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ABSTRACT

Water tracing experiments were successfully conducted over a distance of ten
kilometers along the base of Variegated Glacier for the purpose of characterizing the
water drainage system of the glacier in the surging as compared to the non-surging
state. Three tracing experiments were conducted, and fluorescent dyes, Rhodamine
WT and Tinopal AMS, were injected into boreholes at separate locations. The two
Rhodamine WT experiments were conducted over a 10 km distance, both during the

most rapid surging motion of the glacier, and after its cessation.

In each experiment, the terminus streams were monitored for stream discharge,
sediment content and tracer concentration. Rhodamine WT tracer was significantly
adsorbed on the suspended sediment, particularly during the surge. The adsorption
behavior followed the Langmuir model, and calculated distribution coefficients of
K; = 100 to 1000 ml/g were measured for during the glacier surge. The K; values
measured after the surge were lower than during the surge by a factor of 10 to 1000.
The much higher K; values in the surging as compared to non-surging glacier states
can be best explained by a factor of 10 to 1000 decrease in the modal and/or mean
grain-size of the suspended sediment. The abundance of fine-grained sediment during

the surge is probably due to increased grinding of rock material at the glacier bed.

Theoretical models of tracer dispersion in a single tunnel, were compared to
models of dispersion in linked-cavity systems to infer the details of water flow at the
glacier bed. The broad, roughly symmetrical, dye-return curve measured during the
glacier surge conforms to diffusive dispersion theory, and differs sharply from the
highly asymmetrical dispersion curve measured after the surge. Results indicate the

dispersion behavior, and calculated Manning roughness, of the post-surge Variegated
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Glacier is similar to those of glaciers that do not surge. The drainage system of the
Variegated Glacier in the surging state is consistent with a model of tracer dispersion
in an interconnecting network of conduits and cavities, and is strikingly different

from the tunnel system indicated for the non-surging state.
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Chapter I:
INTRODUCTION

The flow of water in the basal drainage system of a temperate glacier in the
surging state is studied and compared to the flow during normal, non-surge condi-
tions. The movement of water is followed by dye-tracing techniques, using fluores-

cent dyes injected into glacier boreholes.

A dye-tracer experiment,r as performed for this thesis, involves the injection of
an easily detected, soluble dye into a water drainage system, and the monitoring of
dye concentrations at one or more locations down stream. The spreading of the dye
pulse in time and spacevand the mean dye transport velocity give a measure of the
mechanics of water flow within the drainage system, and of the size and distribution
of water conduits at the glacier bed. Tracer experiments provide information about

glacier hydrology that is impossible to determine by other methods.

The dye-tracer experiments discussed in this thesis were conducted in 1983.
These are the first dye-tracer experiments ever carried out on a glacier in surge. The

conclusions bear on the processes responsible for glacier surges.

The glacier studied is Variegated Glacier, in southeastern Alaska. A location
map for the glacier is given in Fig. 1.1. Photographs of the Variegated Glacier before

and during the 1983 surge are shown in Kamb et al. (1985, Fig. 8).

Up to the present, the glacier surge has been a largely unstudied phenomenon,
and there is a paucity of information on the mechanics of surging. This discussion is
confined to temperate glaciers whose flow instability is not due to periodic unfreezing
at the glacier bed as advocated by Clarke (1976) for polar glaciers. The most detailed

information on a glacier surge, to date, has been obtained from the Variegated



Glacier, Alaska, by groups from Caltech and the Universities of Washington and

Alaska (Kamb et al., 1985). The research presented here is one aspect of that study.

A surge-type glacier, such as Variegated Glacier, flows at normal ice velocities
for many years, speeds up as much as a hundredfold during the surge which lasts a
few months to a few years, and then returns to normal flow velocities. Post (1969)
showed that Variegated Glacier surges with a period of about 20 years. The glacier
began to develop a pattern of unstable flow behavior in 1979-81, which culminated in
a major surge during 1982-83 (Kamb et al., 1985). The highest velocity was reached
early in the summer of 1983. Five kilometers from the glacier terminus the velocity
reached 65 meters per day, more than one hundred times the pre-surge glacier speed.
The end of the surge occurred suddenly, in early July, soon after the surface melt had
peaked. A large flood of water was discharged from the glacier as the ice halted its
rapid motion, suggesting that a close relationship exists between the surge instability
and the hydraulic properties of the glacier’s basal water system. The high flow velo-
cities of the surge were correlated with high water pressures and increased turbidity
of the outflow streams. Results suggest that the high flow velocities are caused by

increased basal sliding at the ice-rock interface.

C. F. Raymond, W. D. Harrison and coworkers Bindschadler and others began
the first detailed monitoring and surveying of Variegated Glacier ten years prior to
the 1982-3 surge. During the buildup phase bf the surge cycle there was a gradual
increase in thickness and velocity in the upper reaches of the glacier accumulation
area. As the glacier approached surge, this increased thickness and flow in the upper
reaches began to propagate down towards the glacier terminus in a series of mini-

surge pulses (Kamb and Engelhardt, 1986, in press). In minisurges the glacier flow



velocity reaches a peak value at the same time as a maximum in basal water pressure.

The basal water pressure at times rises high enough to locally float the glacier.

Large ice streams and major ice sheets may also undergo surging behavior simi-
lar to Variegated Glacier, but perhaps with much longer recurrence intervals. These
large ice masses have the potential for discharging enormous volumes of icebergs into
nearby oceans, thereby dramatically increasing the mean albedo at polar latitudes.
The mean temperature of the earth is expected to decrease and the global sea level
suddenly increase if a major surge of a polar ice sheet were to occur. There is evi-
dence to suggest that the West Antarctic, or temperate portions of the Greenland and
Laurentide ice sheets, may undergo periodic surges (Hughes, 1973; Denton et al.,

1975).

Other possible effects of a surge or rapid glacier advance include destruction of
manmade structures such as highways, oil pipelines and water intake systems (for
example, Black Rapids and Muldrow glaciers, Alaska; Findelen Glacier, Switzerland),
ice avalanches from unstable hanging glaciers, cyclical excessive sediment discharge
from terminus streams and extremely rapid silting of hydroelectric reservoirs (for
example, several surge-type glaciers in upper Susitna Valley, Alaska), and periodic
damming of valleys and related flooding (i.e., the Tulsequah and Taku glaciers,
Juneau Icefield, Alaska; the surge-type glaciers that periodically block the Alsek
River, St. Elias Range, Alaska; the Hubbard and tributary glaciers that recently
caused the blockage of Russell Fiord - allowing the reformation of ‘“‘Lake Russell” -

near Yakutat, Alaska, shown on Figure 1.1).

In the course of the dye-tracer experiments on Variegated Glacier, it was

discovered that the amount of dye adsorbed on sediment composes a significant



fraction of the total amount of dye delivered in the outflow stream during the surge,
and that it was therefore important to measure the adsorbed dye, contrary to the
experience of earlier experiments on (non-surging) glaciers. The measurement tech-
niques for adsorbed dye, presented here, should be useful in future dye-tracing experi-

ments on glaciers with large suspended-sediment concentrations in outflow streams.

It is shown in this thesis (Section 6.2) that if the stream discharge is known then
the roughness parameterizatidn of glacier water conduits can be determined from
standard dye-tracing experiments (Chapter 4 and Section 6.4). An application of this
work includes the measurement of glacial runoff using dye, by application of the
theory of turbulent diffusion in a single conduit (Section 6.2.2) to dye-tracing results.
If the average conduit roughness, tracer retardation, dispersivity and mean transport
velocity are known, then the water discharge in the conduit is theoretically deter-

mined.

Results of the dye tracer experiments indicate that a great difference exists in
the hydrology of glacier in surge and not in surge. The glacier after surge termina-
tion looks hydrologically like a normal, non-surging glacier. There is strong indica-
tion that the glacier in surge tends to retain water, which helps explain why high
basal water pressures can be maintained during the surge and thus can sustain the
high sliding velocities. These interpretations are supported by consideration of
theoretical models for explaining the detailed shape of dye-return curves for dye tran-
sport through a variety of types of conduit systems and hydraulically permeable

porous media.
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Chapter II:
TRACER TECHNIQUE

2.1. Fluorescent Tracers

2.1.1. Introduction

The dye tracing technique used in this work involves injection of a highly
fluorescent dye into the basal water system of the glacier at one location, via a
borehole, and detection of the dye at one or more points down glacier where basal
water emerges from the glacier in outflow streams. Dye detection is by fluorometry
on water samples collected at the downstream locations. The strength of measured
fluorescence of each water sample is related to dye concentration in the water through
comparison to the fluorescence of calibration standards. Descriptions of fluorometric

techniques are given by Wilson (1968), Turner (1977), and Smart and Laidlaw (1976).

In order to trace water through a glacier over horizontal distances of several
kilometers, a very sensitive tracer is required. A number of requirements were con-
sidered in order to choose dye tracers for the Variegated Glacier experiments. The
dyes were chosen to optimize a combination of the several desirable traits, namely,
low minimum detectibility (or high sensitivity), low adsorptivity on sediment, spectral
distinction from other dyes and from naturally occurring fluorescent substances, sta-
bility, high solubility in water, minimal temperature dependence of fluorescence, non-
toxicity, cost effectiveness, and availability. The dyes had to be measurable at very
low concentrations in water with high suspended sediment levels. For this study, two

fluorescent dyes were sought, with non-overlapping absorption and emission spectra,



such that the two dyes could be detected independently and thus used concurrently
in tracer experiments. The two dyes chosen for this study were Rhodamine WT and

Tinopal AMS.

2.1.2. Rhodamine WT

Rhodamine WT is an orange-fluorescent dye especially designed for water trac-
ing purposes (the designation “WT” stands for “water tracer”). The dye has a long
record of reliability in this type of use. Thorough discussions of standard techniques
in the use of Rhodamine WT are given by Smart and Laidlaw (1976). Rhodamine
WT is an organic molecule related to Rhodamine B (Basic Violet 10, CqogH3;N,O,Cl ),
which is a water tracer widely used since about the 1960. Rhodamine WT is
adsorbed less strongly on sediment and has a lower toxicity than Rhodamine B. It is
very soluble in water, more soluble than most other common dyes (Turner Designs,
1981; Smart and Laidlaw, 1976). Rhodamine WT is more than adequately stable
under normal temperature, light and water cbnditions. This dye, as supplied in 20
percent aqueous solution, is very dark red in color, somewhat viscous, and has a
specific gravity of 1.19. The Rhodamine WT used in this experiment was manufac-
tured by the Crompton and Knowles corporation (Skokie, Illinois) and purchased
from Keystone Ingham Corp. (Santa Fe Springs, California). All of the dye used was
purchased at the same time and all calibrationé and field experiments were conducted

with the same batch of dye.

In this study, the tracer Rhodamine WT is defined as the 20% solution. All
results are given in terms of {racer concentration in parts per billion, which represents

the volume of 20% dye solution per unit volume of sample water (including



suspended sediment). This is a normal practice followed in dye tracer studies
(Turner, 1977; Krimmel et al., 1973). An alternative, widely used unit is pg/] (Smart
and Laidlaw, 1976; Lang et al., 1979; Moeri, 1983); the Rhodamine WT concentration

in units of pg/lis equal to the tracer concentration in units of ppb divided by 1.19.

2.1.3. Tinopal AMS

The second dye chosen for this study was Tinopal AMS, a colorless, blue-
fluorescent dye which adsorbs strongly on cellulose. This dye is a stilbene-based
“optical brightener”, one of many available on the market. These brighteners (used
for “brightening” fabrics) adsorb strongly in the ultraviolet, at approximately 340-355
nm, and fluoresce at 430-460 nm, in the blue. The evaluation of several optical
brighteners (Leucophor C, Photine CSP, Photine CU and Fluolite BW) by Smart and
Smith (1976) and Smart (1976) was a valuable asset in choosing the appropriate dye
and measurement techniques for the present study. However, the optical brighteners
tested by Smart (1976) were not readily available, and it was therefore necessary to
test other brighteners that were available locally. The objective was to find a bright-
ener very similar to the stilbene-based brighteners discussed by Smart. This was
made difficult by the additives and filler materials present in many of the brighteners
sold commercially. In most cases the additives were designed to reduce the solubility
of the active fluorescent ingredient so that the brightener would adhere strongly to
cloth or paper. This limited the choice of brighteners, since water tracing requires a
dye with very high water solubility. Tests were carried out on the solubility and the
excitation and emission spectra of Tinopal AMS, Tinopal CBS, Optiblanc, and Tino-

pal 5BM. Results are summarized in Fig. 2.1. Due to its high water solubility, the



brightener best suited for the present study was Tinopal SFP, which is normally used
as a rinse for photographic paper. This dye is similar to Tinopal AMS (Fig. 2.1), but
is more concentrated and more expensive. Tinopal SFP was not available in time for
the 1983 field season. The tests indicated that Tinopal AMS would be a satisfactory
alternative, and it was chosen. The excitation and emission spectra of Tinopal AMS
indicate that it may be chemically very similar to the Fluolite BW brightener tested
by Smart (1976, Figure 2, p. 64). The Tinopal dye used in this study was manufac-
tured by Ciba-Geigy Corporation (Greensboro, North Carolina) and purchased from
Keystone Ingham Corporation. Tinopal concentrations are given on the basis of ppb
by weight.

Prior to the initiation of this study there were no published results on the use of
Tinopal brighteners in glacier water. Moeri (1983) has since reported moderate suc-
cess using a Tinopal dye in Findelen Glacier, Switzerland. The Tinopal AMS used in
a tracer experiment on Variegated Glacier in 1983 proved to give considerable
difficulty in the field. The difficulties stemmed from the fact that the dye was in
powdered form. Although the dye seemed sufficiently water soluble in laboratory
tests, in the field it proved difficult to dissolve the large quantity (130 kg) that had to
be used. Also, the powdered dye was readily picked up and blown about by the
wind; this dispersed dye, which is not visible in small quantities or when dissolved,

was a possible source of contamination in the handling of water samples in the field.
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2.1.4. Comparison Between Tracers

Excitation and emission spectra of Rhodamine WT and Tinopal AMS were
measured by means of a spectral fluorometer in the Division of Chemisty and Chemi-
cal Engineering, made available through the courtesy of Janet Marshal. The spectra
are compared in Figure 2.2 . The excitation spectra of the two dyes overlap hardly at
all; likewise, the emission spectra hardly overlap. This is a favorable situation for
measuring independently the concentrations of both dyes when both are present in
the same solution. The measured fluorescence level at the emission peak for Rhodam-
ine dye was found to be unaffected by the presence of Tinopal dye at concentrations

up to about 1000 ppb.

Table 2.1 contains a summary of the principal characteristics of seven dyes
tested, including the positions of the spectral peaks, the minimum level of detectabil-
ity, and the price. This information may be of use in the design of future dye-tracing

experiments.

The detection level for Rhodamine WT is a factor of 100 smaller vtha.n for Tino-
pal AMS. A correspondingly larger quantity of Tinopal dye is needed to achieve a
comparable detectability in field experiments. Because of its good performance record
and high sensitivity (low detection threshold), Rhodamine WT was the dye chosen for
use in the tracing experiments carried out over a distance of about ten kilometers in
Variegated Glacier. Tinopal AMS was used in a tracer experiment over a short dis-

tance near the glacier terminus.
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2.2. Fluorometry

To measure the fluorescence of the dyes, a filter fluorometer, Turner 111, was
used. The basic instrument is described by Wilson (1968) and major components of
the Turner 111 filter fluorometer used in this study are shown in the Turner Manual
(1977, pg. 4). The instrument was kindly loaned by the U.S. Geological Survey, Gla-
ciology Project Office, Tacoma, Washington, and initial training in its use was pro-
vided by Mr. Robert IKKrimmel of this organization. Fluorescence measurements made
with this instrument were initially checked in relation to detailed absorption and
emission spectra made with the spectral fluorometer noted in the previous section.
Approximately twenty samples and standards were crosschecked with the two instru-

ments.

Filter and lamp optimization was carried out using standard procedures for both
the filter and spectral fluorometers (Smart and Laidlaw, 1976; W. Turner, personal
communication, 1983). Different lamps and filter sets were used for Rhodamine WT
and Tinopal AMS. A near-UV lamp (Turner standard number #10-049), which
excites between 310 and 390 nm, was used for Tinopal AMS, and a F4T5 clear quartz
lamp without phosphor (#10-046), with maximum excition at 555 nm, was used for
Rhodamine WT. For Rhodamine WT a Turner #10-056 filter (marked #546) was
used as the excitation (or primary) filter, and two Kodak filters (#23-A and #3-66)

were combined for use as the emission (or secondary) filter.

Measurements of sample fluorescence are given in “fluorometer units” as read
from the meter of the Turner 111 instrument. The background fluorometer reading
for blank samples (zero concentration of tracer) was set to 0.16 fluorometer units for

Rhodamine WT and to 7 fluorometer units for Tinopal AMS. Since the meter of the



instrument does not give readings below zero, these arbitrary blank (background) set-
tings were chosen to insure that all meter fluctuations could be followed. Information
provided by Turner Designs (1981) indicates that the concentration of Rhodamine
WT tracer dissolved in clean water can be measured down to the 0.001 ppb level with
the Turner 111 instrument. In the present work it was found that Rhodamine WT
tracer concentration could be reliably measured down to only the 0.01 ppb level. The
level of detection for Tinopal AMS was about 1 ppb. In order to obtain the limit of
detectibility for each tracer, it was necessary to consistently read the midpoint of

fluctuations of the meter needle and maintain standard measurement conditions.

A second instrumental setting is called span; it affects the proportionality rela-
tion between the fluorometer reading, in “fluorometer units”’, and the actual intensity
of fluorescent radiation from the sample. Its adjustment, which directly affects the
fluorometer calibration, is discussed in Section 2.4. Once the optimum choice of
filters, lamp and instrument settings was found for each dye, this instrumental
configuration was standardized and was held constant throughout the study. The

instrument was regularly checked for calibration using standard samples.

2.3. Procedures for Fluorometric Measurement of Water Samples

The accuracy and reproducibility of filter-fluorometer measurement at very low
tracer concentrations is crucial to this work because of the very low peak levels (ppb
and below) at which the tracers were returned in the outflow water from the glacier
in some of the experiments carried out. Special precautions in the fluorometric meas-
urement procedure, as well as in the sampling, were necessary to work successfully at

the low detection level needed.
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Throughout each set of fluorometric measurements, which involved running a
group of samples and a set of standards, the type and orientation of the glass cuvette
holding the water sample in the fluorometer had to remain unchanged, because a
change from one cuvette to another, or in the orientation of a given cuvette in the
sample holder of the instrument, changes the low-level fluorescence reading. Simi-
larly, a change in the light bulb or filters, or in their orientations, affects the detected
fluorescence; hence, all of these components had to be marked and held fixed in order
to achieve reproducible low-level readings. The fluorometer readings are also affected
to some extent by the ambient temperature and by the voltage of the battery power-
ing the instrument. The voltage was maintained by keeping the battery as fully
charged as possible, and the laboratory temperature held at 22° 4+ 1° C. Water or
sediment on the outside surface of the sample cuvette affects the readings at the ppb
level. Hence, before each cuvette was introduced into the fluorometer, its surface was
wiped clean of outside water and sediment. Towels used for this purpose must not
contain any material fluorescent in the wavelength range employed. Towels,
glassware, rinse water, methanol, sample bottles, and all other materials and imple-
ments associated with the experiments (including human bodies) were thoroughly
tested and cleansed of fluorescent materials before measurements were undertaken.
This was particularly important for measurement of Tinopal AMS, because contami-
nation by optical brighteners is widespread, theSe substances being extensively used in

the detergent, fabric, and paper industries.

Before loading each sample into a cuvette for measurement, the cuvette was first
rinsed repeatedly with clean water until the rinse water in the cuvette gave the

fluorescence reading for zero concentration. In the measuring a set of samples
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containing Rhodamine WT, normally two to five rinses were required to reach the
background level. In the measuring of Tinopal AMS, normally more rinses were
required (three to ten), suggesting a significant tendency for this dye to be adsorbed

on the glass of the cuvette.

Important further experimental procedures were required to deal with the effects
of suspended sediment in water samples. These are discussed in Chapter III. With
the above procedures, it was possible in this work, as noted above, to make reliable
laboratory measurements of Rhodamine WT tracer concentration down to 0.01 ppb,

and of Tinopal AMS concentration down to about 1 ppb.

In fluorometric measurements made in the field, which were undertaken in an
attempt to follow the results of the tracer experiments in real time and to guide the
water-sampling schedule, some of the requirements specified in the foregoing pro-
cedures could not be fully met. By far the greatest limitation on useful field measure-
ments was the effect of water turbidity, discussed in Chapter III. In addition, non-
constancy of ambient temperature, fluctuations of battery voltage, difficulty in main-
taining a dust-free, condensation-free, and contamination-free environment for the
fluorometer under field condition and other such factors interfered with the validity
of the field measurements and caused some discrepancies between fluorometric read-
ings made in the field and repeated later in the laboratory. Except for data on clean
water standard solutions (prepared with triple-distilled water), all concentration data
given in this thesis are based on measurements made in the laboratory on samples

brought back from the field.

To minimize the photochemical degradation of the dye, samples were kept out of

the sunlight as much as possible. Repeated fluorometric comparisons between freshly
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made standards and standards that had been made up initially and retained showed
no detectable degradation of the older samples. The spontaneous degradation of the
undiluted dye stock cannot have been great, because calibration curves did not

change detectably over the course of the work, lasting about eight months.

2.4. Fluorometer Calibration

Fluorometer calibration for measurement of Rhodamine WT and Tinopal AMS
was done in the laboratory and also in the field. For Rhodamine WT, four sets of
calibration standards (dye diluted with triple-distilled water) were measured in the
laboratory. The results are in Figures 2.3, 2.4 and 2.5. For each set of sample meas-
urements the fluorometer units read from the instrument were calibrated in terms of
dye concentration units (ppb). The calibration was done by plotting fluorescence
readings for different standard samples against the known tracer concentration of
each solution. Figure 2.3 is plotted on linear scales for fluorescence reading and
actual tracer concentration. Figure 2.4 gives the calibration data for Rhodamine WT
at the lower end of the concentration range, in a log-log plot. Figure 2.5 is a log-log
plot of the calibration data over the range 1 to 1000 ppb. The calibration measure-
ments were repeated throughout the study to check the reproducibility of the calibra-

tion curves.

The calibration curve for Rhodamine WT is linear for concentrations ranging
from 0.1 to 1000 ppb. The curve becomes nonlinear below 0.1 ppb (Fig. 2.4). Detec-
tion may be made to concentrations as low as 0.01 ppb if the sample is free of
suspended sediment, and all measurement precautions are taken (Section 2.3). The

feasibility of the detection limit of ~ 0.01 ppb can be judged from the data points in



- 16 -

Figure 2.4.

Three sets of calibration standards were made up in the field, using water sam-
ples obtained from Variegated Glacier outflow streams during May, June and July
1983. The calibration data for these standards, which are affected by water turbidity,
are discussed in Chapter III. The effect of methanol solvent on dye fluorescence had
to be assessed because methanol was used in the measurement of Rhodamine WT
adsorbed on suspended sediment, as discussed in Chapter III. Calibration curves for
Rhodamine WT dissolved in pure methanol are shown in Figures 2.4 and 2.5. The
calibration curve for the dye dissolved in methanol differs significantly from that for
the dye dissolved in water. The emission fluorescence spectra for the dye dissolved in
methanol and in water are not qualitatively different. The only difference between
the spectra is in the height of the emission peak. Rhodamine WT is more fluorescent
in pure methanol than in water by a factor of about 1.9 in the range 0.1 to 1000 ppb

(Figs. 2.4 and 2.5).

Calibration data for Tinopal AMS solutions are shown in Figures 2.3 and 2.6 .
The limit of detectibility for Tinopal AMS indicated by Figure 2.3b is approximately
1 ppb. A change in slope of the calibration curve occurs at approximately 60 ppb
(Fig. 2.6). At concentrations below about about 0.5 ppb the fluorescence of Tinopal

AMS cannot be detected above the background.

2.5. Tracer Injection Technique

The tracing experiments were carried out by injecting dye at the bottom of the
glacier (or as close to it as possible) via boreholes. The borehole drilling for the dye

tracer injection was done with a hot-water drill designed mainly by Phil Taylor and
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Barclay Kamb. The capability of this drill to reach the glacier bed through the over-
lying debris-laden ice was enhanced by occasional use of a drill tip with a hot-water
jet inclined 45° away from the downward vertical. The 45° tip allowed drilling of a
a side hole into which rock debris that had accumulated at the bottom of the main
hole was diverted. In the process of trying to make sure that the bed was reached,
the drill was normally run at full power for several hours after it had come to a com-
plete stop at the maximum depth reached. In this process a cavity of some size must
have been melted out at the bottom of the borehole. Boreholes were about 400 m
deep in the area of the glacier where the Rhodamine WT dye injection was carried

out, which was about 10 km upstream from the glacier terminus.

Dye injection in each experiment was done at a time when borehole conditions
for injection were optimal, to the extent that this was possible under prevailing
operational constraints. An optimal condition consists in a good connection of the
borehole to the basal water system, so that dye pumped to the bottom of the hole
will rapidly leave the hole and enter the basal water system. The quality of the con-
nection was judged before dye injection by the height and fluctuations in height of
the water level in the hole in comparison to adjacent boreholes, and by any signs of
downflow of water in the borehole near the bottom, as discussed in detail later (sec-
tion 4.2). After dye was injected, the quality of the connection was judged by the rate
at which dye disappeared from the bottom of the borehole. This was monitored by
obtaining water samples from the bottom of the hole every few hours after injection,
with use of a water-sampling device, or, more crudely, by noting any dye visibly
adsorbed on the drill stem or hose when they are removed from the hole after injec-

tion.
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Introduction of dye into the borehole was carried out by pumping the dye to the
bottom of the borehole through the drilling hose, at a pumping rate of about 15
1/min, which injected a 23-1 slug of tracer in somewhat less than 2 minutes. The dye
injection was followed by pumping down clean water, first through the drilling sys-
tem, until the input tank was clean of dye, and then directly into the top of the
borehole, after the rinsed drilling hose had been withdrawn. The dye injection and
drilling-hose rinse required about 20 minutes. Subsequent pumping of water into the
hole at the top was continued for several hours with the aim of maximizing the
throughput of water through the borehole to the basal water system and thus com-
pleting the dye injection as quickly as possible. As explained later (Section 4.5), injec-

tion of Tinopal AMS was a more cumbersome process and took about two hours.

2.6. Sampling of Glacier Outflow Water

Water samples for dye fluorescence measurement were obtained from the ter-
minus outlet streams on a sampling time schedule to be described later for the indi-
vidual tracer experiments. The samples were dipped from the stream margins in
places of the fastest moving water accessible from the stream bank. FEach sample was
dipped directly into its sample bottle, after the bottle had first been rinsed once or
twice with the stream water, to reduce any chance of contamination from the bottle.
The water was drawn into the bottle just below the stream surface. Sample bottles
were new, of 250 ml capacity, with tightly sealing screw caps; about half of the bot-
tles used were glass; the rest, Nalgene. Such bottles were also used to store the
prepared tracer standards. Calibration tests showed that no detectable contamina-

tion is attributable to the bottles as received (new), except for the occasional presence
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of brightener-type contamination in the paper gaskets of the caps for the glass bot-

tles; such gaskets were accordingly not used in sampling for detection of Tinopal

AMS.

In the sampling we attempted to obtain water from all outlet streams that were
delivering a significant part of the total water discharge from the glacier. Limitations
on the feasibility of doing this were placed by manpower and by remoteness and
inaccessibility of some outlet streams, particularly on the north side of the glacier.

The actual location of streams sampled is given in Section 4.1.
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Table 2.1
Properties of Fluorescent Dyes Tested

Type of Dye! Spectral Peak Detection Level Price?
Excitation Emission
(nm) (nm) (ppb) (dollars)

Rhodamine WT 555 580 0.01 8.31
Tinopal AMS 353 443 1.0 3.44
Tinopal 5BMY 352 440 1.0 3.15
Tinopal CBSX 349 431 0.3 11.50
Optiblanc 350 478 0.50 41.00
Fluoresceine® 490 520 0.29
Rhodamine B 555 580 0.01 5.50
Amino G Acid 355 445 0.5

As dissolved in water.
Price per pound quoted by Ciba-Geigy Corp., 1983.
Smart and Laidlaw (1976, p. 16).
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Figure 2.1 Excitation (absorption) spectra of optical brighteners tested in this study.
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Flgure 2.3 Fluorometer calibration curves for Rhodamine WT and Tmopal AMS in
water. Fluorescence reading (Turner 111 fluorometer) is plotted versus
tracer concentration (a) over the range 0-1000 ppb, and (b) over the
range 0-1 ppb.
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Figure 2.4 Fluorometer calibration curves for Rhodamine WT in water and in
methanol. Fluorescence reading is log-log plotted versus tracer concen-
tration from 0.001 to 1 ppb.
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Figure 2.5 Fluorometer calibration curves for Rhodamine WT in water and in
methanol. Fluorescence reading is log-log plotted versus tracer concen-
tration from 1 to 1000 ppb.
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Figure 2.6 Fluorometer calibration for Tinopal AMS in water, range over concentra-
tions 0 to 130 ppb. The different symbols are represented as follows: “‘+”
and “x” represent standard solutions prepared from triple-distilled water
at different testing dates, and the “x” represent sample solutions
prepared from turbid water, with a suspended sediment content of about

35 g/, collected on June 21, 1983 from terminus stream TC (Fig. 4.1).
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Chapter III:
EFFECTS OF SUSPENDED SEDIMENT
IN DYE-TRACER EXPERIMENTS

3.1. Introduction

The water samples obtained from the Variegated-Glacier outflow streams were
without exception highly turbid due to fine suspended sediment (glacial flour). The
complications that turbidity can cause in dye-tracer experiments have been discussed
by Smart and Laidlaw (1976) and by Smart and Smith (1976), but in most published
dye-tracer studies of glaciers these complications have not been taken into considera-
tion. Suspended sediment in the outflow water from Variegated Glacier in surge was
at a much higher concentration than normally encountered in glacier outflow, so high
that its effects on the dye-tracer experiments cannot be ignored. It was necessary to
develop new concepts and procedures for dealing with these effects in the present
study. The approach developed may also be useful in future water-tracing experi-
ments in glaciers where large amounts of rock flour are present or where there is
extensive contact between basal sediments and the water whose movement is being

traced.

Suspended sediment has two quite separate effects on the dye-tracer experi-
ments: 1. Turbidity interferes in a somewhat complicated way with the measurement
of tracer concentration in the water phase. 2. Adsorption of dye on the sediment par-
ticles can withdraw a significant fraction of the dye from solution in the water phase,
removing it from detection by standard fluorometry. It was necessary to deal with

both of these effects in the present experiments.
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3.2. Effect of Turbidity on Fluorometry

Water turbidity causes an increase in the apparent fluorescence background level
registered by the filter fluorometer for turbid water samples containing no dye. This
effect is shown by the data in Fig. 3.1, in which fluorescence readings from turbid,
dye-free samples are plotted as a function of the time that each sample was allowed
to stand and settle after being dipped from an outflow stream, before being measured
in the fluorometer. To measure such a sample, the less turbid supernatant water in
the sample bottle is decanted off the settled sediment at the bottom, directly into the
sample cuvette. The fluorescence readings in Fig. 3.1 were obtained with filter and
lamp configuration for detection of Rhodamine WT. As the figure shows, there is an
initial rapid rise in fluorometer reading, followed by a gradual fall, as settling gradu-
ally clarifies the supernatant. The broad spread of the individual data points around
the general trend is due to variations from sample to sample in initial turbidity and
in particle size distribution as it affects settling rate and light scattering by the sam-

ple.

It is not known exactly how the water turbidity causes the fluorescence readings
in Fig. 3.1 to be increased over the background value of 0.16 fluorometer units for
pure, dye- and turbidity-free water. Three possible explanations may be suggested:
1. The scattered light intensity from the sample may be so great that the long-
wavelength tail of the spectrum passed by the excitation-band filters, weak as it is,
may contain detectable energy in the band passed by the emission-band filters. 2.
The sediment (rock) particles may have a weak but detectable fluorescence with exci-
tation and emission bands in the ranges selected by the filters. 3. A similar fluores-

cence in the emission-band filters might be excited by scattered light from the sample.
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The increase in apparent fluorescence background for turbid samples has been noted
by Turner (1977) but has been overlooked in the hydrological and glaciological litera-

ture on dye-tracer experiments.

