

Casagrande, 1949).

Silt and clay particles, such as those on the bottom

of ULM, have negative surface charges. This is due to a

number of factors which include isomorphous cation

substitution, incomplete clay termination, and dissociation

of surface hydroxyl groups (Ishibo and Mizutoni, 1981). When

the particles are immersed in a solution, cations are
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electrostatically attracted towards them. The resulting

cation migration towards the particles continues until it has

been balanced by various repulsive forces. The resulting ion

distribution is called the electrical double layer. A

variety of models describe the distribution of ions in the

electrical double layer. The stern model, which is most

commonly used, is shown in Figure 14. The innermost cation

layer is called the Inner Helmholtz layer. Cations in this

layer do not have solvation shells, and are directly adsorbed

to the particle surfaces. The second region is called the

Outer Helmholtz layer. The ions in this layer have solvation

shells which cushion them from the particle surfaces and

which cause weaker bonding (Crow, 1988). The two Helmholtz

planes together form the Stern layer. Voltage is thought to

vary in a linear fashion in this region (see Figure 14).

The net positive charge in the Stern layer is usually

not sufficient to balance the net negative charge of the

particle. Therefore, cations outside of the Stern layer are

still attracted towards the particle. Because of their

increasing distances from the solid (causing lower

electrostatic attractions), the additional cations are held

in a more disorderly and loose fashion with increasing

distance from the solid surface. The cation concentrations
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in this outer layer decrease exponentially until the

particle's net negative charge has been balanced, and normal

bulk solution concentrations are reached. This exponentially

distributed region is called the Gouy Diffuse layer.

The thickness of the electrical double layer is a

function of two major of factors. Its thickness decreases

with increasing solution ionic strength; and decreases with

increasing valence of the solution cations. Using an

approximation developed by van Olphen (1977) (assuming a

constant surface potential), the electrical double layer for

ULM sediments is between 50x10 -1° m and 500x10 -1° m thick.

When solution flows through porous materials which

have developed electrical double layers, anions in bulk

solution are preferentially flushed through the system. This

is because most cations are held within the electrical double

layer. An identical but reversed polarity process would occur

with porous materials which have formed positive surface

charges (e.g quartz sand grains)(Ogilvy et al., 1969).

The location of the slipping plane, where ions become

mobile, is a function of the velocity distribution across the

pores and the solid/cation bond strengths. The electrical

potential at this slipping plane is called the zeta potential

(see Figure 14). In systems with negatively charged solid

surfaces, zeta potentials are generally negative for bulk
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solution pH's greater than 2 (Ishido and Mizutani, 1981).

The flow of anions results in an electrical current

called the streaming current. This streaming current is

opposed by a conductive current. When the two currents are

equal and opposite, an equilibrium electrical potential is

established. This potential is called the streaming potential

(Abaza and Clyde, 1969).

A variety of models have been used to explain

streaming potentials. The most commonly used model a modified

form of the Helmholtz Equation (Helmholtz, 1879; Crow,1988):

E s= REP9A H 
(2)

47r 1)
where	 E s : streaming potential ( 7),

R : resistivity of the bulk fluid (ohm-m)

e : relative dielectric constant of the bulk fluid
(80.36 @20C),

: Zeta potential (V),

47T: conversion constant (sec/ohm.m)

1) : viscosity of the fluid (Pa s),

LH : hydraulic head difference (m).

A): mass density of the bulk fluid (kg/m3 )

9: gravitational acceleration (9.81... m/sec 2 )

To apply this equation to porous media, one must



64

assume that Darcy conditions dominate, that electrical and

fluid potentials are at equilibrium, that fluid and solid

parameters (RE-p 91)) are reasonably constant, and that the

thickness of the double layer is much less than the pore

radius (Abaza and Clyde, 1969). In the case of flow through

clays, the last assumption is most critical. If pore radii

are too small, the electrical double layers from two clay

particles on either side of the pore may interfere with one

another. The net result will be a lessening of the streaming

potential. The finest ULM sediments can be generally

classified as clayey silts (based on qualitative observations

by myself). Fetter (1980) suggested that the average pore

radii range of these materials is between lx10 -6 and 5x10 -7 m.

Therefore, the finest ULM sediment pores appear to be 10 to

200 times larger than the electrical double layer thickness

estimated above. Schmid (1950 and Esrig (1964) have developed

equations which account for electrical double layer

intermingling in finer materials.

Equation 2 indicates that streaming potential is

independent of the distance between the two electrodes used

to measure the potential. The sign of the streaming potential

depends on the direction of fluid flow relative to the

electrodes.

Numerous factors are not directly taken into account
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by the Helmholtz equation. Ogilvy et al. (1969) found (in

agreement with Abaza and Clyde, 1969) that grain size (and

pore diameter) is roughly inversely proportional to the

absolute magnitude of the streaming potential. This effect

was found to be more pronounced in dilute solutions. However,

they found that the effect of hydraulic conductivity on

streaming potentials is variable depending on the hydraulic

conductivity range of concern. They experienced maximum

streaming potentials in medium grained quartz sands. At ULM,

sediment hydraulic conductivities probably range between

1x10 -3 and 1x10 -6 cm/sec (Freeze and Cherry, 1979). Within this

range, streaming potentials can be expected to increase with

hydraulic conductivity.

Abaza and Clyde (1969) and Ogilvy et al. (1968) also

found that the magnitude of the streaming potential is

inversely proportional to the valence of the cations in the

double layer. This is probably because higher valence ions

cause the electrical double layer to contract. This results

in smaller zeta potential magnitudes and smaller streaming

potential magnitudes. They suggested that errors would occur

if bulk solution viscosities and dielectric constants were

used in Equation 2. They reasoned that microscopic values of

these parameters would be different than the bulk values

because of the electrical double layer. However, Lyklema and
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Overbeek (1961) demonstrated that these differences are

negligible if bulk solution total ionic concentrations are

less than 1x10 -2 mol/L. The water at ULM has average bulk

total ionic concentrations of 4.5x10 -4 mol/L (Wagner, 1987).

Fitterman (1979) developed a streaming potential

model using irreversible thermodynamics for coupled flow. He

predicted that the absolute magnitude of the streaming

potential would be inversely proportional to the electrical

conductivity of the porous medium.

Ishido and Mizutani (1981) developed a model based on

adsorption reactions at the solid-liquid interface. From

experimentation they found (in support of Abaza and Cylde,

1969) that the magnitude of the streaming potential is

inversely proportional to the total ionic concentration of

the solution. This is probably because higher concentrations

cause the electrical double layer to contract, resulting in

smaller zeta potential magnitudes and smaller streaming

potentials magnitudes. They also found (in opposition to

Abaza and Cylde, 1969) that the magnitude of the streaming

potential increases with temperature. However, the data for

this conclusion were erratic. They concluded that the

magnitude of the streaming potential increases with pH and

that other ions have very little affect (in agreement with

Abaza and Cylde, 1969) except as they relate to the
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increasing total ionic concentration of the solution. Using

their model, streaming potentials at ULM would become

insignificant at a pH of about 2.5 (isoelectric point).

Equation 2 is often simplified by assuming that the

various fluid properties are constant:

where

E, = CAH

C: -2---g-P-2 (inv/m)
47 u

(3)

The constant C is called the coupling constant as it

represents the coupling of electric and hydraulic potentials

(Ishido and Mizutani, 1981; Ogilvy et al., 1969; Schriever

and Bleui, 1957; Boyoslovsky and Ogilvy, 1969; Schilavone and

Quarto, 1984).

Several criteria can be derived from the above

discussion to determine if the streaming potential phenomenum

will be useful for leakage studies at a particular site:

• the pore-liquid should have a low total ionic

concentration, high resistivity and high pH;

• steady state electrochemical and flow conditions

should exist;

• flow through the porous medium should be non-

turbulent;

• the porous material should be fine to medium
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grained;

• the pore-liquid, porous medium and related geology

should be chemically and physically homogeneous; and

• pore sizes should be several orders of magnitude

larger than the electrical double layer.

The last criterium is irrelevant in many cases. If

pore sizes approach that of the electrical double layer,

seepage rates or streaming potentials will not likely be a

concern.

Technique 

Using the criteria listed in the previous section,

ULM is a reasonable candidate location for the use of the

streaming potential technique. The water has low total ionic

concentrations (4.5x10 -4 mol/L), it has a pH of about 7.34

(Wagner, 1987), and has a resistivity of 142.86 ohm-m

(Wagner, 1987). As demonstrated by Wagner (1987) and the

results of this study, water chemistry varies little with

location or depth (see Appendix A ). Darcy conditions appear

to dominate, and based on qualitative observations, sediments

appear to be reasonably homogeneous. Possible limiting

factors include the sediment clay content, and a concern that

steady state conditions may not exist. ULM water levels

decline consistently (approximately -0.5 ft/week or -.15

m/week during this study) during the summer and winter
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because of Flagstaff withdrawals. Water levels rise rapidly

during spring melts. These changing heads directly affect

seepage rates and the resulting streaming potentials.

Equation 3 applies to one dimensional flow through a

soil column such as Column A depicted on Figure 15. E, of

Equation 3 is equivalent to E s. (or E sb) of Figure 15, and it

is measured in the manner shown. In order to measure a

streaming potential such as that of Equation 3 in the field,

one electrode would be placed on the lake bottom, and a

second electrode would be inserted into bottom sediments.

However, streaming potential surveys are actually performed

by placing both electrodes on the lake bottom at different

locations. The following discussion describes the

significance of these measurements.

Figure 15 presents two hypothetical, physically and

chemically identical soil columns. Because the columns are

identical, the simplified form of the Helmholtz equation

(Equation 3) may be used. As represented, head differences

are imposed on the columns causing fluid flow, and associated

streaming potentials. With H, = Hb and Hb . < Ha vi the magnitude

of Eb will be larger than that of E sa • If voltage is measured

between the two columns as shown, the relative voltage, E st.,

will be proportional to }Iv - Has:
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Esr = C(Hly - Ha s)	 (4)

E s, is the value derived from the type of survey used

in this investigation. As can be seen, E s, is not a function

of the distance between the two electrodes. Equation 4

assumes homogeneity, steady state conditions, and one

dimensional flow. The last assumption would appear reasonable

for leakage such as that at ULM.

Figure 16, which is analogous to Figure 15, is a

conceptual flow net of the central portion of ULM. The

placement of electrodes at A and B is analogous to that of

Figure 15. "Column A" is analogous the flow line A-A' and

"Column B" is analogous to flow line B-B'. The heads at A

and B are analogous to H, and Hb and both equal 6820 ft (2079

m). The head at A' is analogous to Ha, and equals 6765 ft

(2062 m). The head at B' is analogous to Hv and equals 6738

ft (2053 m). Consequently, the voltage measured between A and

B (E s,) will be C(6738 - 6765). I suggest that the actual A'

and B' heads are averages over their respective flow lines.

Recalling the assumption of one dimensional flow, Figure 16

shows how actual conditions may deviate from this assumption.

I feel that these deviations at ULM are small enough to be

negligible. However, in more complex flow systems, deviations

from one dimensional flow would invalidate this model.
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E„ = C(H. —H,)

E„ = C(H,. — H„)

H, =	 , H. > H„.

E„,. = Esb — Es. =

: Digital Voltmeter

Figure 15: Hypothetical Streaming
Columns
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The streaming potential model described to this point

relates voltages to head differences. Ultimately a

relationship between streaming potentials and seepage rates

was developed. That final form of the model is presented in

Section 6.

Corwin (1976) demonstrated that underwater SP

measurements can be made even if electrodes are not in

contact with the bottom. Corwin's work was performed in

seawater. The high conductivity of this fluid was thought to

permit SP currents (and related potentials) to extend into

the fluid. Limited studies for this investigation revealed

that raising electrodes off the bottom significantly reduced

the magnitude of readings. In most cases the magnitude of the

reading was reduced by 75% when the electrodes were one foot

off of the bottom. I suggest that this may be due to the low

conductivity of ULM water. This may have prevented

significant SP currents from extending into the water.

Therefore, data were collected with electrodes placed on the

bottom. Additionally, waters near the lake bottom have more

constant temperatures. As a result, readings at the bottom

would have less variation due to temperature effects.

Total SP is measured by recording the voltage

difference between two points. Streaming potential is

extracted by making other measurements so that
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electrochemical, telluric, cultural and electrode effects can

be subtracted from the total SP reading (Haines, 1978). Once

the streaming potentials (E sr) at various points have been

obtained, they are contoured, and trends are interpreted.

The following discussion describes how the other SP

effects were accounted for in this investigation.

Total SP Measurement

As described above, the general technique for

performing a SP survey is to measure the voltage difference

between two points. Two approaches may be used. The first

approach is called "point" mapping. This involves placing one

"stationary" electrode at a permanent location, and moving

the second "roving" electrode from one point to another. By

arbitrary convention, the "stationary" electrode is connected

to the negative terminal of the volt meter (Ogilvy et al.,

1969; Corry et al., 1983; Haines, 1978). This approach

results in a map with voltage differences plotted at each of

the "roving" points. Each of these measurements (E sr) is

relative to the "stationary" location (Hughes et al., 1986).

An advantage of this method is that each measurement is

independent, and errors do not propagate through the survey.

A limitation is that wire is needed to connect the

"stationary" and "roving" electrodes. For large survey areas
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this may be prohibitive. In addition, larger separation

distances between the two electrodes will result in larger

telluric effects.

The second method is called "gradient" mapping. This

involves two "roving" electrodes which have a constant

separation (e.g 50 ft or 15 m). The assembly is placed at a

location, and the voltage difference is measured. The

assembly is then moved forward so that the lead electrode is

at a new location, and the trailing electrode is at the

previous location of the lead electrode. The next measurement

is made at this location, and so on. Results can be converted

into a map similar to that for "point" mapping by adding up

consecutive measurements. The advantage of this method is

that large amounts of wire are not required, and telluric

effects are negligible. However, errors are cumulative. In

addition, in areas were SP trends are subtle, normal

electrode spacings (e.g. 50 ft or 15 m) may provide only

small voltage differences from which it may be difficult to

extract streaming potentials.

I chose the "point" mapping method for this

investigation because of the small size of the study area.

There was a large probability of measurement error. The

"point" mapping method ensured that errors would not

propagate from one measurement to another.
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Ogilvy et al. (1969) described a "point" mapping

program in which the "roving" electrode was dragged across

the bottom rather than being placed at individual locations.