Because of the turbidity-caused increase in background fluorescence reading,
tracer concentrations at low levels will be falsified toward higher values. In relation
to the calibration curves in Figures 2.3 and 2.4 for turbidity-free water, the back-
ground levels in Figure 3.1 cause a serious interference with detection of Rhodamine
WT tracer at the 0.2 ppb level, for settling times of less than about 10 days. For set-
tling times of a day or less, there is strong interference with tracer detection at a level
of several ppb. Within the first few hours, the turbidity is so high that it blocks light
from reaching the photomultiplier. After a settling time of one day, a peak is reached
indicating false concentrations of several ppb, and more than a week of settling is
required for the background to reach 1 fluorometer unit. The detection limit of 0.01

ppb can be reached only after a settling time much longer than 20 days.

The effect of turbidity on the fluorometry of calibration samples containing
known amounts of dye is shown in Fig. 3.2, in which, again, fluorescence readings are
plotted versus settling time. Samples T1, T2, and T3 were outflow-stream samples
that had clarified by settling for about three months. Fluorometry of the superna-
tant from each settled sample indicated no Rhodamine WT tracer present. To each
supernatant sample a chosen amount of tracer was added; this resulted in the
fluorometer readings indicated by the data points shown at abcissa “-1” in Fig. 3.2.
Each supernatant was then returned to its original sample bottle and shaken to
resuspend the previously settled sediment. Fluorometer readings obtained immedi-

ately after shaking are plotted at time O, and readings after subsequent periods of
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settling are plotted at the corresponding times in Fig. 3.2. The initial high turbidity
causes an almost complete suppression of the fluorescence readings, presumably
because of the opacity of the sample. The first day or so of settling causes partial
recovery toward the pre-shaking fluorescence reading. This is followed by a subse-
quent slow, slight decrease. The initial recovery seems to be an obvious consequence
of a substantial decrease in opacity, although after only one day of settling the sam-
ples still appear very turbid. With subsequent settling the fluorescence reading
decreases an average of three units. The decrease is explainable as a decrease in extra
background of the kind seen in Fig. 3.1. Perhaps it is caused by a progressive
increase in the amount of dye that becomes adsorbed onto the sediment as time
progresses. Adsorption is probably responsible for the fact that the recovery after

shaking is to only about 1/3 to 2/3 of the initial fluorometer reading.

Although data to document sufficiently an interference of turbidity with fluores-
cence measurements for Tinopal AMS were not obtained, effects such as high adsorp-
tion on organic material, described in literature for brighteners (Smart, 1976),
presumably occur. The instrumental background level for Tinopal AMS in pure
water is already high, as indicated by Fig. 2.6. Laboratory tests similar to those
shown on Fig 3.2 were conducted for Tinopal dye, and indicate interference from
sample turbidity is probably less of a factor in the use of this material than for Rho-

damine WT.

To minimize the interference of sample turbidity with the fluorometer measure-
ments in the field, samples were allowed to stand and settle for as long as possible,
generally at least several days, before being measured. This procedure was, of course,

in conflict with the need for the tracer data in real time, to guide the conduct of the
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experiment in terms of sampling locations and schedules. In two of the three experi-
ments carried out, the highest tracer levels in the samples were too low to be detected
in the presence of the turbidity that remained after even several days’ settling, and at

the time, in the field, it was thought that these experiments were failures.

All samples were returned to Pasadena and remeasured in the laboratory after a
settling time of two to four months. During this time, and with the possible assis-
tance of natural flocculation, the supernatant clarified completely in all samples. The
laboratory fluorometer measurements could therefore be carried out without interfer-
ence from turbidity. All fluorometrically determined tracer concentrations reported in
this thesis are based on the fluorometer measurements carried out in the laboratory

on clarified samples.

3.3. Dye Adsorption on Sediment

The suspended sediment in Variegated Glacier outflow water absorbs an appreci-
able fraction of any Rhodamine WT present, so that the tracer concentration in the
water phase, which is what is detected fluorometrically, is appreciably less than the
total content of tracer in turbid samples. This effect was noted already in the data of

Figure 3.2.

More extensive examples of the effect of dye absorption are given in Figures 3.3
to 3.6, which show data from three sets of calibration samples prepared with turbid
water from the glacier. Measured amounts of rhodamine dye were added to the tur-
bid water samples, the turbidity was allowed to clarify by settling, and the fluores-
cence was measured. In Figures 3.3 through 3.6, the fluorescence readings are plotted

against total sample content of tracer based on the amount of tracer stock added to
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each sample in preparing the standard. The extent to which the data points in Fig-
ure 3.3 fall below the calibration line for standards made up from turbidity-free water
is an indication of the extent to which dye has been withdrawn from solution in the

water phase by adsorption on sediment.

The samples in sets A and B have a much larger sediment content than the sam-
ples in set C. Correspondingly, the data points for sets A and B in Fig. 3.3 fall much
farther below the calibration line than do the points of set C, as is reasonable if the
decrement is due to dye adsorption on the sediment. Sets A and B consist of water
samples taken when the glacier was in surge and the outflow water was extremely
turbid, whereas the samples of set C were taken after termination of the surge, when
the turbidity had decreased. Sediment-content values for the various sample sets are
given in Figure 3.4b and summarized in Table 3.1. Set-A samples have sediment con-
centrations in the range 50 to 100 g/l, and set-B samples have 10 to 20 g/1. The irre-
gularities in the pattern of data points for set A in Fig. 3.3 and 3.4a are to a consider-
able extent explainable by the variations in sediment content from sample to sample
(Fig. 3.4b). The samples of set B were all collected at the same time (12:00 on June
18, 1983), whereas those of set A were collected at various times during May and
June; hence, set A has a greater variation in sediment character and content, and

consequently a greater irregularity of data points in Fig. 3.3 and 3.4, than does set B.

The data for sets A and B in Fig. 3.3 suggest that as much as half to two thirds
of the dye volume in these samples is carried in adsorption on the suspended sedi-
ment. Such a large fraction, if generally applicable to the water samples of the dye
tracer experiments on Variegated Glacier, definitely needs to be taken into account in

any quantitative interpretation of the experiments, and particularly in the
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quantitative assessment of the total dye return in each experiment. For these pur-
poses 1t is important to be able to determine the amount of dye actually carried in
adsorption on the sediment in each sample. A method for doing this was therefore

developed, as described in the next section.

Tests with Tinopal AMS indicated no detectable adsorption of this dye on the
suspended sediment, in agreement with the lack of adsorption of similar brighteners

tested by Smart and Laidlaw (1976).

3.4. Measurement of Adsorbed Rhodamine WT

To measure the amount of Rhodamine WT carried in adsorption on suspended
sediment in a turbid water sample, the method that I have developed consists of
extraction (desorption) of the dye from the rock-particle surface into solution in
methanol, followed by fluorometric measurement of the methanol solution with the
filter fluorometer. It is a modification of a method suggested by Aley and Fletcher

(1976, p. 13).

The desorption procedure is as follows. After the turbidity of the sample has
spontaneously cleared by long-term settling in the usual way (Section 3.2), the clear
supernatant water (amounting to about 230 ml) is decanted off, leaving in the sample
bottle the settled sediment and only a small amount (normally less than 1 ml) of
undecanted water. Methanol in an amount equal to the volume of water decanted is
then added to the bottle, and the bottle is capped tightly and shaken to resuspend
the sediment. After resettling, the clear methanol supernatant is decanted into the
sample cuvette and its fluorescence is measured in the filter fluorometer. The solution

is then returned to the sample bottle, shaken again, and the procedure repeated until
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the fluorescence reading becomes constant, showing that an equilibrium has been
reached between dye dissolved in the methanol solution and dye remaining absorbed
on the sediment. This normally requires several repetitions and can be accomplished
in about 12 hours. A final measurement is made after once more resuspending the
sediment and allowing the sample to stand for several days. Tests on some samples
after standing an additional several weeks showed no further change in fluorescence

reading.

The settling of suspended sediment from the methanol solution proceeds much
faster than the initial settling from the water samples. Settling from methanol is for
practical purposes complete in 3 hours, whereas the initial settling required many
weeks. The increased settling rate is in part due to the lower viscosity of methanol
(0.39 cp at 20° C, as compared to 1.01 cp for water), but the increase in settling rate
is much greater than expected from the decrease in viscosity. It seems likely that
natural flocculation during the initial settling period gathers the very fine (micron-
sized) particles into larger aggregates that settle faster. Perhaps flocculation is also

promoted by the methanol.

In the desorption procedure, methanol is used rather than water because of a
chemical interaction between methanol and Rhodamine WT, which greatly weakens
the adsorption of the dye on most solid surfaces. This effect is readily noted when
methanol is used, as it is in practice, to clean up spills of Rhodamine WT. In
developing the desorption procedure, other solvents were tried, but methanol was the

most effective.

The fluorometric measurement of Rhodamine WT in methanol solution requires,

of course, calibration. This is dealt with in Section 2.4, where it is shown that the
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dye fluoresces more strongly by a factor of about 1.9 in methanol solution than in
water. The calibration curve is shown in Figures 2.4 and 2.5 . It applies to the
fluorometer configuration (lamp and filters) used for measurement of Rhodamine WT

in aqueous solution.

If in the desorption procedure the volume of methanol used is the same as the
volume of supernatant water initially decanted, then the concentration of tracer
measured in the methanol solution after extraction, based on the calibration curve
just discussed, can be equated directly with a bulk concentration in the original sam-
ple after correction for the small volume of water and sediment left behind in the
original decantation. In those instances where the volume of methanol used was not
the same as the volume of decanted water, the measured dye concentration in the
methanol solution was first corrected by scaling to correspond to the volume of
decanted water. The dye in solution in the small amount of water left behind with
the sediment in the original decantation of the supernatant water will appear in the
methanol solution and thus be counted as absorbed dye, so that on this account the
ratio of adsorbed to dissolved dye should be slightly overestimated by the measure-

ment method.

The effectiveness of the desorption procedure and fluorometry in yielding a
quantitative measurement of the dye carried in adsorption on sediment is tested in
two ways. First, it is readily shown that the methanol extraction procedure leaves no
dye that can be detectably extracted by a repetition of the extraction with a second
aliquot of pure methanol. This was tested on several samples. The extraction is
therefore complete for all of the adsorption surface to which the methanol has access.

There is, however, the possibility that some dye molecules may become trapped inside
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aggregates of fine particles during the flocculation process and may thereby become

inaccessible to methanol extraction.

The second and more general test is the test of mass balance in recovery of Rho-
damine WT from standard calibration samples prepared from turbid water by the
addition of known amounts of tracer. Data on the tracer carried in solution in such
samples, henceforth called the dissolved tracer, are in Fig. 3.3, already discussed. In
Fig. 3.4a are shown the fluorescence readings obtained for the methanol extracts from
these samples by the extraction and fluorometry procedure described above. From
the fluorescence readings the detected amount of adsorbed tracer, the amount of
tracer carried in adsorption on suspended sediment in a turbid water sample, is
obtained from the calibration curve for methanol in Figure 2.5, with volumetric
correction (if needed) as discussed above. The contents of adsorbed (as well as dis-
solved) tracer are expressed as concentration in ppb, tracer volume per bulk volume

of water sample including suspended sediment.

On the abscissa in Figure 3.4a is the total bulk concentration of tracer based on
the known amount of tracer initially added to each sample in preparing the standard.
Figure 3.4a shows that within each sample set the concentration of adsorbed tracer
generally increases with the total tracer concentration, as would be expected for
adsorption equilibrium in samples having a fixed sediment component. There are,
however, two marked deviations from this monotonic relation; in the case of the set-A
sample at total concentration 50 ppb, the deviation to a high absorbed-tracer level
may be due to the particularly high sediment content of this sample (see Figs. 3.4b).
The lower concentration of adsorbed tracer measured in the set-C samples, at any

given level of total tracer reflects the lower sediment content of these samples (Fig.
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3.4).

The mass-balance test is obtained by combining the measurements of dissolved
tracer fI:om Figure 3.3 with those of absorbed tracer from Figure 3.4 . This is done in
Figures 3.5 and 3.6. The dissolved plus adsorbed tracer concentration is plotted on
the ordinate in terms of the “equivalent fluorescence,” the fluorometer reading for the
same concentration of tracer in aqueous solution. Mass balance is therefore satisfied if
this procedure regenerates the calibration line for Rhodamine WT in pure water,
which is plotted in these figures, from Figure 2.5. The set-C data (Fig. 3.6) satisfy
mass balance best, with few complications. The sediment content of these samples
being relatively low {0.2-18 g/1), there is relatively little absorbed tracer and it consti-
tutes only a small addition to the dissolved tracer, which brings the total measured
tracer close to the known amount. For some samples there is a slight deficit, up to
about 109% of the total tracer amount. For the set-A samples, with high sediment
loads (50-100 g/1), mass balance is more poorly satisfied (Fig. 3.5). The discrepancy is
particularly glaring for the set-A sample at total tracer concentration 70 ppb. The
discrepancies are probably not due to a trapping of dye molecules in flocculating par-
ticles, because this would probably give a more systematic deficit from mass balance
than is seen in Figures 3.5. The discrepancies in mass balance could be caused in part
by manipulation errors in carrying the samples through the desorption and
fluorometry procedure, but their cause is not known, and they indicate that there are
unresolved problems in the procedure. (There were not enough samples to permit
these tests to be repeated.) Nevertheless, the improvement in mass balance obtained
by including measurement of the absorbed tracer is substantial and indicates that a

considerably improved picture of the dye return in tracer experiments, under
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conditions of high sediment load, is obtained by measuring the dye content by the
method described. It is later shown (Section 4.3) that during the surge, more than
half of the return of dye in a tracer experiment was often carried in adsorption on

suspended sediment, and at times more than 90% was so carried.

3.5. Characteristics of Dye Adsorption on Sediment

If the effects considered in the last section are correctly attributed to adsorption
of dye on suspended sediment, then they should conform to known physical principles
governing the adsorption phenomenon. When the dye has reached adsorptive equilib-
rium with the sediment at a given temperature, there should be a definite relation,
known as the adsorption isotherm, among the concentration C of dissolved tracer
(dye per unit volume of turbid water), the concentration m of sediment (grams of
sediment per liter of turbid water) and the amount of adsorbed tracer S (expressed as
bulk concentration, tracer per unit volume of turbid water). The Langmuir adsorp-
tion isotherm, given in standard treatments of the subject (e.g. Fried et al., 1977, p.

712-23), has the form

k,C
SN (3.1)

where k1, and k, are constants. Also often used is the Freundlich isotherm
m

where k5 and n are constants. The exponent n has values in the range 0.2 to 0.5
for adsorption relationships to which (3.2) is typically applied. From the thermo-

dynamic point of view, the Freundlich isotherm is usually regarded merely as an
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empirical approximation to (3.1), representing, over limited ranges of concentration

C, the effect of the nonlinearity contained in the denominator on the right in (3.1).

In order to test the conformity of adsorption data given in Figures 3.4 to 3.6 to
the description of adsorption behavior given by (3.1) or (3.2), dissolved tracer concen-
trations (C), adsorbed tracer concentrations (S'), and sediment concentrations (m)
are plotted in terms of S/m versus C in Figures 3.7 and 3.8. Figure 3.7 is based on
adsorption values S calculated by difference, subtracting the measured concentration
of dissolved tracer from the total bulk concentration that was established by the
amount of tracer initially added to each standard sample. Figure 3.8 is based on S
measured by the desorption and fluorometry technique described in Section 3.4. The
two plots are roughly consistent; they differ in a way indicating that the absorbed
tracer levels as directly measured are slightly lower than as determined by difference,
which reflects in a general way the shortfall of the measured values in satisfying mass
balance, discussed in the previous section. Figure 3.9 is a similar plot of S/m versus
C for regular samples collected from the glacier outflow streams during June and

July, 1983, and not used for preparation of standards.

The general trend of the data points in the log-log plots in Figures 3.7 to 3.9 fol-
lows a line of slope 1, indicating a linear relation between S /m and C. This con-
forms to the Langmuir adsorption isotherm (3.1) at low dye concentrations C such
that k,C < < 1. Since the concentrations are very low (C' < 107%), the condition
koC < < 1 is entirely reasonable in relation to typical values of k4 for other adsorp-
tion systems (Fried, Hameka and Blukis, 1977, p. 615). There is no indication, within
the scatter of the data points in these figures, of a log-log slope differing from 1, and a

slope in the range 0.2 to 0.5 is certainly precluded; hence, the Freundlich isotherm
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(Eqn. 3.2) can be dropped from consideration, and the Langmuir isotherm can be

simplified (with neglect of k4C') to
S
m

The Langmuir constant k is called the absorption constant and designated K; when
m in (3.3) is taken in units of g/ml, so that K; has dimensions ml/g. In plots of the
type given in Figures 3.7-3.9, the indicated K; value can be read off as the numerical

value of S/m at C =1 ppb.

The rather large scatter of the data points about the regression lines in Figures
3.8 and 3.9, particularly for the set-C data, reflects either rather large errors (as much
as a factor of 10) in the measurements and procedures on which the data are based,
or else rather large variations in the adsorptive properties of the suspended sediment
in the different samples on which the calibration and desorption measurements were
made. Large variations in the effective adsorption constant K; from sample to sam-
ple could result from large variations in sediment particle mineralogy as it affects the
surface-specific adsorptive property of the sediment, or from large variations in sedi-
ment particle size distribution as it affects the relative proportions of very fine and
coarser particles and therefore the particle surface area per unit mass of sediment.
Available information is insufficient to examine completely the possible variations
that could contribute to variations in K; from sample to sample in the data of Fig-
ures 3.7 to 3.9.

Closed (solid) symbols in Figures 3.7 and 3.8 are data points for calibration stan-

dards prepared from highly turbid water (sediment content 50-100 g/l, sample sets A,

B and T), and open symbols are for standards prepared from moderately turbid water
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(sediment content 10-20 g/l, set C). In spite of the large scatter of the data points
from set C, there is a definite indication in Figures 3.7 and 3.8 that K; for the set-C
samples is as a whole larger by a factor of about 3 than K, for sample set A. This
possibly suggests a change in the sediment particle size distribution toward a higher
proportion of finer particles in the set C samples, which could be due to a change in
the geometry of the basal water-conduit system and the water flow through it, from

surge conditions (sets A and B) to non-surge (set C).

Figure 3.9 is a plot of S /m against C' for water samples containing Rhodamine
WT coming from the glacier, that is, from dye injected into the glacier in dye-tracer
experiments. The different symbols used for data points on Figure 3.9 are grouped in
terms of the sampling time intervals as indicated in the key, and separated as follows:
open circles for June 10-12; solid triangles for June 13-15; “+” for June 15-23, “x” for
June 24-26, and solid squares for July 16-18. A line of slope 1 fitted to the strong
cluster of points at concentrations C around 1 ppb (1079) passes through the upper
part of the widening fan of points at lower concentrations, where there are a few
points that fall at S /m values as much as an order of magnitude below the line.
There is no motivation to consider fitting a line of steeper slope to the data, because
Equation (3.2), the possible alternative to adsorption isotherm (3.3), always has in
practice a log-log slope n less than 1, and also because the data points that suggest a
steeper slope are at extremely low tracer concentrations (< 0.1 ppb), where the
errors of measurement are unavoidably larger than at ~ 1 ppb. The best-fit line in
Figure 3.9 corresponds to a K; value of about 30 ml/g, approximately the same as
for set A in Fig. 3.8. Curiously, the post-surge data from all streams in Figure 3.9

(July 16-18) correspond to a lower K, (ca. 10 ml/g), in contrast to the post-surge
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data from only the Lower Stream in Figure 3.8 (Set C), which, as noted above,

corresponds to a higher value.

In Figure 3.10 the data points in Figure 3.9 are replotted with symbols indicat-
ing the outflow stream from which each sample was taken. The symbol format for
each stream is standard and is used consistently throughout the thesis for the Rho-
damine WT tracing experiments. The stream locations are shown mapped in Figure
4.1, and are discussed in Chapter 4. Streams symbolized as VR, LS and TC carried
water throughout most of the study period from May through July 1983, while the
stream locations TCC and TCS each contained water only over a limited time inter-
val. The adsorption data plotted in terms of S /m versus C cluster in terms of the
sampling date as shown on Figure 3.9, and do not indicate that adsorption behavior
is related to the sampling location as shown on Figure 3.10. The only exception is
suggested for data from TCC stream and perhaps TCS, and the apparent cluster of
data points on Figure 3.10 can be explained by the fact each stream (TCC and TCS)
carried water for only a limited period of time, while the other streams (VR, LS and

TQC) carried water throughout most of the study period.

To check on whether the measured amounts of absorbed tracer respond to the
amounts of suspended sediment in the direct proportionality that (3.3) requires,
values of S/C can be plotted against m. This is done in Figure 3.11 for the turbid
water calibration standards, from the data on which Figure 3.8 is based. For a con-
stant K, value, the data points should lie on a line through the origin, whose slope is
the K; value. The dashed line in Figure 3.10 has a slope K; = 15 ml/g. The
scatter of the points in the figure is so large that the expected proportionality

between S/C and m is only vaguely recognizable. This result suggests that either
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the measurement error is very large, or that there is large variability in adsorption

constant among the samples tested.

A spurious possible dependence of K; on m could arise because of the systematic
overestimation of S caused by dissolved dye retained in the settled-sediment sample
(see Section 3.4), which will cause the measured value of S/m to increase at low sedi-
ment loads m. An apparent dependence of K; on m, but in the opposite direction

(K, increasing with increasing m), was reported by Smart and Laidlaw (1976).

If a variation of K; with sediment concentration occurs, it would be in contra-
diction to the Langmuir adsorption isotherm, and would make invalid Eqn. (3.3 in
interpretating the dye tracing results. In Figure 3.12, values of K;, calculated from
Eqn. (3.3) for each standard sample in sets A, B and C, from the data on which Fig-
ure 3.8 is based, are plotted versus the sediment load m of each sample. Although
there is a considerable scatter in the K,; values in Figure 3.12, there is no clear trend
of variation in K; with m, except for samples with the lowest sediment concentra-
tions (< 2 g/1), for which the K; values are on average somewhat high, as expected
from the systematic experimental error noted above. The mean value of K; is about
15 ml/g for sample set A, about 7 ml/g for set B, and about 55 ml/g for the post-
surge samples (set C). Distribution coefficients K; for regular stream samples, from
the data on which Figure 3.9 is based, are plotted against the sediment concentration
m in Figure 3.13. There is a large variation in K; values for samples collected at
different times, but again, there does not appear to be any well-defined variation in
K,; with sediment concentration. This is in disagreement with the results of Smart
and Laidlaw (1976), which correspond to an increase of K; with m in the range 0-100

g/, for Rhodamine WT and other tracers.
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The highest K; values (up to 1,700 ml/gm) as well as the highest sediment con-
centrations were measured for samples collected in the time period between June 13
to 15. The suspended sediment in these samples has K; values that are about a fac-
tor of 10 higher than those for the suspended sediment in the other samples taken
during June 1983, and is about a factor of 100 times greater than for samples taken
after the surge had ended in July. The significance of the samples from 13-15 June
will be considered later (Section 4.4). The measured tracer concentrations from June
25-26 were at the limit of detectibility (0.001 ppb) as discussed by Turner (1981), and
below the limit of reliable detectibility (0.01 ppb) as discussed in this thesis (Chapter
2). The values of S and C may be in error by perhaps a factor of 10 or more for
samples taken on June 25-26. The adsorption data fro June 25-26 is plotted as a
separate symbol on Figures 3.9 and 3.13, because the significance of these unusually

adsorbing samples is questionable - due to the very low tracer concentrations involved

for both S and C.

K, values in the lowest part of the observed range in Figures 3.12 and 3.13,
~10 ml/g, are comparable to the values 6-10 ml/g reported by Smart and Laidlaw
(1976) for quartz sand (of unspecified grain size). The range of values reported (op.
cit.) for clays (kaolinite and bentonite), 13-62 ml/g, includes many of the observed
values in Figures 3.12 and 3.13, which is consistent with the fine particle size of the
suspended sediment in the outflow stream water, with median particle size about 4
pm (R. Krimmel, personal communication). However, the K; values observed here,
particularly those in Figure 3.13, extend to much higher values (up to ~2000 ml/g)
than have been reported for sedimentary materials in previous field or laboratory

studies. Because it seems unlikely that the mineral components in the suspended
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sediment of Variegated-Glacier outflow-stream water have inherent adsorptive capa-
bilities much more powerful than those of bentonite or kaolinite, the reason for the
outstandingly high K, values in Figure 3.13 must lie in an unusually high content of

ultrafine particles in the sediment.

The role of particle size in the aggregate adsorption constant K, of a particulate
material is based on the fact that the fundamental adsorptive property is specific to
the particle surface; thus, a fundamental surface-specific adsorptive constant K, can

be defined, such that K, is given by:

K, — KA, —K, % (3.4)
pé

where A,, is the surface area of the particles per unit mass of particulate material. If
the particles were spheres of a given size (diameter) 6§, A, would be —%—, where p is
p

the density of the substance of which the particles are composed. For actual particles

of a shape that differs from spherical, we can take A,, =—6%, where ~ is a dimension-
P

less shape factor somewhat greater than 1; this form of A,, is used in the second
equality in (3.4). For a given particle substance, the adsorption constant K, Is
independent of particle size, and if the particle shape is also independent of particle
size, K; will increase as the particle size gets smaller. This effect will be reinforced by
the likely increase of v with decreasing particle size (smaller particles less nearly
spherical). Equation (3.4) can be generalized to a particle size distribution f (6),
where f (6)d § is the mass fraction of particulate material in the size range between &

and 6 + d 6, as follows:

6K
K, = [ pg7f(5)d5 . (3.5)
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Equation (3.4) or (3.5) provides a specific basis for considering what changes in
suspended-sediment characteristics may be responsible for the very large range of K,
values, from ~10 to ~10° ml/g, found for samples of Variegated-Glacier outflow-
stream water during surge and post-surge (Figures 3.12 and 3.13). Some of this varia-
tion may be due to measurement error — perhaps as much as a factor of ten in
unfavorable cases, based on the scatter of K; values within individual groups of sam-
ples in Figures 3.12 and 3.13. Variation in adsorption constant K, among the
minerals composing the sedimentary particle is probably less than an order of magni-
tude (Smart and Laidlaw, 1976). Hence, at least an order of magnitude variation in
the predominating particle size is required to account for the observed variations in
K,;.

In some cases, special explanations may be given for apparent variations in Ky
due to systematic errors arising in the experimental procedures. The high K; values
for the set C samples with sediment concentrations < 2 g/ml may be so explained, as

noted earlier.

The particle frequency distribution f (6) of stream sediment from Variegated
Glacier terminus streams during 1983 was analyzed and is shown in Figure 3.14.
Three examples of the size distribution of suspended sediment are shown. All three
samples were dipped from the major stream outlet on the south margin of the glacier,
referred to in this thesis as Variegated River (symbol VR in Fig. 4.1). The size distri-
bution measurements (Fig. 3.14) were made using standard pipette techniques. The
grain-size-distribution data for May 31 and June 1 were obtained from Robert Krim-
mel (unpublished, 1984), and measured by U.S. Geological Survey scientists at Cas-

cade Volcano Observatory sediment laboratory. The size analysis in Fig. 3.14 is
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graphed in the standard format: weight percent of sediment finer than each sediment
size & is plotted versus the sediment grain-size § in millimeters. The results shown in
Fig. 3.14 for June 1 roughly follow a log-normal distribution (Aitchison and Brown,

1957, p. 8-9).

The log-normal mean p; for the particle size distribution is defined as

5——ln[ ]——fln[ )f(&

where &, is a reference particle dimension, which is chosen here to be 1 mm. The
mode of the frequency distribution f (6) is defined as the particle size of the peak in
f (8). The log-normal variance in grain-size distribution is designated »* in this
thesis, and discussed, for example, by Burington and May (1970, p. 124). For a large
* value the modal particle size will be much smaller than the mean &, and the fre-
quency distribution will be greatly skewed towards small particle sizes. The log-

normal size distribution is given by

(4] - ﬂ6)2]
=

1= — o . (3.6)

Substituting f () for the lognormal distribution into Equation (3.5) and solving for

K, the following expression is obtained:

1
K, pby ws-75V
K, — =40 fmE (3.7)
v

The mean of the lognormal distribution is py = —4.8, (for §=1 mm). The variance of
the grain size-distribution (Fig. 3.14) is estimated from the population “quantiles” £

of order 16, 50 and 84 % as described by Aitchison and Brown (1957, p. 32), where



- 48 -

€169 = exp(pq—v), Esop = exp(py) and Egqop = exp(pg+v). The lognormal variance
can be only estimated for June 1, 1983 if the nearly straight line plot on Figure 3.14
in the the size range from 0.002 mm to 0.032 mm extends to both smaller and larger
grain sizes, so that &€ of 16 and 849 can be immediately estimated from the available
data. The variance of size distribution of suspended sediment for June 1, 1983 (Fig.
3.14) is v? ~= 2.5.

The suspended sediment sampled on May 31 contains a greater cumulative
weight percent of rock particles smaller than 0.002 mm in size than does sediment
taken on June 1, 1983 (Fig. 3.14). Assuming the grain-size distribution for May 31,
1983 continues as a dashed curve (Fig. 3.14) governed by measured data points indi-
cated on Fig. 3.14, data plotted on Fig. 3.14 suggests that £;50; for May 1 is perhaps a
factor of ten or more smaller than £;40; obtained for June 1. By the method outlined
above for June 1, the calculated value of v? for May 31 is several times greater than
for June 1. The particle-size distribution for suspended sediment obtained on May 31,
1983 is highly skewed towards fractions smaller than 0.002 mm, and the actually the
size distribution deviates significantly from lognormality at these smallest size frac-
tions. Because of the extremely fine size of this sediment, the detailed grain-size dis-
tribution for sizes smaller than 0.002 mm cannot be separately measured by standard
pipette methods. Consequently, only approximate values of pg v? and the
corresponding K, can be determined from the’graimsize information given on Figure
3.14. Assuming the particles are roughly spherical (y = 1), and the sediment density
is p=2 g/ml, then for June 1 the calculated areal distribution coefficient is

K, =~ 10 K, to about 107 K.
a
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The average value of K,; for the time period of late May to early June is on the
order of 100 ml/g, with a range on the order of 10 to 1000 ml/g (Table 3.2 and Fig-
ures 3.12 and 3.13). Therefore, the average value of K, for Rhodamine WT adsorp-
tion on suspended sediment from Variegated Glacier during the 1983 surge is
estimated to be on the order of 107 m. This value of K, for Rhodamine WT is about
a factor of 10 less than the K, calculated by Nerentieks et al. (1982) for surface sorp-
tion of radionuclides ®°Sr?* and ¥{Cs™ on crushed granite of mixed grain-size.
Detailed information on the grain-size distribution of the crushed granite is not dis-
cussed by Neretnieks et al. (1982), except the particles were greater than 0.45 pm in
size and small enough in size to form a particle suspension in water. The areal distri-
bution coefficient measured for Variegated Glacier sediment during the surge is in
close agreement with the value of K; ~ 10™m calculated for Rhodamine WT adsorp-
tion on mixed-lithology gravels (0.1 to 6.3 mm in size) from K; and grain-size data

published by Benecala et al. (1983) and cited on Table 3.3.

About 30 to 40% of each sediment-size distribution for May 31 and June 1 (Fig.
3.14) was not measured, because of the exceedingly small, clay-sized particles
involved. Since these very fine particles have the highest surface area for adsorption
per mass of sediment, they greatly influence the value of K;. For a measured volume
(or mass) distribution coefficient K; and a measured size-distribution, the areal distri-
bution coefficient, K,, may be overestimated if the surface area of finest grained sedi-
ment is underestimated. Because of the possible measurement error in K, due to
incomplete measurement of the smallest size fraction of sediment, it is reasonable to
assume that the areal adsorptivity is nearly constant at a value of K, ~ 10*m, and

that large variability of K; (1 to 1,000 ml/g) is primarily due to changes in grain-size
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distribution, within the smallest size fraction of < 0.002 mm.

The high values of K; observed for the glacier surge is best explained by the
great amount of surface available for tracer adsorption on the extremely fine, clay-
sized sediment. In the future, it is possible to obtain additional information on
grain-size distributions for the Vareigated Glacier sediment, since samples are care-
fully stored. The adsorptivity of rock material within the glacier and the retardation

of the tracer due to this adsorption behavior is discussed in Sections 6.3.2.

Evidence from the grain size distributions (Figure 3.14) strongly suggests that
the observed variation among different K; values (Table 3.2) measured for stream
samples obtained during 1983 at Variegated Glacier can be explained even though

there is a constant value of K, on the order of 10®m, and a constant value of the

log-normal mean ps If the variance of the lognormal distribution 1* increases by an
. ™
amount Ar? then the K, value increases by a factor of e . An increase in Kj

value from 10 to 100 ml/g was measured for the change from non-surge to surge
states (Table 3.2), and suggests that the effective mean grain size § decreased by a
factor of 10 during the surge, and that by Eqn (3.7) the log-normal variance v
increased by about 4.6. The variation in K; values measured during the surge, from

100 to 1000 ml/g, cah be explained by a further increase of 4.6 in the value of V%, and

thus a major shift of the mode of f (§) towards smaller grain sizes.

The nearly identical size-distribution curves obtained for water samples taken at
9:30 and 10:30 on June 1 (Fig. 3.14) shows that the measurement error in f () is
probably less than 2% . The much higher abundance of very fine sediment on May
31 as compared to June 1 cannot be attributed to measurement error. The mode of

the best-fit log-normal distribution for the data obtained on June 1 is shifted by
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about an order of magnitude towards smaller radii, as discussed earlier. The observed
change in the abundance of particles with radii smaller than 0.002 mm between sam-
ples taken on May 31 and June 1, was about ten percent. The size distribution for
May 31 sediment suggests particles in the size range between 0.008 and 0.002 mm ( or

perhaps even smaller sizes) had been ground to finer particles.

The distribution coefficients for regular samples — containing tracer — taken
after the surge are 7 ml/g 4+ 3.7 ml/g as shown in Table 3.2, and are the lowest K,
values obtained for Variegated Glacier sediment. The scatter in K; values of
unmodified stream samples for July 16 to 20 (Table 3.2) is approximately 1/20 of the
error for modified stream samples taken after the surge (set C on Table 3.1). The
modified samples consist of regular stream water and suspended sediment that were
altered by adding prescribed amounts of additional tracer, in order to make standard
solutions used in fluorometer calibration and measurement of adsorption properties of
the sediment, as discusssed earlier in this chapter. Distribution coefficients for
unmodified regular samples that contained detectible tracer after the surge are less
variable than K; values obtained from regular samples that contained tracer taken
during the surge. The average distribution coefficient measured for sediment taken
during the surge for standard samples (averaging 20 ml/g for set-A) is only slightly
less than K, values for regular samples (averaging 35 ml/g for June 10 to 12 and 60
ml/g for June 15 to 21). The mean distribution coefficient (Table 3.2) for suspended
sediment for the morning of June 13 (800 ml/g) is a factor of 40 times larger than the
mean K,; value for the standard solutions made from stream water taken between
May 31 and July 1 (20 ml/g for set A), and approximately a factor of 100 times larger

than mean K, value for standard solutions decanted from stream water taken at
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12:00 on June 18 (10 ml/g for set B). The lower K; value for set B is probably due
to the fact that some of the finest grained suspended sediment, with the highest avail-
able surface area for adsorption per weight of sediment, had been inadvertently
removed during the decantation procedure involved in making the standard solutions
from a single stream sample taken in a large pail. The variability of K; values for
set B (standard deviation 5 ml/g) gives a rough estimate of the measurement error
which cannot be attributed to a significant change in grain size distribution of the
sample. Also, the difference of 10 ml/g in K; values between set A and set B
strongly suggests that removal of even a small amount of the finest-grained
suspended sediment causes a major decrease in mean sample adsorptivity and verifies
the importance of grain-size distribution in the observed pattern of sediment adsorp-
tivity.

The low standard deviation of K, values for samples taken after the surge
differs from the the earlier observation of a large scatter in K; values for standard
stream samples taken after the surge had ended (Table 3.2). The apparent
discrepancy in the variability in K; observed for post-surge samples may, perhaps, be
explained by a biased measurement error caused by unavoidable contamination from
the the small amount ( ~ 1 ml) of water remaining after decantation and the low
sediment contents (less than 2 g/lI, such as for set C). Such a measurement error
could be the cause for both the higher average K; values and larger scatter in Ky

values for standard samples of set C (Fig. 3.8).

Distribution coeflicients for different sediment types from published literature
(Smart and Laidlaw, 1976; Bencala et al., 1983) are summarized in Table 3.3. The

distribution coeflicients for any water collected during the glacier surge (excluding the
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time period June 13-15) are very similar to coefficients measured for kaolinite or ben-
tonite (Smart and Laidlaw, 1976, p. 28). The values of K; for post-surge samples
(Table 3.2) are quite similar to published adsorption data, shown on Table 3.3, for
orthoquartize sand (Smart and Laidlaw, 1976, p. 28) and gravel (Benecala, 1983, p.
949). Data provided on Table 3.3 indicate that quartzite or mixed-igneous composi-
tions (K; values of 13 to 62 ml/g) adsorb Rhodamine WT dye the least of all the
relevant non-organic subtances, while kaolinite or bentonite compositions (K; values
of 13 to 62 ml/g) adsorb the greatest amount of Rhodamine WT per weight of sedi-
ment. Kaolinite appears to be the strongest inorganic adsorbing substance for Rho-
damine WT (Table 3.2). For comparison, humus (a typical organic substance
suspended in — or lining the walls of — non-glacial streams) adsorbs Rhodamine WT
the strongest of naturally encountered substances, with K; values approximately 2 to
10 times higher than even kaolinite (Smart and Laidlaw, 1976, p. 28). Only sediment
types composed of inorganic material, such as those summarized on Table 3.2, would
be expected to be found in the field samples taken from a glacier outlet stream, par-
ticularly the Variegated Glacier, considering the known local geology and mineralogic
composition of rock-material discharged at the glacier terminus. Even if the
suspended sediment were composed of material of K; value equivalent to the most
adsorbing substance described in the literature, the material would not adsorb dye
strongly enough to account for the extremely high K, values (500 to 1700 ml/g)
observed for Variegated Glacier outlet streams between 7:30 and 14:00 on June 13,
1983 (Table 3.1 and Fig. 3.13). Therefore, although the range in published data on
distribution coefficients (Table 3.3) is consistent with the range in K; values at other

times (both during and after the glacier surge), the distribution coefficients observed
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for the time period from June 13 to 15 and particularly on the morning of June 13,
cannot be explained on the basis of any known mineralogical differences in sediment

composition.

There is a suggested inverse relationship between distribution coefficient, K,
and sediment concentration m in Table 3.3, summarized from studies for sediment
concentrations in the range 2 to 20 g/l. Smart and Laidlaw (1976, p.28, p. 11) have
stated that such a relationship exists, but adequate information was not provided in
the publication to check the validity of this statement. The apparent inverse rela-
tionship between sediment content and adsorptivity in published data might be attri-
butable to a systematic measurement error from contamination, agitation or non-
uniformity in experimental procedures used, or systematic sampling error for each

sample group cited on Table 3.3.

The preceding tests indicate that the adsorption of Rhodamine WT on
suspended glacial flours in Variegated glacier outflow-stream water conforms gen-
erally, though roughly, to expectation based on the standard concepts and principles
of absorption on solid surfaces in contact with a liquid phase. The roughness of the
observed absorption relationships probably reflects considerable variability from sam-
ple to sample in the particle size distribution and/or mineralogical composition of the
suspended glacial flour, as well as errors in the measurements of dissolved and

adsorbed dye and of sediment content.
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Table 3.1
Suspended Sediment Content of Variegated Terminus Streams

Sediment Content
Time Period No. of Mean Range Standard

Data Points (g/1) (g/1) Deviation (g/1)

Sample Group

Standard: During Surge
A May-June 15 53 15-103 30
B June 18 7 12 11-13 1
Regular: During Surge
I June 10-12 24 42 17-62 10
II June 13 5 52 37-75 18
I June 13-15 14 51 28-92 19
v June 15-24 17 29 10-36 9
Standard: After Surge
C July 6-24 15 6 0.4-17 4
Regular: After Surge
A% July 16-20 9 17 13-22 4
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Table 3.2
Adsorption of Rhodamine WT Sediment:
Distribution Coefficients K,

Sample Time Period No. of K, Range Standard
Type Data Points  (ml/g) (ml/g) Deviation (ml/g)

Standards During Surge

A May-June 15 20 1-88 20

A® May-June 13 20 5-33 10
B June 19 7 10 2-17 5
T May 28, 30 2

Regular During Surge

I June 10-12 24 35 20-60 15
11 June 13® 5 800 450-1690 440
111 June 13-15() 14 330 35-1050 300
I\% June 15-24(d) 19 60 - 1-120 20
\Y4 June 25-26 4 800 100-2000 100

Standards After Surge
C July 6-24 15 60 5-280 70
cle July 6-24 9 20 5-33 10

Regular After Surge
VI July 16-20 9 7 2-30 3

(a). Subset does not include high and low values.

(b). Period II begins at 7:30 AM on June 13 and extends to 14:00 on June 13.
(c). Period III begins at 14:00 on June 13 and extends until 11:15 on June 15.
(d). Period IV begins at 17:30 on June 15 and ends on June 21.

(e). Subset C excludes samples with sediment contents below 2.59 g/I.
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Table 3.3
Sediment Composition and Rhodamine WT Adsorption Properties

Adsorbing Material® Distribution Coefl.> Sediment Content Reference
Ky
(ml/g) (ml/g)
Mixed Lithology 5 100 Bencala
Gravel® et al. (1983)
» 8 200 ”
Quartzite 10 2 Smart & Laidlaw
Sand (1976, p. 28)
» 6 20 »
Limestone 38 2 ”
” 26 20 ”
Bentonite 44 2 ”
” 13 20 ”
Kaolinite 62 2 ”
” 25 20 ”
Humus 110 2 ”
” 405 20 »

1. All data quoted apply to only one measurement each; i.e., the number of data
points for each K, value is equal to one.

2.  Distribution coeflicients were measured for mean temperature of 22°C.

3. Mixed lithology gravel refers to sediment with a size between 1 mm and 6.3 mm
size.
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EFFECT OF TURBIDITY
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Figure 3.1 Effect of turbidity on fluorescence reading from dye-free samples.
Fluorescence reading for Rhodamine detection is plotted as a function of
settling time for a group of randomly chosen water samples collected
from the outflow streams in May and early June, prior to the first intro-
duction of Rhodamine WT into the glacier in 1983. Settling time is the
time that each sample stood undisturbed after collection (or after a sub-
sequent shaking disturbance that roiled up the contained sediment).
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Figure 3.2 Fluorescence reading in fluorometer units versus settling time for three
fluorometry standards made from turbid outflow stream water shortly
after sampling. Settling time is the time each sample was allowed to
stand undisturbed after being shaken to suspend the contained sedi-
ment. The fluorescence reading after an initial settling period of about
3 months, and prior to resuspension of the contained sediment, is plot-
ted at abscissa -1 (which does not, of course, represent the settling time
in this case). The ordinate scale for standard sample T1 is on the left,
and for samples T2 and T3 on the right.
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RHODAMINE TRACER IN TURBID STANDARDS
I. DISSOLVED TRACER
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Fluorescence reading versus total Rhodamine tracer concentration for
standard samples prepared from turbid glacial outflow-stream water and
then clarified by settling. Samples of sets A, B, and T consist of highly
turbid water issuing from the glacier in surge, while samples of set C, col-
lected after surge termination, have lower turbidity. See text for details
of sampling. “Total tracer concentration” is based on the amount of
tracer added to each sample in preparing the resulting standard. The
dashed line labelled “turbidity-free’’ is the calibration line for tracer in
pure water, from Fig. 2.5. The distance that each point falls below this
line is a measure of the fraction of the total tracer that has been removed
from water solution by adsorption.
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RHODAMINE TRACER IN TURBID STANDARDS

IIa. ADSORBED TRACER, FROM METHANOL EXTRACTION
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Figure 3.4 (a) Rhodamine WT desorbed from sediment in standard samples of sets
A, B, C, and T. Desorbed tracer is reported in terms of the measured
fluorescence reading obtained from the methanol extraction aliquot. The
line labelled ‘“turbidity-free’’ is the calibration line for tracer in methanol
solution, from Fig. 2.5. The closeness of approach of the data points to
this line is a measure of the fraction of the total tracer that was carried
in adsorption on sediment in each sample and released by the methanol
extraction procedure.

(b) Sediment content of samples of sets A, B, C, and T, in grams of sedi-
ment per liter of turbid water, plotted as a function of the total tracer
concentration introduced in preparation of standards. Details of sam-
pling are in the Fig. 3.3 caption and text.



EQUIVALENT FLUORESCENT READING

- 62 -

RHODAMINE TRACER IN TURBID STANDARDS
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III. DISSOLVED PLUS ADSORBED TRACER
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Figure 3.5 Sum of dissolved tracer and adsorbed tracer measured in standard sam-

ples of sets A, B, and T, plotted against total tracer concentration intro-
duced in preparation of standards. Sum is expressed in terms of
“equivalent fluorescence reading’ as explained in text, and is plotted
with solid symbols as indicated in the key. Line labelled “turbidity-free”
is the calibration line for tracer in pure water, from Fig. 2.5. If a data
point falls below this line, the sum of the measured amounts of dissolved
and adsorbed tracer falls short of the total amount introduced in stan-
dard preparation. Also shown (with open symbols) is the amount of dis-
solved tracer measured for each sample (expressed as equivalent fluores-
cence), so that the size of the addition from the measurement of adsorbed
tracer can be seen.
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RHODAMINE TRACER IN TURBID STANDARDS
IV. DISSOLVED PLUS ADSORBED TRACER
IN SAMPLES COLLECTED AFTER SURGE

,::": 500 T I T l T | 7/
: /9
b T / // -
b 7
E / /
© 400 v —
g / l/
= / /
< - i .
4 Y/
=) L /
< 300 — L / —
= 4‘,@/ //
& A/ d
£ /

= ‘\,/ 7
O o G/ ,/ ]
z pr L,
= N
© 200 |- &)/ _
= / ’
fad /
o B e
- /. il
F / ,
= 100 2 ]
z / /,
2 / i
)
g 0 Ll | 1 | 1 1 1 ]

0 20 40 60 80

TOTAL TRACER CONCENTRATION (ppb)

Figure 3.6 Sum of dissolved and adsorbed tracer for samples of set C, collected from
glacier outflow streams after surge termination. Explanation as for Fig.

3.5.
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ADSORPTION STANDARDS: SUBTRACTION METHOD
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Figure 3.7 The quantity S/m plotted against dissolved tracer concentration C in

standard samples of sets A, B, C, and T, made from turbid glacier-
outflow-stream water (adsorbed Rhodamine tracer concentration divided
by suspended sediment concentration). Values of S/m are based on S
values obtained as the difference between the total tracer concentrations
and the dissolved tracer concentration measured by fluorometry on the
turbidity-clarified water fraction. m is taken in units of g/ml.
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ADSORPTION STANDARDS: METHANOL METHOD
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Figure 3.8 Plot of S/m versus C as in Fig. 3.7, based on S values measured by the
method of methanol extraction and fluorometry.
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Chapter I'V:
Dye Tracing Results

4.1. Introduction

During the summer of 1983, three dye tracing experiments were conducted on
Variegated Glacier. This chapter discusses the three experiments and presents the
results. A map showing the glacier borehole injection sites, the terminus streams used
for water sampling, and the Variegated Glacier longitudinal coordinate system is
given in Figure 4.1 . The longitudinal coordinate (stated in “Km?”) follows the center-
line of the glacier, with origin at the head of the glacier; it is the same coordinate sys-

tem used in previous publications (Bindschadler et al., 1977; Kamb et al., 1985).

The first dye-tracing experiment was carried out while the glacier was in surge,
by injection of dye in a borehole at Km 9.5, about 8 km above the nearest terminus
outflow stream (VR) (Fig. 4.1). The third experiment was carried out by injecting
dye at approximately the same place, after the surge had terminated. Rhodamine
WT tracer was used in the first and third experiments, whereas Tinopal AMS was
used in the second experiment, in which injection was at Km 17.2 (Fig. 4.1), much
closer to the terminus than in experiments 1 and 3. The dye-tracing results obtained
in éxperiments 1 and 3 proved to be much more informative than those from experi-
ment 2; hence, most of the presentation and interpretation in this thesis concerns the

results of experiments 1 and 3, which form a contrasting pair of great usefulness.

Before June 1983, most of the glacier outflow stream discharge was carried in
the terminus stream called “Variegated River.” Its location is indicated in Figure 4.1

and labelled “VR.” After June 1983, most of the discharge emanated from the outlet
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called ”Lower Stream,” labelled “LS” in Figure 4.1. During June, the discharge was
divided in a variable way among streams, including, in addition to VR and LS, also
“Thief Creek” (TC), “Thief Creek Cauldron” (TCC), “Thief Creek Shear” (TCS),
“North Terminus Stream” (NTS), and “Burglar Creek” (BC). These are indicated in
Figure 4.1. In the three dye-tracing experiments, outflow stream water was collected
repeatedly from among the foregoing streams in accordance with which ones were

contributing significantly to the total discharge from the glacier at the time.

4.2. First Dye-Tracing Experiment: June 9-26, 1983

4.2.1. Preliminaries

The first objective of our dye tracing program was to inject Rhodamine WT into
the basal water system of the actively surging region of Variegated Glacier. At the
outset of the study it was not known how the surge would proceed, nor how long it
would last. There was only a small area within the actively surging glacier, near Km
9.5, where the glacier surface remained sufficiently unfractured that it was feasible to
drill boreholes for tracer injection. Taking a chance on the longevity of the drill
camp and the people working there, Barclay Kamb, Hermann Engelhardt, Keith
Echelmeyer and three assistants established a borehole drilling camp at Km 9.5. The
drill camp was at a longitudinal position between two major zones of extensional cre-
vassing, and at a transverse position near the center of the glacier, well away from
marginal zones of brecciated ice. The drill site was just a few hundred meters upgla-
cier from a steeper portion of the glacier where the surging mass of ice broke into an

impassable jumble of towering ice blocks and deep fractures.
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Survey observations used to obtain ice velocities during the 1983 field season
were taken by several different members of the Variegated research team from six
separate locations. The velocities at Km 9.5 showed more than a tenfold increase
from before the surge began in 1982 to the time of the first tracer experiment, when
the drill site was being carried toward the glacier terminus at a speed of 15 m/day.
The fastest ice velocities measured during the surge were near Km 14.5. Velocities at
about Km 14.5, near the middle of the reach through which the tracer travelled in

the experiment, are shown in Figure 4.2a.

In order to provide a basis for computing the total amount of tracer returned in
the experiment, the terminus outflow streams were monitored for total discharge.
Data on stream discharge during the course of the first experiment are shown in Fig-
ure 4.2b. The data from TCC and LS were obtained by Neil Humphrey and col-
leagues from the University of Washington, with remaining data by the author. Dur-
ing the first tracing experiment, the surge front had just begun to push into the
nearly stagnant ice of the terminal lobe (Fig. 4.1), crushing the terminus stream tun-
nels and disrupting the streams. Data plotted in Fig. 4.2b give approximately the
total discharge from the entire glacier cross section, and represent data from the sin-
gle main terminus stream (TCC) for the time period June 5 to 9, from all streams
(TCC, VR, TCS, TC, NTS,LS) between June 11 to 17, and for the lower main stream

(LS) for June 15 to 27.

Mean stream velocity was estimated from timing the speed of small floats tossed
into the middle of the stream. To check on accuracy, estimates of discharge based on
surface level and width variations of each stream were compared several times to

complete measurements of stream cross section. Visual estimates of discharge agreed
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well with detailed measurements and allowed us to estimate discharge at as many
outlet locations as necessary during stream sampling. Visual estimates were contin-
ued even when the main discharge was emanating from a well-gaged location. Where
direct observations were not made, peak discharges at remote locations or during the
night were estimated from the height of new stream terraces, distribution of stranded

ice chunks, and behavior of other streams.

The surging action of thé glacier caused repeated destruction of stream outlet
locations, even after they had just been reestablished. Sometimes a major discharge
river would be reduced to a mere trickle, while a nearby outlet suddenly developed.
For the first week of the tracing experiment, the main outlet stream changed its loca-
tion frequently. Several times during this tracing experiment, major water floods
gushed out of different places along the surge front, including recently abandoned

stream channels, cauldron-like springs, and active englacial thrust surfaces.

Total stream discharge from all streams during experiment 1 is given in the mid-
dle section of Fig. 4.2b. The stream discharge may be underestimated by as much as
5 m?’/sec throughout the entire period of measurement, because of the continually
changing location and pulsating discharge of glacier outlet streams. The total peak
discharge during flood events could be underestimated by perhaps 10 ms/sec because
of the difficulty in monitoring discharge in the numerous locations where water
emanated during these events. During the first week of the experiment, VR was just
pinched off by the advancing surge front, yet the closure was not complete, and at
each major flood the stream was rejuvenated for a short time. On June 5 to 9 most of
the stream discharge emerged primarily from TCC (Fig. 4.1). The water and sedi-

ment coming out of Variegated Glacier between June 9 and 15 was discharged
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through almost every possible outlet location including TCC, TCS, TC, LS, NTS1,
NTS2, VR. During this time interval each stream characteristically fluctuated in
relative discharge. At times during June 1983, the water from TCC and TCS prob-
ably joined the discharge at LS; whenever field observations suggested this was occur-

ring, the effect was accounted for in stream discharge calculations.

The repeated occurrence of outburst floods, as well as the continually changing
location of terminus streams, wreaked havoc on our sampling plans. An attempt was
made to employ an automatic water sampling device at the lower stream site, but
this proved to be impossible. The automatic sampler was either nearly destroyed by
floods, left stranded in abandoned stream channels, or clogged by sediment at each
water intake. In order to sample water and sediment from terminus streams, samples

had to be taken manually.

Preparation for the first tracer experiment included the drilling of several test
boreholes. The first boreholes reached to various levels within the glacier and were
used to study the variation of basal water pressure in the area. The choice of injec-
tion borehole was based on the requirement that the hole must be directly connect to

the subglacial water drainage system.

To find out if the borehole chosen for dye injection was directly connected to the
basal water system, it was necessary first to monitor regional water level changes.
The variation in borehole water levels from June 5 to June 24 at Km 9.5 is shown in
Figure 4.3. These data were obtained primarily by H. Engelhardt. On June 5
borehole E was drilled to a depth of 200 m, and late on June 8 the borehole drilling
was completed to a depth of 386 m by the author, H. Engelhardt, and two assistants.

Prior to June 9 glacier water levels were monitored several times a day using a float
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lowered from the surface into boreholes C, D and E. After June 9, continuous meas-
urement of borehole water level was obtained for borehole E using a pressure trans-
ducer and Rustrak recorder. Boreholes C and D were abandoned after June 9.
Although C and D had been drilled to a depth of 380 m or greater, the water levels in

these holes were at the same position as levels in nearby shallow boreholes.

On June 5, boreholes at Km 9.5 (Fig. 4.3) had water levels at a depth of 44 to 45
m below the glacier surface. At this same time borehole E showed a water level of 42
m. From June 5 to 8 the water level in borehole C rose 5.2 m and the water level in
the uncompleted borehole E rose 3.4 m. Prior to completion of borehole E on June 8§,
water levels in all boreholes monitored at Km 9.5 (Fig. 4.3) were at essentially the
same level and all rising. This suggests that a basal water system that was isolated
from the near-surface water table did not exist at Km 9.5, or that boreholes C and D

did not connect with the active basal water system.

As a depth of 386 m in borehole E was approached for the first time, the prog-
ress of the drill slowed down and advanced irregularly for approximately 20 minutes
before coming to a halt at 18:10 on June 8. Simultaneously with the halt, a forceful
downward pull on the drill stem and hose occurred and the borehole water level
began to drop. Within minutes the heater supplying hot water to the drill stem sud-
denly blew off steam at its relief valve, and the heater had to be turned off. The
overheating of the heater was caused by an insufficient flow of water through the
drilling system, and suggests that an obstruction had formed in the hose or the drill
stem. The obstruction apparently formed within seconds after the downward pull
had begun. As the drill hose was suddenly dragged downwards it must have col-

lapsed in the borehole, forming a kink in the hose and temporarily obstructing the
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flow of water. Immediately upon our noticing the overheating problem, our attempts
to drill deeper were discontinued and attention was focussed on trying to pull the
drill stem from the borehole. Luckily the equipment had not become stuck at the
base of the borehole and it was possible to pull up the drill hose, but not without
great effort. The strong downward pull on the drilling hose continued to hamper
retrieval efforts until a depth of approximately 200 m below the glacier surface was
reached. At shallower depths there was a marked decrease in tension on the drilling
hose. When the drill stem was finally brought to the glacier surface, the metal was

distinctly scratched and abraded, probably from rocks at or near the glacier bed.

Proof that borehole E actually did reach the glacier bed comes from data on the
decrease in borehole water level (Fig. 4.3) after the drilling progress stopped, and
from independent confirmation of glacier depth 386 m by radio-echo sounding
(unpublished Caltech data, 1983). Radio-echo sounding depths were measured at the
borehole E site just after drilling was completed on June 8. Additional glacier depths
have been measured by Bindschadler et al. (1977) and during earlier Caltech drilling
studies (unpublished, 1980-83). Centerline depth measurements from all sources
taken at Km 9.5 are in general agreement when the large uplift of the local glacier

surface during the surge (~ 100 m ) is taken into account.

The downward pull on the drill stem was undoubtedly due to a large volume of
water flowing into borehole E at a depth of near 200 m and discharging at the base of
the glacier at a depth of 386 m. This observation is important by itself and indicates
that the basal water system of the glacier during the surge, at Km 9.5, was well
sealed off from the bulk of the glacier water in the immediately overlying ice. This

separate water system was apparently perforated at the bottom of borehole E.
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To insure that borehole E did not close and lose its connection to the basal
water system during the tracer injection, on the morning of June 9 the hole was
widened over the depth range 380 m to 386 m with the hot water reamer. Before
widening of the borehole was initiated, it was found that the the drill hose became
slack at a depth of 386 m. Along the length of the borehole the downward pull on
the drill hose and stem was barely noticeable at the time of reaming. This indicates
that the flow of water down the borehole had decreased from the previous day. The
base of the borehole almost certainly consisted of rock debris or solid bedrock at a
depth of 386 m. These results suggest that the borehole might have been partially
obstructed by the morning of June 9, or that the basal water pressure had increased
from June 8 to early on June 9. The downward pull on the drill stem experienced on
June 8 resumed, at least in part, after being reamed on the morning of June 9. By
repeated lowering and raising of the drill hose it was possible to isolate a location at
200 m below which the tension on the drill hose suddenly increased by 20 to 50 per-
cent below this level. This indicates that a large englacial conduit was intersected
and discharged water into the borehole at 200 m depth. The water then flowed down
the borehole and exited at the glacier bed. The downward flow of water in the
borehole between depths of 200 m and the glacier bed at 386 m varied in strength,

but continued from early evening on June 8 through the entire day of June 9.

Further indication that borehole E remained open up to the time of tracer injec-
tion on the morning of June 9 is obtained from the variation of borehole water levels.
The water level in borehole E (Fig. 4.3) was 46 m below the surface just before the
base of the glacier was reached at 18:10 on June 8.. The water level progressively

decreased for the following 24 hours. Over the first sixteen hours the borehole water



- 80 -

level dropped to 78 m. The water level lowered to a depth of 81 m by 10:00 on the
morning of June 9 and reached a low point of 106 m (319 {t) by 15:11 the same day.
Apparently, the borehole continued to drain water out the bottom throughout this

time Interval.

The forceful downward flow of water and the extended time duration of the
draining indicated that a good connection with the basal water system existed at
borehole E. Consequently, the Borehole was chosen for dye injection in the first tracer
experiment. Without further delay, final preparations were immediately made at

both the glacier terminus and the injection site.

4.2.2. Injection of Rhodamine WT into Borehole E

At 11:20 on June 9, the injection of 50 Ibs of Rhodamine WT tracer into
borehole E was initiated. The injection was done at a depth of 386 m through the
drilling apparatus, including the full length of hose and the reamer stem lowered in
the borehole. The volume of dye tracer injected was 0.0286 m?, and the basin holding
the tracer was emptied in three minutes. This implies that the tracer entered the

base of the borehole as a slug of highly concentrated dye solution.

Immediately following the injection, at 11:23, rinsing of dye from the input basin
and drilling equipment was initiated. After 15 minutes of rinsing with clean water
through the drilling apparatus into the borehole, tracer concentrations in the basin
had dropped to 1000 ppb. By 12:12 on June 9 very little thodamine was left in the
drilling equipment. At 12:39, after more than an hour of rinsing the injection
apparatus into the borehole, the reamer was pulled from the borehole. The rinsing of

the borehole was continued throughout the rest of the day, by introducing water at



- 81 -

the surface, in order to keep a continued strong flow of water down the borehole and

out at the glacier bed, into the basal water system.

At 13:20 and 15:10 on June 9, an inclinometer was lowered into borehole E to
measure the hole orientation. When the inclinometer was lowered to depths below
200 m, instrument readings fluctuated wildly, but above this level stable readings
were obtained. The unsteady inclinometer readings suggest there was a highly tur-
bulent flow of water moving down the borehole. The pressure seal of the inclinometer
case was broken at a depth of 386 m despite careful efforts to lower the instrument
gently, suggesting that the turbulent flow extended to the glacier bed. At 13:30 the
inclinometer was pulled to the surface and opened; the inside of the instrument was
found filled with pink turbid water with a rhodamine tracer of concentration 1000
ppb. Before inclinometry was started the inside of the instrument had been clean and
dry. The water, sediment and Rhodamine WT probably entered the instrument at
the moment the instrument suddenly stopped working at a depth of 386 m. The
tracer concentration of 1000 ppb shows that most of the tracer had left the base of
the borehole within two hours after injection. In addition, the impossibility of
obtaining inclinometer readings through the afternoon of June 9 suggests that the
strong flow of water down the borehole continued for at least four hours after tracer
injection.

It was not until the morning of June 10 that borehole inclinometer readings
finally steadied and inclinometry could be completed. The steady inclinometer read-

ings suggest that the rate of water flow down borehole E had decreased.

Despite the unusually strong flow of water down the borehole, the maximum

water level drop was only fifty-seven meters. The water level in borehole E (Fig. 4.3)



-89 -

reached a low point of 97 m below the glacier surface at 15:11 on June 9, as the
strong flow of water down the borehole was disturbing inclinometer readings. Late in
the day on June 9, the water level started to increase (Fig. 4.3). Borehole water levels
rose about ten meters during June 10, as the flow of water down the borehole

decreased below detectable levels.

At 0:10 on June 10, the glacier water level at E had risen 5 m, reaching 92 m
below the surface (Fig. 4.3), and 11 hours later was at 87 m depth. Repeated fluctua-
tions in borehole water level of 10 to 20 meters about an average level of about 75 m
suggests that borehole E remained connected to the basal water system during the

following two weeks.

The minimum in borehole water level on June 9 just discussed occurred at about
the same time as a marked minimum in glacier flow velocity (Fig. 4.2a). Similarly, the
rise in mean borehole water level from June 9 to 12 was accompanied by an accelera-
tion in glacier flow. Short term changes in borehole water level (Fig. 4.3) and glacier

flow velocities (Fig. 4.2a) were roughly correlated during the height of the surge.

The borehole observations discussed above show that most of the rhodamine
tracer quickly left the base of the borehole and immediately entered the basal water
system, and that connection to the basal water system lasted for several weeks after

tracer injection.

4.2.3. Borehole Tracer Concentrations Following Injection

To test how rapidly the tracer left the base of borehole E after injection, water

samples were taken using a sampling device lowered into the borehole.
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Before this samping device was used, a basal water sample was inadvertantly
taken at 13:30 on June 9 during an unsuccessful attempt to do inclinometry in the
borehole, as described in Section 4.3.1. This water had a tracer concentration of 1000

ppb, as already noted.

Tracer concentrations in samples obtained with the borehole sampling device are
shown in Fig. 4.4 . The concentration decreased with time in roughly a linear trend
at a rate of 10 ppb/hr from late afternoon on June 9 to early June 11. Tracer con-
centrations had dropped to about 1 ppb by June 11, 48 hours after tracer injection.
The change of borehole tracer concentrations with time confirms that most of the
tracer left the base of the borehole within the first two hours, and essentially no
tracer remained in the borehole 48 hours after tracer injection. Thus, most of the
tracer entered the basal water system of the glacier almost immediately after injec-

tion.