However, I found that results are difficult to reproduce with

this method. This is probably due to disturbance of the

bottom sediments. A practical hinderance of this technique is

that the probe tends to snag on rocks and other bottom

debris.

The general method for measuring total SP values,

which evolved from preliminary studies, included placing the

"stationary" electrode on the lake bottom at a location

thought to have low seepage rates. The "roving" electrode

was connected to the "stationary" electrode with an insulated

wire. The "roving" electrode was moved from location to

location with a boat. Once at a measurement location, the

"roving" electrode was lowered to the bottom, and allowed to

stabilize for about 2 minutes. The voltage difference between

the two locations was then measured with a digital voltmeter

(high input impedance: Resistancemeter=70 000xResistance, )ater, •

Finally the location was surveyed by an onshore assistant

turning angles off of known bench marks and measuring

distances by the stadia method. The general setup is

presented in Figure 17.

Data were collected at an average rate of one point
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every five to seven minutes. Rates were as high as one

measurement every three minutes in the early morning and as

low as one measurement every 15 minutes in the afternoon,

when motor boats and electric storms were passing through. On

the average, this resulted in 120 data points over each two-

day weekend.

As described above, total SP includes various

effects which must be removed in order to obtain the

streaming potential.

Etotal	 Esr	 Et +1".. Eprobe	 Eek	 (5)

E,,,„1 , total SP measurement,

E„: relative streaming potential,

E,: telluric and cultural potentials,

Eprobe electrode potentials, and

Eek: electrochemical potentials.

Telluric and Cultural Potentials

Telluric and cultural potentials of concern in the

study area included diurnal effects and short term effects.

Hughes et al. (1986) described a telluric monitoring system

which included two sets of stationary electrodes positioned

along perpendicular axes. Voltage differences along these two
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Figure 17: Typical Underwater
"Point" SP Survey
(after Hughes et al., 1986)
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lines were monitored continuously, and drift from an initial

reading was subtracted/added to total SP readings which were

being taken concurrently. My work revealed that diurnal

telluric drift was insignificant (less than 2 mv) during a

working day. Short term effects (e.g. solar activity,

electrical storms, wave action and motor boats) could be

detected adequately by one set of stationary monitoring

probes. When the monitoring system revealed that these

effects were causing voltage variations, data collection was

terminated until the effects subsided. The net result is that

telluric and cultural corrections were not required.

Some cultural potentials, such as those from scrap

metal, did not vary with time. Therefore, the monitoring

program provided no information on their occurrence. These

effects were removed by comparing voltages to observed metal

locations and measured seepage distributions (see Section 6).

Data were collected between 5:00 AM and 7:00 PM.

During this time, short-term effects resulted in 40% to 80%

"down time". All of these effects were absent during the

night. Unfortunately, scheduling did not permit data

collection at night.

Electrode Potentials

As previously described, electrode effects were
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minimized by using electrodes which had long-term stability

and insensitivity to expected temperature differences.

However, the electrodes still had a tendency to drift several

millivolts over the course of a day, and if large enough

temperature differences occurred between the two probes,

significant effects would be seen. Therefore, junction

potentials between electrodes were measured every 2-4 hours,

and temperature was measured at every "roving" electrode

location.

The temperature difference between the "roving" and

the "stationary" electrodes varied from 0 2 C to 1 2 C during

this study. As can be seen from Figure 12, this resulted in

electrode effects of less than 0.5 mv. Therefore, this effect

was ignored.

Electrode drift (Ep )robe, I

potentials, was significant. The effect was added to or

subtracted from total SP measurements which were measured

concurrently. Drift corrections for times between actual

drift measurements were obtained through linear

interpolation.

Electrochemical Potentials

Electrochemical potentials are most commonly caused

by changes in the chemistry of lake bottom sediments, the

as measured from the junction
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underlying geology, and the water composition. In the case of

ULM, sediment chemistry was not expected to change

significantly in the study area due to the gentle slope of

the lake bottom.

Figure 8 shows that the only lithologic change in the

study area is an outcrop of the Kaibab limestone in the area

of Babbit Cove. Otherwise, basalts underlie the rest of the

study area. However, the area is crossed by numerous faults.

The fault planes could contain chemically different materials

such a gouge. Therefore, SP anomalies over these features

could be indicative of electrochemical effects instead of

streaming potentials caused by preferred leakage. The actual

cause for total SP anomalies over these faults was determined

by comparison with seepage meter measurements (see Section

6) .

Changes of the water composition were considered

possible if the lake was stratified. Therefore, as a gross

measurement of water chemistry, specific conductance was

measured at each roving electrode location. The average

specific conductance during this investigation was 70 +/- 5

umhos/cm. No specific conductance trends were noted.

Long-Term SP Drift

Because of scheduling, the entire study area could
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not be surveyed in one outing. This posed problems as lake

levels were dropping constantly over time (approximately 0.5

ft or 0.2 in per week) in response to withdrawal of water by

Flagstaff. Declines in the lake level were expected to change

seepage rates (leakage and seepage into the lake) and the

corresponding streaming potentials. In addition, as the

summer season progressed, the overall SP distribution of the

area changed in response to declining temperature, movement

of the earth around the sun, and perhaps decreasing

microbiological activity in the lake. Because of these

effects, measurements taken at different times were brought

to an identical reference level. This was accomplished by

establishing a permanent monitoring electrode station (MT2A)

at which potentials were measured several times each work

day. Long-term variations at this point were assumed to

reflect those of the rest of the study area. Measurements

were then corrected for long-term drift by subtracting or

adding the drifts (Edrift) measured at the permanent station

for that day. The arbitrary reference potential used for this

location was 0.0 mv. As can be seen from Figure 18, drift

passed through this point on July 25, on August 12 and again

on August 21, 1988.

Equipment
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Equipment consisted of two Ag-AgC1 electrodes for

streaming potential measurements, 1000 ft (305 m) of

insulated wire, a Fluke digital voltmeter, a thermistor and

specific conductance probe and a boat. Oars were used since

engine activity interfered with measurements. Other equipment

included two Pb-PbC1 2 electrodes, and a second volt meter for

telluric and cultural potential monitoring; and a transit and

stadia rod for surveying each "roving" location.

Data Reduction

Using the assumptions and techniques described above,

the equation for extracting streaming potentials (E sr) from

total SP measurements was reduced to:

Esr Etotal Eprobe -11 Edrift (6)

Additional considerations which were used to remove

electrochemical and some cultural effects are presented in

Section 6.

Because of the electrode polarity convention, an

interpretive "rule of thumb" has evolved. Assuming all other

conditions are constant, a negative E sr at a "roving" location

suggests more leakage than at the "stationary" location

(Hughes et al., 1986). A positive Esr at a "roving" location
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suggests less leakage than at the "stationary' location. High

positive voltages may indicate seepage into the lake (e.g a

spring).
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SECTION 4

Seepage Meter Measurements

The streaming potential survey may have provided

qualitative data on the distribution of leakage and seepage

into the lake. However, these observations needed to be

verified and quantified into units of length/time so that

total volumes of seepage could be calculated for various

areas.

Theory

Seepage meters were originally developed to measure

leakage from irrigation ditches and canals (Israelson and

Reeve, 1944; Warnick, 1951; Rasmussen and Lauritzen, 1953;

Robinson and Rohwer, 1952; Robinson and Rohwer,

1959;Hendricks and Warnick, 1961; U.S. Bureau of Reclamation,

1963; McBirney, 1961; Bower, 1961; Bower, 1965; Bower and

Rice, 1968). Original designs were simplified by Lee (1972),

who used them to measure seepage in and out of lakes; and to

collect samples of inf lowing water. The Lee-type meter has

been used most frequently in recent years because of its

simplicity (Lee, 1976; Lee, 1977; Lee and Hynes, 1978; Lee

and Cherry, 1978; Downing and Peterka, 1978; Erickson, 1981;

Lee et al., 1980; John and Lock, 1977; Woessner and Sullivan,

1984). Hughes et al. (1986) used seepage meters to verify
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conclusions from a streaming potential survey.

Seepage meter theory is simple. Assuming seepage

through a lake bottom is perpendicular to the bottom, seepage

can be measured by monitoring the flow rate through an

enclosed portion of the bottom.

Operating Principle

The Lee-type meter consists of a cylinder (usually

one third of a 55 gallon barrel) open at one end. The open

end is seated in the bottom of the lake. A plastic bag filled

with a known volume of water is attached to a hole in the top

of the cylinder. Measurements are made by periodically

removing the bag and measuring changes of water in the bag.

Leakage will empty the bag, and seepage into the lake will

fill the bag.

Seepage rates in units of length/time are calculated

by dividing the volume change per time by the area enclosed

by the meter.

Seepage Meter Limitations

Several problems are inherent in seepage meter

designs overall, and in the Lee design in particular. Bower

(1961) demonstrated that insufficient seating of the meter in

bottom sediments provides erroneously low readings. He also
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predicted (using electric analog models) that slight pressure

differences between the inside and outside of a meter could

cause errors. Erickson (1981) suggested that frictional

resistance (head losses) and small diameter tubes used to

connect bags to Lee-type meters cause the pressure

differences described by Bower (1961). As a result, seepage

flowlines beneath the meters are distorted. Consequently,

meters detect only a portion of the actual seepage rates.

Erickson (1981) saw measurement efficiencies ranging between

58% and 76%. Cherkauer and McBride (1988) saw efficiencies of

between 59.1% and 66.2%. Erickson (1981) observed minimum

measurable seepage rates of about 0.0284 ft/dy (0.1x10 -4

cm/sec).

The measurement inefficiencies, resulting in low

measured seepage rates, are manageable if correction factors

are known. However, measurement precision is generally poor

because of meter seating variability from one location to

another. Cherkauer and McBride (1988) saw standard

deviations of about 22% from an observed mean measured

seepage rate. Zager (1981) saw measurement variations at one

location of up to 20%. Fellows and Brezonk (1980) saw

variations of up to 24%.

Various seepage meter designs also have operational

limitations. Most notably, divers are required to install and
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operate Lee-type meters in deeper water. Cherkauer and

McBride (1988) developed a heavier meter which can be seated

under its own weight and which can be operated from the

surface. However, this meter is bulky, it costs $100 to build

and it requires removal to the surface for final

measurements. The bag assemblies on Lee-type meters are

fragile and are susceptible to volume changes caused by

bottom currents and other non-seepage related effects. The

Cherkauer and McBride (1988) design included a bag housing to

prevent this.

Once installed, seepage meters need to be left alone

(without the bag connected) for some time to allow sediment

pressure disturbances caused by installation to subside.

Erickson (1981) used an equilibration time of several days.

Cherkauer and McBride (1988) found that full equilibration

occurred within 1.5 hours after installation (under the

conditions of their study).

Development of Technique 

I was limited to a maximum expenditure of $50 for

construction of each seepage meter. In addition, the boat

used was not sufficiently large to accommodate Cherkauer and

McBride-type meters. Diving to install Lee-type meters was

not considered an alternative. Therefore, I designed a meter
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which costs less than $50, which is compact, and which can be

installed and operated from the surface.

Seepage Meter Design and Operation

The resulting seepage meter design (which was

suggested in part by Fuentess, 1988) is illustrated in Figure

19. Because of its similarity to the Lee-type meter, it has

been called a modified Lee-type meter.

The modified meter operates on a similar principle to

the original design. Water seeping out of the lake in the

area enclosed by the meter causes water to flow into the

plastic bag contained within the PVC surface housing (see

Figure 19). Water seeping into the lake causes water to flow

out of the bag.

The meter is installed by lowering the basal assembly

to the bottom. Once resting on the bottom, suction is applied

to the hose leading to the surface. This suction pulls the

meter into the bottom sediment.

After installation, the meter is allowed to

equilibrate for at least 13 hours (at ULM). Measurements are

made by attaching a bag with a known volume of water to the

inside of the surface housing. After a period of time

(usually 12 hours at ULM), the bag is removed and the volume

change is measured (see Appendix B).



91

(--- ------ ,
1 ,---,-- F(oat
) (	

s's
17777,.77.77—r:/	 N.\----/ ..... .... ,.. ... _	 !

./:::.......................4",.....„,/
Ope  n 1 n g

.......••••••••••••••••

Buoy
Water Level

8 In, ID P C —

:: f 	 Bag

Rope 1./2 irh 

Figure 19: Modified Lee-Type
Seepage Meter



92

Advantages of this design include surface

installation and operation, ability to make repeated

measurements at one location, automatic venting of benthic

gases and 1/2 in. (1.27 cm) ID fittings on all hoses and

connections (reducing head losses). Disadvantages include

inability to collect samples of seepage into the lake,

disruption of measurements during choppy surface conditions

and inability to seat the meters in firmer sediments (using

the suction technique).

Calibration

Operational variables which were needed to interpret

the data correctly included amount of suction required to

effectively seat the meter, time for equilibration after

installation, measurement efficiency, measurement precision,

minimum detectable seepage rates and effects of variable hose

lengths on measured seepages.

These calibration factors were measured by installing

a meter in a "sand box" model which used ULM sediments as the

bedding material (see Appendix B). Results showed that an

initial applied suction of 6 cbar is sufficient to seat the

meter 3 to 6 inches (7.6 to 15.2 cm) in ULM sediment. After

seating, 13 hours are required for the disturbed area to

return to equilibrium conditions (for ULM sediment).
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The modified meter has an average efficiency of 62%.

The minimum detectable seepage rate is 0.00242 ft/day

(8.5x10 -7 cm/sec)(see Figure 20). Figure 20 presents the 95%

confidence envelope for the range of seepage rates tested.

Measurements vary 11% to 20% from actual seepage rates.

I expected higher measurement efficiencies than those

seen because larger fittings were used on this design than on

previous designs. The lack of improved efficiency might be

attributed to the "stiffness" of the bag type used.

The effect of varying hose lengths was studied by

assuming laminar flow within the meter, and using the Hagen-

Poiseulle law for head loss. I postulated that longer hose

lengths would cause greater head losses. This would result in

lower pressures (following the Bernoulli equation) within the

meter, and a further distortion of flowlines in sediments

enclosed by the meter. Various combinations of water

viscosity, water specific weight and flow rates were used to

estimate the maximum reasonable head loss differences between

a meter with a 5 ft (1.5 m) hose, and one with a 25 ft (7.62

m) hose. I found that the minimum head loss for the 5 ft (1.5

m) hose is 3.503x10 -1° ft (1.068x10 -1° m) and that the maximum

head loss for the 25 ft (7.62 m) hose is 1.2x10 -6 ft (3.7x10 -

7 m). These head losses are different by several orders of

magnitude. However,
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experiments revealed that heads within the meter are between

0.000984 and 0.00328 ft (.0003 and .001 m) lower than those

outside the meter (after equilibration and with the bag

connected). Consequently, maximum pressure changes caused by

changing hose lengths are less than 0.12% of the total head

loss of the meter.