4.2.4. Return Pattern for Dissolved Tracer

For the first three days after tracer injection, water samples were taken by Neil
Humphrey of the University of Washington. On June 11, helicopter transportation
was available from the drill site, isolated by crevassing, and I was able to take over
sampling the terminus streams. From June 9 to late on June 11, sampling was done
only from outflow stream TCC. This is not a major problem because on June 9, 10
and 11 most of the glacier water discharge was emanating in TCC. It was not until
June 12 that TCC no longer carried most of the terminus discharge but by then I had
begun sampling all significant terminus outflow streams shown in Fig. 4.1 . Ounly

streams with a discharge of at least 1 m3/sec were sampled, except that, for
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continuity of record, stream samples were taken from each of of the main outlet
streams (VR and LS) as often as possible, even when their discharge was very low. In
several instances between June 11 and June 15, samples could not be obtained at a
normally significant outlet stream, because the outlet had been pinched off by the

advancing front of the glacier surge.

A plot of the concentration of dissolved tracer for the time period from June 9
to 26 is given in Figure 4.5 . Dye was found in all terminus streams monitored. The
streams where water was found between between June 9 and 12 included TCC, TCS,

LS and VR.

At 7:10 on June 10th, the first detectable rhodamine tracer reached the glacier
terminus at TCC. Later in the morning of June 10th, approximately twenty-six
hours after the dye was injected, tracer concentrations had slowly risen to 0.03 ppb,
just three times the limit of detectability. The time of appearance of dissolved tracer
concentration at the terminus provides us with a maximum velocity of tracer move-
ment through the glacier. The fastest tracer traveled the 8 kilometer distance to the

main outflow at TCC in about 20 hours; the maximum velocity was 0.1 m/sec.

The concentration of dissolved tracer (Fig. 4.5) continued to rise smoothly for
26-31 hours, following its initial appearance until a peak of 0.96 ppb was reached at
14:00 on June 11. On June 12 the concentration slowly decreased. A progressive, but
irregular, decline in tracer concentrations continued until early morning on June 13,
when there was an abrupt decrease. Between 7:30 and 13:30 on June 12, dissolved
tracer concentrations at main outlets TCS, VR, ranged between 0.01 to 0.7 ppb.
Concentrations began to increase sporadically throughout the afternoon of the 13th,

and settled to a level of 0.1 to 0.2 ppb between June 15 to 18. Afterwards, the
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dissolved dye concentrations steadily decreased. No dissolved tracer could be

detected in water samples taken after 21:30 on June 24.

The scatter in data is much larger than can be explained by experimental error.
The possible source for the scatter is an interesting problem by itself and will be be

the subject of further discussion later in this chapter.

Early on June 12, LS experienced several small floods, while simultaneously TCC
was boiling wildly with a discharge of about 10 m®/sec. At TCC early on June 12
large rocks were carried out with the flow, and a rim of “ejecta’” formed around the
spring. This rim of silt and rock debris was partially washed away on June 13 by a
vigorous new outlet called TCS, emanating from an active thrust surface just up gla-
cier from TCC. It was on the morning of June 13th that the largest flood occurred
since June 9. Apparently, just as the flood emanated from the glacier, the concentra-
tion of dissolved tracer (Fig. 4.5) suddenly decreased. Why the dissolved tracer con-
centration decreased at the time of the flood is unclear without a discussion of

adsorbed dye.

4.2.5. Return Pattern for Tracer Adsorbed on Suspended Sediment

The measured concentration of adsorbed tracer returned in the outflow streams

in the course of the first tracer experiment is shown in Figure 4.6.

The return pattern for adsorbed tracer closely resembles that for dissolved tracer
until 7:30 on the morning of June 13. At this time, when the concentration of dis-
solved tracer dropped to low values, adsorbed tracer concentrations reached their
highest recorded values of 1.0 to 2.0 ppb. They remained at high levels until 20:45 on

June 14 and thereafter decreased steadily. By the early morning of June 16, adsorbed
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and dissolved tracer concentrations were once again approximately equal, at a level of
0.1 to 0.2 ppb. The pattern of adsorbed tracer concentrations from TC, TCC, VR,

LS and TCS during this time period are in general agreement.

The tracer return for adsorbed plus dissolved rhodamine tracer, here called

>

“total tracer,” is shown in Fig. 4.7 . The total tracer concentration showed a broad
maximum centered at about 7:30 on June 13. Superimposed on this maximum are
sharp peaks. The first peak in total tracer occurs early on the second day following
dye injection, at 14:00 on June 11. This sharp peak coincides with the maximum in
dissolved dye concentration (Fig. 4.5). There are two other sharp peaks in total dye,
one on day four of the experiment and another on day five to six (Fig. 4.7). The tim-
ing of these later peaks in total dye is determined by the pattern for adsorbed dye
shown in Fig. 4.6. The second peak shown in both the adsorbed and total dye plots
reached the highest concentration value between 7:30 to 13:30 on June 13. A third
maximum in total dye occurred at 12:45 on June 14. Concentrations remained above
1 ppb from 9:45 in the morning to 13:25 throughout the afternoon of June 14. After
13:25 on June 14 the scatter in total dye concentration was substantially reduced,
from 4 0.5 to 4 0.1 ppb. The general trend of total dye concentrations shows a gra-
dual decline after mid-day on June 14, reaching the limit of detectibility on June 26.

Dye adsorbed on sediment emanated from the glacier at barely detectible levels for

two days following the last detected appearance of dissolved dye.

In summary, dye first reached the glacier terminus 20 hours after injection. Dye
was released for 17 days following the injection. The maximum in total dye concen-
tration occurred 92 hours after injection. This corresponds to a transport velocity of

0.024 m/sec for the total dye.
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4.2.6. Integration of Tracer Return

The cumulative output of dye tracer in the terminus streams during the first
tracer experiment is shown in Figure 4.8. It is obtained by integrating over time the
product of tracer concentration and water discharge in the streams. The total
discharge was assumed constant at 15 m3/s, approximately the average indicated by
the data in Figure 4.2b. The integration was done as a sum over the successively

measured tracer concentration values in all streams, the quantity summed being

1
L5 (G + Cilltit)

3

where C; is the 1'* concentration value, measured at time ;. The total integrated
tracer return shown in Figure 4.8 is 0.012 m3. This is about half of the volume of
tracer injected, 0.022 m® (Section 4.2.5). Of the detected dye return, about 80% was
carried in adsorption sediment (tracer volume 0.009 m®) and about 20% came out in
solution in the water (0.0025 m® ). The total amount of dye returned is at a level
normally considered acceptable for water tracing experiments in glaciers (Moeri, 1983;

Krimmel et al.,1978).

Four floods exceeded the mean discharge of 15 m3/sec. A small flood occurred at
15:30 on June 12; a larger flood happened during early morning on June 13; a very
large flood occurred late on June 17, extending to June 18, and then again on June
21. These floods may be responsible for small irregularities in the cumulative tracer
return curve, but cannot account for the total amount of missing dye, amounting to

50% of the amount initially injected.
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4.2.7. Suspended-Sediment and Tracer Concentrations

A rapid drop in dissolved tracer concentration from 0.7 ppb to 0.4 ppb early on
June 13 (Fig. 4.5) was synchronous with a rapid rise in stream sediment load in all
major outlet streams. Sediment content in each water sample for the time period of
experiment 1 is shown Figure 4.9. The highest observed sediment concentrations,
more than 100 g/1, were in TCC on June 9, before any dye return was detected. At
this time a large flood was discharged (Fig. 4.3b) and TCC outlet was first getting
established. Sediment loads increased from about 40 gm/l on June 12 to values in
the range 50 to 100 gm/l on June 13. The increase in sediment discharge from June
12 to 13 happened during the stablization of TCS. The discharge at TCS rose from
less than 1 m?® /sec in the morning to 4 m3/s by the afternoon of June 13th at the
same time as the amount of dye in the water was decreasing. Some streams showed
lower sediment concentration than others, but all of the streams with water discharge
above 1 m3/s generally had about the same total dye concentration. The streams
which had been pinched off by the rapidly advancing glacier ice were probably
strongly diluted by local surface melt at this time. Sediment loads and adsorption of
tracer on sediment were highest for a set of streams emanating from the englacial

thrust surface at TCS.

4.2.8. K, Values for Adsorbed Tracer

Adsorbed tracer concentration (Fig. 4.6) tends to reach a maximum value at the
time of maxima in suspended sediment load (Fig. 4.9) but high values occurred at
other times as well. In order to understand the dye return curve further, we must

discuss the time variation of adsorption distribution coefficient values K, for
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adsorption of dye on sediment during the course of experiment 1. Distribution
coefficients, calculated as described in Section 3.5, are shown in Figure 4.10 . The
grouping of different distribution coefficients has been pointed out in Section 3.5.
Abnormally high distribution coefficients were found for the time period between
June 13 to 18. Distribution coefficients were particularly high on June 13 to 15; at
this time K; values (Fig. 4.10) were 10 to 100 times larger than at any other time,

except June 21.

The highest ice flow velocities observed in the surge occurred during the first
tracing experiment. The dye injection on the morning of June 9 was made at the
time of the highest measured ice flow velocity. Ice velocities remained at high levels
and fluctuated wildly during the tracing experiment. The glacier velocity plot for Km
14.5 (Fig. 4.2a) and velocity data for other locations on the glacier (Kamb et al., 1985)
show that a major velocity event occurred on June 13, just as the distribution
coefficient for sediment in terminus stream water suddenly increased (Fig. 4.10). The
velocity maximum measured in this motion event was 63 m/day at Km 14.5 (Fig.
4.2a); since this velocity represents an average over ten hours between sucessive sur—'
veys (from 20:00 on June 12 to 6:00 in the morning of June 13), the actual peak in
motion was probably significantly higher than 63 m/day and therefore probably

larger than the peak measured velocity of 65 m/day on June 9.

The sudden rise in distribution coefficient on the morning of June 13 (Fig. 4.10)
happened at about the same time as the ice velocity peak and a corresponding
stream-discharge peak (Fig. 4.3) and during a major increase in the concentration of

suspended sediment, which peaked a few hours later (Fig. 4.9).
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In Section 3.5 it was shown changes in the adsorptivity of Variegated Glacier
sediment are inversely related to a change in mean and variance of the particle grain-
size distribution. The K; data shown on Figure 4.10 suggests that either the mean,
the mode, or both the mean and the mode of the grain-size distribution must have
significantly varied during the experiment. A large change in v; or u; must have
occurred on the morning of June 13, and perhaps again on June 21. The suggested
decrease in average size of suspended sediment appears to be correlated with, and
immediately follow times of highly accelerated glacier flow velocity (i.e., June 13
shown on Fig. 4.2). When a high glacier flow velocities are followed by a sudden flow
decrease - such as on the morning of June 13 and June 21 (Fig. 4.2) - the peak in flow
velocities are closely followed by a sudden change in the grain-size distribution of

suspended sediment, as described in Section 3.5.

The suggested changes in average size distirbution of suspended sediment might
be closely correlated to changes in glacier flow velocity for several reasons. One pos-
sibility is that the accentuated grinding action during a speed-up in sliding that
occurred between June 13 to 15 may have pulverized rock material to a much finer
grain size than at other times when the glacier was moving more slowly. A second
possibility is that, perhaps during the peak of the glacier surge, basal water moving
under the glacier was exposed to an additional reservoir of fine sediment normally
separated from the main drainage system. This might have happened if widespread
cavitation opened up new reservoirs of basal sediment during major velocity events.
Both increased pulverization and release of stored clay-sized sediment could occur

simultaneously.
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4.3. Post-Surge Dye Tracing Experiment: July 16-20, 1983

4.3.1. Preliminaries

The third tracing experiment was initiated on July 16, 1983, after the surge of
Variegated Glacier had ended. It will here be called the “post-surge dye tracing exper-
iment.” As in the first experiment, Rhodamine WT tracer was injected into the base
of the glacier through a borehole at Km 9.5 (Fig. 4.1). The borehole (called “G”) was
enlarged at the bottom with additional hot water reaming in an effort to achieve a
good hydraulic connection to the basal water system. The borehole drilling and dye
injection were done by Hermann Engelhardt and Paul Titus. The sampling of ter-
minus stream discharge was done by Barclay Kamb, Linda Kamb, and Thomas

Johannsen.

Outflow stream discharge was monitored during the post-surge tracing experi-
ment by Charles Raymond and Thomas Johannsen. Most of the outflow was in LS

(Fig. 4.1). Its discharge is shown as a function of time in Figure 4.11b.

The motion of the glacier at a location approximately halfway between the
borehole drill site and the glacier terminus, at Km 14.5, is shown in Figure 4.11a for
the time interval 13-22 July that includes the dye-tracing experiment. Ice flow veloc-
ity ranged between 0.4 to 0.65 m/day; it averaged .55 m/day on July 16, and .6
m/day on July 17. A low, broad peak in flow velocity centered at July 17 to 18 is
superimposed upon the longterm trend of slow deceleration that followed termination
of the surge on July 4-5 (Kamb et al., 1985). A major maximum in discharge (flood)
on July 17-18 correlates with the weak maximum in glacier flow velocity on July 17-

18. Between July 16 and 22, glacier flow speeds at the Km 9.5 site were 0.4 to 0.5
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m/day, only slightly higher than pre-surge velocities.

Water levels in deep boreholes at Km 9.5 provide information on basal water
pressures at this location during the post-surge tracer experiment. For the week prior
to tracer injection, water levels in the deepest borehole at Km 9.5 fluctuated around a
depth of 100 m, ranging from 60 m to 195 m below the glacier surface (Fig. 9 in
Kamb et al., 1985). On the morning of July 16, at the time of tracer injection, water
levels were gradually rising; in the late afternoon, they reached a depth of 40 m and
then rapidly dropped to 100 m depth. Further drop occurred on July 17. The water
level went down to 170 m depth on July 18 before beginning to rise again. The drop

in water level correlates with the terminus outflow flood on July 17-18, noted above.

On each day from July 16 to July 20, the glacier discharged a significant flood of
water during the late evening hours (Fig. 4.11b). The highest stream discharge
occurred in the late-evening or early-morning hours (20:00 to 02:00) and the lowest
discharge occurred during mid- to late-morning hours (6:00 to 12:00). The peak in the
diurnal cycle occurred six to ten hours after the maximum mid-day surface melt
(about 14:00). The daily floods during this time were much larger than the normal
diurnal discharge fluctuation, but the timing was normal. On the day of tracer injec-
tion, stream discharge was relatively constant by comparison with its behavior during
the following three days. Stream discharge on July 16 varied between 35 to 45

m®/sec and averaged 40 m®/sec (Fig. 4.11b).
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4.3.2. Return Pattern for Dissolved Tracer

At 10:05 hours on July 16, a volume of 0.022 m® of Rhodamine WT tracer was
injected at the borehole G. The injection took ten minutes. After the drill hose was
lifted part way up the borehole, the remaining tracer was flushed out of the drilling
equipment, with clean water. Clean water was introduced into the top of the

borehole for several more hours thereafter.

Sampling of water from near the bottom of the borehole on July 17, 24 hours
after injection, showed a tracer concentrations somewhat higher than 1000 ppb
(Engelhardt, personal communication, 1983). This indicates, by comparison with the
data in Fig. 4.4, that the tracer exited more slowly from the base of borehole G in the
post-surge experiment than from the base of borehole E in experiment 1. The amount
of tracer remaining after a few hours in either case was negligible as compared to the
amount in the initial injection pulse. It can be reasonably assumed that in both
experiments most of the tracer left the borehole and entered the basal water system

soon after injection.

In order to measure the dye return at the glacier terminus in the post-surge
experiment, water samples were taken from streams LS, BC, TC, and VR (Fig. 4.1)
on July 16 to 22. Initially, stream samples were taken at 40 minute time intervals.

After eight hours the interval between sampling was lengthened.

The measured values of dissolved tracer concentration for the samples from LS
are shown in Figures 4.12 and 4.13, plotted versus time. They show a high, sharp
peak in tracer return, arriving at the terminus about 4 hours after the injection.
Within the constraints provided by the sampling, an initial peak in dye concentration

could have arrived between 13:40 hours (tracer concentration 0.01 ppb, barely



- 94 -

detectable) and 14:20 hours (dissolved tracer concentration at 37 ppb). The time for
the peak concentration to travel the 10 kilometers from borehole G (Km 9.5) to
outflow stream LS (Km 19.6) thus lies between 3 hours 35 minutes and 4 hours 15
minutes. This means that after the surge the tracer was carried from Km 9.5 to the
terminus at a speed of 0.7 - 0.8 m/s, 20 to 25 times faster than during the surge. The
dye not only traveled rapidly to the glacier terminus, but arrived with little spreading
in time, the width of the main tracer pulse being only about 3 hours above a concen-
tration of 1 ppb. The observed spreading of tracer concentration with time is dis-
tinctly asymmetrical, with a sharp onset and a tail extending over several hours.
This asymetrical shape of the dye-return curve is markedly different from the shape

of the curves obtained in the first rhodamine experiment.

Rhodamine WT tracer in detectable amounts was found only in terminus stream
LS. No tracer was detected in the water from outflow streams VR, BC, and TC,
which, while small compared to LS, nevertheless carried an appreciable discharge.
There is a marked contrast here with the first tracer experiment, in which dye was

returned in all of the terminus outflow streams sampled.

On the day following tracer injection, a weak but distinctive secondary peak in
tracer return was observed (Fig. 4.13). Starting from a low concentration of 0.095
ppb at 08:00 in the morning of July 17, it rose to a maximum of 0.7 ppb at 14:00 in
the afternoon. The peak was reached as stream discharge was sharply rising. The
discharge increased from 25 m®/s in the early morning of July 17 to a high of 70 m3/s
in the late evening, constituting a major outflow flood, as noted earlier. The shape of
the secondary dye pulse must have been affected by this flood, which apparently

purged the glacier of dye, so that no further peaks in the dye return were detected
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(Fig. 4.12). The shape and timing of the dye-return secondary peak relative to the
diurnal variation in glacier outflow stream discharge are similar to what has been

observed in a normal, non-surging temperate glacier (Moeri, 1984).

4.3.3. Return Pattern for Adsorbed and Total Tracer

Adsorbed, dissolved and total tracer return in the post-surge experiment are
shown in Fig. 4.14. Most of the tracer was carried in solution. The peak concentra-
tion of adsorbed tracer was about 1/20th the peak concentration of dissolved tracer.
The arrival time of the two peaks is identical, (Fig. 4.14) and their shapes are nearly

the same.

4.3.4. Integration of Tracer Return

The integrated volume of tracer that should have been returned at the glacier
terminus, to account for the volume injected, is 0.022 m® . In the afternoon of July
16, as the peak tracer concentration reached the glacier terminus, the stream
discharge at LS was 37 to 40 m3/s. In the evening the discharge climbed from 37 to
44 m®/s (Fig. 4.11b). Cumulative tracer return for an assumed constant discharge of
40 m3/s is shown in Figure 4.15. The integrated volume of adsorbed tracer is 0.001
m?, dissolved tracer 0.010 m®, total tracer 0.011 m® (Fig. 4.15). Only eight percent of
the total tracer was carried in adsorbtion on suspended sediment. The total amount
of detectable tracer returned at the glacier terminus was only half of the amount of
tracer initially injected. The missing fifty percent of the tracer either never reached
the glacier terminus or was somehow missed in the sampling, as could have happened

if, for example, a sharp, high peak of tracer concentration appeared in the outflow
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stream between sampling times. A fifty percent tracer return is generally considered
to be acceptable tracer return for glacier tracing experiments in glaciers (Moeri, 1984;

Krimmel, 1973), and indicates that the tracing experiment was a success.

4.3.5. K; Values for Adsorbed Tracer

The reason that only a small fraction of the tracer was carried in adsorption on
suspended sediment is partly that the sediment concentration was relatively low at
the time of the experiment, considerably reduced from what it had been when the

glacier was in surge, as shown in Fig. 4.16.

In mid-July, after the surge, outflow stream LS had both the highest sediment
load (Fig. 4.16) and the largest stream discharge (Fig. 4.11b) of all the Variegated
Glacier outflow streams. LS was evidently the only outlet for most of the drainage
coming from the glacier above the immediate terminus area. Such a stream could
pick up a high sediment load if its channel were Jocated at the glacier bed. An engla-
cial stream or small stream traveling over a clean rock bed would have a much lower
sediment load. Thus, sediment concentration data for mid July suggest that the
secondary outflow streams VR and TC traveled over short englacial paths. The high
sediment content of LS suggests that this stream traveled mainly along the glacier

bed and/or through a zone of basal rock debris.

A second reason for the low content of adsorption-carried tracer in the post-
surge experiment is that the distribution coeflicient K; for suspended sediment in the
outflow stream LS was considerably lower than it had been in the outflow streams
during surge. In Figure 4.17, K; values over the period from early June through the

end of July are plotted for all routine samples in which K; could be calculated. Kj
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values for outflow-stream sediment in the post-surge tracing experiment, July 16-17,
average about 5 ml/g. This is less than the K; values measured for calibration stan-
dards (mean value 10 ml/g), It is about an order of magnitude smaller than the gen-
eral run of lower values (~70 ml/g) for outflow sediment from the glacier in surge,
and approximately two orders of magnitude smaller than the peak K; values between
June 13 and 15. The lower K,; values imply that the areal adsorptivity was lower
and/or the grain size distribution had shifted to coarser grain size in the post-surge
sediment. If only a change in grain size was involved, the mean grain size of post-
surge sediment, based on the measured K; values, 1s one to two orders of magnitude
larger than during the surge, which corresponds to a mean grain size of 0.015-0.03
mm. The K; values of about 5 ml/g for the post surge sediment are normal or
perhaps even somewhat low in relation to values reported by other authors, as dis-

cussed in Section 3.5.

4.4. Comparison of the Surge and Post-Surge Tracing Experiments

In order to compare the tracing experiment conducted after the surge to the
experiment during the surge, the concentrations of dissolved and adsorbed Rhodamine
WT tracer in the major outflow streams are plotted versus time in Figure 4.18. The
dramatic difference between the first and third tracing experiments is shown also in
Fig. 4.19, where different time scales are used to accentuate the details of each dye-
return curve. The tracer reached the glacier terminus much more slowly and much
more spread out in time during the surge than after the surge had ended. Transport
velocites were about 0.03 m/sec during the surge and about 1 m/sec after the surge.

The shape of the dye-return curve for the glacier surge is very irregular, but with
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smoothing it can be seen as a rough bell-shaped curve, roughly symmetrical. The
shape of the tracer return curve for the tracing experiment is markedly asymetrical
with a precipitous rise to a peak followed by a quasi-exponential tail-off. During the
surge, sediment content and distribution coefficient were at elevated levels relative to
the post-surge situation (Figs. 4.16, 4.17). Most of the tracer was carried in adsorp-
tion on suspended sediment in the surge experiment, whereas in the post-surge experi-
ment most of the tracer was carried in solution. Although frequent large floods
emanated from the glacier during the surge, the average daily stream discharge at the

glacier terminus reached its highest values after the surge had ended.

The total cumulative tracer return was similar in both experiments, roughly
50%. No rhodamine tracer was detected at the glacier terminus from June 26 until

the time of the post-surge tracing experiment on July 16.

During the surge, the sediment content and K; were high whereas after the
surge they were distinctly lower. The variation in sediment loads at Variegated Gla-
cier terminus streams (Fig. 4.16) has a resemblance to the variation of glacier flow
velocity (Kamb et al., 1985) and terminus stream discharge (Fig. 4.5). The sediment
loads varied between 20 and 110 g/1 prior to mid June, 10 to 50 g/l from mid to late
June, and 0.01 to 24 g/l after the beginning of July. Even after the glacier surge had
ended, sediment concentrations are higher than observed in outlet streams of “nor-
mal”’, non-surging glaciers. The highest sediment concentration observed during the
study period occurred from June 9 through 15; after June 15, sediment loads steadily
decreased until reaching low relatively constant values by June 30. Once glacier flow
velocities dropped down to 5 m/day on upper glacier at Km 9.5 and 5.5 (Fig. 5 in

Kamb et al., 1985) or 20 to 30 m/day on lower glacier at Km 14.5 (Fig. 5¢c in Kamb
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et al., 1985) the sediment loads dropped to levels between O to 20 (g/1). Before the
termination of the glacier surge in early July, ice flow velocities (Fig. 2 and Fig. 5 in
Kamb et al., 1985) varied in rough synchroneity with average trend in suspended sed-
iment shown by the shaded portion on Figure 4.16. During the surge, in June, the
sediment load in units of g/l was very roughly equal to three times the glacier flow
velocity at Km 9.5, expressed in units of m/day, and roughly equal to ice flow veloc-
ity (expressed in m/day) at Km 14.5. For short term events, sediment loads normally
reached a maximum after glacier velocities reached a maximum and approximatly at
the time terminus stream discharge was most rapidly increasing. Examples of syn-
chronous variations in sediment and water discharge during summer of 1983 occurred

on the dates June 3, 9, 13, 24, July 4 to 5 and and July 18 (Fig. 4.16).

The measurements of sediment content made on samples taken at the time of
surge termination on July 4 and 5, both by filtering and visual estimates, clearly indi-
cate the peak in sediment loads (50 to 60 g/l at 23:30 on July 4) occurred just at the
time glacier velocities most rapidly decreased (Kamb et al., 1985). The sediment load
on July 4 is approximately equal to the mean observed during the main part of the
surge in mid-June, and approximately three times greater than the sediment loads

measured during the post-surge tracing experiment.

The distinctive pattern of sediment content in the terminus streams throughout
the summer of 1983 independently verifies the unique situation of the glacier drainage
system during the first tracing experiment as compared to the more normal situation

for the third experiment.

For the third tracing experiment the rapid velocity of the tracer (order of 1

m/sec) through the glacier indicates most of the travel must have taken place in a
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large basal conduit. Such a major channel can probably be stable only at the glacier
bed, based on studies of water movement within a glacier by Nye (1976),

Rothlisberger (1972), Shreve (1972).

4.5. Tracing Experiment Using Tinopal AMS: June 26-July 10, 1983

The second tracing experiment involved injection of the tracer Tinopal AMS, at
an injection site located much closer to the terminus than the injection site for the
two experiments already discussed. It was carried out shortly before the surge termi-
nation. On June 23, borehole J was drilled to a depth of 70 meters, at longitudinal
coordinate Km 17.2, just behind the crest of the surge front; the borehole was 2
kilometers upglacier from the outlet of LS, and roughly at the same longitudinal posi-
tion as the outlet of VR (Fig. 4.1). Radio-echo sounding of ice depth showed that the

borehole reached only about halfway to the glacier bed.

The decision to inject tracer into borehole J on June 26 was made because of the
great difficulty in keeping the borehole open under conditions of extremely high longi-
tudinal strain and the impossibility of drilling to the bottom of the glacier due to
impenetrable debris zones. The behavior of borehole water in borehole J and several
nearby boreholes at the site indicated that these holes were connected to an active
englacial water system; sounds of gurgling and rushing water in this system could be

heard in deep crevasses cutting through the site.

The dye injection was begun at 17:50 hours on June 26 and completed by 19:40,
two hours later. The dye pumped down the borehole was not totally dissolved at the
time of injection, consisting of a slurry of the powdered dye in water. a large amount

(136 kg) of Tinopal AMS was used because of its low detection sensitivity (Section
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2.1.3). This amount was less, in terms of equivalent detectability, than the amounts
of Rhodamine WT used in experiments 1 and 3, but the deficit should have been
compensated, one would think, by the greater proximity of the injection site to the

outflow stream portals.

Since adsorption of Tinopal AMS on suspended sediment was found to be negli-
ble, only dissolved tracer in the outflow is reported. Water samples were initially
taken from all major terminus streams at time intervals of to 20 to 40 minutes; after

4 days, the sampling interval was lengthened.

Measured dye concentrations in outflow stream water are shown in Figure 4.20.
Many data points for samples showing no detectable dye were not plotted due to
space constraints on the horizontal axis. The limit of detection for Tinopal AMS is

about 1 ppb (Section 2.4).

Most of the stream samples contained no detectable dye. The samples which do
show dye are highly scattered in time, but there is a distinct cluster of high dye-
return points on July 4-6, essentially coinciding with the time of surge termination.
Only twelve samples had dye at concentration above 2 ppb; the maximum concentra-
tion was about 250 ppb. Onme high dye-return value (50 ppb) was found in a sample
early on June 28, about 1.5 days after injection; a few low values above the detection
limit were found during July 7-10, following the peak on July 4-6. Possibly a high
dye return peak was missed between sampling times, but this is quite unlikely,
because the time period of two hours needed for tracer injection was considerably
longer than the sampling interval. The pattern of data points - mostly undetectable
dye concentration, with a scattering of detected concentrations - may be an indication

that the non-zero values are simply the result of contamination. However, maximum
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contamination would be expected for the samples taken early, contrary to the
observed pattern. Also, the occurrence of all but one of the high values during the
period of surge termination seems more than a coincidence resulting from random
contamination, and suggests a flushing out of the dye from the glacier during this
time, as might result from a pressure peak followed by a large flood in the basal
water system. At a concentration of 150 ppb and a stream discharge of 40 ms/s, the
injected 136 kg of Tinopal AMS could have been returned in a period of 6.3 hours,
hence the scatter of dye return points in Figure 4.20 is compatible with a full return

of the injected dye.

Because the results of the second tracer experiment are subject to the question
of possible contamination, whereas the results of experiments 1 and 3 are less subject
to this question, the emphasis in this thesis is on experiments 1 and 3, and the results

of experiment 2 will not be further discussed.
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BOREHOLE WATER LEVEL AT Km 9.5
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Figure 4.3 The variation in borehole water levels from June 5 to June 24 at Km 9.5.

Data points indicate direct measuremnt of water levels using floats
lowered in to the borehole. The solid line after June 10 represents data
obtained from a pressure transducer lowered into borehole E. Most of
the data shown on this figure are from Kamb et al. (1985). The first
arrow on the horizontal axis at 18:00, June 8 indicates the moment the
hotwater drill first reached the glacier bed at borehole E. The second
arrow at 10:05 on June 9 indicates the moment the Rhodamine WT
tracer was injected at the base of borehole E. The solid circles plotted
prior to June 11 represent spot water level measurements for borehole E,
the open square symbol represents nearby borehole D, and an open
square with a dot in the center is used to represent nearby borehole C.
Further discussion of each borehole is given in the text.
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Borehole E at Km 9.5

500 I ) l ] I

L -

400 — —
o
a

3 - —
[ o
°

"é 300 — —
1=
(¢)]

& — ]
c
o
®)

5 200 — —
(&
©

|—- L —]

100 — —

injection 7]

0 i T | | ]
9 10 11

June

Figure 4.4 Plot of concentration versus time for samples taken from the bottom of
Borehole E following the June 9 dye injection.



8¢

- 107 -

mm he

"£9Y 91} UI PaedIPUL SB PIYIJUPI 218 SUILII)S
mopjno jusIogip wolj sejdweg ‘g86T ‘9g-6 ounp potrad oY) 1940 ‘uorjoslul Isdelry jsiy
07} SUIMO[[O] SWIl} JO UOI}OUNJ & S SUIBSI}S MO[INO Ul I80BI} T A\ SUIWEBPOYY PIA[OSSI(] §'F 24nIL g

aunp

uooefuy

3

L 0T ot I N

SOl X

oL ¥

HA ©

o0L*

g1 o
wea.s

AN

1 | l

i | |

TEETIETE

S

l 1 |

£861

‘9¢-6 ANNC «3IWIL SNSHIA JA0 03IA0SSIA

G0

O

(qdd) uonesjuasuon sded)



"¢y "8 ul st syutod ejRp JO UOLYROYIUAPL O Lo €86 ‘8T duUN[

01 f UN[ WOIJ sWI} JOo UOCIjoUNR] B S UOIJBIJUIOUOCO Isd®l} T A\ oUlepoyy poqliospy 9% QhﬁwWMr_H

8¢

cc

- 108 -
I

] L 1 ]

9¢-6 ANNC +3IWIL SNSHIA JAQ 03840SAY

0l

0¢

(qdd) uoiesjuadsuosn iodeu]



"PIIOJIUOW SUIEBI)S MOPINO [[& Wolf so[duIes Ul PaInseour st juswiiodxs
0TI} §SIY 9} IO} SUI) SNSIOA UONJBIJUIIUOD 190BIY (poqiospe snjd PaA[OSSIP) [€90], ;-5 odnBif

(SAYD)  IWIL v
02 gl 91 vl 2l 0l 8 9 b 2 0
1

0

- 109 -
NOI1VYLIN3IONOD

T
(9dd)

I i 1 1 1 1 | | i 1

62-6 aunp iadei] | M sulwepoyy |elol




- 110 -

"(190®1) [B)0) “0'1) 190BI) POQIOSPE PUER POAJOSSIp Jo WINS oY) se [[om st ‘A[areredas
UMOYS ST I89BI) PIA[OSSIP Jo Winyay "¢86T ‘1 AN YInoiy) g sunp Ioj sj[nsal pajeidagur
Suimoys ‘(e8ans ayy Juuinp) juswiradxs Suroely 4SIy 9Y) I0j WINGAl I9delj dAljR[IWND 8F aInSBrg

NOLLOHINI HH.LAV SAVd

e 0l 81 g7 Al 2l 071 8 9 14 ¢ 0

paAjosSIp

|
w

1
- o
((uI) 0T X AINNTOA HAOVIL AHLVIADHALNI




‘G'F "31yf ut st sjutod BIRP JO UOIFROYIIUSPI O) L83 '9UWII) JO UOIJOUN]
® s® ‘uswiiedxe I90BI) 1SIY 9Y) ULIND I9jBM WIBAIIS MOJINO Ul UOIIBIJUIOUOD JUSWIPIS 6'F 2InSr g

aunp
82 92 he 44 4 81 91 hl 4 Bl 8

- 111 -

i i
i 00l
{ | { | | | | | |
ge-6 INMT +3IWIL SNSHAA INJWIA3S

(1/6) uoneIUaOUOD JUBWIPaS



“GT QUN[ UO 9SBAIIAP 3}
pue ¢ ounp uo sanjea Py ur aseaIOUI YY) 9j0N ‘€861 ‘GZ-0I dunp uayey sejdures Iajem
UT JUSWIPSS UO Paglospe 1a0BI) [ A\ sutwepoyy loj (3/jw) Py sjusiorgeoo uoninquysiq QI'y 24ndr g

aunp

- 112 -

— 00!

— 000!

(8/1w) Py " dAHOD NOILNGIYLSIA

|

268 UNNI LNUWITUS NO NOLLJYOSAV HAd

1 |




- 113 -

0
< 20
®
O
o .
.M..vo
L
3
a 90
)
<

o
o

‘Laagdwnyy N pue

puowfey “f "D woiy wieq (1'% 814) ST ur oBreyosip wesn)s (q) (G861) T8 99 qUIEd]
wolj oIe eye(] 'gg-ST AN SulInp ¢p[ W] I1edU IoYIew € je £)100[9A MOJ IS10R[D) (®) 1TV °1nSrg

Anp
2 4 0¢ 6l 8 Ll 9l Gl bl
I _ | _ _ _ | _ | I 0
- uolyoaful —oi
— —0¢
— —0¢
— —0p
l —1 08
ST ut 98ueyosi(] wealjg AQ
] —09
B _ g FT uryf amw A9190[3A 291 (B ]
— | _ | —

(oes/sw) abieyosiqg



- 114 -

40 I | T I T T T T T i T
Dissolved

o
O
I
]

no
O
!
|

Tracer Concentration (ppb)
o
]
1

10 12 14 6 18 20

[
July

Figure 4.12 Dissolved Rhodamine WT tracer concentration in glacier outlet stream
LS versus time, in the post-surge tracer experiment.
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Figure 4.13 Dissolved tracer concentration versus time as in Fig. 4.12, plotted at an
enlarged ordinate scale.
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Summary of Rhodamine Tracing Resulis
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Figure 4.18 (a) Concentration of Rhodamine WT tracer dissolved in stream water
for May 26 through July 24, 1983. (b) Same plot but applies to con-
centration of Rhodamine WT adsorbed on stream sediment.
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Total Rhodamine Comparison
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Figure 4.19 (a) Total concentration of Rhodamine WT (adsorbed plus dissolved) for

first tracer experiment, conducted during glacier surge. (b) Total tracer
concentration for second Rhodamine W'T experiment conducted after
the glacier surge had ended. Note the different time and concentration
scales for each plot.
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Chapter V:
THEORETICAL DYE-RETURN CURVES
IN RELATION TO DATA FROM VARIEGATED GLACIER

5.1. Introduction

In the interpretation of results of dye-tracer experiments on laboratory materials
and on natural water-flow systems, it has become standard practice to evaluate dye-
return data in terms of the parameters in theoretical dye-return curves that can be
fitted to the data. For experiments carried out by injecting initially a short pulse or
“slug” of dye at some point in the flow system, the idealized theoretical curves of dye
return at the outlet of the flow system are of two basic, distinct types, illustrated
schematically in Figures 5.1a and b. In Fig. 5.1a, the dye pulse broadens as it propa-
gates in such a way that at the outlet it appears as an approximately symmetrical,
quasi-Gaussian peak of dye concentration vs. time, C(f). This will be here called a
diffusive dye-dispersion curve. In Fig. 5.1b, the onset of dye return is abrupt, and the
sharp onset is followed by a quasi-exponential tail of declining C{t). Such a dye-
return curve will be here called a dye storage-retardation curve, or simply a retarda-
tion curve. As is already evident from the data in Chapter 4, and as will be fully dis-
cussed in the present chapter, the dye return in the first tracer experiment on
Variegated Glacier conformed approximately to the pattern of a diffusive dispersion
curve, whereas in the third experiment the dye return followed more nearly the pat-

tern of a storage-retardation curve.

Theoretical models of dye transport that generate dye-return curves of these two

types provide a conceptual basis for reasoning about the nature of the flow systems
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that give dye-tracer data approximating the ideal curves. Adjustment of the parame-
ters of the theoretical curves to fit the data allows quantitative conclusions about
geometrical and kinematic properties of the flow system. The present chapter con-
cerns itself with the theoretical dye-return curves, their parameterization, and their
fitting to the dye-tracer data from Variegated Glacier. In Chapter VI the underlying
basis for the theoretical curves is explored, in an effort to reach conclusions about the
nature of the water-transport system of Variegated Glacier in its surging and non-

surging state on the basis of the quantitative results of the dye-tracer experiments.

In many flow systems, particularly those whose length along the direction of
fluid flow is great compared to their width transverse to flow, it is appropriate and
useful to analyze the spatial evolution of a dye cloud with time as though the flow
were one-dimensional, in the direction of a longitudinal coordinate z along the length
of the flow system. In this approach, which is widely used in the literature on dye-
tracer experimentation, and which will be followed here, the details of transverse
adjustments in dye concentration are temporarily ignored, although they reappear
later at the level of a deeper interpretation of the mechanics of the flow system and

the underlying causes of dye disperison (Chapter VI).

When the one-dimensional treatment is used, the appropriate measure of dye
concentration at coordinate z is the integral of the local volume concentration of dye,
C(z,y,2,t), over the transverse plane (y,z plane) at 2. We designate this transverse
integral by a tilde over, thus 5(1 ,t). It has the dimensions of dye volume (or mass)
per unit length along the flow. In the case of a river or any sort of conduit, natural
or artificial, 5(1,1&) i1s the integral of the dye concentration across the channel or

conduit cross section at longitudinal coordinate z. For a porous medium or multiple-



- 125 -

conduit system, the integral will include contributions from all of the pores or con-

duits intersected by the transverse plane at z.

5.2. Dye Dispersion by Generalized Diffusion

As discussed in Chapter VI, it has been found appropriate to assume that in
many flow systems, dye (or other tracer) is transported by normal advection in the
fluid flow, combined with what will be here called ”generalized diffusion,” in which

dye is transported at a flux rate @ proportional to its concentration gradient:

o, —-p3¢ (5.1)
ox

D is called the dispersion coeflicient or, more specifically, the longitudinal dispersion
coeflicient. Equation (5.1) is entirely analogous to dye transport by molecular diffusion
(Fick’s law), but in fact represents the combined effect of molecular diffusion and
other, generally more effective, transport processes such as turbulent or eddy
diffusion, as discussed in Chapter VI. D is analogous to the diffusion constant or to
the thermal diffusivity in heat flow and has the same units (m2 s71). The physical

basis for the magnitude of D, in terms of the nature of the flow system, is considered

in Chapter VI

The advective contribution to dye transport, which in practice dominates over

the effects of generalized diffusion, is given by the advective flux
Q4 = UC . (5.2)

Here U is the longitudinal fluid flow velocity, which in the standard one-dimensional

treatment is taken to be a constant throughout the system.
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The development of a dye cloud in space and time is governed by the continuity
equation for the dye, taking into account advective transport of dye from Eqn. (5.2)

and generalized diffusion from Eqn. (5.1):

c 3 0 c 2
9C _ 0@s4 QD:_U30+D80
ot oz oz Oz or?

. (5.3)

It is entirely analogous to the one-dimensional heat flow equation for a body moving

at speed U in the x-axis direction (Carlslaw and Jaeger, 1956).

In the ideally typical dye-tracer experiment, at the start ({=0) a pulse or “slug”
of dye is injected instantaneously at some point in the flow system. The dye return
curve is the solution of Eqn. (5.3) for this initial condition. The slug injection is
idealized as a Dirac delta function §(z ) at the injection point, taken to be z=0. The

mitial condition is therefore written
C(z,0)=V,8z) (5.4)

where V, is the volume of dye injected. The solution of Eqn. (5.3) subject to this ini-
tial condition and to boundary conditions C—0 as 7 —4o0 (which are somewhat
artificial but reasonable), is obtained from the corresponding heat-flow solution for an
unmoving body (Carlslaw and Jaeger, 1956) simply by applying a translation velocity

equal to the advection velocity U. The resulting solution is

7 ga:——Ut!Q
Olz )= —2 ¢ 4D 55
(z, )——Nme : (5.5)

This solution has the required property that dye is conserved, so that at any time
t >0
+

Clz,t)de =V, . (5.6)

-00
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5(9: ,t), regarded as a function of z at fixed ¢ in (5.5), is a Gaussian. Thus the
spatial distribution of the dye cloud has the form of a Gaussian peak. The peak
drifts (advects) forward at velocity U and spreads symmetrically with time. As a

measure of the width of the peak it is convenient to take the quantity
o, = V2Dt (5.7)

which is analogous to the standard deviation of the Gaussian function as used In
statistics. 20, is the width of the spatially dispersed peak at concentration level

1/e1/2 times the maximum concentration.

Regarded as a function of ¢t at fixed z, C(z,t) from Eqn. (5.5) describes the
dye-return curve expected at any downstream point z >0, z being the longitudinal
distance from the injection point to the point where the dye return is observed.
Because of the ¢ in the pre-exponential factor and in the denominator of the
exponent, the expected dye-return curve is not strictly Gaussian. It is somewhat
asymmetric, skewed so that the tail following the peak is somewhat enhanced relative
to the onset rise preceding the peak. As shown by practical examples (Figure 5.2),
this asymmetry is not a large effect, and the curves can be called ‘“‘quasi-Gaussian.”
Because of the asymmetry, the peak of the dye-return curve does not come exactly at
the transit time ¢ = z / U of a water parcel moving longitudinally at speed U from
the injection point to the dye-sampling point z, the arrival of the peak being shifted

to a time slightly earlier; however, the shift is small for typical practical examples.

The dye-return curve given by Equn. (5.5), with the characteristic features just
discussed, is here called a standard diffusive dispersion curve, or, for short, a disper-
sion curve. It is very widely used in the literature on dye-tracer experiments. For

example, Fischer (1968) uses it in analyzing dye transport in surface streams, Bear
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(1979) applies it to dye tracer experiments on ground-water flow, and Smart and
Smith (1976) interpret subsurface flow in subterranean conduits such as karst systems
on the same basis. It has also been widely used in analyzing the results of laboratory
dye-tracer experiments on flow in man-made porous media and conduits of various
kinds (Taylor (1954), Neretnieks (1982), Ogata and Banks (1961)). The use of disper-
sion curves in interpreting dye-tracer experiments is reviewed and discussed by

Baetsle (1967).

If the delivery of a dye at the outflow point where the dye-return curve is meas-
ured were simply the advective flux Eqn. (5.2), the total return of dye in a tracer

experiment would be obtained simply by integrating the dye return curve over time:
o
Vg = [ C(z,t)Udt. (5.8)
0

This is what is done in practice. The procedure omits the contribution of the general-
ized diffusion flux Eqn. (5.1) to the dye output; however, it can be shown that for the
disperison curve Eqn. (5.5) the integral Eqn. (5.8) gives exactly V,, indicating that

the omitted contribution integrates to zero, and justifying the omission.

For calculations of dye return based on actual measurements of volume concen-
tration C of dye in the outflow, the integral equivalent to Eqn. (5.8) is
o0

Ve = [ C(z,t) Q,(t)dt (5.9)

[

where @, is the discharge of water in the outflow. This assumes that the dye is well

mixed in the outflow, so that sample values accurately represent the entire flow.
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Consistent with Eqn. (5.8) and Eqn. (5.9), the concentration values C and C are

related by

Qu

C=c¢C
U

(5.10)

To illustrate the use of the diffusive dispersion model, two sets of calculated
dispersion curves for the volume concentration C(t) are given in Fig. 5.2a,b. The
curves in Fig. 5.2b were calculated from Eqn. (5.5) and Egn. (5.10) by assuming an
injected tracer volume V, of 0.022 m3, travel distance z =10.5 km, stream discharge
15 m3/s, flow velocity U = 0.7 m/s, and dispersion coefficient D of 4, 10 and 20
mz/s. These parameter values are near what is appropriate for the post-surge tracing
experiment if dispersion curves are used to try to fit the dye-return data. The calcu-
lation gives nearly symmetrical Gaussian-shaped dye return curves. For the curves in
Fig. 5.2b, V, is again taken to be 0.02 m® and the stream discharge 15 m®/sec, while
the mean flow velocity is U = 0.003 m/s, the travel distance is z= 8 km, and the
dispersion coefficients are D = 20, 40 and 80 m?/s for the three curves plotted.
These curves, which are roughly appropriate to the dye-return data of the first exper-
iment, show a distinct asymmetry, particularly strong for D = 80 m2/s. The curves
become more nearly symmetrical, more nearly Gaussian, as the travel time gets
longer, all other things remaining the same. The condition for close approach to a
Gaussian shape is ¢ >>2D /U?% where t is the travel time of the peak. As D
increases, the transit time for the peak concentration becomes shorter, as noted ear-

lier.

It was shown by Bear (1972) that if dye travelling in a cylindrical conduit under-

goes adsorption on the walls of the conduit with instantaneous adsorptive
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equilibration, the dispersion equation (5.3) is modified simply by the appearance of a

dimensionless factor B, on the left had side of Eqn. (5.3). The factor is
R, =1+A, K,

where A, is the specific area of adsorbing surface per volume of fluid in units of
m 2/m 3 and K, is the areal adsorption coefficient of the dye on the conduit wall sur-
face in units of m (see Section 6.3). As the modified dispersion equation indicates, the
factor R, retards the transit velocity of the dye cloud to U/R, and reduces the
effective dispersion coefficient. These effects constitute a form of temporary dye
storage in the conduit system, but it is a form quite distinctly different from the

“storage” alluded to in Section 5.1 (Fig. 5.1b) and discussed in Section 5.7.

For values of K, appropriate for Rhodamine WT adsorption on rock surfaces,
K, ~10®°m

(Section 3.5) and for conduits of radius r ~ 1 m, R, differs inappreciably from unity

(Section 6.3).

5.3. Methods for Obtaining Dispersion Coefficients from Tracing
Data

Several procedures were used to deduce dispersion coefficients from experimental
dye-return curves of concentration versus time. First, an estimate of dispersion
coefficient was obtained from the standard deviation of the concentration versus time
plot, o,, and was measured using &, defined as the elapsed time from ¢;, when the
tracer concentration first reached half the peak concentration (1/2 C ), to t,,

defined as the time of maximum (or peak) tracer concentration (C,,). For this
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preliminary estimate of D only the rising portion of the C(f) curve was used.
Second, the entire dye-return curve was computed using Equation (5.5), beginning
with approximate values of D and U obtained above. Successive iterations were
then applied to find the dispersion coefficient and velocity which best fit the observed

dye-return curve.

Since for most studies, stream tracing data are taken as concentration versus
time from one z coordinate location, preliminary calculations are made on the basis
of the half-time ¢, /5, where 2¢,/; equals the time during which the concentration was

greater than half the peak concentration and
tyjg ™ by — 1

Similarly, the quantity Xy/o 1s half the distance over which the concentration was
greater than half the peak concentration at a particular instant of time. Because the
curve C'(z) changes shape with time, the relation Xijp="U t12 1s not strictly valid
but is approximately correct when X =~ U /t,,. When the trailing portion of the
curve does not fit this simple one-dimensional model without storage, fy/; is

estimated along the first portion of the C(t) curve from the initial rise to the peak in

dye discharge. Substitution of X'yp = U £;/5 and ¢,, = —L_ | where U is the mean

U

velocity, and X, is the X coordinate distance from the injection point to the sam-

pling position, leads us to the approximate relationship

U ti,
D= 5.11
4(ln 2) X (511)

(Taylor, 1954). Using this formula we may estimate the dispersion coefficients from

data on C(t) obtained in the field. Dispersion coefficients calculated by this method
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agree closely with the final values for D obtained by fitting the entire dispersion
curve for C'(t) to the observed dye-return curve.

An alternate preliminary estimate of D can be obtained as follows. As in the
above discussion, let ¢ be the time when C(z,¢) reaches half the peak concentration
C .x during the rise to the peak, and let ¢4 be the time when C(z,t) reaches C,,
during the decline after the peak. Then choose t, (time of peak maximum) so that

D as calculated from ¢, and £, is the same.
R N (5.12)

From Eqgn. (5.5), with the approximately valid substitution U=X /f,,, the tracer

concentration at ¢, at a distance X from the point of injection is

2 2

~ 17 V, { Xt = 11) }

Ct1X)= —C oy = ——— exp{ - —————>"— 5.13a
( 1, ) 9 max 9 7TDt1 P 4Dt1 tm2 ( )

Similarly, the relationship for the trailing portion of the C(t) curve is given by

=~ 1~ v, { Xty —15)° }

C{toX)= =—C ppy = ——— Xp] - — 5.13b
( 2, ) 9 ~ max 9 71'Dt2 b 4D t tmz ( )

After substitution of C,, from Eqn. (5.12) and taking the logarithm of each equa-
tion (5.13a) and (5.13b), the resulting equation for the rising portion of the curve and
the trailing portion may be used to obtain two explicit formulations for D . The con-

dition for D calculated from Eqns. (5.13a) and (5.13b) to be the same is

XQ(tm - t1)2

B 4t 2t 400 (2¢/T /11)

D (5.14)
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X2(tm - t2)2

4t t9ln (2¢/1,, /1)

Once t, is chosen so that the equality is satisfied, D is obtained immediately. In
theory this fitting procedure is more accurate than the method based on Eqn. (5.11),

although in practice both methods produced similar results.

After the dispersion coefficient is estimated using a combination of the three pro-
cedures described above, the entire concentration time plot is computed from Eqn.
(5.5), with V, chosen so that the integrated volume of tracer is equal to the amount
actually obtained in the dye return. The dispersion curve was calculated by adjusting
the integrated volume of tracer at the outflow so that the calculated curve C(¢) best
conformed to the overall pattern of measured values of tracer concentration for the

tracer experiment.
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5.4. First Tracer Experiment

5.4.1. General Features

For the first tracing experiment the total dye-return pattern was found to best
fit a diffusive model with a dispersion coeflicient of 30 m?/s and an average transport
velocity of 0.024 m2/s. The total dye-return pattern was obtained by adding together
the dissolved and the adsorbed tracer concentrations as described in Chapter 4. Cal-
culated dispersion curves for 20, 30, and 40 mz/s at eight kilometer distance are
shown on Fig. 5.3 . The integrated volume of 0.0085 m?® of Rhodamine WT tracer
was used to obtain each of the curves. The dispersion curves (Fig. 5.3) fit the trend

of total tracer concentrations.

The closeness of the fit is best for D = 30 m?/s, and can be seen on an
integrated tracer plot as shown on Fig. 5.4. Integration of the total dye obtained at
all terminus streams is shown on Fig. 5.4 and compared to theoretical curves for
dispersion coefficients 20 and 30 m2/sec, velocity 0.024 m/sec and travel distance of 8
km. The mean stream discharge during this time interval from all outlet locations
was 15 m®/sec (Chap. 4). Integration of the data was performed using all raw data
from the many active terminus streams. The total volume of tracer , V;, integrated

from time of injection (¢, ) to time ¢;, is given by
Vi=M/p= % (D0Q()+ Q(t; D]C(t;) + C(;))t; — £51)]

where M; is the mass of tracer, p is the tracer density and @ is the stream discharge.
The stream discharge data were discussed in Chapter 4. The integrated tracer

volume, V;, at time t; in Fig. 5.4 is plotted at time 1/2(t; ;; + t;). The integration
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was done without applying any prior smoothing to the data, which might bias the
results. The integration essentially has the same effect as if a smoothing function had
been applied to the data. The curve that best fits the total integrated volume (Fig.
5.4) lies at approximately the average of tracer concentrations from all streams, and
results appear as if an averaging window of approximately six hours was applied to

the data (Fig. 5.3). The final result is similar to taking the mean of the tracer curve.

In order to compute a dispersion curve that outlines the general shape of the
highest concentrations measured, a tracer volume of 0.01 m?® is necessary. The close
resemblance of measured tracer pattern to a theoretical dispersion curve for this
parameterization suggests that the diffusive dispersion theory gives a reasonable
approximation of tracer dispersion within the surging glacier. Although the asym-
metrical shape of the total dye-return pattern is well reproduced by the diffusive-type

model , there are several discrepancies which need to be discussed.

Even though the initial rise in tracer concentrations on June 10 (20 to 25 hours
after vinjection) is well modeled by a dispersion coeflicient of 30 m2/sec and velocity of
0.024 m/sec (Fig. 5.3), the fit is not good for the time period from 20 to 48 hours
after injection. For parameterized fitting of the rising portion of the dye-return curve
from hour 35 to 48, a different curve is required, with a dispersion coefficient of
approximately 10 m?/sec and a mean flow velocity of about 0.04 m/sec. If only
several-hour averages of tracer concentration are considered, The dispersion coeflicient
of 30 m?/sec fits the total data best for all portions of the curve, even the rising part.
The closeness of the fit can be best seen on the integrated plot (Fig. 5.4). There is lit-
tle justification for adding several dispersion curves in order to fit experimental

results, when the fit for the simplest diffusive parameterization is good (Figs. 5.3).
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A second feature of the total dye-return plot which is not reproduced by the
diffusive model is the multi-peaked maximum from 48 to 124 hours after tracer injec-
tion (June 11-15). The peak of the best fit diffusive curve for 30 m?/sec occurs on
June 13, or on the fourth day of the tracing experiment, while the actual data show
both a distinctive maximum and minimum in total tracer concentration on the same
day (Fig. 5.3). The three main peaks in tracer concentration were observed on the
second day (June 11), fourth day (June 13) and the sixth day (June 15) of the tracer
experiment. The tracer return data for the entire experiment look suspiciously
different than the pattern for most normal tracing experiments cited in the literature,
for example Krimmel (1973). On June 13, at the time the maximum total tracer con-
centration occurred, the terminus stream discharges were changing in relative magni-
tude as frequently as every few minutes to few hours. It is most likely that on June
13 some of the terminus discharge was not adequately sampled. This could mean
that the apparent double maximum centered on June 13 might in part be due to sam-
pling error. The total amount of tracer reaching the terminus at detectable levels
may have been as large as 50 percent of the initial injected volume, if the dispersion
curve followed a parameterized fitting as shown on Fig. 5.4. There is no reason to
suspect that a tracer volume larger than 0.01 m® came out of the glacier terminus,
because it is unlikely that any consistent sampling bias would have occurred over a

time period spanning more than a few hours.

The details of the multi-peaked maximum, from 48 to 124 hours (June 11 to 15),
may be due to irregularities of the water drainage system at the peak of a glacier
surge. Certainly, a major portion of the scatter in tracer concentrations (discussed in

Chap. 4) is probably due to effects of random conduit opening and closure in a glacier
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water drainage system at the surge front and within the surging ice mass. Conduit
closure and opening of new conduits caused temporary storage of dye. The distur-
bance was dramatic when the surge front reached the terminal lobe of the glacier. As
the surge front progressed through the stagnant ice near the glacier terminus, streams
coming from upper glacier were pinched off and apparently diluted by clean local sur-
face melt. The scatter in tracer concentrations is probably in part due to this effect,
but since sampling was carried out at many streams simultaneously the effect should
average out. Regardless of the reason for the scatter pattern, or multi-peaked max-
imum, the measured tracer concentration 5(15) for the glacier cross-section is well
represented by the parameterized fitting of a diffusive dispersion curve with a disper-
sion coefficient of 30 m 2/s, a mean flow velocity of 0.024 m/s, and a total returned

volume of approximately 0.01 m® Rhodamine WT tracer.

5.4.2. Dissolved Tracer

The return pattern of dissolved tracer for the rising portion of the curve
between June 10 and 13 is roughly bell shaped. The dissolved tracer data may be
approximated by a diffusive-type curve with a dispersion coefficient of 10 m?/sec,
mean flow velocity of 0.042 m/sec and a total returned volume of 0.001 m? tracer, as
shown in Fig. 5.5. The shape of the rising portion of the curve is particularly well
represented by this parameterization, but there are distinct discrepancies in the trail-
ing portion of the curve on June 12 and 13. The spread of the dissolved dye concen-
trations between June 10 and 13 is approximately three days and is well fit by the
curve for a disperison coefficient of 10 m?/s. The return pattern for total (ie., dis-

solved plus adsorbed) tracer is primarily determined by the type of glacier drainage
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system, while the pattern for dissolved tracer is additionally dependent upon the
adsorptivity of suspended sediment. Between ane 12 and 13, there was a dramatic
change in the adsorptivity of the suspendec‘l; ;t”the terminus streams, as indicated by
the sudden change in K; -- discussed in Section 3.5. The large increase in K; values
between June 12 and 13 strongly suggests that the dispersion coefficient of 10 m2/sec
and mean flow velocity of 0.042 m/sec are probably not representative of any water

transport system for dissolved tracer, separate from adsorbed tracer.

At mid-day on June 12, and for two samples on June 13, the tracer concentra-
tions differed markedly from the theoretical curve shown in Fig. 5.5. As discussed in
Chapter 4, on June 13 there was a sudden change in glacier motion and terminus
stream discharge, and at the same time there was a dramatic increase in the tendency
for sediment to adsorb Rhodamine WT. The transfer of tracer from dissolved to
adsorbed phases is shown by the sharp increase increase in distribution coefficients,
K, (Fig. 4.10) on June 13. Between June 13 and 15 the adsorptivity properties of
suspended sediment changed enough to affect significantly the shape of the dye-return
curves for both dissolved and adsorbed tracer. The broad maximum in dissolved
tracer concentration between June 13 and 21, peaking at about 0.1 ppb, was pro-
duced as an artifact of changing distribution coefficient of suspended sediment in con-

tact with dye being carried through the glacier.

5.4.3. Adsorbed Tracer

The return pattern for tracer adsorbed on suspended sediment is distinctly
asymmetrical. The best fit diffusive parameterization for the general shape of the

adsorbed tracer data is shown on Fig. 5.5. The calculated curve (Fig. 5.5) was
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obtained using a dispersion coefficient of 5 m2/s , mean flow velocity of 0.019 m/s,
tracer volume of 0.006 m3, and stream discharge of 15 m3/sec. As can be seen on Fig.
5.5 the adsorbed tracer data do not lend themselves to fitting with a single diffusive
dispersion curve. The fit between diffusive dispersion theory and actual adsorbed

tracer data is not very good, for any paramaterization that can be envisioned.

The fact that there is an average peak in adsorbed tracer following dissolved
tracer by two to three days is attributable to the changing adsorptivity of the
suspended sediment. The rising portion of the adsorbed tracer curve on June 13 is
coincident with the sudden decrease in dissolved tracer (Fig. 4.5) and the sudden
increase in distribution coefficient K,; (Fig. 4.10). Therefore, it is improper to inter-
pret the dispersion parameterization and mean flow velocity implied by the peak in

adsorbed dye separate from the dissolved tracer, as discussed in the previous section.

5.5. Post-Surge Tracing Experiment

For the Rhodamine WT tracer experiment conducted after the glacier surge, the
shapes of tracer return curves for dissolved (Fig. 4.12-4.14), adsorbed (Fig. 4.14) and
total tracer (Fig. 4.14) are nearly identical. Most of the tracer during this experiment
came out dissolved in the stream water, and very little of the dye was found adsorbed
on sediment. The adsorptivity of the sediment during this experiment (Fig. 4.17) was
small and uniform enough that only the pattern of dissolved tracer need be discussed
for dispersion modeling in this section. Only data from Lower Stream (Fig. 4.1) is
discussed because all other terminus streams remained free of Rhodamine WT tracer

throughout this post-surge tracer experiment.
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The best-fit diffusive parameterization for the dissolved tracer is shown on Fig.
5.6, for a dispersion coeflicient of 60 m2/sec, mean flow velocity of 0.65 m/s, tracer
volume of 0.008 ms/sec, mean stream discharge of 40 mg/s, and travel distance of 10
kilometers. Even though this curve is the “best-fit” diffusive curve for the main peak
in tracer concentration measured, the curve rises too early and does not reproduce the
distinctive tail in tracer concentrations from four to ten hours after tracer injection.
The pattern of tracer concentrations does not conform to a diffusive-type model for

the primary peak measured to reach a maximum at 14:20.

It is possible that the main peak in tracer concentration was missed between
sampling done at 13:40 and 14:20 on July 16. If this is the case, a hypothetical
dispersion curve may be reconstructed and a diffusive parameterization may be used
to put constraints on the dispersion coefficient and mean flow velocity for the non-
surging Variegated Glacier. A diffusive peak centered between the last clean water
sampled at Lower Stream at 13:40 and the first sample showing a significant tracer
concentration at 14:20 may be parameterized by a dispersion coefficient of 1 mz/s,
and a mean flow velocity of 0.72 m/s. The total volume of tracer for the parameter-
ized peak shown as a dashed curve in Fig. 5.8 is equal to 75 percent of the amount
initially injected into the glacier. This hypothetical diffusive-dispersion curve will be
discussed further after the actually measured tracer concentrations are parameterized

with a non-diffusive model.

The secondary peak in tracer concentration, seen in Fig. 4.13, may be
parameterized by a diffusive curve with a dispersion coefficient of 4 m?/s, mean flow
velocity of 0.1 m/s, tracer volume of 0.0008 m® mean stream discharge of 40 m3/s,

and travel distance of 10 kilometers. Even though this diffusive dispersion
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parameterization fits the secondary peak quite well, the rapidly changing stream
discharge at the time (Fig. 4.11) makes the meaning of such a peak quite doubtful.
This secondary peak follows the main dye injection by one day and appears similar to
secondary peaks observed at other glaciers, such as Findelen Glacier, Switzerland
(Moeri, 1984). The secondary peak for this Variegated Glacier experiment arrives late
in the day following the dye injection at a time of rising water pressure within the
lower glacier. Information of glacier water pressures is given by Kamb et al. (1985).
The calculated dispersion coeflicient of 4 m?/sec and flow velocity of 0.01 m/sec are
probably not representative of average conditions within the glacier. The secondary
peak is likely due to diurnal variation in dye transport due to daily changes in engla-
cial water discharge, pressure and storage common to all normal non-surging glaciers

during the summer melt season.

5.6. Dispersion Due to Storage-Release Mechanisms

The distinctly asymmetrical shape of the dye-return results for the third tracer
experiment requires a different type of model that can produce a highly non-Gaussian
dispersion curve. This is accomplished by adding a generalized storage term to the

differential equation describing dispersion (Eqn. 5.7):

ac 10} a’C  as
AN - - 22 5.16

where S is the mean concentration of “stored” tracer per unit length, and C is the
mean concentration of “mobile” tracer as described in Section 5.2. The simplest
model for the change of stored tracer with time is that tracer exchanges between

immobile zones (or storage reservoirs) and mobile zones (the main flow) at a rate that
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is linearly dependent upon the concentration of stored tracer in the reservoir, S, and
the concentration of tracer in the main flow, C'. The time rate of change of tracer
concentration stored in the immobile zones is given by

8s

9o _ W0 - b8 5.17
T a (5.17)

This formulation has been used in the interpretation of dye return curves for various
types of drainage systems (Ogata and Banks, 1961), including glacial water conduits
(Ambach and Jochum, 1973). The governing rate constants in the theory are a and

b, expressed in units of s

The tracer concentration, 5, in the main flow is initially decreased by the
storage processes. Later C decreases to low levels as the main pulse of tracer is

advected through water channels within the glacier. As C decreases below the value

~

of S in the immobile zone, %§t— becomes negative. Then, immobile zones are no

longer net sinks for tracer storage, but rather become net sources. After the main
dye peak has passed, more dye is transferred to the main flow from storage reservoirs

than is taken from the flow by the storage process.