Using the calibration results, a linear correction

from measured to true seepage rates was derived (see Figure

20):

q = Qm(1.6146)/A + 0.00242 (7)

where q: true seepage rate (ft/day),

Qm : measured seepage flow rate (ft 3/day), and

A: area enclosed by the meter (ft2 ).

An arbitrary sign convention was adopted in which

leakage out of the reservoir was given a positive sign and

seepage into the reservoir was given a negative sign.
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SECTION 5

RESULTS OF INVESTIGATION

Streaming Potential Survey

A preliminary "gradient" survey was performed to

determine which portion of the study area might have the

least amount of seepage (in or out). This was done by

traversing the lake trailing two electrodes (with a 15 ft or

4.6 m separation) behind the boat. This preliminary survey

suggested that the south shore of the lake would be the area

with the least amount of SP activity. Based on this, the

"stationary" electrode was located as shown on Figure 21.

The "point" streaming potential survey was performed

between July 18 and August 28, 1988. It resulted in 380 data

points in the main study area with an average spacing of one

measurement per 5000 ft 2 (465 m12). Locations of data points

are shown in Figure 21. The coordinates and specifics of each

measurement are tabulated in Appendix A.

Babbit Cove (referenced to the same "stationary"

electrode location), was surveyed on August 13 and 14, 1988.

This smaller survey provided 70 data points. Measurement

points are shown in Figure 22. The coordinates and specifics

of each measurement are tabulated in Appendix A.
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Data Reduction

Data from the streaming potential survey are

presented in Appendix A. Figures 23 and 24 are contours of

these data for the main study area and Babbit Cove

respectively. Data were contoured with the aid of kriging,

and results were checked against contours performed by hand.

Voltages on Figures 23 and 24 were calculated with

Equation 6. As previously discussed, this equation does not

take some cultural and electrochemical effects into account.

Thus the presented voltages represent the sum of some

cultural, electrochemical and electrokinetic effects. Removal

of the non-electrokinetic effects was a subjective process,

therefore that portion of the study is presented in Section

6, Data Interpretation.

Data Precision

As discussed in Section 3, all SP measurements were

referenced to August 21, 1988. The record from the permanent

monitoring location (MT2A) was used to make these

corrections. This technique assumed that temporal SP changes

in all areas paralleled those at the permanent location

(MT2A). The validity of this assumption was tested by

comparing corrected SP measurements taken at individual



P age Missing
in Original

Volume



P age Missing
in Original

Volume



P age Missing
in Original

Volume



102

locations on different dates. If the assumption was valid,

multiple measurements at single locations should have been

very close. The method used to survey point locations had an

average error radius of about 10 ft (3 m). Therefore, any

points within 20 ft (6 m) of one another were considered one

location.

Table 3 presents a comparison of 11 points with SP

measurements at different times. The average absolute

difference in readings of this sample was 2.29 mv with a

standard deviation of 1.81 mv. A one-tailed test using the t-

distribution (n=11) revealed, at a 99% confidence level, that

the population's average absolute difference was not greater

than 2 mv.

Some points received several measurements on the same

day. These measurements also varied. The variations could

have been caused by several factors including instrument

reading error, incorrect placement of the roving electrode

(e.g. overturned), varying bottom materials (e.g. rocks,

metal, wood, changing sediments), naturally steep SP

gradients or short period SP disturbances (e.g. motor boats).

Thirty six points with multiple measurements were

considered. This sample included those points from Table 3.

This is because there was no criterion by which errors caused



TABLE 3
Comparison of SP Measurements Made

at Points Within 20 ft of One Another
on Different Dates

Station Date SP Difference
mV mV

A021 8/6/88 -3.6
AZ33 8/28/88 -4.2 -0.6

A020 8/6/88 -8.8
AZ32 8/28/88 -6.1 2.7

AN19 7/31/88 -6.2
AZ30 8/28/88 -10 -3.8

AA24 7/16/88 -8.7
AZ29 8/28/88 -8.9 -0.2

AC23 7/17/88 -2.4
AZ6 8/28/88 -6.5 -4.1

AD20 7/17/88 -12.1
AZ5 8/28/88 -11.7 0.4

AE1 7/17/88 -5.2
AF1 7/24/88 -1 4.2

AE2 7/17/88 -7.9
AF2 7/24/88 -5.5 2.4

AE4 7/17/88 -6.9
AF4 7/24/88 -6.6 0.3

AE5 7/17/88 0.3
AF5 7/24/88 -4.8 -5.1

AD14 7/17/88 -2.1
AE17 7/18/88 -0.7 -1.4

n = 11
absolute average sample difference = 2.29 mV
std. deviation = 1.8118 mV
99% confident that population difference does not exceed 2 mV
(t-dist)
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by temporal drift could be separated from other variations.

The sample's average absolute difference in readings was 3.21

my with a 3.56 my standard deviation. A one-tailed test using

the normal distribution (n=36) indicated that, at a 95%

confidence level, the population's average absolute variation

was not greater than 3 my. This variation included both

temporal correction errors, and measurement errors.

The 3 my measurement variation is approximately 8% of

the 40 my maximum SP range measured in the study area. The

variation is about 20% to 30% of the 10 to 15 my SP range

experienced on most traverses across the lake.

Dual measurement variations at individual points were

sometimes much larger than 3 mv. These points were not

discarded because the "true" values were not known. However,

the effects of these points on interpretation were minimized

by the search method used for kriging data (Surfer Graphics

software). The study area was divided into a grid with 1110

nodes (each node covering a square with 44 ft or 13 m sides).

The area around each node was divided into eight equal

octants and the 10 nearest SP values in each octant were

located and used for kriging. This resulted in a general

smoothing of anomalous points. The generated nodes, not the

actual data, were used for contouring. These contours, not

the raw data, were used for correlation with seepage meter



105

measurements.

Seepage Meter Survey

The seepage meter survey was performed between

September 9 and October 22, 1988. A total of 47 measurements

were attempted. Three of these measurements were made in

Babbit Cove. Of the total, 27 measurements were considered

failures. Figures 24 and 25 present the locations of all

measurements. These locations were chosen based on trends

seen in the streaming potential data, and based on a desire

to provide a wide coverage of the study area.

The survey was performed over a six week period.

During this time, lake levels declined and seepage rates

changed. The location of the permanent monitoring station

(MT2A) for the SP survey was used to monitor these seepage

rate changes. Seepage measurements were repeated at this

location each week during the survey. Figure 26 presents the

seepage record from this location.

Data from the seepage meter survey are tabulated in

Appendix B.
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Data Reduction

Forty seven (47) seepage meter measurements were

attempted. Of these, 27 attempts (57%) were considered

failures. Reasons for failure included inadequate seating,

incorrect operation, vandalism, choppy water conditions and

device failure (e.g. leaking joints). A meter was considered

inadequately seated if it could be pulled from the bottom by

hand. Correctly seated meters were "worked" out of the bottom

by tethering them to the motor boat. Incorrect operation

occurred in the early part of the study and entailed

erroneous bag preparation. When vandalism, choppy water

conditions (boat or wind waves of greater than three inches)

or device failure was observed the resulting measurement was

discarded.

Valid seepage measurements were converted to actual

seepage rates using Equation 7. The expected amount of

variation in these rates can be seen by the 95% confidence

envelope on Figure 20.

Average bottom water temperatures in ULM decreased

from 20 2 C to 10 2 C during the seepage meter portion of the

study. This caused higher water viscosities, lower hydraulic

conductivities, and consequently lower leakage rates.

Therefore, leakages measured when waters were cooler were

converted to those at 20 2 C (see Appendix B). Measurement
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SM28, which showed seepage into the lake, was not corrected

for water temperature changes.

Although the record from the permanent monitoring

station (MT2A) indicated no change of seepage rates over

time, variations at other locations were detected (see

Section 6). The changes in seepage rates have been attributed

to lake level declines. The process for correcting measured

seepages for this effect was subjective. Therefore, those

calculations are presented in Section 6.
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SECTION 6

DATA INTERPRETATION

Extraction of Streaming Potentials from SP

Measurements

Figures 23 and 24 are contours of the SP data

referenced to August 21, 1988. All drift and electrode

effects have been removed. However, electrochemical effects

have not been taken into account.

SP's from three areas were anomalous. The first area,

centered on coordinates 250 ft,100 ft (76 m,30 m) in the

main study area, had very high positive voltages. This was

attributed to scrap metal which was scattered across the lake

bottom in that area. The basis for this was observation of

the metal, erratic readings in small areas, and lack of

correlation with measured seepage rates (see Section 6,

Correlation of Seepage Rates and Streaming Potentials).

Consequently, the data were discarded. Decisions on which

data to discard were made by extending SP distributions from

distal areas without the scrap metal into the area of

question. Large deviations (>3 mv) above these extended

trends were discarded. Figure 21 shows those points which

were removed.

Babbit Cove was the second anomalous area. SPs in the
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Cove averaged +10 mv. According to the "rule of thumb" cited

in Section 3, these SPs should have been indicative of

seepage into the lake. In fact, seepage meter measurements

showed leakage on the order of that seen in the main study

area. This apparent failure of the SP method was attributed

to an outcrop of the Kaibab limestone and a general change in

sediment type within the cove. The changing electrochemistry

of the cove resulted in a different C (see Equation 3) than

for the main study area. Because of this, the data from

Babbit Cove were analyzed separately from those of the main

study area.

The third anomalous region, located in the main study

area, extended across the lake starting from coordinates 100

ft, -550 ft (30 m, -168 m). These voltages were also quite

high, and did not correspond to measured seepage rates. All

points within this region were measured on the same day and

SP drift during that day was quite high (20 mv). In addition,

bottom sediments contained increasing quantities of limestone

debris washed into the lake from Babbit Cove. As shown in the

Cove, limestone electrochemically causes higher voltages. The

drift and the limestone debris were thought to have caused

the high measured SP values. Therefore, all data measured on

this day were discarded. Figure 21 shows those points which

were removed.
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Figure 27 is a contouring of SP data from the main

study area after removal of anomalous points. If the various

assumptions which have been made are valid, these contours

should represent streaming potential distributions on August

21, 1988.

Contours of SP data from Babbit Cove (Figure 22)

should be used cautiously. The data in the Cove were erratic,

and bottom materials were variable. In addition, only two

successful seepage meter measurements were performed in that

area. As a result, Figure 22 should be viewed as a

combination of electrochemical and streaming potentials.

Relationship between Seepage and Streaming

Potentials

Development

Seepage at a location can be described by a discrete

form of Darcy's Equation:
K AH 

1

where: q: seepage rate (length/time)	 (8)

K: vertical hydraulic conductivity (length/time)

A H: vertical head difference (length)

.1: vertical thickness over which the head difference

is meastired (length).
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Equation 8 assumes vertical, one dimensional flow, steady

state conditions, homogeneity, and head differences which

fall in the range of Darcy validity.

The quantity q was measured with seepage meters

(after correction for inefficiencies and viscosity changes).

For seepage through lake beds, the ratio K/J, has been

referred to as leakance (L) with units of time-1 (Pfannkuch,

1969). It is important to note that materials beneath ULM

form a layered system. Alluvium, basalt flows and baked soil

horizons alternate with one another. Consequently, K should

be viewed as the weighted harmonic mean of the hydraulic

conductivities for each of these layers, and I should be

viewed as the sum of their thicknesses (Taylor and Cherkauer,

1988). Assuming changing water viscosities have been

accounted for, L can be considered a constant. Equation 8

can be rewritten:

q = L(AH)	 (9)

Considering Figure 16, the leakage at location A

would be:

=	 Ha)	 (10)

Similarly, the leakage at location B would be:

qB = L(H ' - Hb)
	

(11)

Observing that Hb = Ha , the difference in leakage between the

two locations would be:
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qb	 L(Hb, Ha ')
	

(12)

Combining Equations 4 and 12, a relationship between

seepage and streaming potentials can be developed:

qb = (L/C)E s, + qa	(13)

As previously stated, this equation assumes one

dimensional, vertical flow, homogeneity, and steady state

conditions. For the type of streaming potential survey used

in this investigation, location A is equivalent to the

"stationary " electrode location, and location B is

equivalent to the "roving" electrode location.

Correlation of Seepage Rates and Streaming Potentials: Main

Study Area

Figure 28 is a plot of the successful seepage

measurements at their corresponding locations on the

streaming potential plot. To produce a graph of streaming

potentials versus seepage rates, average streaming potentials

within 10 ft (3 m) radii were calculated and paired with

their respective seepage rates. Figure 29 is the resulting

graph with its equation and pertinent statistics. The

measured relationship between streaming potentials and

seepage rates was:

q = -0.001398(E sr) + 0.01272	 (14)

The correlation coefficient was 0.885.
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Measurement SM26 and those at the permanent reference

location (MT2A) have been included on the graph because they

were valid. However, these points are in an area in which

most SP data were removed (due to scrap metal). As a result,

the presented streaming potentials at these points are only

approximations.

Correlation of Seepage Rates and Streaming Potentials: Babbit

Cove

Figure 30 is a graph of streaming potentials versus

seepage rates in Babbit Cove. Using the same methods

described above, a linear relationship was developed:

q = -0.000622 (E sr) + 0.0179	 (15)

This relationship should be viewed as a rough

approximation as there are only two data points. Because

there are only two points, correlation coefficients are

meaningless.

Because of the limited amount of data, Equation 15

was not used for converting streaming potentials to seepage

rates. However, the equation is useful for a general

comparison of streaming potential/seepage relationships in

the main study area and Babbit Cove. Electrochemical effects,

thought to have resulted from limestone, have shifted the

zero mv intercept in Babbit Cove by 0.0052 ft/dy (1.8x10-6
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cm/sec). The slope of the correlation for Babbit Cove appears

to have also been affected. Statistical analysis of the data

revealed that the estimated slope for Babbit Cove falls

outside of the 99% confidence interval (t-distribution) for

that of the main study area.