In order to facilitate obtaining an analytical solution to this problem, the

2~
¢ is assumed to be neglible. Equation (5.16) then simplifies to

diffusional term D 5
Jzx

oC aC  as
- = 5.18
t u Jx ot ( )

The solution to this storage-retardation dispersion problem for an initial slug injec-
tion of tracer is available in the literature. Ogata (1964) derived a solution to Eqn.

(5.18) for an initial step-function input of dye. From the solution for the step function
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input, solution for a é-function input can be obtained by differentiation. The tracer
concentration for the step-function solution is here called C's The step-function solu-

tion given by Ogata (1964, p. 118, Eqn. (18)) is

_ 7 Uyt - = (5.19)

X

, x. T
abX . X b(t-) “br ( abX ]
I, [21 / G (b——U—)] + be f eI |24/ 5T 4T

where Cj is the height of the step in tracer concentration, I, is the modified Bessel

function of order zero, and l(t—-‘-)-(U—) is the unit step-function that rises at time

t = —‘-)-(5— Equation (5.19) may be used to obtain the solution C«t) for an initial &

function input by the following differentiation:

X
~ Vo a 06 Vo X 7
C,= 9 — sl -2 5.20
0T at[o,,) [ U]e (5.20)

AP S Bl > off o0/ 2|
U U Ut-x ! U U

where I, is the modified Bessel function of order one, and V is the volume of tracer

in the &function slug (Kamb, 1986, unpublished). The peak in tracer concentration

reaches the sampling point X at time —‘2(5—

The Taylor series expansion of the modified Bessel function (CRC Tables, 1974,
pg. 448) is
3 5

Z V-4 b4
£+ +
2 23119 259131

Iiz) =
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For the case of the Variegated Glacier experiments, the argument of the Bessel func-

tion in Eqn. (5.20), z = 2\/abX(t——‘g—)/U will be less than one if coefficients a

and b are sufficiently small (on the order of 107* s or less). By assuming # is small,
only the first term of the series expansion is significant, and the modified Bessel func-

tion may be simplified to

11{2 abX ;X } ~ o\ ) 88X Xy (5.23)

This approximation allows the &function solution to be simplified as follows:

a X
~ ~ VYV, -7X X X, - abx
prem— 9 U t_-—-— — —— U .
Cs 7€ [5( U)+1(t U)e i (5.24)
X
X X, -
== &t - -
A & U)+B 1( U)e

where A and B are constants for a fixed travel distance X (Kamb, 1986, pers. com.).

This shows that the dispersion curve for the storage-retardation model discussed here

may be approximated by an initial é-function pulse arriving at time —‘Zé—, immediately

followed by an exponentially decreasing tail of tracer concentration. In this model,
prior to the arrival of the peak concentration, no tracer reaches the glacier terminus.

The pre-exponential coeflicient B for the storage-retardation tail is

1% =X
B=—abX eV (5.25)
U2
From this formulation it can be seen that the tail becomes more pronounced for large
values of the initial volume of tracer V, large travel distances X, small mean flow

velocities U and for large values of a or b. For a—O0, the tail vanishes. As
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mentioned previously, the values of both ¢ and b are required to be sufficiently small

for the simplification of the Bessel function to apply.

The simplified storage-retardation solution, Eqn. (5.24), provides a good form for
direct comparison between model and experimental results. In the next section this

model solution is compared to the post-surge Variegated Glacier dye-return curve.

5.7. Retardation and Dispersion Parameters for the Post-Surge

Experiment

If the dye return pattern conforms to the storage-retardation model, then the
theory (Eqns. 5.24 and 5.25) predict that following the peak value the tracer concen-
tration should decrease exponentially with time by the formula:

VoabX —=X  -b(t-3%
0abX g U), > X
U? U

C(t) ~ (5.26)

where @ and b are small positive constants. To test the applicability of the storage-
retardation model for the post-surge tracer experiment, the ordinate in Fig. 5.7 and
5.8 is taken as the logarithm of tracer concentration. The dashed line in Fig. 58 is
the best fit of Eqn. (5.26) to the tracer data. The fit indicates that a decreasing
exponential is a good approximation and the storage-retardation model adequately

describes the non-Gaussian shape of the dye return curve (Figs. 4.14; 4.19b; 5.8).

The arrival time for the peak concentration along the dashed line in Fig. 5.9 is
estimated to occur at the mid-point of a sampling interval, 3 hours 55 minutes after
injection (14:00 on July 16). The peak concentration may actually lie anywhere
between the last clean sample taken at 13:40 and the first sample showing significant

dye at 14:20 on July 16. This gives a range of velocity U from 0.78 to 0.65 m /sec.
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The mean velocity of 0.72 m/sec chosen for parameterized fitting (Fig. 5.8) is calcu-
lated from the estimated travel time (3 hours 55 minutes), and the measured travel
distance, X, of ten kilometers. The value of the peak concentration (C,,) read from

the dashed line at time 14:00 is 43 ppb.

The linear curve in Fig. 5.8 allows the results for the third tracing experiment to
be parameterized in terms of coefficients a and b [Eqn. (5.26)]. The slope [or
coefficient b, Eqn. (5.26)] of the best-fit line is 1.97 x 107* s™'. The value of a is
obtained from the estimated peak concentration and from the value of . To obtain

the value of a, the storage-retardation model is expressed as follows:

%
In(C ) = In [—-‘-’- “’Z}X ] -Lx (5.27)

w

where @, is the terminus stream discharge. For a stream discharge of 39 m®/s (Fig.
4.11 and 5.10) and a total tracer volume of 0.022 m 3, the value of coefficient a from

the above equation is 0.61 x 107* 571,

The rate coefficients a and b derived for the Variegated Glacier after the surge
are 10 to 100 times smaller than the values obtained by Ambach and Jochum (1973,
p. 185) for an open glacier stream in Austria (¢ = 0.003, 0.001 s -1 b =0.01, 003
s!). For dispersion data where the exponential tail is highly extended in time, the
value of b will be small. Tracer data from Moeri(1984) obtained at Findelen Glacier,
Switzerland may be parameterized by @ and b coefficients that are approximately
equal to the values obtained from the third tracing experiment at Variegated Glacier.
This suggests that the storage-retardation processes governing dispersion within the
water drainage system of the Findelen Glacier is similar to the Variegated Glacier

after the surge had ended.
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The general pattern of dye return for Findelen Glacier (Moeri, 1984) is a roughly
Gaussian-shaped initial peak followed by an exponential tail. To my knowledge, pre-
vious glacier tracing experiments have never exhibited only an exponential tail,
without an initial symmetrical peak. If a diffusive-dispersion peak reached the
Variegated Glacier terminus between sampling intervals, it most likely arrived just

prior to the the peak concentration actually measured (ie., prior to 14:20).
The storage-retardation model (Eqn. 5.24) predicts that a é-function peak arrives

at the terminus at time t=—‘;§-. In reality, any sharp pulse of tracer would be spread

out by diffusive processes as the dye slug advects through the glacier. For a relatively
small diffusive spreading of the 6 function, we can assume that the non-diffusive
storage-retardation solution is modified by replacing the é function in Eqn. (5.24) by a

Gaussian given by the diffusive dispersion solution Eqn. (5.5).

The dispersion coeflicient, D , parameterized for the diffusive peaks (Fig. 5.8) is 1

m?/sec, and the mean velocity for each is 0.72 m/sec. The value of o, (or

equivalently ¢) for the curve in Fig. 5.8 is 3 -é— minutes. As stated earlier (Chap. 4),

the initial volume of Rhodamine WT tracer was 0.022 m® and the dye was injected at
the base of borehole H located at Km 9.5 (map on Fig. 4.1). The dashed curve shown
in Fig. 5.8 was computed on the assumption that the actual integrated tracer volume
should have been 75 percent of the amount injected if more detailed sampling had
been done. A higher curve is expected for a hypothesized 100 percent dye return.
The peak concentration for 75 percent total return is 350 ppb and the peak concen-
tration for 100 percent dye return is 650 ppb. Such concentrations are high enough

that they could have been visually detected at the glacier terminus. Perhaps the high
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turbidity of the stream, averaging 20 g/l suspended sediment on June 16 (Fig. 4.16),

precluded the visual detection of the tracer.

The storage-retardation parameterization combined with the diffusive-dispersion
model gives a reasonable fit with the data for the third tracer experiment at
Variegated Glacier, and can account for the total amount of dye initially injected.
The dispersion theory (Eqn. 5.17 and 5.18) suggests the fitting of a narrow diffusive
peak between the sampling times immediately prior to the time the peak concentra-
tion was detected. The hypothetical dispersion curve {dashed in Fig. 5.8) not only is
in close agreement with the dye data obtained at Variegated Glacier for the post-
surge experiment, but also is in accordance with previously published tracing data
from other non-surging temperate glaciers. The a, b, U and D parameterization of
the post-surge tracing experiment at Variegated Glacier is similar to the values
obtained for other temperate glaciers, where tracing experiments were conducted
using boreholes drilled to the glacier bed. The best documented example is for Fin-
delen Glacier, Switzerland (Moeri, 1984). The significance of the dispersion parame-

terization in terms of the glacier drainage system is discussed in the following chapter.
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Table 5.1
Dispersion Parameters: 1983 Variegated Glacier Water Conduits’

Without Retardation

Dye Peak Volu:rsne Transit Time ¢,y U D e
(m*) (br) (hr) (m/s) (m®/s) (m)
x 10

Surge?: (June 9-26)

dissolved major 2 53 10 0.042 10 240

adsorbed major 8 92 50 0.026 40 1,300

minor 1 107 20 0.026 4 150
total major 10 100 40 0.024 30 1,100

Post-Surge® (July, 16-18)

water first 10 4 02 07 1 6
sediment second i 4 0.2 0.7 1 6
total first 10 4 0.2 0.7 1 6
” second 0.1 28 0.10 4 40
Notes:

1. The amount of Rhodamine WT initally injected in each experiment is 0.022 m?®.

The slope of the glacier, dh/dx, is 0.1 m/m.

2. For the surge experiment on June 9-26, the mean discharge Q is 15 m®/s, longitu-
dinal distance X traveled to outlet TCC and VR is 8 km. Dye emanated from many
outlet streams.

3. For the post-surge experiment on July 16-19, the stream discharge @ is 30-40 m®
/s ; longitudinal distance traveled to LS X is 10 km. The sampling interval was 40
min. Dye emanated from only one outlet stream.
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(a) DIFFUSIVE DISPERSION

Clt)
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(b) STORAGE-RETARDATION

Ctt)
A

Figure 5.1 Schematic representation of two idealized types of dye-return curves C(t)
resulting from slug injection of dye at t=0. (a) Diffusive dispersion curve;
(b) Storage-retardation curve.
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Figure 5.2 Diffusive dye-dispersion curves for parameter values roughly appropriate
to the results of tracing experiments 1 and 3. (a) shows curves appropri-
ate to experiment 1, based on V, = 0.02 m?, U = 0.034 m/s, z = 8.1
km, and Q, = 15 m®/s. The curves are calculated from Eqns. (5.5) and
(5.10) for the various values of D indicated. (b) shows curves roughly
appropriate to experiment 3, and is based on the parameters V, = 0.022
m? U = 0.7 m/s, z = 10.5 km, and Q,, = 15 m*/s.
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(a) Dissolved Rhodamine WT tracer and diffusive-type dispersion curves
versus time during glacier surge (in experiment 1) for D ——10 m2/s velo-
city U=0.042 m/s and total tracer volume = 0.001 m® (b) Adsorbed
Rhodamine WT tracer and diffusive-type dispersion curves versus time in
experlment 1 for D=5 m?/s; velocity U==0.010 m/s, tracer volume =

0.005 m3
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Figure 5.6 Diffusive-dispersion curve for tracer concentration versus tlme following
the July 16 tracer injection in experiment 3, for D = 58 m /sec velocity
U = 0.65 m/sec, total tracer volume = 0.004 m®. Note the poor fit of
the theoretical curve to the data for post-surge experiment.
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Figure 5.7 Storage-retardation curve and total tracer concentration versus time for
experiment 3, following the glacier surge on July 16-17, 1983. The long
dashed line is the best fit curve from Eqn. (5.26), and slope
b =2x10%", C .. = 43 ppb, and a = 0.6 s7!, for stream discharge
of 39 m®/s and injected tracer volume of 0.022 m®.
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Figure 5.8 Diffusive dispersion curve and storage-retardation curve for D =1 m?/sec,
velocity U = 0.7 m/sec, total tracer volume = 0.017 m® In this plot
curves for diffusive dispersion and storage retardation are added together
and plotted along with the hypothetical Gaussian curve. The data
points are for experiment 3 (conducted after the glacier surge).
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Chapter VI:
Interpretation of Dye Tracing Results

6.1. Introduction

In this chapter are examined the possible mechanisms that could cause the
observed dispersion of dye tracer during transport through Variegated Glacier.
Because of the great difference in dye-transport and dispersion characteristics
observed during the surge and after surge termination, it is necessary to consider a
variety of different types of flow systems. The goal of this chapter is to infer from
the observed dye return curves the nature of the water-conduit system in and at the

bed of the glacier.

Dispersion represents variation in the time when different parcels of dye from
the original pulse of injected dye arrive at the outflow. The arrival time is deter-
mined by the length of the path traveled from the injection point to the outflow, the
average transport speed along this path, and the possible effects of a phenomenon of
“storage” of dye along the path, followed by subsequent release from storage. The
distribution of transport speeds, paths traversed, and storage effects for the different
dye parcels retrieved in the outflow stream causes a corresponding distribution of dye

concentration with time.

Dispersion may occur due to mixing, transport, and storage processes within a
single channel or multichannel network. The size of channels may vary from micro-
scopic in size to several meters in diameter. Cavities may exist along the length of
the channel network. As a dye cloud is being advected to the glacier terminus by

water flow, many different proceses could affect the spreading of the dye. A wide
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variety of analytical and numerical models have been invoked to simulate experimen-
tal concentration-time curves obtained from tracer experiments on fluids flowing in
surface streams (for example Fischer, 1968), pipes (Taylor,1954), through granular
media (Bear, 1972; Ogata, 1964), and through underground fractures or micro- to
macroscopic channel networks (Scheidegger, 1961). In this chapter, general observa-
tions and concepts of tracer transport, dispersion, and storage in a variety of natural
and model flow systems are discussed and compared with the results from the
Variegated Glacier dye tracing studies. The objective is to understand how water is
transported through the glacier during surge and non-surge conditions. It is thought
that the basal-sliding instability that is manifested in fast-moving glaciers is directly
linked to the character of the glacier water drainage network and water storage pat-
tern (Meier et al., 1969; Iken et al., 1983). The implications of the results of the dye-

tracer experiments for the mechanics of the surge are discussed in Section 6.5 .

6.2. Mechanisms of Diffusive Dispersion of Dye

6.2.1. General Features

For the interpretation of observed dye return in the tracer experiments carried
out on Variegated Glacier, we consider here the features of tracer dispersion that are
expected for water flow in three distinct, general types of water drainage systems:

single-conduit, multiple-interconnecting-conduit, and linked-cavity systems.

The mathematical modeling of tracer dispersion mechanisms leading to general-
ized diffusion (Eqn. 5.3) is normally based on the “diffusive” or “Fickian” approxima-

tion of natural systems (Bear, 1969; Gillham, Sudicky, Cherry and Frind, 1984; Gupta
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and Bhattacharya, 1986, p. 161). For each dye-dispersion mechanism that produces
diffusive dispersion, i.e., conforms to Eqn. (5.3), a theoretical dispersion coefficient, D ,

can be derived.

It is generally found, as detailed later, that D as obtained theoretically from
models giving diffusive dispersion is proportional to the mean water flow velocity U
along the length of the conduit system. For this reason, it is standard practice to

introduce a proportionality constant o and to write
D=aU . (6.1)
The proportionality constant « is called the dispersivity and is expressed in meters.

It is further found, in the analysis of tracer dispersion in model conduit systems,
that o generally turns out to be proportional, or approximately proportional, to a
characteristic length scale of the conduit system, which is here designated as L. To

express this proportionality a second constant, 3, is introduced:
a=pfL . (6.2)

Equation (6.2) is meaningful and useful when # is scale-independent, as turns out
often to be the case, both in the results of theoretical flow models and in empirical

data from laboratory experiments.

A compilation plot of D versus U for single and multi-conduit systems is shown
in Fig. 6.1. There is a general trend of increasing D with increasing U. The large
variance around this trend indicates the that value of « varies significantly within

each type of drainage system and between different types of systems.

The objective in examining natural and model flow systems is to obtain relation-

ships between system parameters and the quantities U, D, @, and f§, so that the
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results of the tracer experiments, which can be cast in terms of these quantities, can

be interpreted on the basis of an applicable model.
6.2.2. Single Conduits

68.2.2.1. Water flow in conduits

The mean velocity, U, for turbulent flow of water in an open channel or con-
duit is given by Manning’s formula:

1/2

U =

By P [ dh ) (6.3)

¥ dx

n

(Manning, 1891, cited by Gardiner and Dackombe, 1983). Ry is the hydraulic radius
(see below), n* is an empirical constant called the Manning roughness, and dh /dz is
the gradient of hydraulic head along the length of the conduit. The exponent of Ry
in the above equation, 2/3, is an average of a range (0.65 to 0.84) obtained for various
channel shapes and roughnesses (Richards, 1982, p. 63).

The hydraulic radius Ry is the channel cross-section area A divided by the wet-

ted perimeter P. For a conduit of circular cross section
Rp===—=>+ (6.4)

where B is the radius of the conduit.

¥ Turbulent flow conditions are normally achieved for Reynolds numbers greater than 2,200, where
the Reynolds number is defined as Re = p,, URy /1, p being the viscosity and p,, the density
of the fluid.



Empirically }determined values of n* for natural streams range between about
0.01 and 0.1 m™/3s (Gardiner and Dackombe, 1983, pp. 134-45). For ice tunnels in
glaciers n ™ is 0.05 to 0.15 m1/3s (Nye, 1976; Rothlisberger, 1972, p. 181; Lliboutry,
1964; Clark, Mathews and Pack, 1984, p. 252). Low values of n* apply if the conduit
is smooth-walled and straight or moderately meandering. High values (greater than
0.1 m;1/3s ) apply to very rough, tortuous conduits. Such conduits may contain
numerous obstructions and have cross-sectional shape and size that vary longitudi-
nally, so that a hydraulic radius Ry cannot really be defined except in some average

sense.

In standard engineering practice (Gardiner and Dackombe, 1983), the value of
Manning roughness, n*, is estimated as the summation of the effects of different
roughness components. The components primarily affecting the stream flow include
the type of bed material, the degree of surface irregularity, the longitudinal variation
of channel cross section, and any obstructions (debris, roots or other vegetation, etc.).
n* varies in accordance with the degree of channel meandering by the relation
n* = ny w, where w is the coeflicient for meandering and the Manning roughness for
a straight conduit is 7y w ranges from 1 for low sinuosity to 1.3 for high sinuosity

(Gardiner and Dackombe, 1983, p. 141).

An alternative relationship used for calculation of mean flow velocity in a single

conduit is the Darcy-Weisbach formula:

8¢g R
U—=q /20 dh (6.5)
f* dzr

where f* is the Darcy-Weisbach friction coefficient and g is the gravitational

acceleration (9.8 m?/s) (Richards, 1982, p. 63-4). Unlike the empirical Manning
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formula, the Darcy-Weisbach formula has a theoretical as well as an empirical basis.
It is derived by assuming a condition of uniform turbulent flow. For this type of flow
no net acceleration occurs. The gain in momentum must be balanced by the loss, and
the local energy loss due to boundary resistance must be balanced by the renewal of

kinetic energy. A shear stress at the conduit wall is produced by:

dh
T(+) = Puw 9 RH 71'; (66&)

where p,, is the fluid density. The resisting frictional and turbulent stresses produce
an average mean shear stress at the conduit wall, 7* that is related to a friction
coefficient f ¥, mean velocity of the fluid U, and the fluid density p, , according to

the relationship
™ =1/8f%p, U* (6.6b)

(Leopold et al., 1960, 1966). The condition of uniform flow requires that the driving
and resisting stresses be equal, r(+)=7'*, and results in the Darcy-Weisbach formula,
Equation (6.5).

The Darcy-Weisbach formula is considered a semi-empirical formula because the
value of f * must be determined empirically. To check the validity of using f *asa
constant for glacier water conduits, the coefficient is compared to information on
other the friction parameters that are commonly used in published literature. Fric-
tion parameters of importance include the the conduit-wall friction stress 7¥ as dis-
cussed by Taylor (1954), friction velocity U™ as given by Taylor (1954) and Fischer
(1968), and the Manning roughness n * introduced previously. These friction parame-

ters are related to f * as follows:

2

(1/8)1 " = (1";;)12/39 -] - (67)




- 164 -

The Manning roughness and the Darcy-Weisbach friction parameter cannot both be

independent of channel size, as indicated by Equation (6.7).

The friction coefficient f * is determined by the “skin” (grain) resistance, resis-
tance of bedforms, internal distortion resistance caused by channel bends, and spill
resistance (Richards, 1982, p. 64). The lowest resistance occurs for a straight, smooth
channel. The resistance in a straight channel is normally attributed to a grain effect
at the conduit walls. The experimental values of f * (where Ry = 1m) range from
0.016 a for smooth conduit surfaced with concrete to 0.05 for a rough conduit sur-
faced with gravel (Bagnold, 1960, p. 142; Richards, 1982, p. 65 ). The highest flow
resistance occurs during spillage of water over the banks and for tumbling streams
and streams containing numerous obstructions and localized hydraulic jumps. The
value of f * for a braided channel is several times larger (on average) than f * for a
single channel of the same discharge (Leopold and Wolman, 1957). Most methods
available for field estimation of flow resistance are expressed in terms of Manning’s
roughness (Gardiner and Dackombe, 1983, p. 137), and observations suggest [ *

increases with conduit size (Fischer, 1968).

The Darcy-Weisbach formula was derived for straight channels, and a slightly
different form is necessary for the balance of forces in a curving channel. The balance
of forces in a channel may be generalized if it can be assumed that channel meanders
tend to develop similar curvature patterns. It is observed that a stream flowing in a
deformable channel tends to develop naturally a meander pattern which can be
described by a constant ratio between channel curvature, r,, and channel hydraulic
depth Ry. The resistance coeflicient for meandering channels is larger than for a

similar straight channel by the relationship
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By
f*=8am

+ (") (6.8a)

c

where Ry is the mean hydraulic radius, and r, is the mean radius of curvature for
the meander bends. r,, e, and (f *), are constants (Bagnold, 1969). In open sinu-
ous channels the value given for a,, is 0.05 (Leopold and others, 1960, cited by Bag-
nold, 1969, p. 142). The curvature ratio, r, /Ry, is observed to have values between
2 and 3 for natural stream channels with nearly constant cross-section (Leopold et al.,
1960). The curvature ratio observed by Ferguson (1973) for supraglacial streams also
had a characterisic value of 2 to 3. Because the curvature ratio tends to a constant

value (r, /Ry = 2.5) the friction coeflicient for naturally meandering streams is

fP=016 + ("), (6.8b)
(Bagnold, 1960).

In general, turbulent flow in natural and man-made conduits is better described
by the empirical Manning formula than the semi-empirical Darcy-Weisbach formula.
For glacier conduits it is not known which flow formula is more appropriate, and both
are cited in the published literature on glacier water conduits. The empirical Man-
nings roughness coefficient n* has more widespread usage than the Darcy-Weisbach
friction factor f *. The parameter n* is generally considered a better scale-
independent indicator of channel roughness than f * (Richards, 1983), but it is not
known whether either parameter can be considered a constant for conduits within a

glacier.
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6.2.2.2. Tracer dispersion in a turbulent flow

The theory of dispersion of a solute in a turbulent fluid traveling through a sin-
gle conduit is discussed by Taylor (1954), Elder (1959), and Fischer (1968) for applica-
tion to flows moving through man-made pipes and natural streams. For natural
streams and pipes, observations strongly suggest that o is independent of mean flow
velocity as is assumed in writing Equation (6.1) and as theoretically expected (Taylor,
1954; Fischer, 1968). In the case of glacier water conduits, studies of turbulent
dispersion of a solute have been carried out by Ambach and Jochum (1972) and

Behrens et al. (1975).

The longitudinal dispersion of a solute in a turbulent fluid moving through a sin-
gle conduit is attributed to the effects of eddy-diffusion acting in a direction
transverse to the mean flow (Taylor, 1954; Fischer, 1968). The theoretical coefficient
D for longitudinal dispersion of a solute carried by a turbulent fluid is determined by
considering tracer mass conservation during advection as described by Taylor (1954)
for flow in a pipe, and Fischer (1968) for flow in natural surface streams. The

theoretical dispersion coeflicient for flow in a single conduit is given by
D =TRy U (6.11)

where Ry is the hydraulic radius and U™ is the friction velocity (see Section 6.2.2.1)
(Taylor, 1954; Elder, 1959; Fischer, 1968). The coefficient I', according to the theory,
is independent of the length scale and mean flow velocity. The value of I' is deter-

mined by the normalized cross-sectional flow velocity and depth profiles.

The velocity of a turbulent fluid moving past a fixed boundary surface varies as
the logarithm of distance from the surface (Hinze, 1959; Taylor, 1954). Both theory

and observations are in agreement on the logarithmic variation of flow speed with
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distance from the interface. The steady-state logaritlimic velocity profile is used to
quantify solute and heat transport in a direction transverse to the mean flow by

means of eddy-diffusion (Hinze, 1959).

The theoretical value of T' for circular straight pipes is 20.2 (Taylor, 1954, p.
463) and is derived from an empirically determined logarithmic velocity profile as
described by Taylor (1954). The theoretical I' for straight pipes is in close agreement
with the observed range of 19 to 26 (Taylor, 1954). As expected by Taylor’s theory
of dispersion, observed I' values for pipes do not vary with channel roughness f ¥ or
distance traveled X (Table 6.1). Curving pipes (Taylor, 1954) give slightly larger
values, I' = 30 to 44 for curvature ratio r, /Ry = 570, also included on Tbl. 6.1.
The dispersion coefficients for curved pipes appear to increase with channel curvature
much more rapidly than can be explained by simply an increase in the flow resistance

with channel curvature (Taylor, 1954, p. 463).

If the channel containing the flow is not circular, then a formula for I different
from that obtained by Taylor (1954) is derived (Fischer, 1968; Elder, 1959; Yotsukura
and Cobb, 1972). Fischer (1968) models a turbulent stream as a series of well-mixed
parallel tubes that can on average exchange only tracer horizontally, transverse to the
mean flow direction. In the case of a wide shallow stream, Fischer (1968) assumes
that the depth of a stream channel varies only in the transverse y direction, and no
transport is allowed across the sloping lower boundary at the stream bed. The
theoretical value of T' is 5.93 (Elder, 1959) or 5.50 (Fischer, 1968) for an infinitely wide
(i.e., two-dimensional) open channel. An “open channel” is defined as a stream con-
duit that is not completely enclosed by channel walls, and the fluid is at atmospheric

pressure. In contrast, a ‘“‘closed channel” refers to a stream flow that is completely
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enclosed by conduit walls, and the fluid may be at a pressure above atmospheric.
Three example sketches of simple open and closed conduits are given as item I. on

Figure 6.2 .

Fischer (1968) determined an empirical I' for the Green River, Washington, from
the observed dye-return curves, and also a theoretical I' determined from simultane-
ously measured cross-sectional depth and velocity profiles. The Green River is a
slowly meandering natural stream, with average flow velocity 0.3 m/s , n* value
0.068 m‘1/3s, and « value of 10 to 30 m (Fisher, 1968). A theoretical, and empirically
verified, value of I on the order of 100 is obtained by Fischer for the Green River, as

given in Table 6.2.

Similarly, an average I' of 100 is observed for other natural surface and under-
ground rivers (Table 6.2). This includes the result at One Eye River, Jamaica (Smart
and Smith, 1976). The Green and One Eye Rivers have nearly identical mean flow
velocities and dispersion coeflicients. At One Eye River (Tbl. 6.2) Smart (1976) con-
ducted six tracing experiments over distances of one to six kilometers. They showed
flow velocities U of 0.25 m/s, dispersion coefficients D of 2.3 to 2.5 m?/s, and disper-
sivities o of 9.2 to 10 m. For an underground stretch of the same stream, through
karst terrain, tracing studies (Smart and Smith, 1976) gave an average flow velocity
of 0.043 m/s and a dispersivity of 9 m (Table 6.2). The Reynolds number of the flow
is well within the regime of turbulent flow for both the underground (Re = 40,000)
and surface (Re = 240,000 ) portions of the One Eye River. The dispersivity values
for the underground and nearby surface stretches of the same river are almost identi-
cal. These streams traveled over similar terrain, with a low surface gradient, and

both had the same hydraulic radius within a factor of two. Consequently, 1t is not
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surprising that their dispersivities are almost identical. The I' coeflicients for tur-
bulent flow in a variety of other natural surface rivers range from 30 to 800 (cited by

Fischer, 1968, p. A1).

The agreement between theory and observation is much better for dispersion in
pipes than for dispersion in open natural streams. The large range of T' coefficients
(20-800) observed for streams of variable cross-sectional shape may be, in part, due to
error in measurement or estimation of the velocity and depth profiles. If U*, f ¥,
and/or Ry are underestimated, and U perhaps overestimated, then an erroneously

high value of I'" will result. In this study only the average value of 100 for natural

streams is considered reliable.

In light of the various unknowns involved in determining the proper form of the
dispersion parameterization in terms of I' and U*, the combined friction effects for an
arbitrary channel are expressed here in terms of the scale- and velocity- independent

“constant” B, introduced in (6.2). It is related to T by

B=T (6.12)

U

where Ry = L as justified by Taylor (1954) and Fischer (1968). The longitudinal

dispersion coefficient is given as
D =B8Ry U (6.13)
which is equivalent to Eqn. (6.1), and the longitudinal dispersivity is
o =B Ry . (6.14)

These formulas for dispersivity o« and dispersion coefficient D should allow con-

venient parameterization of channel dispersion effects for solute tracing experiments
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in single conduits.

If a constant friction factor f* is assumed, as suggested by Spring and

Hutter(1982), the longitudinal dispersivity is
a=T(V1/8 f*) Ry (6.15)

where Ry equals half the radius of a conduit of circular cross-section (Taylor, 1954).

Consequently, the Darcy-Weisbach friction coefficient is theoretically determined
by the dispersivity and mean conduit size. The value of f *, constrained by disper-
sion theory of Taylor (1954) and Fischer (1968), is calculated from stream discharge
and standard dye-tracing experimental results (Tables 6.4a and 6.4b, column nine).
The f * and Ry measured during the dye tracing experiments, are used to compute
the corresponding value of n* for each channel (Tables 6.5, 6.1 and 6.2). The n”
obtained from o is compared in the following section (i.e., in Table 6.5) to an
independently calculated value of n* obtained using only the Manning formula and

mean values of stream discharge and hydraulic gradient.

In summary, the result of theoretical models of tracer dispersion in pipes and
open channels (Taylor, 1954; Fischer, 1968) is that a should be proportional to the
hydraulic radius of the conduit. This is expressed in Equation (6.2) in which, for con-
duits, the scale length L is identified with Ry . The experimental data in Tables 6.1
and 6.2 confirm in a general way this theoretical expectation. The constant of pro-
portionality, =T \/(78-57_* in Equation (6.2), is governed by the cross-sectional
velocity profile and the channel shape. For a pipe of radius B, I' = 20 (Taylor,
1954), and Ry = R /2. An open channel that is infinitely wide (depth d) has a

theoretical value of T of 5.9 (Elder, 1959), and Ry = d.
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6.2.3. Multiple Interconnecting Conduits and Cavities

In multiple-conduit systems, the tracer can follow several or many different
paths in passing from the injection point to the place where tracer return is sampled.
A braided stream is such a system, or an undergound karst network of water-
conducting passageways fed from a common surface source and discharging down-
stream to the surface through a common outlet. On a smaller scale, flow through a
porous medium, in which there are numerous flow paths through the interconnected

pore space, is of the same basic type.

The tracer return in a multiple-conduit system represents the combined time
history of tracer outflow from all channels. It is generally thought that the dispersion
behavior of a tracer moving through this type of conduit system is primarily due to a
distribution of different travel times for flow along different conduits. The local
transport speed through each conduit section of the drainage system is controlled by

local heterogeneities in conduit roughness, size, tortuosity, and hydraulic gradient.

An important element of a multiple-conduit system is its internal connectivity,
the extent of branching and union among the conduits of the system. A porous
medium is interconnected on a very local scale, the grain scale, whereas a karst sys-

tem may have only a few, if any, interconnections among its conduits.