The differing SP's between the main study area and

Babbit Cove emphasize the need to calibrate streaming

potential surveys with actual seepage measurements. If

seepage meter measurements had not been performed in Babbit

Cove, the correlation of Figure 29 would have predicted

seepages into the lake as high as 0.025 ft/day (8.8x10 -6

cm/sec) within the Cove.

Temporal Seepage Variations

Figure 31 is identical to Figure 29 except that the

dates on which seepage meter measurements were made have been

delineated. This plot suggests that seepage rates declined

with time. The most obvious cause would be lowering lake

levels. This can be explained by Equation 9. Choosing

location A on Figure 16, H, represents pressure head plus

elevation head at the lake bottom. Herepresents the

hydraulic head at some point 1 depth beneath the lake bottom.

Studying Figure 16, He may be assumed constant in the time

frame of this study. With L and He constant, H, is the only
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variable which could affect leakage rates (assuming changing

water viscosities have been accounted for). As the elevation

of a particular point does not change, changing lake levels

would be the cause of changing leakage rates. Therefore, L at

a location can be calculated by comparing q at a location

measured at different lake levels.

Bower (1988) as well as others have shown that

sediment consolidation with rising water levels affects

seepage rates in recharge ponds. However, those effects are

not expected to be important at ULM. This is because the

consolidation process is mostly irreversible. After several

cycles of rising and lowering water levels, consolidation can

be considered complete. At ULM, 48 years of water level

fluctuations (in an apparent absence of significant

sedimentation) have probably completed the consolidation

process.

Water levels in the lake dropped 1.88 ft (.57 m)

during the seepage meter survey. This apparently caused a

corresponding decline in leakage rates. However, head drop

did not cause the same leakage rate declines at all

locations. This is because L varies from location to

location. Areas with lower K materials, have lower L values.

As a result, leakage rates are less affected by changing lake

levels. The net result is that leakage rate changes measured
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at one location cannot be used to correct measurements at all

other locations.

Unfortunately, the permanent monitoring station

(MT2A) was the only point at which multiple, successful

leakage measurements were made. This location essentially did

not respond to declining lake levels apparently because it

has a low L. Using the record from this point, L is less than

0.000353 dy-1 . Other areas appear to have been more sensitive

to the water level changes. However, L values could not be

calculated because of the lack of successive seepage

measurements at single locations. Consequently, seepage

measurements made at different lake levels could not be

corrected back to a reference level.

An approximation to estimate L values at other

locations was attempted. Assuming that streaming potentials

and seepage rates are correlated, locations with similar

streaming potentials should have similar seepage rates at the

same time. Using this assumption, measurements at different

locations, but with similar streaming potentials and depths,

were grouped as approximations of single locations. Locations

were grouped in streaming potential ranges of >0 mv; 0 to -

3mv and -5 to -7 mv. Measurements made at different times

within these groups were then plotted versus lake level

changes. However, this method gave unrealistically high L
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values which were not verified by streaming potential changes

with water level declines. As seen from Table 3, SP

variations were erratic, and attributable to effects other

than changing water levels. In addition, the derived L

values unrealistically predicted that leakage would end when

there was as much as 10 ft (3 m) of water left in the lake.

Therefore, the derived L values were rejected.

As described in Section 7, average ULM leakage values

predicted by Blee(1988) were found to be fairly accurate.

Therefore, Figure 5 was used to calculate an average L value

for the lake. The resulting average L of 0.0006 dy -1 appears

to be reasonable. In lieu of actual L values for individual

locations, this average L was used to correct seepage

measurements back to the reference date (August 21, 1988)

lake level (6814.65 ft or 2077.1 m nisi). The resulting

streaming potential/seepage rate relationship is presented on

Figure 32:

q = -0.001408 (E sr) + 0.013748 (16)

This relationship has a correlation coefficient of 0.896.

The result of using an average L value rather than

actual L values was probably a general underestimation of the

higher leakage rates.
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Relationship between Leakance. Seepage and Streaming Potentials

The slope of Equation 16 should represent the ratio

L/C. Because the components of this ratio were not measured

during this investigation, the value cannot be verified.

As previously discussed, actual L values probably to vary

within the study area. However, Equation 16 assumes

homogeneity. I suggest that heterogeneities may be allowed

and that the equation can still be considered valid if the

ratio L/C is constant. To maintain a constant L/C, actual C

values must vary with L. Areas with higher leakage rates have

higher L values (due to higher K). Therefore, the C values in

these areas must also be larger by a corresponding amount.

This is reasonable. As discussed in Section 3, streaming

potentials (and therefore C) have been found to increase with

K within the range estimated for ULM sediments.

The intercept of Equation 16 should represent the

leakage rate at the "stationary" location. Using only seepage

meter data, the leakage at this location should have been

between 0.008 and 0.016 ft/day (2.82x10 -6 and 5.65x10 -6

cm/sec). The value from Equation 16 is 0.013748 ft/day

(4.85x10 -6 cm/sec).

Caution should be used when attempting to develope

relationships between C, K, and L. The coupling constant C,

is a function, among other factors, of the zeta potential.
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This variable is measured on nanometer to millimeter scales.

Hydraulic conductivity is measured on centimeter to meter

scales. Leakance is measured (because of the 1 term) on meter

to hectometer scales. Finally, the geologic features of

interest vary on hectometer to kilometer scales. The scales

of these values result in different levels of variation.

Therefore, when comparing one variable to another, a

"reference" scale should be set, and the amount of variation

expected for each variable at that scale should be studied.

Yeh (1988) provided a summary of these considerations.

Seepage Distributions

Main Study Area

Using the correlation of Figure 32, streaming

potentials on Figure 27 were converted to seepage rates (see

Figure 33). The streaming potentials of Figure 27 are

referenced to August 21, 1988. As a result, seepage

distributions presented on Figure 33 are applicable only to

that time frame. A similar plot for a later date would have

lower seepage rates due to increasing water viscosities and

declining water levels. Blee (1988) constructed a stage-

seepage duration graph for ULM. According to this graph, the

lake stage and corresponding seepages on August 21, 1988
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(25.15 ft or 7.67 m) is equaled or exceeded 50% of the time.

It is useful to compare Figures 21 and 33. Some of

the minor seepage trends on Figure 33 center on streaming

potential lines run on a single day. The majority of these

trends were left in as there were no criteria to guide their

removal. After a study of seepage meter data and SP

measurements made on different days, I concluded that no

major seepage trends can be solely attributed to anomalous

data collection on a single day.

Total seepage rates for different zones were

calculated by measuring areas encompassed by different

seepage rates (planimeter method). Table 4 is a summary of

this process. The weighted mean leakage rate for the main

study area was 0.01721 ft/dy (6.1x10 -6 cm/sec). Water budgets

could be used to check the validity of these results.

However, variables such as evaporation, precipitation and

stream inflows were not measured during this study.

Therefore, results were compared to average

seepage rates (for the entire lake) from the Blee (1988)

study. Those results were derived from water budgets which

incorporated measurements averaged over a 30 year period.

That study predicted an average leakage rate for this lake

stage of 0.0156 ft/dy (5.5x10 -6 cm/sec). That estimate is

10.32% less than the average from this study.



TABLE 4
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Summary of Streaming Potential
Derived Seepage Calulations

Main Study Area
Upper Lake Mary
August 21,1988

Range of Seepages (ft/dy) Area (ft2 ) Total Seepage (ft3/dy)
>0.032 125,000 4750.0
0.032-0.024 256,000 7168.0
0.024-0.016 517,800 10356.0
0.016-0.008 292,000 3504.0
0.008-0 380,400 1521.6
0-inseepage 13,200 -26.4

0.01721 weighted mean 1,584,400 sum 27,273.20 sum
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The leakage from the entire lake (for the stage of

August 21, 1988), predicted by Blee (1988), was 413,820

ft 3/dy (3.1 mgd or 11719 re/dy). The main study area

encompassed 6.27% of the total lake area. Therefore, the Blee

(1988) derived results predicted an average leakage of

25,946.5 ft 3/dy (0.19 mgd or 735 m3/dy) from the main study

area. Using the actual seepage distributions of Figure 33,

leakage from the main study area was 27,273.2 ft 3/dy (0.2

mgd or 772 m 3/dy) in the considered time frame. This result

is 5.11% greater than that predicted by Blee (1988), and it

is only 6.59% of the total lake leakage.

In order to determine the sensitivity of these

results to the streaming potential - seepage rate

correlation, seepage volumes were recalculated using the

maximum probable slope of Equation 16 (95% confidence). This

resulted in a 20% increase of the total amount of leakage out

of the study area. However, this still only accounted for

about 7% of the total lake leakage.

Figure 33 exhibits several major trends. Leakage

increases towards the dam. This is in part due to increasing

driving head as the lake deepens. In addition, Figure 8 shows

a general increase of faulting and fracturing towards the

dam. This may correspond to a general increase of leakage in

that direction. Highest leakages are centered on coordinates
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750 ft, 600 ft (229 m, 183 m). As can be seen from Figures 8

and 34, this location coincides with a natural outcrop of

fractured basalt which has very little sediment coverage.

These factors apparently combine to cause the high measured

leakages.

Two linear trends of high leakage are apparent. One

linear runs approximately northwest -southeast (see Figure

33). This linear appears to coincide with a down dropped

block where three faults converge (see Figure 34). The linear

terminates in the area of coordinates 700 ft, -300 ft (213 m,

-91 m). This was confirmed by repeated streaming potential

measurements on several occasions. This may be the result of

decreased fracturing as the faults diverge in that direction.

The other, lesser defined linear runs approximately

northeast-southwest (see Figure 33). It is difficult to

discern if this trend is aligned with a particular fault (see

Figure 34). A preliminary glance at Figure 21 might suggest

that this linear is due to anomalous data collected on one

day. In fact, many of the data points which defined this

linear were collected on three occasions which were three

weeks apart.

Figure 33 indicates some seepage into the lake along

the shore in the southern 'portion of the main study area.

This was verified with a seepage meter measurement at one
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location. This seepage into the lake might reflect the

surfacing of perched subsurface stormf low as described by

Hewlett and Hibbert (1963), Whipkey (1965), Hewlett and

Hibbert (1967), Freeze (1972) and Dunne and Black (1970).

However, where documented, this phenomenum is usually

recorded in the hours during and immediately following source

events. The measured seepage into the lake did not coincide

with any precipitation events.

The measured seepage into the lake is most likely due

to bank storage released by lowering lake levels. As such,

this inflow is probably short lived. With extended lake level

declines, this inseepage would be expected to end. This

seepage into the lake was not seen in other areas near the

dam. This may be due to a thinning or absence of near-shore

sediments in those areas. The general absence of these

materials may have decreased the ability for sustained

storage with longer draining times.

Babbit Cove

SP measurements in Babbit Cove were not converted to

seepage rates. This is because the two points on Figure 30

were not considered sufficient to form a reliable correlation

between streaming potentials and seepage rates in that area.

Generally, the leakage rates of Babbit Cove appear to be
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similar to those measured in the main study area.

The data from Babbit Cove were erratic, and not

considered to solely represent streaming effects. Figure 34

suggests that a linear trend in the SP data may be associated

with a fault running through the area. The effect of this

feature on seepage rates is not known.

Comparison of Seepage Meter and Streaming Potential Surveys

The seepage meter survey required 12 working days for

20 successful measurements out of 47 attempts. The streaming

potential survey was performed in 14 days with 385 successful

streaming potential measurements out of 450 points.

Seepage meter measurements in the main study area are

contoured in Figure 35. Table 5 summarizes seepage

calculations identical to those performed on the streaming

potential derived data. Table 6 is a comparison of results

from the two methods and the Blee (1988) study. The seepage

meter survey provided seepages which were closer to the Blee

(1988) averages. However, in general, all three sets of

results are very close (see Table 6).

A comparison of Figures 33 and 35 reveals that the

general trend for increasing leakage towards the dam was

detected by the seepage meter survey. However, linear seepage

trends were missed, and the area of seepage into the lake was



TABLE 5
Summary of Seepage Meter

Derived Seepage Calulations
Main Study Area
Upper Lake Mary
August 21,1988

Range of Seepages (ft/dy) 	Area (ft2 ) Total Seepage
>0.032 4,800 153.6
0.032-0.024 473,600 13260.8
0.024-0.016 301,400 6028.0
0.016-0.008 395,000 4740.0
0.008-0 383,600 1534.4
0-inseepage 45,200 -226.0

0.0159	 weighted mean 1,603,600 sum 25490.8 sum
(1%< different
from Table 4)

(ft3/dy)
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overestimated.

Figure 36 is a combination of Figures 33 and 35. The

two figures were overlain, and seepage values at identical

positions were subtracted from one another. A value of zero

means that the two plots provided identical results. A

negative value indicates that the seepage meter data

predicted higher seepage rates. A positive value indicates

that the contour derived from streaming potential data

predicted higher seepage rates. The greatest discrepancy is

along the linear trend running northeast-southwest.

The seepage meter survey provided direct measurement

of seepage, but at low data density. The streaming potential

survey provided high data density. However, if this survey

had been performed without seepage meter calibration, data

would have been qualitative and erroneous interpretations

would have resulted (e.g. Babbit Cove and area of scrap

metal).



TABLE 6
Summary of Total Leakages

Main Study Area
Upper Lake Mary
August 21,1988

Streaming Pot. Seepage Meter Blee.1988

Average Rate
(ft/dy)

0.0172 0.0159 0.0156

Total Seepage
(ft 3/dy)

27,273.2 25,490.8 25,946.51

Percent of 6.59 6.16 6.27
Total Lake
Leakage
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SECTION 7

CONCLUSIONS

Upper Lake Mary

Seepage Distributions

The results of this study suggest that some areas of

high leakage from ULM are associated with faults and

fractures. Other factors which contribute to high leakages

include greater water depths, and thinning of bottom

sediments. A combination of these effects causes leakage

rates in some areas near the dam to be 2.3 times greater than

the average lake leakage rate.

Geology and sediment compositions of the study area

seem to compare well with other portions of the lake (based

on my qualitative observations). Consequently, factors

contributing to high leakage within the study area may hold

for the entire lake. Using this assumption, several

conclusions can be made. Figure 8 shows that fracturing and

faulting are most intense near the dam. However, faults

intersect the lake in other areas also. Most notably, the

"Narrows" (see Figure 8) appears to be partially bracketed by

two closely spaced faults. These faults, in combination with

a thinning of sediments in that area, may result in high

leakages. However, water depths in the narrows are 5 to 10 ft
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(1.5 in to 3 m) less than near the dam. Assuming that L values

are similar, leakages in the narrows would between 0.5 and

0.9 those at comparable locations near the dam. The effect of

decreasing water depths would be more pronounced further

"upstream".

One would expect coarsening sediments to permit

greater leakages. However, Babbit Cove, which contains

coarser sediments than the main study area, does not have

significantly higher leakage rates. This may be due, in part,

to shallower water depths in the Cove.

Seepage into the lake, attributed to release of bank

storage caused by lowering water levels, was observed. The

presence of shoreline sediments appears to facilitate this

phenomenon. Figure 8 reveals that alluvium prevail along most

of the lake's north shoreline. Water budget studies performed

by Blee (1988) did not account for this storage with delayed

release. Therefore, that study may have slightly

overestimated leakage during rising lake level periods and

underestimated leakage during lowering level periods.

However, the observed seepage into the lake was

insignificant, and was expected to decrease with time.

Therefore, the total volume of this seepage into the lake may

be negligible in comparison to total leakage volumes.

Table 4 presents seepage within the main study area.



144

Although areas with high leakage rates were defined, average

leakage rates approached those defined by Blee (1988) (see

Table 6). The volume of water leaking from the main study

area is 5.11% higher than the average for the entire lake,

this accounts for only 6.59% of the total lake leakage.

Data from this study suggest that absolute and

relative seepage distributions are transient as a function of

water viscosities and water levels. Therefore, Figure 33

should be viewed as a "photograph" of a constantly changing

pattern. Leakages are lowest during the winter because of

increased water viscosities, and because of lower lake

levels. During these months, "peaks and lows" on a seepage

contour map would be much less apparent than at other times.

Leakages increase during spring melts because of high water

levels, but may reach a maximum later when waters have

warmed. During these months, "peaks and lows" on a seepage

contour map would be most pronounced.

Although Figure 33 represents one point in time, the

stage-duration graph of Blee (1988) indicates that this

seepage distribution is equaled or exceeded 50% of the time.

Consequences for Water Supply

One alternative which has been considered for

reducing ULM leakage involves constructing a second dam at
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the Narrows and operating ULM as a staged reservoir (HDR

Infrastructure, 1986). This alternative assumes that the

majority of leakage occurs in areas "downstream" of the

narrows. Although data from this investigation reveal

increased leakage near the dam, the relative percentage of

this increase is not enough to warrant this assumption.

Therefore, this alternative does not appear to be viable (in

agreement with HDR Infrastructure).

Leakage occurs preferentially along faults. As seen

on Figure 8, faults parallel most of the ULM shoreline. These

features may provide conduits for the majority of leakage

when they are submerged. With this in mind, selective sealing

of the lake bottom along these features might be an option.

However, variables to consider would be frequency of

submersion, and the hydraulics of seepage around partial

liners.

Elevated leakage near the dam, while not important

volumetrically, may be significant for dam stability.

Preferential leakage through the basalt outcrop adjacent to

the dam could pose problems if it had a lateral component of

flow. However, Woodward-Clyde (1989) found very little

evidence of this.

Recommendations
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The details of Flagstaff water supply planning were

not considered during this investigation. Therefore,

recommendations on the usefulness of a lake sealing program

cannot be made.

If seepage distributions in ULM become a factor in

decision making processes, the results of this study should

not be considered final. The major purpose of this study was

to establish methods and relationships which could be used to

determine seepage distributions in the lake.

As previously discussed, seepage distributions in

the lake are transient. The most critical factor to delineate

transient distributions caused by fluctuating lake levels is

leakance (L). Although this parameter was not successfully

measured during this study, it should not be difficult to do.

Following methods suggested in Section 6, L at a location

could be measured by installing a modified Lee-type seepage

meter and measuring leakage rates as lake levels change.

This method would work best at times when lake levels are

changing rapidly as it assumes that hydraulic heads far below

the lake bottom are constant. Cherkauer et al. (1987)

provided alternate methods for measuring L.

Measured L values, in combination with viscosity

corrections, could be used to convert the seepage

distributions of Figure 33 to those at another lake level.
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Because L values vary from location to location, relative

seepage distributions and magnitudes would change.

Measured L values could also be used to calculate C

values (coupling constants). These could be used to predict

streaming potential changes with varying lake levels, and to

model expected streaming potential distributions in other

portions of the lake. Streaming potential models have been

developed by Nourbehecht (1963), Sill(1983), Fritterman

(1979) and Fountain (1986).

This study developed a correlation between seepage

meter and streaming potential surveys. If further streaming

potential work is attempted over larger areas of the lake,

the correlation from this study may not be sufficient.

Gradual changes in sediment sizes and chemistry from one end

of the lake to another may change the relationship between

streaming potentials and seepage rates. In addition, this

streaming potential survey was performed relative to a

particular point. Continued use of the "point mapping" method

down the length of the lake would require additional

reference points which would need to be referenced to one

another. An increased study area may require more stringent

monitoring of telluric potentials as these increase with

increasing electrode separation distances. The net result is

that additional seepage meter measurements would be required
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if an extended streaming potential survey was attempted.

Lateral leakage through the dam could be studied by

performing a streaming potential survey across the crest and

toe of the dam (Bogoslovsky and Ogilvy, 1973; Lange et al.,

1986). The survey, which could be performed in one day, might

provide information on preferred lateral seepage paths.

Streaming Potential Surveys

This study demonstrated that streaming potential

surveys can be used to delineate seepage distributions in

lakes like ULM (e.g low water conductivities and consistent

geology), and that results can be converted into quantitative

rates.

The study reinforced the need to verify seepage

distributions inferred by SP distributions with actual

seepage measurements and a knowledge of local geology. In

lakes with rapidly changing water levels it may be necessary

to monitor long-term streaming potential changes at several

different locations. Changing water levels may result in

different seepage rate changes at different locations (as a

function of L). This may result in differing streaming

potential changes with time. Although seepage rate changes

were seen during this study, the effect on streaming

potentials was apparently within the range of measurement
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error.

Measurement variation during this study averaged

about 3 mv. I believe that most of this variation was due to

SP data collection during the day. Motor boats, waves and

short period solar events, which were the major sources of

uncertainty, are entirely absent during the night. Early

morning data collected prior to sunrise, wind causing waves

and boaters verified this conclusion.

The Ag-AgC1 electrodes used during this survey

performed well. However, surveys in areas with water

temperature differences greater than about li1 C would require

corrections for the resulting electrode effects. The Pb-PbC1 2

electrodes studied in this investigation had low temperature

sensitivities, but were erratic and required long

stabilization times. The particular electrodes used were

several years old, and had been allowed to dry out. They may

have been damaged in the process. Therefore, the Pb-PbC1 2

electrode superiority cited by Petiau and Dupis (1980) may

still be valid.

Recommendations

The "point" survey method used during this

investigation would be rather cumbersome for larger study

areas. Preliminary "gradient" surveys were performed.
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Qualitatively, these surveys appeared to agree with voltage

distributions obtained from the "point" survey. However, for

work which will eventually be converted to quantitative

seepage rates, "point" surveys may be more reliable.

An optimum "gradient" survey setup would include

continuous analog and digital voltage recorders, sonar, a

velocity measuring device and global positioning survey

equipment. Electrode spacings would be entirely dictated by

SP distributions in the study area, but they would be on the

order of tens of feet.

An optimal "point" survey would be similar in

equipment and technique to that used in this investigation.

The major difference would be operation during the night, and

use of global positioning survey equipment. A method for

increasing data collection rates might include multiple

electrode arrays (Corwin, 1976). However, electrode drift

measurement is a critical correction factor. Different

electrodes will have different drifts. Therefore, a reference

mechanism would need to be incorporated into each electrode

segment. For smaller study areas (e.g. ponds), an automated

system such as that described by Fountain (1986) could be

devised.

Modified Lee-Type Seepage Meters
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Table 7 is a comparison of the modified Lee-type

meter with others which have been used in the past. As can be

seen, the overall performance and cost of the meters are

comparable. However, the modified Lee-type meter appears to

have less measurement variation, and may have a lower seepage

detection limit.

Operationally, each design has its own advantages and

disadvantages depending on the application. The modified Lee-

type design and the suction installation method are best

suited for use in water bodies with few waves and soft

sediments. The design is particularly useful when repeated

measurements at a single location are desired. In addition,

the setup would be suited for leakage studies of impoundments

which do not permit wading or diving for meter emplacement

(e.g. sewage ponds or hazardous waste impoundments).

The majority of measurement failures during this

study were due to insufficient seating caused by rocks. This

is a limitation of the seating method and not the meter. If

direct seating methods had been used, the measurement failure

rate would have been dramatically reduced.

Although larger fittings than previous designs were



TABLE 7
Seepage Meter Comparison

352

Meter	 Efficiency Std Dey Minimum Measured Cost
111 Rate (ft/dy) _C$1

Modified Lee-	 52-77 11-20 0.00242 -50
Type
(this Study)

Lee-Type	 58-76 - 0.0284 <50
(Erickson, 1980)

Lee-Type	 - 20 - <50
(Zager,	 1981)

ONOLee-Type 24 <50
(Fellows and Brezonk,1980)

Lee-Type 0.033 <50

Remote Lee-	 59-66 22 <100
Type
(Cherkauer and
McBride, 1988)

Bouwer-Type	 95-101 4
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used for the modified meter, measurement efficiencies were

not improved. This may be attributed to the stiffness of the

bag type used. Variable length hoses, connecting the surface

and basal assemblies, can probably be used without biasing

measured seepages.

As seen on Table 6, the seepage meter survey provided

volumetric results which were comparable to those derived

from the streaming potential survey. However, in lakes with

more extreme seepage variations, the low data density of

seepage meter measurements may result in erroneous

conclusions.