Theoretical models of dispersion in granular porous media (Scheidegger, 1954,
Jong, 1958; Saffman, 1959; Ogata, 1964) indicate that the length scale of interconnec-
tivity, the distance between conduit connection points, is the basic length scale per-
tinent to tracer dispersion and appears as the length scale L in Equation (6.2); Equa-
tions (6.1) and (6.2) are applicable to porous media with the length scale being the

grain size. The different theoretical models give somewhat different values for the
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scale-independent length proportionality factor 8 in Equation (6.2), in the range 0.1 -
0.8, and they also suggest that there may be a weak (logarithmic) dependence of 8 on
the ratio of travel length X to scale length L, although the form of this dependence
is not agreed upon in the different model treatments. For the present purpose, the
latter details are not important; what is important is the identification of L in Equa-
tion (6.2) with the interconnection scale of the flow paths. These concepts, embodied
in Equation (6.2), are verified to a reasonable approximation in laboratory tests on
granular porous media of different grain sizes and at a variety of flow-through rates,
as shown by Jong [1958, as cited by Ogata (1964, p. G2)]. For porous media of sand-
sized grains, the dispersivity a is ~ 10m or less, much smaller than the dispersivi-
ties observed in pipes, and natural streams, discussed in Section 6.2.3; this is as
expected from Equation (6.2), with L identified as the grain size in porous media and

as the hydraulic radius Ry in single conduits.

A model of dispersion in a multiple-conduit system without internal interconnec-
tions (Neretnieks et al., 1982) gives a result of the same type as Equation (6.2), where
now the scale length L is the total travel distance X, which here is the interconnec-
tion length (since the flow paths must connect at the injection point and sampling
point in order that all paths contribute to the tracer return). The model assumes a
statistical distribution of conduit characteristics, such that there is a statistical distri-
bution of travel times for dye parcels traversing the various separate conduits. The

distribution is characterized by a mean travel time ¢ and a variance in travel time

0,% The dimensionless factor 8 in Equation (6.2) is %(a, /T)?, half the travel-time

variance in units of the mean travel time.
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This result for A is readily obtained as follows from the dispersion theory of Sec-
tion 5.2. The frequency distribution of travel times, when multiplied by the total
tracer volume V and divided by the water flux @, , is the dye-return curve C(¢).
Its standard deviation, o, is related to the standard deviation o, of the spatial dis-
tribution of the dye cloud 5(x) by o, =~ Uo,, which expresses the advection of the
cloud at speed U. (The approximation in the equality arises because the spatial
dispersion changes as the cloud moves, as discussed in Section 5.2. ) The dispersion
o, at the time ¢ of peak tracer return is related to the dispersion coefficient D by
0,2 = 2Dt, as shown in Section 5.2. If the relations just stated are combined with
Equation (6.1) and with X =U? and solved for a, one obtains

a.—_—.—;—{”‘ )2)( : (6.17)

T
It will now be shown that a relation similar to Equation (6.17) holds for an inter-
connected multiple-conduit system with arbitrary interconnection length scale
L < X. The demonstration is based on a stochastic view of the interconnected sys-
tem. Any parcel of dye traverses a succession of conduit segments from one intercon-
nection or branching point to the next. Its total travel time ¢ is the sum of its travel

times ; over the separate segment intervals (labelled by the interval index ¢ ):
t =Y t (6.18)

N being the total number of segment intervals traversed. The stochastic view is that
different dye parcels traverse different paths over each segment interval i, so that
there is a statistical distribution of travel times f; for each interval 7, just as was

assumed in the non-interconnecting multiple-conduit model discussed above. For



-174 -

simplicity the intervals are taken to be all of the same length L;, and to have the
same statistical distribution of segment travel times, with mean ¢; and variance o2
(independent of ¢). It is also assumed that the variates ; are mutually independent
in the stochastic view of the sytem. As stated above, the dye-return curve is propor-
tional to the statistical frequency distribution of travel times ¢{. Application of the
Central-Limit Theorem of statistics (Burlington and May, 1970, p. 195) to the variate
t in Equation (6.18) shows that, in the limit of large N, ¢ will be normally distri-
buted with mean ¢ = N #; and variance 0,2 = N o;% This indicates that the
dye-return curve will be Gaussian, with mean and variance just stated. Thus

0,2/1% = 0;%/Nt; %, and since the number of segments N is N = X /L;, one obtains,

upon substituting into Equation (6.17),
1 (01 ?
2 [ { ] ! (6:19)

Equation (6.19) has the same form as Equation (6.2). It follows that for tracer disper-
sion in an interconnected multiple-conduit system, the scale length L in Equation

(6.2) is the interconnection distance Ly, and the coefficient 8 is half the dimensionless

interval-travel-time variance in units of the mean interval travel time, —;—(01 /)%

Models of dispersion in granular porous media, discussed above, are a special
case in which the summation in Equation (6.18) has been carried out stochastically
for the type of flow-path interconnectivity present in intergranular pore space, with
laminar viscous flow in this space. They lead, as already stated, to the result in
Equation (6.2), with L equal to the grain size, which is equal (or approximately equal)
to the average interconnection distance in such a system. Although the models have

not given a specific evaluation of a; /%; for the flow-path segments in the system, it
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seems reasonable Intultively that this travel-time dispersion quantity could have a
value ~ 0.4 - 1.3, corresponding via Equation (6.19) to the values of # (0.1-0.8)
obtained in the models, as noted above. This means simply that the local dispersion

in interval travel times is of the order of the travel times themselves.

In considering the applicability of Equation (6.19) to a natural flow system such
as the basal water system of Variegated Glacier in surge, as will be done later (Sec-
tion 6.4), one has to consider what values of the ratio o, /& are physically reasonable
or possible. For granular porous media the estimate o; ~ ; is reasonable, as just
discussed. It might seem that for multiple-conduit systems in general, the estimate
o7/t ~ 1 is an upper limit, since frequency-distribution functions of rather broad
dispersion, such as a uniform distribution from ¢{; = 0 to a maximum value of ¢,
conform to this estimate. If this were the case, then the maximum expectable value
of @ would be @« ~ L; . However, it is in fact possible to obtain much larger values
on a physically reasonable basis. This arises because of the likelihood that the inter-
val travel times ¢; are log-normally distributed. It is readily shown that if the #; are
log-normally distributed (Aitchison and Brown, 1957, p. 22), with log-normal variance
v; %, then

f_-’-] —ev 1 (6.20)
¢
Since v;% can assume reasonably large values, as explained below, the quantity
(07 /1 )% can be large, according to Equation (6.20); thus, 8 in Equation (6.2) can be

large.

The likelihood that the interval travel times f; are log-normally distributed

stems from the general tendency for the various factors that determine ¢; to be
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themselves log-normally distributed. This was recognized by Neretnieks (1982, 1983)
in the model earlier discussed, in which water flow occurs in crack-like passageways
whose widths are log-normally distributed in accordance with observations of fissure
widths in natural rocks (Snow, 1970). The tendency for dimensional entities that
occur in geologic systems, such as grain size in sedimentary rocks (Krumbein and
Sloss, 1963, p. 96), to be log-normally distributed is rather widely recognized
(Aitchison and Brown, 1957, pp. 24-7). It will be assumed here to apply to the fac-
tors that control the water flow in the segments of an interconnected multiple-conduit

system.

The system is visualized or idealized as consisting of segments of length L; (the
index 7 again designating the segment interval), each containing a conduit whose
cross section has hydraulic radius r; and whose length is /;. Each segment may con-
tain one or more relatively large cavities, of dimensions large compared to r;; when
cavities are present along the flow path, [; < L;. These cavities are inferred to have
been formed by a process of cavitation at the base of the glacier, and their present
inclusion in the system provides the introduction of the linked —cavity model of the
basal water system of the glacier, which is discussed later (Section 6.4). The flux of
water g; carried by any segment is controlled by the flow through the conduit part of
the segment rather than by the cavities, because of the conduit’s small lateral dimen-

sions and large longitudinal dimension.

If the average gradient in hydraulic head over the segment (of length L; )is ~;,
the hydraulic-head gradient in the conduit part of the segment will be ~;L; /l;,
because negligible drop in head is taken across the large cavities. According to the

Manning equation (Eqn. 6.3), the flux ¢; will therefore be
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4 mr; 83 L;
& = — [’75 )

— (6.21)

where n " is the Manning roughness of the conduit. (This assumes that the conduit
cross-sectional area is 47r;% as for a circular conduit.) The volume of water in the

segment is represented by
v = &;® + 4% = 4,0 (6.22)

where d; is the equivalent “cubic” dimension of the cavity in the segment, which is
assumed large compared to the conduit, so that the conduit volume can be neglected
as indicated on the right in Equation (6.22). (The reasons behind this and the previ-
ous assumptions will appear later in the discussion of the linked-cavity model, Section
6.4.) The transit time #; of a tracer parcel moving through the segment, is v; /¢;;

hence, from Equations (6.21) and (6.22)

; d,' 3 n *, li 1/2
T A a B R (6.23)

Equation (6.23) provides the means of evaluating the quantity (o7 /%) on the
basis of the assumed log-normal distributions of the various factors on the right-hand

side. From Equation (6.23),
8 « 1 1 1
lnt,;:3lnd3~——3—lnri+lnni—-—2—111’7,-+—2-lnl,¢—-§-lnLi—ln47r(6.24)

so that In ¢; is a linear combination of the normally distributed variates on the right
in Equation (6.24). Therefore, as is well known (Aitchison and Brown, 1957), if the
variates on the right in Equation (6.24) are distributed independently, then In ¢; is

normally distributed with variance



- 178 -

2 2 2 2

v =13%y,% + [—g—] V,2+Vn:2+ [—;—-) 1/72+ {—;—-] v+ [-%—] vy % (6.25)

In Equation (6.25), the quantities v42 v, %, etc. are the log-normal variances for the
six variates d, r, etc., that is, the quantities v,, 2 that appear in the probability den-
sity functions f (In ¥,,) for the logarithms of these variates, the variates being sym-
bolically designated ¥,, (m =1, 2,..., 6):

_(!n ‘I’m — Uy )2

[ ¥,)=—e e

2mv,,

To get an idea as to what sort of value of (o;/%;) is reasonable or possible on
the basis of Equation (6.25), it might be assumed that all of the variates ¥,, have the

same log-normal variances v, 2. In that case, from Equation (6.25)
v?=179)v,?% . (6.26)

If the ratio o, /¥,, for each variate ¥,, is ~ 1, as might be expected from the ear-
lier discussion, then from Equation (6.20), v, 2~ In2, and from Equation (6.26),
v;? 2~ 12.4, so that, from Equation (6.20) , [(o;/%;)* ~ 10°], an extremely large

2 contri-

number. For comparison, if the only variate is the conduit size, then only v,
butes to v;2, and from Equation (6.25) [(o; /% )* ~ 107). It is therefore possible, with
a relatively modest log-normal scatter of the various variates that control ¢;, to
obtain a very large value of (o7 /% )2 and hence of the dispersivity « as given by
Equation (6.19). There is, of course, no reason to believe that all of the v,, % values
will be the same, and separate discussions are appropriate for each of the variates in

Equation (6.24), particularly for ~;, n;", and L;. However, the preceding discussion

shows that it is so readily possible to obtain a large value of (o; /%)% on the basis of
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Equation (6.25) that the uncertainties of detail in the v2 values do not stand in the
way of the basic conclusion that it is possible to obtain rather large values of 3, or of
dispersivity «, with an internally interconnected, multi-conduit model of the type
considered. This contrasts greatly with the situation for single-conduit systems, whose
o values are limited by # ~ 1 and by the length scales L = Ry ~ a few meters,

and for porous media, for which again f ~ 1 and L ~ 10%m (for sand-sized grains).

6.2.4. Linked-Cavity Systems

Distinct from and additional to the tracer dispersion effects in linked-cavity sys-
tems considered in the last section, a special feature of linked-cavity dispersion arises
in models considered by Bear (1972). If the dye mixes rapidly in the cavities, as it
might if the inflow enters in the form of a turbulent water jet at high speed, then
even in a single-conduit linked-cavity system (a single chain of cavities linked by con-
duits) there will be a significant contribution to tracer dispersion due to the mixing in
the cavities, in addition to any single-conduit-type dispersion associated with the con-
necting conduit segments. The dispersion due to the cavities alone conforms to the
relationships in Equations (6.1) and (6.2) and, for the simple model of a chain of large
equal cavities at longitudinal spacing L, linked by small connecting orifices, the

tracer dispersion can be expressed in terms of dispersivity o by the simple relation
1

which means that @ = 1/2 in Equation (6.2), with length scale L = L., the cavity

spacing. These results are demonstrated mathematically by Bear (1969).
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8.2.5. Composite Drainage Systems

A portion of the variance in f# coeflicients for natural porous media may be due
to the effect of a composite drainage system made up of zones of different hydraulic
conductivity or types of drainage conduits. The dispersion of a composite system
may be controlled by the section of the water travel path where o is greatest and U
is lowest. In such a case, mean flow velocity and tracer dispersion behavior for the
total distance traveled X cannot be directly interpreted in terms of system parame-

ters as described in preceding sections.

For example, assume that the observed dispersion behavior for the total distance
traveled was controlled by a narrow zone of flow consisting of granular porous
material. Over most of the travel path it is also assumed water travels freely in large
open channels. Suppose the narrow zone of granular material that the water must
traverse is X' = 100m long, along the flow path, and suppose the mean grain size of
the granular material is about 0.01 m, and the water percolates through this at a
velocity of 0.001 m/s. The dispersivity o/ corresponding to the slow zone is there-
fore on the order of 0.01 m, and dispersion coefficient D’ is on the order of 107°

m?/s. By Equations (5.11), (6.1) and (6.17), the dispersivity is
2

%)

If the standard deviation of the dye-return curve is measured at the outflow at dis-

|

tance X, and the mean travel time is determined by the narrow zone (ie., t = t' ),
then the ratio between apparent dispersivity « at X = 10 km and actual dispersivity

o' of the slow zone of is given by

(e
Ol,

XI
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o -
This involves the assumption that —Z‘t— and ¢t are determined only by the flow

through the porous medium, as stated above. Thus, for a total travel distance of
X = 10 km, the apparent dispersivity « at the terminus outflow is 100 m, and the
flow velocity U averaged over the entire distance traveled is 0.1 m/s. If the average
dye-return curve obtained at the terminus outflow is modeled in terms of a homo-
geneous, instead of composite, drainage system then obviously the resulting model

interpretation will be incorrect.

For any underground water-flow path, the possibility of a composite drainage
system should be investigated. If a flow obstruction occurs at a particular location,
then the water table should be markedly higher upstream from the the obstruction
than downstream from the obstruction. The borehole water level should be nearest
the upper surface at the location of the flow obstruction. If the borehole water levels
are everywhere parallel to the upper surface then probably a narrow zone of flow
obstruction does not exist. Under such circumstances the subsurface water flow pat-

tern should not be modeled as a composite drainage system of the type just discussed.

6.2.6. Summary and Discussion

A roughly linear relationship between dispersion coefficient, D, and mean flow
velocity, U, is suggested by the experimental dye-tracing results shown in Fig. 6.1.
Thus, the observed dispersivity conforms adequately to the relation D = o U that is
expected on the basis of several different conduit-system models. Average values of

dispersivity « for different types conduit system are given in Tables 6.1, 6.2 and 6.6.
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The value of o is different for different single- or multi-conduit flow systems.
This difference is in accord with theoretical expectations, based on dispersion models
described. Laboratory studies on dispersion in fluids moving through man-made pipes
(Table 6.1 from Taylor [1954] ) and granular porous media (De Josselin de Jong, 1958)
indicate o values that are 10 to 100,000 times lower than for natural drainage sys-
tems (Fischer, 1968; Anderson, 1979) measured in the field. The average dispersivity
for rivers (Table 6.2) is much greater than the dispersivities for man-made pipes
(Table 6.1). This is explained using the theory of eddy diffusion described by Taylor
(1954) and Fischer (1968), and is attibutable to by major differences in conduit size,
shape, roughness and tortuosity between the average man-made pipe and natural

river.

For each type of conduit system discussed in this section, both theory and obser-
vation suggest that the dispersivity « increases linearly with the scale length L, with
a constant of proportionality called 8. The relevant scale length L may be the mean
channel size, length of channel segment or size of sediment grains or distance between
cavities as indicated by each model described in the preceding sections. The
represented scale length of each type of drainage system is summarized in Table 6.6

and indicated on Figure 6.2.

The model variable of basic importance in natural systems of ground water flow
is the relevant scale length L. In the multi-conduit model, L is the distance between
conduit intersections (the conduit segment length). For granular media the scale
length is normally assumed to be on the order of several times the mean grain size of
the sediment. The coeflicient relating o and L for all models is defined as § = o/L .

The S coeflicient is on the order of 1 for isotropic granular porous media (such as
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glass beads or snow), and also for smooth, man-made pipes (Table 6.1). Higher g
values, ~ 10, are obtained for rough single conduits. Still larger values of 3 are
obtained for turbulent flow in rough, obstructed and tortuous single conduits. The
highest 3 values of order 10,000 are obtained for natural porous media (for example:
Anderson, 1979), and suggested for fractured and heterogeneous multi-conduit sys-

tems (Snow, 1970; Neretnieks, 1983; Gillham et al., 1984).

In the experimentally well-studied case of turbulent flow in single conduits, the
variable controlling 8 appears to be the wall roughness or friction coefficient f *, in
agreement with the theory of turbulent eddy diffusion (Fischer, 1968; Taylor, 1954).
The B coefficient increases with the wall friction and channel sinuosity approximately

as expected.

For surface and underground rivers, and for pipes, D increases approximately
linearly with U, with a different slope o for each conduit type as indicated on Figure
6.1, and Tables 6.1 and 6.2. This is in accord with what is expected on the basis of
theoretical flow models of such systems (Taylor, 1954; Fischer, 1968) and can be
expressed by saying that the dispersivity o in a particular conduit is independent of
flow velocity U. The theoretical models also indicate that o should be a direct func-
tion of the wall or bed roughness and of conduit sinuosity (i.e., model dispersivity
increases as \/-f—_*- Artificial conduits are typically straighter and smoother than the
beds of natural rivers, and this is doubtless the reason why « is less for pipes than for
a natural conduits of similar Ry, as can be seen in Tables 6.1 and 6.2. A similar

difference, for similar reasons, is seen in the comparison between the behavior of

laboratory pipes and of pipelines in the field.
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Field observations on natural porous media strongly suggest that the length of
conduit segments is much greater than the mean grain size, and the variance in travel
time is larger than can be explained by the simple model of granular porous media.
The B coefficient for natural porous media is best described by the the multiple-
conduit-cavity model. In this model the spread of the dye-return curve at the outflow
is determined by summation of effects from all of the controlling variates, including
primarily conduit radius, cavity size, and conduit length, but is also affected by local
hydraulic gradient and conduit roughness. The resulting variance for such a multi-
conduit system is large and can explain the large values of dispersivity observed in
the field (Anderson, 1979) for natural porous media (oo ~ 10 to 1000), and the large
B values (10* to 10°) (Table 6.1). In contrast, observations of dispersion in natural
rivers indicate the average I'~100 (Fischer, 1968), and for an average natural river of
hydraulic radius 1 m and f * = 0.26, the 8 coefficient is of order 10 (Table 6.6). If
the channel roughness coeflicient, the hydraulic radius and the shape of the conduit
are known, the dispersivity of a solute in turbulent flow is theoretically determined

for flow in pipes and rivers.
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6.3. Mechanisms of Dye Storage and Release

6.3.1. General Features

Mechanisms for “storage-release” as normally defined in the hydrology literature
(Bear, 1972) result in a long extended tail in the dye-return curve that is not ade-
quately modeled by diffusive processes as described by dispersion Equation (5.3). This
storage-release category includes instantaneous and delayed effects of dye adsorption
on bedrock or immobile sediment. In addition to storage-release enroute to the
outflow, the potentially significant effect of storage and release at the injection site is
considered. “Storage-release” mechanisms as defined in this thesis cause modification
of a tracer pulse by transfering the tracer between immobile and mobile zones of the
drainage system. The immobile zones may consist of zones of slowly moving or stag-

nant water, or of adsorbing sediment.

6.3.2. Storage and Release at the Point of Injection

Under certain circumstances the injection borehole may also behave as an immo-
bile zone that slowly releases the tracer in a manner similar to storage-release
mechanisms that affect the tracer within the main conduit system. If the base of a
dye injection borehole is poorly connnected to the main drainage system, and if the
dye remaining in the borehole is thoroughly mixed, then the injection borehole may
be modeled as a perfect mixer as discussed by Bear (1979). Consider that the dye
solution in the borehole to be at concentration is S(¢), the volume of dye and water
solution in the borehole to be V;, and the initial volume of dye injected to be V,.

Also assume that the discharge ¢ of clean water entering the borehole is equivalent to
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the discharge of dye solution of concentration C'(z,t) escaping from the bottom of
the borehole, at x = 0. The tracer is then tranported at a mean velocity U to the
outflow at distance X . According to Bear (1979), the concentration of tracer in the

outflow will be

C(t)-—-——:—;—:—l(Ut -—X)°exp{-—‘—%— %—t]} . (6.28)

Thus an exponential dye-return curve results from by this model of a ‘“perfectly

mixed” dye solution in the borehole.

A long narrow borehole probably cannot realistically behave as a “perfect mixer”
as measured above, because upward mixing of the dye in solution is normally
overwhelmed by the continuous downward flow of water. The downward flow of
water in boreholes is especially noticeable in boreholes drilled into temperate glaciers.
The mixing effects due to molecular diffusion or turbulence in a long narrow borehole
are probably negligible over the time scales of a few hours to days, that apply in to

this study.

Another possible mechanism for dye storage at the injection site is that dye may
be adsorbed on immobile sediment in the vicinity of the borehole outflow, at z = 0.
If the tracer is adsorbed on granular sediment then the movement of dissolved tracer
through the sediment, is described by the theory of mobile-immobile zones, discussed
in Section (6.3.5). If the dye were forced to filter slowly through highly adsorbing
sediment in order to reach a main transport conduit, the dye-return curve would
more closely resemble a nearly symmetrical Gaussian curve (De Smedt and Wierenga,

1984), and the mean transit time to the outflow would be long.
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There seems to be no realistic mechanism to generate an exponentially shaped
dye-return curve due to storage and release within, or at the base of the injection
borehole, particularly if the mean transport velocity is rapid. Regardless, the dye-
release curve should be monitored at the base of the injection borehole just to be cer-
tain the shape of the dye-return curve at the outflow is indeed attributable to disper-
sion mechanisms affecting the tracer enroute in the primary conduit system. Only if
the tracer concentration within the borehole decreases exponentially in the same
manner as observed at the outflow, should dye storage at the base of the borehole be

considered significant.

6.3.3. Retardation Due to Adsorption on Sediment

A dissolved dye tracer may react with rock material lining the conduit walls or
particles suspended in the moving fluid. For the special case of an instantaneous
linear equilibrium reaction, the dye adsorbed on rock surfaces is in local equilibrium
with the dye in solution. From Equation (3.3) the stored tracer concentration S (the
volume of dye adsorbed per volume of solution) is linearly related to the dissolved

tracer concentration C' (volume of dissolved dye per volume of solution) by

S=K, A, C (6.29)
and thus
o5 o
_ el 6.30
57 = A, K, 5 ( )

where K, and A, are constants of the system (Bear, 1979; Neretnieks et al., 1982).
The coefficient A, is the specific area available for tracer adsorption per volume of

fluid and is directly related to the coefficient A,, discussed earlier in Section 3.5. The
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significance of A, is discussed below. K, is called the area distribution coefficient
and has already been discussed in Chapter 3 (Section 3.5) in relation to Langmuir’s

equation.

Substituting 8.5 /3t as given above into the dispersion Equation (5.3), results in

ocC a*c
R, =-U D 6.

ac
ot

where
R, =1+A,K, (6.32)

The coefficient R, is called the retardation factor. R, accounts for the slowing down
of tracer movement by adsorption on the solid, as described by Neretnienks et al.
(1982), and as treated earlier by Bear (1969). It is apparent from Equations (5.3) and

(5.31) that the mean velocity U of the dye cloud, under the influence of instantane-

D
R,

ous adsorption, is Uy, = U /R, and its dispersion coeffient is Dy, =

By

Equation (6.1) D = oU and similarly Dy, = o4y, Ugy- The dispersivity of an
adsorbing tracer, o, , can is equated with o of a non-adsorbing tracer through the

relationship

o == adye Rn Udye = O"dye . (633)

L
U
Consequently, the dispersivity a,, of an adsorbing tracer should be equal to
equivalent to the dispersivity a of a non-adsorbing tracer. If adsorption effects are not

significant, then the value of B, is equal to 1, and conversely, if A, K, >> 1, then

R, = A,K,.
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First, to determine the value of R, for a particular dye-tracer experiment, the
value of K, is calculated from the volume (or mass) distribution coefficient K; as
described in Section 3.5. For the case of Rhodamine WT adsorption on suspended
sediment of mixed lithologies from Variegated Glacier outlet streams the areal adsorp-
tivity is K, = 107 to 107 m. The range of K, values is consistent with the indepen-
dent analyses by Benecala et. al (1984) on stream sediment samples (mixed-lithology
rock particles); K; values for sand- to cobble-sized particles studied by Benecala et al.

(1984) are included in Table 3.3.

Second, the value of A, must also be determined for the tracing experiment.
The coeflicient A,, or the specific surface area, is defined as the amount of surface
area available for adsorption per volume of solution, in units of m2/m3. In a cylindri-
cal conduit of radius r and length Az, the surface area is 2nr Az, the volume of the
fluid ( = volume of solution) is 7r 2Az, and thus the specific surface area available

for adsorption is given by

27r Ax _ ka_2_

=k
nrAz r

(6.34)

a

where the dimensionless proportionality constant k, is the surface area available for
adsorption per surface area of conduit. In the general case of a conduit of hydraulic

radius Ry, the specific surface area is

(6.35)

The value of k, depends upon the fraction of the surface area of the conduit walls
that is covered with rock, the grain size and roughness of the rock material lining the

walls, and the depth of dye penetration for instantaneous adsorption and release of
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tracer at conduit walls. The value k, = 1 for a smooth, solid rock conduit. Several
times more surface area is available on rough, granular, conduit surfaces than on
smooth conduit surfaces, and an additional several-fold increase in rock surface area
may result from adsorption below the surface in masses of sediment. At the bed of a
glacier a conduit is likely to be only half lined with sediment, and the remainder of
the surface area is likely to consist of relatively clean glacier ice. Consequently, for
glacier conduits at the base of a glacier, this implies that k, = 2. The actual value of
k, may differ by some unknown factor but is unlikely to differ by more than an order
of magnitude from a value of 10, and thérefore it is assumed that k, may range from

1 to 100 m™.

The resulting retardation factor is

k,
R, =1+ K, (6.36)
Ry

where the value of K, is on the order of 10™* m for Rhodamine WT dye adsorption

on crushed rock particles of mixed lithologies (Section 3.5).

6.3.4. Matrix Diffusion

A model for transport transverse to the flow direction, generating a storage-
retardation-type dispersion of dye in the longitudinal direction, is called matrix
diffusion (Bear, 1979; Suckindy et al. 1985; Neretnieks et al., 1982, ; Neretnieks, 1983,
p.367). It involves diffusion of a tracer into the walls of the conduits. Solution of the
transverse diffusion problem by Neretnieks et al. (1982) indicates that the matrix
diffusion should generate a retardation tail on the initial dye pulse, the dye concentra-

tion in the tail dropping off with time ¢ as ¢73/2. This tail can be appproximated as a
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decaying exponential (Neretnieks, 1983).

6.3.5. Mobile-Immobile Zones

The third category of storage-retardation processes is caused by distributed dye
storage, which includes adsorption and later release of dye on sediment, and tem-
porary immobilization of dye in slowly moving or nearly stagnant water pockets, cavi-

ties and back eddies.

The time rate of change in dye concentration for a matrix consisting of mobile
and immobile flow zones is described by De Smedt and Wierenga (1984, p. 226) in
terms of the volume content of mobile water §,, per unit volume of total water con-
tent in the porous medium, and the immobile water content 0;, per unit volume
total water, and the transfer coefficient between mobile and immobile zones, k,;,, .
The rate of change of dye concentration in the immobilized zone is assumed to be
linearly related to the difference between the dye concentration in the mobile zone,
C, and the dye concentration in the immobile zone, S. The rate of dye transfer
between an immobile zone and the main flow appears to be described by a linear rate

law,

s
22 = 40 - bS 6.38
37 = ¢ (6.38)

where a and b are rate constants or equivalently

a8 O
9 ot 08
t mim eim

where k,,;,, is the transfer coeflicient (De Smedt and Wierenga, 1984, p. 226; Ambach

and Jochum, 1973). The immobile zone may consist of a region of stagnant (or slowly
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moving) water connected to the main conduit or perhaps may be an immobile pocket

of adsorbing sediment.

This model of mobile-immobile zones can result in a dispersion curve that is not
exponential in shape if the transfer coefficient k., is linearly related to the mean
flow velocity. Observations indicate that the transfer coefficient, k,;,, for flow
through homogeneous porous rock samples is proportional to the mean flow velocity,
U (m/sec), through the empirical relationship k,;, = 4.2 U (Krupp and Elrick,
1968; De Smedt and Wierenga, 1984, p. 230). The result of this relationship is that
the dye return curve will be approximately Gaussian in shape for long travel times, as
discussed by De Smedt and Wierenga (1984). In this thesis the parameters a and b
are not dependent upon the mean flow velocity, and, therefore, the dye return curve
for this model, will not be Gaussian. If an exponential dye-return curve is obtained,
then the water contents #,, and 6;, and the transfer coefficient k,;, must not

dependent upon the mean flow velocity.

The coefficients a and b are determined by the rates of transfer of tracer
between immobile and mobile zones. The predicted values of these rate constants
obtained from the parameterization of the dye-return curve may be compared to rate
constants determined by the known or hypothetical description of the immobile
zones. The parameters a and b are obtained from the dye-tracing data by fitting the
dye-return curve to the storage-retardation model of tracer dispersion, given in

Chapter 5.

The concept of mobile-immobile zones described by De Smedt and Wierenga can
be applied to the storage-release mechanism in sinuous natural streams. The volume

0;, of “immobile” water temporarily stored at the inside of meander bends and in
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nearly stagnant water pockets associated with river meandering should increase
approximately linearly with the channel sinuosity. The more a stream meanders, the
larger the number of back-eddies and slow moving zones which can store dye tem-
porarily; hence, the larger the storage-retardation effect. The transfer coefficient,
kypim , is proportional to the eddy diffusion coefficient in the direction perpendicular to
the mean flow direction (Fischer, 1968). The eddy diffusion coefficient is nearly con-
stant for all well-developed natural meander patterns (Fischer, 1968; Richards, 1982).
Therefore, k,,;,, for naturally meandering streams of constant sinuosity is expected to

be nearly constant.
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6.4. Water Transport Systems of Normal Glaciers

6.4.1. Description of Aquifer Zonation

A temperate glacier (at the melting point throughout) is a spatially zoned
aquifer. A sketch of the drainage system zonations for a normal glacier is shown on
Fig. 6.3. The five major spatial zones controling the flow of water include the follow-
ing: I. snow; IL. firn; IIl. glacier ice; IV. basal conduit system; V. sub-basal rock
material. The horizontal zonation, from the glacier head to terminus, is a reflection of
the spatial extent and thickness distribution of the vertical zones (I-V), and is also
affected by the spatial distribution of crevasses and moulins. Crevasses and moulins
act as vertical transport conduits for water within the glacier. The zonations vary in
extent and relative importance, and each can be affected by the annual pattern of
surface melt, snow accumulation, and water discharge. Related seasonal variations in
glacier flow, particularly basal sliding, can also affect the aquifers, particularly in the

basal zone IV.

The water flow near the upper surface (Regions I and II) in the accumulation
area of a glacier is flow in a granular porous medium. Within the snowpack, water
drains through the pore space between ice grains and lenses (Colbeck, 1975). The
microscopic channels connecting pore spaces gradually feed into ever larger channels
within the snow, until water flow either reaches a crevasse, the glacier margin, or still
larger conduits within the firn zone (zone II). Water storage can occur within the
snow and firn zones in the pore space between ice grains, in small channels, and in

crevasses.
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In the ablation area of a normal glacier, water flows in open meandering con-
duits at the glacier surface of zone III, until reaching a crevasse or moulin (deep hole
in the glacier). Then the water tumbles down to a lower drainage level, perhaps even

reaching the glacier bed through a deep moulin.