154

APPENDIX A

SP DATA



SP Data Tables

TABLE A.1 SP DATA

STA	 X	 Y
ft	 ft

MAIN STUDY AREA

Z	 Water DEPTH EC T
ft	 ft	 ft	 umho

ms1

RAW	 Cdr
my my

SP
my

MT2A 114.2 70.0 6811 6816.5 5.5 68 20 8.6 -8.6 0
AA1 77.1 21.3 6814.3 6816.5 2.2 65 20 11.5 -8.7 2.8
AA2 101.0 3.0 6812.5 6816.5 4 66 20 5.7 -8.7 -3
AA3 131.8 6.6 6810.5 6816.5 6 68 20 8.5 -8.7 -0.2
AA4 160.7 27.6 6808.5 6816.5 8 80 20 5.3 -8.8 -3.5
AA5 176.8 34.0 6807.5 6816.5 9 68 20 4.6 -8.8 -4.2
AA6 204.5 24.7 6806.5 6816.5 10 69 20 6 -8.7 -2.7
AA7 227.4 34.4 6804.8 6816.5 11.7 68 20 8.7 -8.6 0.1
AA8 245.9 55.0 6803.5 6816.5 13 69 20 10.1 -8.6 1.5
AA9 260.0 39.3 6803 6816.5 13.5 70 20 10.5 -8.7 1.8
AA10 267.4 59.8 6801.5 6816.5 15 69 20 14.8 -8.8 6
AAll 299.2 73.2 6798 6816.5 18.5 70 20 12.3 -8.9 3.4
AAl2 333.7 47.0 6796 6816.5 20.5 70 20 10 -8.9 1.1
AA13 378.7 57.2 6793.5 6816.5 23 71 19 7 -9.1 -2.1
AA14 399.1 48.1 6793.5 6816.5 23 70 19 5.2 -9.2 -4
AA15 438.6 35.2 6793.5 6816.5 23 71 19 7.3 -9.3 -2
AA16 470.5 37.7 6793.5 6816.5 23 70 19 5.2 -9.7 -4.5
AA17 510.4 51.2 6793.5 6816.5 23 70 19 2.8 -9.9 -7.1
AA18 543.8 82.2 6794.5 6816.5 22 71 20 5.1 -9.8 -4.7
AA19 543.3 43.6 6794.5 6816.5 22 71 20 2.2 -9.5 -7.3
AA20 644.2 32.2 6795.5 6816.5 21 70 20 5 -9.3 -4.3
AA21 719.4 -28.8 6795.5 6816.5 21 72 20 -2 -9.1 -11.
AA22 778.1 -54.6 6792.5 6816.5 24 71 20 -2 -9.1 -11.
AA23 831.6 -75.0 6792.5 6816.5 24 71 19 -4.5 -9.2 -13.
AA24 867.9 -60.9 6792.5 6816.5 24 71 20 0.5 -9.2 -8.7
AA25 938.8 -47.0 6794.5 6816.5 22 71 20 2.1 -9.3 -7.2
AA26 984.2 -39.4 6797.5 6816.5 19 ***20 9.1 -9.5 -0.4
AA27 1029.2 -41.2 6800.5 6816.5 16 71 20 4.9 -9.7 -4.8
AA28 1079.1 -43.2 6803.5 6816.5 13 70 20 4.5 -9.9 -5.4
AA29 1114.1 -44.6 6807.5 6816.5 9 70 20 5.5 -9.9 -4.4
AA30 1169.1 -46.8 6813.5 6816.5 3 70 20 5.5 -9.9 -4.4
AA31 1182.9 -71.1 6815.5 6816.5 1 71 23 9.9 -9.8 0.1
AB1 1152.9 -69.3 6811.5 6816.5 5 70 21 6.7 -9.8 -3.1
AB2 1120.0 -67.3 6807.5 6816.5 9 70 20 4.7 -9.8 -5.1
AB3 1088.6 -54.5 6803.5 6816.5 13 70 20 9.9 -9.8 0.1
AB4 1024.2 -41.0 6799.5 6816.5 17 70 20 5.6 -9.8 -4.2
ABS 948.3 -57.0 6794 6816.5 22.5 71 20 3.5 -9.8 -6.3
AB6 871.4 -122.8 6793.5 6816.5 23 71 20 -2 -9.8 -11.
AB7 706.4 -203.1 6794.5 6816.5 22 70 20 1.9 -9.8 -7.9
AB8 597.8 -140.0 6794.5 6816.5 22 71 20 4.5 -9.8 -5.3
AB9( 131.5 63.5 6810.5 6816.5 6 69 21 9.8 -9.8 0
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AC1 46.5 56.3 6815.8 6816.5 0.67 65 20 2.8 -4.1 -1.3
AC2 64.5 52.2 6814.5 6816.5 2 65 20 0.5 -4.1 -3.6
AC3 75.4 61.0 6814 6816.5 2.5 68 19 3.4 -4.2 -0.8
AC4 101.4 67.9 6812 6816.5 4.5 65 20 0 -4.2 -4.2
AC5 131.9 75.5 6810 6816.5 6.5 65 20 -1.4 -4.2 -5.6
AC6 151.9 87.0 6808.5 6816.5 8 68 20 5.5 -4.2 1.3
AC7 169.3 94.7 6807.5 6816.5 9 68 20 10.5 -4.2 6.3
AC8 195.0 104.0 6806.5 6816.5 10 69 20 9.6 -4.3 5.3
AC9 210.5 123.4 6804.5 6816.5 12 68 20 28 -4.3 23.7
AC10 238.7 136.6 6803 6816.5 13.5 69 20 20 -4.4 15.6
AC11 263.0 133.6 6800.5 6816.5 16 69 20 14.3 -4.4 9.9
AC12 295.1 149.9 6797.5 6816.5 19 70 20 16.5 -4.4 12.1
AC13 329.7 163.4 6795 6816.5 21.5 70 20 13.8 -4.4 9.4
AC14 356.6 185.6 6793.5 6816.5 23 70 20 11.5 -4.5 7
AC15 400.2 218.6 6793.5 6816.5 23 70 20 9 -4.6 4.4
AC16 441.7 230.0 6793.5 6816.5 23 70 20 7 -4.6 2.4
AC17 466.6 242.9 93.5 6816.5 23 70 20 8 -4.6 3.4
AC18 507.1 283.6 6793.5 6816.5 23 70 20 6.7 -4.7 2
AC19 554.6 303.0 6793.5 6816.5 23 70 20 1.5 -4.7 -3.2
AC20 592.0 300.7 6793.5 6816.5 23 70 20 2.5 -4.7 -2.2
AC21 634.4 338.4 6792.5 6816.5 24 70 20 -2.3 -4.8 -7.1
AC22 706.2 306.9 6792.5 6816.5 24 70 20 1 -4.8 -3.8
AC23 739.2 295.3 6792.5 6816.5 24 70 20 2.5 -4.9 -2.4
AC24 589.8 284.9 6793.5 6816.5 23 70 20 0.2 -4.9 -4.7
AC25 384.7 123.2 6793.5 6816.5 23 70 20 9.4 -5.0 4.4
AC26 124.5 46.9 6811 6816.5 5.5 69 20 1.2 -5.3 -4.1
AD1 35.3 113.7 6815.8 6816.5 0.67 70 22 0.1 -5.3 -5.2
AD2 76.3 116.2 6812 6816.5 4.5 69 20 -1.6 -5.4 -7
AD3 100.0 121.0 6811 6816.5 5.5 69 20 0.8 -5.4 -4.6
AD5 75.2 114.5 6813 6816.5 3.5 70 20 -0.8 -5.5 -6.3
AD6 131.9 125.4 6809.5 6816.5 7 70 20 0.2 -5.6 -5.4
AD7 170.4 140.7 6807 6816.5 9.5 70 20 5 -5.6 -0.6
AD8 203.0 154.3 6805.5 6816.5 11 70 20 8 -5.7 2.3
AD9 232.7 169.7 6802.5 6816.5 14 70 20 8 -5.7 2.3
AD10 265.9 159.4 6800.5 6816.5 16 70 20 12 -5.8 6.2
AD11 305.6 151.4 6796 6816.5 20.5 70 20 10.5 -5.8 4.7
AD12 378.2 182.7 6793.5 6816.5 23 70 20 3.7 -5.9 -2.2
AD13 432.4 219.6 6793.5 6816.5 23 70 20 5.1 -5.9 -0.8
AD14 387.0 237.3 6793.5 6816.5 23 71 20 3.9 -6.0 -2.1
AD15 426.3 261.3 6793.5 6816.5 23 70 20 2.3 -6.1 -3.8
AD16 451.3 258.4 6793.5 6816.5 23 71 20 0.6 -6.1 -5.5
AD17 515.2 255.3 6793.5 6816.5 23 71 20 -1.7 -6.2 -7.9
AD18 567.3 274.0 6793.5 6816.5 23 71 20 -5 -6.2 -11.
AD19 615.7 245.9 6792 6816.5 24.5 71 20 -5.8 -6.3 -12.
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AD20 667.7 266.7 6792.5 6816.5 24 71 20 -5.7 -6.3 -12
AD21 716.9 286.4 6792.5 6816.5 24 72 20 0.2 -6.4 -6.2
AD22 767.4 288.9 6792.5 6816.5 24 74 20 1 -6.4 -5.4
AD23 619.0 198.3 6793.5 6816.5 23 71 20 1.3 -6.5 -5.2
AD24 443.8 198.2 6793.5 6816.5 23 75 20 4.7 -6.5 -1.8
AD25 150.0 68.8 6810.5 6816.5 6 70 20 6.75 -6.5 0.25
AE1 24.0 158.2 6815.8 6816.5 0.67 68 20 1.75 -7.0 -5.2
AE2 57.5 167.4 6813.5 6816.5 3 70 20 -0.9 -7.0 -7.9
AE3 96.6 180.8 6811 6816.5 5.5 70 20 8.1 -7.0 1.1
AE4 120.7 183.9 6809.5 6816.5 7 70 20 0.1 -7.0 -6.9
AE5 160.6 190.3 6807.5 6816.5 9 70 20 7.3 - 7.0 0.3
AE6 201.3 207.3 6805.5 6816.5 11 70 20 2 -7.1 -5.1
AE7 275.1 218.0 6799.5 6816.5 17 70 20 12.6 -7.1 5.5
AE8 307.9 249.0 6797.5 6816.5 19 71 20 6.1 -7.1 -1
AE9 350.3 266.3 6794.5 6816.5 22 71 20 1.7 -7.1 -5.4
AE10 397.2 283.5 6793.5 6816.5 23 71 20 4.2 -7.1 -2.9
AE11 432.1 289.3 6793.5 6816.5 23 71 20 1.8 -7.1 -5.3
AE12 463.8 284.3 6793.5 6816.5 23 71 20 2.5 -7.1 -4.6
AE13 545.0 312.0 6793.5 6816.5 23 71 20 -4.5 -7.1 -11.
AE14 601.8 305.7 6793.5 6816.5 23 71 20 -3.5 -7.2 -10.
AE15 660.3 287.0 6792.5 6816.5 24 71 20 0.1 -7.2 -7.1
AE16 589.9 307.1 6793.5 6816.5 23 71 20 -5 -7.2 -12.
AE17 369.7 242.2 6793.5 6816.5 23 71 20 6.5 -7.2 -0.7
AE18 67.4 126.1 6813.5 6816.5 3 70 20 7 -7.3 -0.3
AE19 126.8 66.0 6810.5 6816.5 6 70 20 7.3 -7.3 0
AF1 31.7 155.8 6815.0 6816.05 1 75 20 2 -3.0 -1
AF2 73.5 164.3 6811.0 6816.05 5 70 20 -2.5 -3.0 -5.5
AF3 90.9 192.6 6810.0 6816.05 6 70 20 -3.5 -3.0 -6.5
AF4 120.5 200.6 6808.0 6816.05 8 70 20 -3.6 -3.0 -6.6
A25 151.6 207.5 6807.0 6816.05 9 70 20 -1.8 -3.0 -4.8
AF6 183.8 226.9 6805.0 6816.05 11 70 20 -1.8 -3.0 -4.8
AF7 227.1 233.9 6803.0 6816.05 13 70 21 -1.2 -3.0 -4.2
AF8 275.7 246.7 6799.5 6816.05 16.5 71 21 -0.1 -3.0 -3.1
AF9 329.7 266.6 6795.0 6816.05 21 72 21 -1.5 -3.0 -4.5
AF10 373.6 266.7 6791.5 6816.05 24.5 73 20 -6 -3.0 -9
AF11 426.3 261.3 6791.0 6816.05 25 75 20 -5.5 -3.0 -8.5
AF12 466.4 299.0 6793.0 6816.05 23 75 20 -5.2 -3.1 -8.3
AF13 511.9 328.1 6792.0 6816.05 24 75 20 -10. -3.1 -13.
AF14 539.5 353.5 6788.5 6816.05 27.5 75 20 -5 -3.1 -8.1
AF15 584.0 358.0 6790.0 6816.05 26 75 20 -11. -3.1 -14.
AF16 636.1 364.2 6789.5 6816.05 26.5 78 20 -10. -3.1 -13.
AF17 684.5 374.0 6791.5 6816.05 24.5 76 20 -8.5 -3.1 -11.
AF18 728.4 397.9 6791.5 6816.05 24.5 78 20 -9.7 -3.1 -12.
AF19 780.9 416.5 6790.0 6816.05 26 76 20 -11. -3.1 -14.
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AF20 809.8 421.6 6793.5 6816.05 22.5 75 21 -9 -3.1 -12.
AF21 838.1 425.7 6797.0 6816.05 19 78 21 -15. -3.1 -18.
Al22 853.9 423.1 6798.0 6816.05 18 78 21 -12. -3.1 -15.
AF23 517.0 275.8 6793.0 6816.05 23 75 21 -9.5 -3.2 -12.
AF24 287.3 205.1 6791.5 6816.05 24.5 75 21 -4.2 -3.2 -7.4
AG1 26.3 259.7 6815.0 6816.05 1 71 22 -1 -3.3 -4.3
AG2 79.1 264.4 6811.0 6816.05 5 72 22 -4.5 -3.4 -7.9
AG3 115.0 279.2 6809.5 6816.05 6.5 71 21 -2.3 -3.4 -5.7
AG4 162.6 304.3 6807.0 6816.05 9 71 21 -4.5 -3.5 -8
AG5 214.0 326.1 6807.0 6816.05 9 72 21 -2.5 -3.6 -6.1
AG6 268.8 331.8 6802.5 6816.05 13.5 75 21 -4.8 -3.7 -8.5
AG7 309.9 360.0 6798.5 6816.05 17.5 75 21 0 -3.8 -3.8
AG8 352.6 355.9 6794.0 6816.05 22 77 21 -7 -3.9 -10.
AG9 396.7 392.4 6792.0 6816.05 24 75 20 -6 -3.9 -9.9
AG10 441.6 403.2 6792.0 6816.05 24 78 20 -6.1 -4.0 -10.
AG11 466.1 443.0 6793.0 6816.05 23 76 20 -11. -4.1 -15.
AG12 500.7 457.2 6791.0 6816.05 25 79 21 -16. -4.1 -20.
AG13 536.9 490.2 6791.0 6816.05 25 75 21 -11. -4.2 -15.
AG14 585.0 523.5 6791.0 6816.05 25 75 21 -11. -4.2 -16
AG15 656.0 563.8 6790.0 6816.05 26 78 20 -12. -4.3 -17.
AG16 713.4 588.8 6789.0 6816.05 27 76 20 -10. -4.4 -14.
AG17 748.5 593.0 6797.0 6816.05 19 75 20 -4.8 -4.5 -9.3
AG18 810.1 603.2 6803.0 6816.05 13 72 21 -13. -4.6 -17.
AG19 847.8 631.2 6813.0 6816.05 3 71 22 -17 -4.5 -21.
AG20 663.2 630.4 6790.0 6816.05 26 76 20 -14. -4.5 -19.
AH1 50.2 330.2 6815.5 6816.05 0.5 70 0 -5 -4.0 -9
AH2 99.8 345.9 6811.0 6816.05 5 70 0 -0.7 -4.0 -4.7
AH3 143.1 368.2 6808.0 6816.05 8 70 0 -1.2 -4.0 -5.2
AH4 205.0 383.7 6806.0 6816.05 10 70 0 -8 -3.9 -11.
AH5 264.0 393.7 6805.5 6816.05 10.5 0 0 -5.5 -4.0 -9.5
AH6 315.8 397.9 6799.0 6816.05 17 0 0 -2.5 -4.2 -6.7
AH7 352.3 426.2 6794.0 6816.05 22 0 0 0.1 -4.5 -4.4
AH8 377.2 447.1 6792.0 6816.05 24 0 0 -7 -4.7 -11.
Ail 57.6 355.4 6814.8 6815.82 1 0 0 4.5 5.1 9.6
Al2 86.9 339.1 6812.8 6815.82 3 0 0 1.7 5.1 6.8
A13 124.4 362.2 6809.3 6815.82 6.5 0 0 -2 5.1 3.1
AI4 175.6 362.7 6806.8 6815.82 9 0 0 -9.3 5.1 -4.2
AIS 217.2 370.0 6806.8 6815.82 9 0 0 -3 5.1 2.1
A1 6 265.7 387.7 6805.3 6815.82 10.5 0 0 -2 5.1 3.1
AI7 298.4 376.0 6801.8 6815.82 14 0 0 -5.5 5.1 -0.4
A18 368.6 428.2 6795.3 6815.82 20.5 0 0 -4.9 5.2 0.3
AI9 389.0 480.2 6791.8 6815.82 24 0 0 -9.3 5.2 -4.1
AI10 432.6 502.4 6792.8 6815.82 23 0 0 -9.5 5.2 -4.3
AI11 475.2 540.9 6792.8 6815.82 23 0 0 -10. 5.2 -5.4
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A112 540.3 579.1 6791.8 6815.82 24 0 -8 5.2 -2.8
A1 13 600.7 594.3 6791.3 6815.82 24.5 0 -7.7 5.2 -2.5
AJ1 94.4 441.0 6815.3 6815.82 0.5 0 -4.5 5.4 0.9
AJ2 147.9 445.1 6810.8 6815.82 5 0 -6.7 5.3 -1.4
AJ3 194.3 458.5 6806.8 6815.82 9 0 -4 5.2 1.2
A34 270.1 517.8 6805.8 6815.82 10 0 -9 5.2 -3.8
AJ5 329.5 548.7 6806.8 6815.82 9 0 -5.9 5.1 -0.8
A36 367.6 560.1 6798.8 6815.82 17 0 -12. 5.1 -7.8
AJ7 407.2 581.6 6793.8 6815.82 22 0 -9 5.1 -3.9
AJ8 451.9 593.5 6792.8 6815.82 23 0 -8.3 5.0 -3.3
AJ9 497.2 613.9 6792.8 6815.82 23 0 -8.2 5.0 -3.2
A310 528.8 626.7 6792.3 6815.82 23.5 0 -9.6 5.0 -4.6
AJ11 580.8 661.1 6792.3 6815.82 23.5 0 -9.5 5.0 -4.5
A312 634.5 680.0 6791.3 6815.82 24.5 0 -8.5 5.0 -3.5

A313 627.4 659.1 6794.8 6815.82 21	 0 0 -11. 4.9 -6.6
AJ14 668.8 688.7 6793.8 6815.82 22	 0 0 -17. 4.8 -12.
AJ15 686.7 721.4 6795.8 6815.82 20	 0 0 -22. 4.7 -17.
AJ16 703.3 738.8 6806.8 6815.82 9	 0 0 -12. 4.7 -8
AJ17 612.6 726.1 6792.8 6815.82 23	 0 0 -11 4.6 -6.4
AJ18 251.1 481.4 6805.8 6815.82 10	 0 0 -7.7 4.5 -3.2
AK1 151.7 489.0 6815.3 6815.82 0.5	 0 0 -6.5 4.4 -2.1
AK2 200.9 566.4 6808.8 6815.82 7	 0 0 -8.5 4.4 -4.1
AK3 231.9 596.5 6807.3 6815.82 8.5	 0 0 -12 4.4 -7.6
AK4 264.0 640.8 6806.8 6815.82 9	 0 0 -8 4.4 -3.6
AK5 300.7 654.2 6806.8 6815.82 9	 0 0 -11. 4.3 -7
AK6 324.3 687.4 6806.8 6815.82 9	 0 0 -13. 4.3 -8.9
AK7 370.0 709.3 6803.8 6815.82 12	 0 0 -10 4.2 -5.8
AK8 401.6 751.4 6798.3 6815.82 17.5	 0 0 -12 4.1 -7.9
AK9 435.0 794.7 6796.8 6815.82 19	 0 0 -16. 4.0 -12.
AK10 455.6 813.0 6799.3 6815.82 16.5	 0 0 -11. 4.0 -7.5
AL1 160.3 625.8 6814.8 6815.82 1	 0 0 -2.6 3.0 0.4
AL2 189.8 658.2 6811.8 6815.82 4	 0 0 -5.7 3.1 -2.6
AL3 218.7 704.9 6808.8 6815.82 7	 0 0 -3.5 3.2 -0.3
AL4 246.0 740.2 6807.8 6815.82 8	 0 0 -21. 3.3 -18.
AL5 258.6 778.2 6807.8 6815.82 8	 0 0 -15 3.3 -11.
AL6 269.6 785.0 6805.8 6815.82 10	 0 0 -13 3.4 -9.6
AL7 287.4 810.5 6804.3 6815.82 11.5	 0 0 -11. 3.4 -8.1
AL8 312.7 854.6 6806.8 6815.82 9 0	 0 -10. 3.4 -7.4
AL9 344.2 885.4 6808.8 6815.82 7 0	 0 -7.7 3.5 -4.2
AL10 261.7 787.7 6806.8 6815.82 9 0	 0 -11. 3.5 -8.3
AL11 169.1 790.1 6806.8 6815.82 9 0	 0 -8.8 3.6 -5.2
AM1 169.3 831.9 6814.8 6815.82 1 0	 0 -0.6 3.6 3
A112 169.9 879.7 6812.3 6815.82 3.5 0	 0 -6.1 3.7 -2.4
AM5 142.5 878.5 6809.3 6815.82 6.5 0	 0 -7.8 3.8 -4

159



TABLE A.1 SP DATA

STA	 X	 Y
ft	 ft

MAIN STUDY AREA

Z	 Water DEPTH EC T	 RAW
ft	 ft	 ft	 umho c	 my

mal

Cdr
my

SP
my

A1 1 89.9 -92.5 6814.8 6815.82 1 0 0 -2.7 3.9 1.2
A142 127.1 -87.0 6810.8 6815.82 5 0 0 -1.6 3.9 2.3
AN3 156.2 -89.4 6808.8 6815.82 7 0 0 -0.4 3.8 3.4
AN4 196.2 -97.2 6806.8 6815.82 9 0 0 -2.7 3.8 1.1
AN5 252.2 -109.6 6803.3 6815.82 12.5 0 0 0 3.7 3.7
AN6 290.1 -122.7 6800.3 6815.82 15.5 0 0 -4.6 3.7 -0.9
AN7 331.6 -121.0 6797.3 6815.82 18.5 0 0 -3.1 3.6 0.5
AN8 370.2 -122.7 6794.8 6815.82 21 0 0 -5.7 3.6 -2.1
AN9 412.0 -123.0 6793.8 6815.82 22 0 0 -6.6 3.6 -3
AN10 460.0 -122.4 6793.8 6815.82 22 0 0 -4.7 3.6 -1.1
AN11 501.9 -128.2 6793.8 6815.82 22 0 0 -5.8 3.5 -2.3
AN12 545.9 -110.7 6794.3 6815.82 21.5 0 0 -2.2 3.5 1.3
AN13 588.0 -119.2 6794.8 6815.82 21 0 0 -2.5 3.5 1
AN14 638.3 -122.8 6794.8 6815.82 21 0 0 -4.9 3.4 -1.5
AN15 683.8 -124.4 6794.8 6815.82 21 0 0 -4 3.4 -0.6
AN16 737.9 -134.3 6793.8 6815.82 22 0 0 -9.6 3.4 -6.2
AN17 779.9 -125.9 6792.3 6815.82 23.5 0 0 -10. 3.4 -7.4
AN18 849.0 -137.0 6792.3 6815.82 23.5 0 0 -8.9 3.3 -5.6
AN19 889.9 -134.5 6790.8 6815.82 25 0 0 -9.5 3.3 -6.2
AN20 950.6 -134.0 6791.8 6815.82 24 0 0 -8.9 3.2 -5.7
AN21 991.6 -129.6 6795.8 6815.82 20 0 0 -1 3.2 2.2
AN22 1061.0 -138.7 6801.8 6815.82 14 0 0 0 3.2 3.2
AN23 1140.3 -149.1 6808.3 6815.82 7.5 0 0 8.6 3.2 11.8
AN24 1199.8 -156.9 6814.8 6815.82 1 0 0 5.3 3.1 8.4
A01 107.3 -174.7 6814.9 6815.45 0.5 0 0 1.2 7.6 8.8
A02 143.0 -187.8 6810.4 6815.45 5 0 0 1.8 7.6 9.4
A03 168.3 -195.5 6808.4 6815.45 7 0 0 -7.7 7.6 -0.1
A04 197.4 -191.4 6806.4 6815.45 9 0 0 -7.4 7.6 0.2
A05 225.5 -182.3 6805.4 6815.45 10 0 0 -7.1 7.6 0.5
A06 271.9 -202.4 6802.4 6815.45 13 0 0 -6.8 7.6 0.8
A07 305.7 -213.7 6800.4 6815.45 15 0 0 -8.4 7.6 -0.8
A08 340.4 -223.0 6797.4 6815.45 18 0 0 -9.8 7.6 -2.2
A09 373.6 -234.3 6795.4 6815.45 20 0 0 -8.3 7.6 -0.7
A010 408.1 -239.1 6793.9 6815.45 21.5 0 0 -13. 7.6 -5.6
A011 446.2 -232.3 6793.4 6815.45 22 0 0 -13. 7.7 -6
A012 482.1 -238.8 6794.4 6815.45 21 0 0 -16. 7.7 -8.5
A013 526.9 -235.3 6794.4 6815.45 21 0 0 -12. 7.7 -4.5
A014 610.8 -265.5 6794.9 6815.45 20.5 0 0 -11. 7.7 -4.1
A015 660.3 -287.0 6794.9 6815.45 20.5 0 0 -16. 7.7 -8.4
A016 717.7 -295.0 6794.4 6815.45 21 0 0 -15. 7.7 -7.5
A017 774.0 -282.5 6794.4 6815.45 21 0 0 -14. 7.7 -6.8
A018 836.3 -286.5 6792.4 6815.45 23 0 0 -13. 7.8 -5.6
A019 869.5 -288.1 6792.4 6815.45 23 0 0 -20. 7.8 -12.
A020 941.6 -312.1 6790.4 6815.45 25 0 0 -16. 7.8 -8.8
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A021 996.7 -330.3 6796.4 6815.45 19 0 0 -11. 7.8 -3.6
A022 1039.4 -321.5 6802.4 6815.45 13 0 0 -2.4 7.8 5.4
A023 1121.0 -298.2 6807.4 6815.45 8 0 0 -1.8 7.8 6
A024 1175.8 -325.4 6814.9 6815.45 0.5 0 0 -7.4 7.8 0.4
A025 601.7 -268.7 6794.4 6815.45 21 0 0 -6.9 7.7 0.8
AP1 106.5 -274.0 6814.4 6815.45 1 0 0 -4.2 7.5 3.3
AP2 137.8 -299.8 6811.4 6815.45 4 0 0 2.2 7.4 9.6
AP3 171.1 -291.5 6809.4 6815.45 6 0 0 -2.5 7.4 4.9
AP4 215.8 -289.4 6806.4 6815.45 9 0 0 -7.2 7.4 0.2
AP5 265.9 -290.7 6804.4 6815.45 11 0 0 -0.5 7.3 6.8
AP6 329.4 -300.7 6802.4 6815.45 13 0 0 -2.8 7.3 4.5
AP7 400.4 -285.9 6795.4 6815.45 20 0 0 -11. 7.3 -3.9
AP8 449.8 -307.7 6794.4 6815.45 21 0 0 -8.6 7.2 -1.4
A29 503.5 -322.7 6794.4 6815.45 21 0 0 -9.1 7.2 -1.9
A210 553.2 -295.1 6794.4 6815.45 21 0 0 -8.2 7.2 -1
AP11 618.3 -306.3 6794.9 6815.45 20.5 0 0 -7.5 7.1 -0.4
A212 661.7 -344.5 6795.4 6815.45 20 0 0 -3.7 7.1 3.4
AP13 723.8 -340.8 6794.9 6815.45 20.5 0 0 -11. 7.0 -4.8
A214 767.2 -361.2 6793.9 6815.45 21.5 0 0 -11 7.0 -4
A215 818.1 -365.4 6792.4 6815.45 23 0 0 -8.5 6.9 -1.6
AP16 843.5 -386.9 6792.4 6815.45 23 0 0 -9.7 6.9 -2.8
A217 919.0 -399.4 6792.4 6815.45 23 0 0 -9.2 6.8 -2.4
A218 965.3 -408.1 6790.4 6815.45 25 0 0 -6.2 6.8 0.6
A219 1022.4 -432.3 6797.4 6815.45 18 0 0 -1 6.8 5.8
A220 1062.9 -449.4 6803.4 6815.45 12 0 0 2.9 6.7 9.6
A223 1084.0 -445.6 6803.4 6815.45 12 0 0 7.7 6.7 14.4
AQ1 89.9 -366.1 6814.9 6815.45 0.5 0 0 7.4 7.2 14.6
AQ2 132.7 -374.2 6810.4 6815.45 5 0 0 0.3 7.3 7.6
AQ3 186.9 -386.1 6806.4 6815.45 9 0 0 -2.2 7.4 5.2
AQ4 235.8 -392.6 6804.4 6815.45 11 0 0 -3.2 7.4 4.2
AQ5 279.2 -390.4 6802.4 6815.45 13 0 0 -4.2 7.4 3.2
AQ6 342.2 -413.9 6799.4 6815.45 16 0 0 -6.3 7.4 1.1
AQ7 393.7 -413.6 6796.4 6815.45 19 0 0 -4.7 7.5 2.8
AQ8 431.5 -418.4 6795.4 6815.45 20 0 0 -3.8 7.7 3.9
AQ9 481.9 -405.9 6794.9 6815.45 20.5 0 0 -8 7.7 -0.3
AQ10 553.7 -466.4 6794.4 6815.45 21 0 0 -11. 7.8 -3.9
AQ11 618.9 -451.3 6794.4 6815.45 21 0 0 -11. 7.9 -3.4
AQ12 667.2 -466.3 6795.4 6815.45 20 0 0 -7 7.9 0.9
AQ13 701.3 -469.6 6794.9 6815.45 20.5 0 0 -5.5 7.9 2.4
AQ14 771.2 -494.3 6793.9 6815.45 21.5 0 0 -1.9 7.9 6
AQ15 897.8 -444.8 6792.4 6815.45 23 0 0 -3 8.0 5
AQ16 970.8 -445.2 6790.4 6815.45 25 0 0 -2.2 8.0 5.8
AQ17 1019.2 -419.0 6800.4 6815.45 15 0 0 -2.2 8.1 5.9
AQ19 1141.7 -523.6 6815.2 6815.45 0.16 0 0 -1.5 8.2 6.7
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TABLE A.1 SP DATA

STA	 X	 Y
ft	 ft

MAIN STUDY AREA

Z	 Water DEPTH EC T	 RAW
ft	 ft	 ft	 umho c	 my

ms1

Cdr
my

SP
my

AR1 100.7 -494.9 6814.4 6815.45 1 0 0 2.9 8.9 11.8
AR2 146.8 -490.5 6807.4 6815.45 8 0 0 5.2 9.0 14.2
AR3 182.5 -483.7 6804.4 6815.45 11 0 0 5 9.1 14.1
AR4 214.4 -492.3 6803.4 6815.45 12 0 0 2.3 9.1 11.4
AR5 248.1 -499.8 6802.4 6815.45 13 0 0 0.9 9.1 10
AR6 286.6 -499.6 6800.4 6815.45 15 0 0 0.3 9.2 9.5
AR7 327.4 -509.9 6798.9 6815.45 16.5 0 0 -1.6 9.2 7.6
AR8 364.8 -521.0 6798.4 6815.45 17 0 0 -0.1 9.2 9.1
AR9 407.5 -524.2 6797.4 6815.45 18 0 0 0.2 9.3 9.5
AR10 433.3 -524.1 6796.9 6815.45 18.5 0 0 1.4 9.3 10.7
AR11 476.6 -531.7 6796.9 6815.45 18.5 0 0 3.5 9.3 12.8
AR12 515.7 -541.8 6796.9 6815.45 18.5 0 0 2.2 9.4 11.6
AR13 555.9 -550.0 6795.4 6815.45 20 0 0 -0.5 9.4 8.9
AR14 591.5 -562.2 6794.4 6815.45 21 0 0 1 9.4 10.4
AR15 623.3 -569.1 6794.9 6815.45 20.5 0 0 0.5 9.5 10
AR16 655.6 -575.0 6795.4 6815.45 20 0 0 5.8 9.5 15.3
AR17 715.9 -603.0 6795.4 6815.45 20 0 0 3.6 9.6 13.2
AR18 735.6 -594.8 6794.4 6815.45 21 0 0 2.1 9.6 11.7
AR19 771.3 -611.1 6793.4 6815.45 22 0 0 1.4 9.7 11.1
AR20 827.9 -629.4 6792.9 6815.45 22.5 0 0 0.65 9.8 10.4
AR21 834.2 -621.1 6792.4 6815.45 23 0 0 0.7 9.8 10.5
AR22 875.9 -638.6 6792.4 6815.45 23 0 0 -1.2 9.9 8.7
AR23 931.0 -636.9 6790.4 6815.45 25 0 0 -4.4 9.9 5.5
AR24 975.5 -653.2 6792.9 6815.45 22.5 0 0 6.5 10.0 16.5
AR25 1005.2 -644.3 6798.4 6815.45 17 0 0 9.8 10.1 19.9
AR26 1064.0 -652.3 6804.9 6815.45 10.5 0 0 5.2 10.1 15.3
AR27 1131.6 -647.9 6814.4 6815.45 1 0 0 5 10.2 15.2
AR28 428.0 -497.1 6796.9 6815.45 18.5 0 0 -3.5 10.2 6.7
AS1 127.0 -565.9 6814.4 6815.45 1 0 0 -0.6 10.2 9.6
AS2 172.9 -577.7 6808.4 6815.45 7 0 0 -6 10.2 4.2
AS3 240.0 -582.5 6805.4 6815.45 10 0 0 -4.4 10.1 5.7
AS4 303.0 -595.3 6803.4 6815.45 12 0 0 -5.7 10.1 4.4
AS5 339.9 -621.1 6803.4 6815.45 12 0 0 -5.4 10.0 4.6
AS6 423.6 -645.4 6802.9 6815.45 12.5 0 0 -8 10.0 2
AS7 456.5 -652.1 6801.4 6815.45 14 0 0 -6.2 10.0 3.8
AS8 519.9 -628.9 6798.4 6815.45 17 0 0 -5.9 10.0 4.1
AZ1 488.6 230.0 6793.4 6814.4 21 0 0 1.3 5.9 7.2
AZ2 541.7 248.5 6793.4 6814.4 21 0 0 0.8 5.8 6.6
AZ3 587.0 255.1 6793.4 6814.4 21 0 0 -13 5.7 -7.3
AZ4 623.6 271.1 6792.6 6814.4 21.7 0 0 -12. 5.7 -6.8
AZ5 681.6 288.2 6791.9 6814.4 22.5 0 0 -17. 5.5 -11.
AZ6 715.1 285.6 6791.4 6814.4 23 0 0 -12 5.5 -6.5
AZ7 780.1 311.6 6791.4 6814.4 23 0 0 -15. 5.4 -9.7
AZ8 832.9 313.5 6791.4 6814.4 23 0 0 -14. 5.4 -8.9
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TABLE A.1 SP DATA

STA	 X	 Y
ft	 ft

MAIN STUDY AREA

2	 Water DEPTH EC T	 RAW
ft	 ft	 ft	 umho c	 mv

ms1

Cdr
my

SP
mv

AZ9 889.1 334.7 6795.9 6814.4 18.5 0 0 -19. 5.3 -14.
AZ10 935.9 352.3 6805.4 6814.4 9 0 0 -13. 5.3 -8.2
AZ11 965.0 330.5 6809.4 6814.4 5 0 0 -16. 5 -11.
AZ12 1031.2 285.4 6812.4 6814.4 2 0 0 -9.2 5 -4.2
AZ13 1050.7 202.1 6812.4 6814.4 2 0 0 3.5 4.9 8.4
AZ14 1022.6 123.3 6804.4 6814.4 10 0 0 -2.3 4.9 2.6
A2 15 1038.7 52.0 6802.9 6814.4 11.5 0 0 -6.3 4.8 -1.5
AZ16 1039.2 -41.6 6801.4 6814.4 13 0 0 -9.8 4.8 -5
AZ17 923.8 295.9 6798.4 6814.4 16 0 0 -18. 4.6 -13.
AZ18 915.2 214.3 6797.4 6814.4 17 0 0 -0.9 4.5 3.6
AZ19 905.1 164.7 6794.4 6814.4 20 0 0 -6 4.5 -1.5
AZ20 913.4 110.1 6794.4 6814.4 20 0 0 -8.1 4.4 -3.7
AZ21 928.8 46.5 6794.9 6814.4 19.5 0 0 -13 4.3 -8.7
AZ22 929.8 -18.6 6793.9 6814.4 20.5 0 0 -6.5 4.2 -2.3
AZ23 892.3 295.7 6796.4 6814.4 18 0 0 -13 4.1 -8.9
AZ24 879.4 233.9 6793.4 6814.4 21 0 0 -3.3 3.9 0.6
AZ25 891.9 180.8 6791.9 6814.4 22.5 0 0 -11. 3.9 -7.9
AZ26 881.3 124.2 6790.9 6814.4 23.5 0 0 -14. 3.8 -11.
AZ27 867.9 60.9 6790.4 6814.4 24 0 0 -12. 3.7 -8.6
AZ28 880.0 0.0 6790.4 6814.4 24 0 0 -12. 3.7 -8.6
AZ29 887.8 -62.2 6790.4 6814.4 24 0 0 -12. 3.6 -8.9
AZ30 898.4 -145.0 6790.4 6814.4 24 0 0 -14. 3.4 -10.
A2 31 925.0 -216.6 6791.4 6814.4 23 0 0 -15 3.4 -11.
AZ32 945.8 -292.6 6793.4 6814.4 21 0 0 -9.4 3.3 -6.1
AZ33 980.5 -346.8 6796.4 6814.4 18 0 0 -7.4 3.2 -4.2
AZ34 739.4 278.3 6791.9 6814.4 22.5 0 0 -11. 2.9 -8.9
AZ35 773.1 205.7 6791.4 6814.4 23 0 0 -14 2.9 -11.
AZ36 758.9 130.3 6791.4 6814.4 23 0 0 -13. 2.8 -10.
AZ37 728.2 51.1 6792.4 6814.4 22 0 0 -24. 2.7 -21.
AZ38 660.0 6.6 6794.4 6814.4 20 0 0 -17. 2.6 -14.
AZ39 649.9 -13.0 6794.4 6814.4 20 0 0 -17. 2.5 -15.
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Electrode Temperature Sensitvity Experiment

Figure A.1 depicts the experimental arrangement used

to test the temperature sensitivity of the electrodes used in

this investigation. Container 1 was kept at a constant

temperature. Container 2 was heated or cooled as required.

The connecting salt bridge consisted of tygon tubing fitted

with cotton swabs, and filled with ULM water.

The reference electrode assembly was used to monitor

shifts in the baseline SP so that changes could be corrected

out of the total reading.



Container 1

........	 .

\ Electrode I

Container 2

Figure A.1: Electrc& Ilsrperature
Sensitivity Experiment
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Seepage Meter Data Tables

TABLE B.1 SEEPAGE METER DATA

STA	 X	 Y	 RATE
ft	 ft	 ml/hr

- MAIN STUDY AREA

RATE	 notes
ft/dy

MT2A 141.9 73.9 9.4 INCORRECT OPERATION
MT2A 141.9 73.9 -12 BAG LEAKED
MT2A 141.9 73.9 5.97 0.001847 OK
MT2A 141.9 73.9 6.5 0.002011 OK
MT2A 141.9 73.9 17.96 NOT SEATED WELL
MT2A 141.9 73.9 5.7 0.001763 OK
SM1 1095.7 -143.2 7.8 0.002413 OK
SM2	 938.3 -56.4 49.9 0.01544 OK
SM3	 719.4 -28.8 29.2 DEFECTIVE METER (SME)
SM4	 469.9 -9.4 44.6 0.0138 OK
SM5	 269.9 8.1 40.1 0.01241 OK
SM9	 124.1 292.8 -5 INCORRECT OPERATION
SM10 337.8 246.3 -3 INCORRECT OPERATION
SM11 579.8 154.2 3.61 INCORRECT OPERATION
SM12 809.1 97.6 85 INCORRECT OPERATION
SM131004.8 80.6 41 INCORRECT OPERATION
SM141010.1 225.9 16 INCORRECT OPERATION
SM18 622.0 615.4 5.36 INCORRECT OPERATION
SM19 893.4 377.7 12.06 INCORRECT OPERATION
SM22 197.0 -492.0 4.26 0.001318 OK
SM23 525.2 -433.5 16.99 0.005257 OK
SM24 967.6 -353.2 -19.03 DEFECTIVE METER (SME)
SM26 264.5 188.8 2.6 0.000804 OK
SM27 514.4 750.6 32.92 0.01018 OK
SM281108.5 -404.6 -8.13 -0.00251 OK
SM29 213.3 165.5 2.81 NOT SEATED WELL
SM30 215.9 343.8 18.06 NOT SEATED WELL
SM31 400.3 330.4 2 DEFECTIVE METER (SHE)
SM32 697.4 278.6 -17.3 CHOPPY WATER
SM36 635.9 493.6 2.9 AIR IN BAG
SM37 194.8 106.4 13.64 0.00422 OK
SM38 677.1 327.1 16.06 DEFECTIVE METER (SME)
SM39 771.3 -690.2 7.76 0.0024 OK
SM40 506.9 339.4 14.91 LEAKING SEAL
SM41 304.8 761.3 20.92 NOT SEATED WELL
SM42 740.2 423.8 5.24 DEFECTIVE METER (SME)
SM43 713.9 531.5 43.28 0.01339 OK
SM44 582.9 365.5 7.82 LEAKING SEAL
SM45 312.4 758.2 42.9 0.01327 OK
SM46 293.7 402.2 10.32 0.003193 OK
SM47 728.4 -553.7 2.6 0.000804 OK



TABLE B.2 SEEPAGE MEASUREMENT CORRECTIONS

STA Qmeter q meter
ml/hr	 ft/dy

q actual
ft/dy

Temp vise. cor Miff
C	 ft

q corr
ft/dy

MT2A 5.97 0.001847 0.005404 15 1.1367 1.7 0.006743
MT2A 6.5 0.002011 0.00567 13 1.1976 2 0.007496
MT2A 5.7 0.001763 0.005269 10 1.3054 2.5 0.00776
SM1 7.8 0.002413 0.006318 20 1 0.65 0.00671
SM2 49.9 0.01544 0.02735 20 1 0.65 0.02774
SM4 44.6 0.0138 0.0247 20 1 0.65 0.0251
SM5 40.1 0.01241 0.02246 20 1 0.65 0.02285
SM22 4.26 0.001318 0.00455 15 1.1367 1.7 0.00619
SM23 16.99 0.005257 0.01091 15 1.1367 1.7 0.01342
SM26 2.6 0.000804 0.00372 15 1.1367 1.7 0.00524
SM27 32.92 0.01018 0.01886 15 1.1367 1.7 0.02246
SM28 -8.13 -0.002515 -0.00648 15 1 1.7 -0.00546
SM37 13.64 0.00422 0.009236 10 1.3054 2.5 0.01356
SM39 7.76 0.0024 0.006297 10 1.3054 2.5 0.00972
SM43 43.28 0.01339 0.02404 10 1.3054 2.5 0.03288
SM45 42.9 0.01327 0.02385 10 1.3054 2.5 0.03263
5M46 10.32 0.003193 0.007578 10 1.3054 2.5 0.01139
SM47 2.6 0.000804 0.00372 10 1.3054 2.5 0.00635
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Seepage Meter Calibration

Figure B.1 depicts the "sand box" model used to

cailbrate the modified seepage meters. A meter was installed

in the model and seepage meter measurements were made at

various known seepage rates to produce Figure 20. Additional

data points at higher leakage rates and data points for

inseepage were attempted. However, side leakage (as measured

by the piezometers) prevented collection of valid data.

Various installation requirements (e.g. required

suction, and time to stabilization) were determined by

monitoring pressures and seating depths as a meter was

installed in the model. Figure B.2 presents the results of

this experiment. A suction of 2 ft (6 cbar) was applied to

the meter hose. This suction dissipated in about 16 minutes.

As suction was applied, the meter was pulled into the

sediment. After about 90 minutes the meter had been pulled

0.4 ft (0.12 m) into the ULM sediment. Head in the meter

declined and recovered by an amount corresponding to the

applied suction. However, after seating, head within the

meter remained 0.000984 to 0.00328 ft (0.0003 to 0.001 m)

below that outside of the meter. This was a direct reflection

of head loss within the meter. As seen in Figure B.2, head

within sediment enclosed by the meter had a minor and delayed

response to the applied suction. Figure B.3 is
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an enlarged presentation of this data. Sediment heads began

to respond to the applied suction about 50 minutes after the

suction had dissipated. Equilibrium was reattained

approximately 13 hours after the applied suction. As with the

meter, sediment heads after installation were lower than

those prior to installation. Again, this was a reflection of

head losses within the meter.

Seepage Meter Operation

1) Lower the basal portion of the meter to the bottom

with a rope. Make sure that you have first removed entrapped

air.

2) Gently lifting the meter up and down, check to see

if it is resting on a rock. If the meter is on a rock, a

metallic "clink" will be felt through the rope.

3) Place the empty surface assembly in the water

without the bag. There is approximately 2 ft of assembly

below the side opening. Hold this portion of the assembly

submerged without allowing water to flow in through the side

opening. This will cause water to be pulled into the surface

assembly through the hose. This acts as the applied suction.

This method may not be sufficient to seat the basal assembly

in sediments which are firmer than those at ULM.

4) Wait 13 hours until pressures in sediment have
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equilibrated. The amount of required time will be less for

sediments which are more permeable than those at ULM.

5) Measure about 1000 ml (record the exact amount) of

water into the bag. About 10 ml of air space should be left

in the bag to prevent plastic from blocking the ball valve

assembly.

6) Place the bag (valve closed) inside the surface

assembly, but do not connect it to the side opening. Allow

the bag volume to be displaced out of the surface assembly.

7) Plug the side opening of the surface assembly.

Connect the bag to the inside of the side opening. Make sure

that the bag is not twisted upon itself.

8) Open the bag valve.

9) Squeeze water off your arm and back into the

surface assembly. Unplug the side opening. The measurement

has started (record the time).

10) After 12-14 hours (depending on the seepage

rate), plug the side opening. The measurement has ended

(record the time).

11) Close the bag valve, remove the bag and measure

its volume.
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