The water moving within the central zone of glacier ice (zone III) can travel
significant distances without intersecting the glacier bed. A portion of the englacial
water travels along the ice crystal grain boundaries (Lliboutry, 1964, p. 112-3; Nye
and Frank, 1973). In the central zone, water also travels along thin sediment planes
and /or foliation surfaces within the ice mass (Krimmel, personnel communication,
1978). The average upper limit of intergranular water veins observed for Blue Glacier
ice is 25 pm and the mean water flux density 3 x 107° m/sec (Raymond and Harrison,
1975, p. 213-233). A semicirctlar glacier 1 km in cross-section would transport only
107 m3/sec of water by this mechanism. The intergranular water flow through the
glacier is much smaller than the meltwater input entering the glacier surface, 1 to 10
m3/sec in summer. Thus only a minor amount of the total glacier runoff is trans-
ported in microscopic conduits. Most of the water discharge traversing the central
zone is carried within large ice-walled conduits. The flow of water within englacial
conduits may be described by of the theories of Rothlisberger (1972, p. 177-203), Nye

(1976) and Shreve (1972).

Surface and englacial water runoff is normally carried downwards, towards the
glacier bed, whenever a connection exists with the basal conduit system. Generally
the aquifer(s) situated above the glacier bed are only partially connnected to the basal
water drainage system’ (zone 1V). Evidence for the poor conmnection between

different aquifer levels comes from glacier borehole drilling studies by Rothlisberger
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(1972), Hodge (1974), and Iken (1982). In cases where a connection suddenly
develops, a sudden drop of borehole water level is observed. Some boreholes do not
exhibit any significant drop in water level, even though the hole was drilled to the
glacier bed. It appears that in many locations of the bed, boreholes never connect
directly to the main drainage conduits at the glacier bed, although nearby boreholes
drilled to the same depth do connect. The aquifer zones above the bed of a normal
glacier (I, II, IlI) behave as perched aquifers, which are in general only connected vert-

ically by localized conduits, such as moulins, crevasses, and man-made boreholes.

Theoretical consideration and observations strongly suggest that water flow at
the ice-bedrock interface of a glacier (zone IV) is particularly important for normal
temperate glaciers. Water can flow in this basal zone through several possible paths,

including the following:

1. Macroscopic conduits cut into the ice (R-channels) (Rothlisberger, 1972;

Nye, 1976; Shreve, 1972)

2. Macroscopic conduits cut into the bed rock material (N-channels) (Nye,

1976)

3. Thin sheet of water of variable thickness (Hallet, 1979; Walder and Hallet,

1972; Weertman, 1972)

4.  Linked cavities (Lliboutry, 1968; Walder and Hallet, 1972; Iken et al., 1972;

term introduced by Kamb et al., 1985)

5.  Permeable subsole drift (Boulton, 1979; discussed by Paterson, 1981, p.

142).



- 197 -

Once the glacier runoff reaches the bottom of the glacier, the water flows either
in the bed region IV or descends into the sub-glacial material (in region V). In some
cases basal water easily can drain away from the glacier system, through the rock
material below the bottom of the ice, if the subglacial rock material is very perme-
able. Water thus can join the local ground-water flow beneath the glacier. The
ground-water flow route beneath glaciers is very likely important if the glacier flows
over volcanic or karst terrain. A major loss of basal water may result if the basal
water intersects subsurface lava tubes or blocky lava flow deposits (for example, Shoe-
string Glacier on Mount St. Helens, Washington State), or limestone caves (for exam-

ple, Columbia Icefield, British Columbia, Canada).

Since Variegated Glacier is underlain by relatively impermeable igneous and
metamorphic rock, the ground-water flow is not considered an important drainage
path. Most of the water runoff reaching the glacier bed of Variegated Glacier is

expected to remain at the ice-rock interface.

6.4.2. Theory and Observation of Basal Tunnels

The water discharge at the glacier terminus normally emanates from a single
large basal tunnel that extends for at least some distance upglacier from the terminus
(Rothlisberger, 1972). Similar large basal tunnels are found transporting water to the
glacier bed from along the lateral margins. Tunnels are also found at the glacier bed

carrying water away from the base of deep moulins.

Observed tracer throughflow velocities in normal glaciers are commonly about 1
m/sec for tracer experiments conducted through the basal and central portions of the

glacier (regions III and IV) (Rothlisberger). This magnitude of flow velocity can only
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be explained by the existence of sizable transport conduits throughout most of the
glacier length (Rothlisberger, 1972; Ambach et al., 1972; Behrens et al. 1975; Meier,
1965; Krimmel et al., 1973). Even though water input can reach the glacier bed from
a variety of zones within the glacier, field observations suggest that water reaching

the glacier bed stays there over most of the remaining distance traveled.

Where observed by the author, conduits that are entirely walled by clean glacier
ice, are often approximately circular in cross section. At the glacier bed, the observed
conduits are either approximately semicircular or parabolic in shape, and floored with
bedrock, rock debris or stagnant ice (Shreve, 1972). Basal conduits are commonly cut
upwards into the glacier ice, as R-channels. Less often, major conduits are cut down-

wards into the underlying bedrock material, as N-channels .

The existence of a basal tunnel system depends upon the local balance between
rate of enlargement and rate of closure (Rothlisberger, 1972; Nye, 1976). The model of
Rothlisberger is a steady-state model; it assumes that an equilibrium conduit size is
achieved. The enlargement of a conduit may occur by melting and by erosion. Ice
deformation is unimportant as a channel enlargement process, but channel or cavity
capture during basal sliding may enlarge conduits. The major parameters employed
in the treatment by Rothlisberger (1972, p. 179) are defined as follows: change of
pressure melting point with pressure is k; (a negative value) with units of J'm? the
heat capacity of the fluid is k, with units Jkgldeg™!; the density of water at 0°C is
p, With units kgm™; the energy of fusion is k, with units Jkg™%; density of the ice is
p; with units kgm™3; channel element length is dz ; volume of ice melted is dV,, with

3

units m%; stream discharge is @ with units m s71: the energy related to pressure drop

dp and elevation change dz is dE = - Q(dp + p,, gdz), and the energy needed to
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adjust the water temperature to the reduced pressure is dE; . The volume dV,, of ice
melted per unit time in a channel section of length dr is related to the energy avail-

able for melting dF,, per unit time and length dz by the relationship

dE
dv,, = —= (6.41a)
km P

and related to the frictional heat available for melting dE' — dE; through

dVpy — ——— (dE~dE,) = ——— [-Q(dp + pu 9dz) ~ ki ky po Qdp | (6.41D)
m Pi m Pi
and where dz =0
dv,, =k, Q (-dp) . (6.41¢)
The enlargement constant k, is
k, — (1+ kkypy) (6.42)

km Pi
(Rothlisberger, 1972, eqns. 1 to 5, p. 179). In the case of clean water flowing through
a clean ice-walled conduit, the enlargement constant is

0.684
4 x 108

k, =~ ~107° J'm3 (6.43)

(Rothlisberger, 1972, Eqn. 4, p. 179).

The closure of a static conduit is normally thought to occur by ice deformation
as described by Nye (1953). The flow law of glacier ice is described in terms of a

power-law creep relationship, referred to as “Glen’s Law”
e=A 7 (6.44)

where the effective strain rate is ¢, the effective stress is 7, and the stress exponent is
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n (Paterson, 1981, Eqn. 12, p. 85). The parameter A has units of s'Pa™ (Paterson,
1981, p. 39). The value of A depends on temperature, crystal size, shape and orien-
tation, and concentration of air bubbles, sediment and other impurities. The flow law
exponent n varies with material properties and is approximately three for normal gla-

cier ice (Paterson, 1981, p. 37).

The closure rate, r, is described by Nye (cited by Rothlisberger, 1972, p. 179) in
terms of the ice overburden pressure P;, the water pressure in the conduit P, , con-
duit radius r, and flow law parameters n and A . The change in volume due to

channel closure, dV,, is given by

dV, =27mr (-r) dz (6.45)
PP, \"
R Eai
n
(Rothlisberger, 1972, Eqn. 7, p. 179).

At equilibrium the volume of ice melted dV,, is equal to dV,, the volume of ice

closing in the hole by creep:

dv, av,

I

(6.46)

resulting in the equilibrium relation

fi_:_’i_v_]" i

n

keQG@):ZﬂwA[ (6.47)

The radius of a cylindrical conduit can be estimated for the case of turbulent

flow using Manning’s equation

-1/2  3/2

r =2Ry = 2{U n*(py9)? [—ﬁ] } | (6.48)

dx
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where the hydraulic radius is Ry, mean flow velocity of the fluid is U, and the Man-
ning roughness coeflicient is »*. The resulting pressure gradient along the length of
a cylindrical conduit, where U = @ /=nr 2 p is the water pressure, and bed slope is S,
is given by

11/8 3/8

dp + Pu g tanﬂ] -0.316 [@- + py g tanf = (6.49)
dx dx

3 2
= kmc (n*)4 Q ¢ (Cosﬂ)’u/s(Pi ‘Pw)n

(Rothlisberger, 1972, Eqn. 20). The melting-closure coefficient k,,, is defined as

3

31 3
frt (k) (pwg)® (nA)T (6.50)

e =2
(Rothlisberger, 1972, Eqn. 20, p. 180).

For both laminar and turbulent flow theories the pressure gradient along the
length of the conduit, dp /dz is inversely related to the discharge @ (Rothlisberger,
1972). The pressure gradient is more sensitive to changes in stream discharge if the
flow is laminar rather than turbulent. The pressure gradient is also sensititve to the
difference between the pressure exerted by the ice at the conduit walls P; and the

fluid water pressure in the conduit P, .

Large tuﬁnels carrying a large flow of water are predicted by this theory to have
lower water pressure than smaller nearby conduits carrying a smaller water discharge
(Rothlisberger, 1972; Shreve, 1972). The theory indicates that the water drainage
system of a normal glacier is dominated by the flow of water in large basal water tun-
nels. The contribution to the total water discharge from internal water sources, such

as melt produced during ice deformation or basal sliding processes, is normally



- 202 -

insignificant as compared to the total volume of water discharged at the terminus

through the large tunnels (Paterson, 1981).

Consequently, in a normal stable drainage system, most of the available glacier
water should move into the largest conduits available. A branching drainage system
should develop, similar to dendritic drainage pattern of a normal river system. The
smallest conduits feed into larger branch conduits, before reaching a main trunk con-

duit as the glacier terminus is approached (Rothlisberger, 1972; Shreve, 1972).

It is also possible that instead of being comprised of clean ice and water, the
base of a glacier is heavily charged with sediment. Rothlisberger (1972) briefly dis-
cussed this topic. For conduit walls composed of sediment-rich ice, and highly turbid
stream water, the energy of fusion k,, per bulk mass of ice plus rock is lower; the
heat capacity k,, density of dirty ice p;, and density of turbid water p,,, are slightly
increased. Thus, the predicted value of enlargement coefficient &k, for a sediment-rich
basal drainage system is expected to be different than for a similar clean system. The
melting closure coefficient k,, is probably higher for a sediment-rich Rothlisberger-
Nye system than a sediment-poor ssytem, since it is inversely related to k, and
directly proportional to density of fluid p,,. This suggests that the pressure gradient
necessary to maintain the same discharge for a sediment-rich system is higher than

for an otherwise identical clean system.

A more complicated energy balance than that described by the Rothlisberger-
Nye model of clean ice-walled conduits must be considered at the melting ice surface
of a sediment-rich conduit wall. The sedimentation and erosion effects will also be
different for a sediment-rich drainage system. The melting-refreezing process at the

tunnel wall of a sediment-rich system would tend to concentrate melted-out sediment
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within the fluid, while refreezing concentrates clean ice at the conduit walls. The flow
law parameters A and n of the ice-sediment wall material are undoubtedly different.
The sediment-rich ice may deform more easily if the rock material consists of expand-
able clay with a low internal friction. The ice may deform less easily if -the included
rock material consists of solid sand and pebbles. The larger solid rock particles would
be expected to abrade against each other and thereby inhibit the creeping flow of the
ice-sediment material. A dendritic drainage system composed of large macroscopic
conduits 1s still gxpected to develop in a sediment-rich basal system, but the stability
of this type of system to fluctuations in pressure, discharge and deformation is less

predictable than the stability of a similar drainage system within clean ice.

Channel closure, in the natural system, may be significantly aflected by deposi-
tion of suspended rock and ice particles at the walls. Additional channel enlargement
may occur by erosion at the wall and by capture of other conduits and cavities.
Basal conduits and cavities may be advected against rock obstacles and pinched
closed by ice deformation. Possibly at the base of an actively sliding normal glacier,
conduits may be sheared closed or advected away from the glacier bed along shallow
englacial thrust surfaces. The water discharge previously flowing through a newly
closed conduit would be forced into nearby basal cavities and conduits. Local water
pressure would temporarily rise until a more favorable outlet for the water was
obtained. Water conduits in glacier ice that is highly charged with fine sediment are
expected to be considerably different than conduits in a clean glacier at the interface
with solid bedrock. Basal tunnels in a sediment-rich system, lined with a large
amount of clay-sized sediment, could either suddenly collapse or rapidly enlarge in the

presence of relatively minor fluctuations in basal shear stress and water pressure,
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while a similar tunnel system in a clean glacier would have a much slower response to

the same changes, as indicated by Rothlisberger (1972), and Behrens et al. (1975).

Temporary storage of large volumes of water at the glacier bed may be locally
important on some normal glaciers (Iken et al., 1972; Krimmel et al., 1973). The
storage of water appears to be particularly significant for those glaciers where the
annual variation in glacier flow velocity is observed to reach a maximum in spring or
early summer, such as at Unteraargletcher (Iken et al., 1982), Findelen Glacier (Moeri,
1983; Iken and Binschadler, 1986), South Cascade Glacier (Meier and Tangborn, 1965;
Tangborn et al., 1975; Hodge, 1976, 1979) and Nisqually Glacier (Meier, 1966; Hodge,
1972, 1974). The increased flow velocity at a time of sharply decreasing ice thickness
is considered to represent increased basal sliding due to increased lubrication, and/or
cavitation at the glacier bed (Weertman, 1969, 1979; Kamb, 1970; Lliboutry, 1968;

Paterson, 1981; Rothlisberger, 1972).

In summary, both theory and observation of normal glaciers indicate that the
stable drainage system consists of a single main conduit extending for a long distance
upglacier from the terminus. The main conduit is fed by a branching network of
smaller conduits. The motion of water and material suspended in each conduit is
describable in terms of theory for the flow of a fluid in a single conduit. The storage
of water in basal cavites appears to occur to a measurable degree in certain glaciers.
Where storage of water at the glacier bed is suggested, the effects vary with the melt
season and location on the glacier. In situations where basal sliding, basal thrust
development, cavitation and/or basal sediment content are known to be significant,
the Rothlisberger-Nye conduit model does not necessarily apply. The Rothlisberger-

Nye model predicts that large basal water conduits exist at the glacier bed if it is
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primarily composed of relatively solid rock, overlain by nearly sediment-free ice. Dur-
ing the melt season, at most locations on a normal glacier, water discharge moves

through a dendritic network of macroscopic channels.
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6.4.3. Previous Dye Tracer Experiments

The movement of water through a glacier to the ice terminus has been traced
from the surface snowpack (Colbeck and Davidson, 1972; Krimmel et al., 1973;
Fujino, 1971; Lang et al., 1972), from ice crevasses (Krimmel et al., 1973; Burkimsher,
1982), and from streams entering from a lateral margin of the glacier (Burkimsher,
1982), or through natural vertical water conduits (glacier moulins) (Ambach et al.,
1972; Ambach and Jochum, 1973; Krimmel et al., 1973; Behrens et al., 1975; Irle,
1978; Lang et al., 1979; Moeri, 1983; Burkimsher, 1982). Tracing experiments have
also been sucessfully conducted by injecting dye at the base of boreholes drilled to the
glacier bed (Irle, unpubl., 1978; Moeri, 1983). Average dye transit velocities through
six non-surging temperate glaciers are summarized on Table 6.3, for a large range in

travel distances (0.2 to 19 km).

The average dye transit velocities listed in Table 6.3 and discussed throughout
this thesis are calculated simply as distance traveled (measured along the glacier
centerline or hydraulic gradeline to the terminus) divided by the measured transit
time. These velocities will be less than the actual water flow velocity in the conduits,

depending upon the sinuosity of the path actually traveled by the tracer.

The average dye transit speed through wet snow is 10° m/s (Table 6.3).
Through the rrlain mass of glacier ice and the basal conduit system, between a moulin
or lateral stream and the glacier terminus, it is 0.6 m/s (average of 70 experiments),
and from the base of a borehole to the glacier terminus it is 0.27 m/s (average of 10
experiments). Assuming the glacier water drains through a rough conduit
(n* = O.Im”l/?’s) with a mean flow velocity equal to the average dye transit velocity

of U = 0.6 m/s, along an average hydraulic gradient of 0.1 m/m, then Ry is 8 cm as
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calculated from Equation (6.3). The corresponding mean radius B of a circular con-
duit (R = 2Ry) is 16 cm. If the channel sinuosity (defined as the channel length
divided by the valley length) is on the order of 1 to 3, then the mean flow velocity
between moulins and the glacier terminus is between 0.7 and 2.1 m/s, and the
corresponding channel size is on the order of 10 cm to 1 m. A channel hydraulic
radius Ry of 1 m is necessary in order to allow the passage of water at a mean trans-

port speed of 2 m /s and discharge on the order of 1 to 10 m3/s.

The observed discharge of the terminus outflow streams, indicated on Table 6.3,
ranges from 2 to 43 m®/s. The greatest stream discharge values of 29 to 43 m3/s
were measured at the terminus outflow of the Great Aletsch Glacier during the dye-
tracing studies of Lang et al. (1979). The smallest stream discharges were measured
for a short 300 m open channel stream segment near the terminus of Hintereisferner

Glacier, Austria, as indicated by Ambach and Jochum (1973).

Mean dye transit velocities U and tracer dispersion in terms of parameters
D, «, and B are shown in Table (6.4) for forty dye-tracing experiments conducted
from moulins on four different non-surging glaciers. Results for experiments where
the dye transit velocities were less than 0.006 m/s were excluded from this analysis.
Only the main Gaussian-shaped portion of the dye-return curves was analyzed to
obtain D an(i U values. The mean dye transit velocity and the observed stream
discharge are used to calculate the hydraulic radius Ry of the conduit of assumed cir-
cular cross-section by the relationship By = W; this calculated value of Ry
(averaged over the individual values from individual experiments conducted) is listed
in column 5 of Table 6.4. Instead of the mean radius R, the hydraulic radius By is

calculated here for comparison to Ry values obtained from the following dispersion
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analysis of dye-tracing data. To calculate Ry from @ and U, it is assumed that the
entire perimeter of the conduit is wetted and that the channel is approximately circu-
lar in cross-section. The calculated Ry for a conduit that is semi-circular is cross-
section is approximately half the Ry value obtained for a conduit that is circular in

cross-section.

The average dispersivity parameterization for dye-tracing experiments conducted
through glacier moulins is shown on Table 6.4a. Again, only studies conducted on
temperate glaciers were considered. In this section the discussion is limited to the
non-surging glaciers Findelen, South Cascade, Aletsch and Hintereisferner. The
Variegated Glacier results are discussed in the following sections. The parameteriza-
tion provided on Table (6.4a) includes the glacier name, number of experiments aver-
aged, date experiments were carried out, the slope distance from injection point to
outflow measurement location X, and the average values of dispersivity «, flow velo-

city U, B, and calculated f * for each glacier data set.

The dispersivities are calculated from the dispersion coefficient D and mean flow
velocity U by Equation (6.1); o values were also computed directly from the dye-
return curves. The average value of the dispersion coefficient for moulin dye-tracing
experiments is D =5 mz/s. The D obtained for glacier dye tracing from glacier
moulins varies over the range from 0.6 to 9 m2/s. The average dispersivity « is 10 m,
and the range is from 1 to 20 m (Table 6.4). Dye transit velocities (Table 6.4) aver-
aged between 0.1 and 1.7 m/s, and the stream discharges vary over the much larger

range of 3 to 43 m3/s.

Results from published dye tracer experiments conducted using glacier boreholes

at Findelen, South Cascade and Variegated Glaciers are shown on Table 6.4b. At
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Findelen Glacier a total of four experiments showed that the dye was carried at an
average speed of 0.3 m/s between the base of the boreholes and the glacier terminus.
The mean velocity of tracers injected into boreholes at the glacier bed (Table 6.4b) is
about 1/2 to 1/3 the mean velocity of tracers injected into moulins (Table 6.4a). The
mean tracer velocity in South Cascade Glacier (Table 6.4b) is much slower than in
Findelen Glacier and indicates the that the borehole was very poorly connnected to
the conduit system fed by moulins. The basal water system of a glacier such as Fin-
delen Glacier, which appears to slide at its bed and form water filled cavities (Iken
and Binschadler, 1986), is expected to have a more uniform basal water transmissivity
than an otherwise similar non-sliding glacier, such as South Cascade Glacier (Hodge,

1976).

In order to test if dispersion observations from glacier tracing experiments con-
form to the relationship D = a U (Equation 6.1), the data for each experiment sum-
marized in Tables 6.4a and 6.4b are plotted as D versus U in Figure 6.4 . Experi-
ments suggesting a linear relationship between D and U (Equation 6.1) were con-
ducted using the same injection site, with a short period of elapsed time between sub-
sequent experiments. Examples of this linear relationship are observed for the open
channel site at Hintereisferer Glacier (Ambach and Jochum, 1973), and moulin sites
at Hintereisferner (Behrens et al,, 1973) and at Findelen Glacier (Moeri, 1983). The
least steep line has a slope of @ = 3m and is obtained for experiments conducted
from an open channel site called “Gerinne” located 380 m from the terminus outflow
at Hintereisferner Glacier (Ambach and Jochum, 1973). Tracer experiments con-
ducted in Findelen Glacier by borehole injection gave the highest o values, 20 to 45

m, (Tables 6.4a and 6.4b). There is a large variation in D and U values for
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experiments where o >5 m. Tracing experiments conducted through a single conduit
on a non-surging glaciers indicate that D and U values tend to fall on a line of
nearly a constant slope if @ < 5 m. Results shown in Figure 6.4 indicate that the
relationship D = a U holds to a fair approximation for each conduit separately, and

the value of o varies between conduits.

A non-constant o value is consistent with the single-conduit dispersion theories
of Taylor (1954) and Fischer (1968) if the hydraulic radius, conduit shape and rough-
ness varies between different conduits, or for the same conduit at different testing
periods. A variation in subglacial conduit sizes is certainly expected, because the
outflow streams vary in the water discharge. To test the data further, the value of o
for each dye-tracing experiment is plotted in Figure 6.5 versus the Ry value calcu-
lated from the mean discharge @ . This value of Ry, based on the discharge of the
outflow stream, is probably an overestimate of the actual value of Ry averaged over
the total length a of water conduit, but it is the only information on Ry available for
the tracing experiments. Data from experiments using the same injection location on
the same day are shown in solid symbols on Fig. 6.4, while open symbols represent
data from experiments conducted at different times and locations. A roughly linear
relationship between o and Ry (as expected from Equation (6.2) with L = Ry ) is
suggested by results from experiments conducted at middle moulin on Hintereisferner
Glacier (Behrens et al., 1975), and from the base of boreholes #22 and #24 on Fin-
delen Glacier (Moeri, 1983). There is a slight suggestion of a linear trend for the
results obtained over the time period of one month at the open channel studied by
Ambach and Jochum (1973). The coefficient 3 varies considerably within the range

from 1 to 40. The scatter on the plot of a versus Ry is in part due to the combined
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measurement error from the contributing variables D, U, @, and Rp, and in part
due to a real variability in o due, for example, to variations in the conduit size,

roughness, and travel path.

If the theoretical relationship (Equation 6.12)
B=T V(1/8)f"

(from Equation 6.15) applies to glacier conduits and if the value of I' is known from
the theory, then the roughness coefficient f * may be calculated for each conduit for
which B values can be taken from Figure 6.5 or from Table 6.4a and 6.4b. The value
of f* indicated in Tables 6.4a and 6.4b, column 9, are calculated from Equation (6.5)
using a theoretically and empirically based value of I' =20 for dispersion in pipes, dis-
cussed in Section 6.2.2. Corresponding values of the Manning roughness n* are
obtained from the f * values by the relationship (6.7) and are listed in column 9 of
Table 6.4, and column 7 of of Table 6.5. The n* values obtained in this way from
tracer experiments conducted through moulins have an average value of 0.12 m™1/3s,
and range from n* = 0.017 to 0.24 m™/3s (column 7 Table 6.5). Results for experi-
ments conducted from the base of boreholes (Tables 6.4b and 6.5) are greater than 1
m™/3¢ for T' &~ 20 [man-made pipes discussed by Taylor (1954)] and less than 1 for

I' &~ 100 |[natural surface rivers discussed by Fischer (1968)].

A constant friction coefficient f ¥ has been suggested for water conduits in gla-
ciers by Spring and Hutter (1982) and implies that the dispersion coefficient for
different conduits is linearly related to the conduit radius in accordance with Equa-
tion (6.15). If the friction coeficient for all glacier water tunnels can be taken as a
constant f ¥ = 0.25 in the manner of Spring and Hutter (1982), then the § coefficient

is 8= .0.18 . Thus, with I' = 20, for dispersion in pipes, we should have § = 3.5.
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Since the mean value of g for glacier conduits is about 10, the I' value implied is 50.
The observed range of S for glacier water conduits is about 2 to 40, and this
corresponds to a I' range of 10 to 250. This falls mostly within the range 20 - 200 of

B values obtained for natural rivers (Table 6.2).

The representative Manning roughness for glacier conduits is given by Clarke,
Mathews and Pack (1984) to be 0.05 to 0.12 m/3s. This compares favorably with
the n* values inferred by Equations (6.7) and (6.15) from tracer dispersion, just dis-
cussed. The high values of n* inferred from some of the experiments are equivalent
to the conclusion that englacial conduits are sometimes quite rough, vary in size and
cross-sectional shape, have numerous obstructions, and are sinuous (Gardiner and

Dackombe, 1983, pp. 140-42).

The Manning equation (Equation 6.3) is used to calculate the n* value
corresponding to the @, U and dh /dz measured during tracing experiments at Hin-
tereisferner, South Cascade, Findelen, and Aletsch Glaciers. The dh /dz, @, U, and
n” for different injection sites and the corresponding number of observations at each
site are summarized on Table 6.5. The average dh /dz is about 0.1, and the average
n* is 0.26 m /3. The value of Ry for each experiment is shown on Table 6.4a. For
comparison the average value of n* implied by f * from dispersion analysis described
above is 0.14 m™Y/3s. The dispersion theory n* is given in column 7 of Table 6.5, and
is calculated from a, Ry and a theoretical I' of 20 for water flow in a pipe. For most

of the dye-tracing experiments the value of n* calculated using the Manning equation

agrees within a factor of 2 with the n* value implied by measured dispersivities.

In the relationship @ = B L (Equation 6.2), the symbol L represents the scale

length. As discussed earlier (Section 6.2.1) and shown schematically on Figure 6.2,
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this scale length is taken to be the hydraulic radius of a single conduit (Fig. 6.2a), the
grain size of a granular porous medium (Fig. 6.2b), the distance between conduit
intersections of a multi-channel network without cavities (Fig. 6.2¢), or the order of
the distance between cavities in a linked cavity network (Fig. 6.2c). Observed pairs of
values o and L for a variety of different drainage systems are plotted in Figure 6.6.
A summary of dispersivity results is given in Table 6.6 and includes information on
U,L,a,B, f* T Lineson Figure 6.5 with a slope of 1 are drawn to represent the
theoretical relationship o = # L (Equation 6.2). The lowest line in Figure 6.5
corresponds to # = 1. The dispersion results for smooth (cylindrical) pipes with n*
of about 0.006 m /35 and granular porous media composed of smooth glass beads plot
approximately on this line for # =1 as theoretically expected. Higher values, f = 3,
correspond to semi-rough and/or curved pipes and are within the range of 3 values
for normal glacier water conduits and wet snow as shown on Figure 6.6. The average
B values are on the order of 10 for natural streams (on the surface and underground).
The p for natural streams is normally higher than man-made pipes and approxi-
mately the same as streams connected to glacier moulins. Glacier conduits tested in
experiments from moulins have average # =1 to 20, and in borehole experiments
B = 27 to 45. The published data cited in this thesis provided no examples of 8

coefficients greater than 50 for a single conduit system.

If a system of multiple-interconnecting conduits and cavities of scale length
L ~1 m carried the major water flow within the non-surging glaciers discussed in this

thesis, then much higher values of £>100 might have been attained.

The theoretically and empirically based 8 value for longitudinal dispersion in an

isotropic matrix of glass beads is about 1/2 and cannot be distinguished from g values
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for single conduit systems except by the facts that the L scale is on the order of the
sediment grain size (L =107°m) and, that the transit speed is slow (U =10"* m/s).
Dispersivity values are about @ = 107 to 107 m (Table 6.6) for granular media
such as glass beads or snow of average grain size L = 1 mm. Natural porous media
are found to have a values of order 10 to 1000 m (Table 6.6 and Figure 6.6). If the
mean scale length of natural porous media is on the order of the grain size of about 1
to 10 mm, then the value of B is on the order of 10*. For an aquifer rock or glacier
ice with internal zones or paths of different hydraulic conductivity on a scale of many
meters, the appropriate L is not the grain size but rather the longitudinal dimensions
of these “‘seepage conduits.” The large o observed for natural porous media (as sum-

marized by Anderson, 1979) implies long interconnection lengths or equivalently large

L.

All tracer experiments on glaciers (Table 6.2) where the tracer was initially
spread out on the snow surface were excluded from Tables 6.4a and 6.4b. Mean flow
velocities and dispersion coefficients for such experiments are controlled by the
behavior of water flow through snow (Krimmel et al., 1973; Lang et al, 1979).
Dispersion of a tracer through snow is basically the same as that in porous granular
media. The dispersivity and mean flow velocity of water moving through the snow is
calculated, as'described in Section 6.2.4, from the dye-return curve measured at the
terminus outflow, the known distance to the outflow X, and the depth of the snow
and firn pack X’ . Dispersivities and mean flow velocities calculated for the experi-
mental results of Krimmel et al. (1973) and Lang et al. (1979) compare well with
predicted values of o and U based on the theory of flow through granular porous

media by Scheidegger (1954) or Saffman (1959).
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A significant portion of the tracer-return curve for many normal glaciers (Moeri,
1983; Burkimsher, 1982) is the distinctive quasi-exponential tail of the curve C(t).
The quasi-exponential curve is attributed to the effect of ‘‘storage,” the possible
nature or mechanism of which is discussed in Section 6.3. ‘“Storage” chambers along
the water conduits of open glacier conduits have been suggested by Ambach and
Jochum (1973), to explain the quasi-exponential tails of their observed tracer-return

curves.

The tracer dispersion behavior observed for normal, non-surging glaciers can be
explained in terms of water flow in single conduits, for reasonable values of f ¥ (or
n” and R ) and I'. The values of the friction coefficients f * or n* implied for the
glacial conduits suggest that the wall surfaces are very rough, and contain numerous
flow obstructions. The conduits are probably sinuous, and ' &~ 20 (assuming a con-
duit of roughly circular or semi-circular cross section). Dispersion experiments con-
ducted through glacier moulins and boreholes on non-surging glaciers do not indicate
B values higher than are found for water flow in pipes or natural rivers. As indicated
by the dispersion results, the main subsurface water drainage system of a normal,

non-surging glacier appears to be composed of a network of large single conduits.



6.4.4. Interpretation of 1983 Variegated Glacier Tracing Experiment

No. 3: The Non-Surging State

In the non-surging state, the behavior of a surge-type glacier resembles a normal
non-surging glacier in almost every directly observable respect. The relative daily
and seasonal variations in borehole water pressure, stream discharge, internal defor-
mation and basal sliding behavior of a non-surging glacier are best exemplified by
published studies on Nisqually, South Cascade, and Blue glaciers in Washington State
(Hodge, 1972; Hodge, 1976,78; Meier et al., 1974; Kamb et al., 1979), and on
Unteraargletscher (Iken et al., 1983) and Findelengletscher (Iken and Bindschadler,
1986). All of these observations are similar to the equivalent properties of Variegated
Glacier before, and after its 1983 surge (Raymond and Harrison, 1979; Bindschadler
et al., 1977; Bindschadler, 1982; Kamb et al., 1985, Kamb and Engelhardt, 1986).
Also, the dispersivity and mean flow velocity of the Variegated Glacier during the

non-surging state are similar to that observed on normal glaciers that do not surge.

The tracer return for the non-surging state of Variegated Glacier is dominated
by storage-retardation and dispersion effects are slight and are only estimated as an
upper limit. This is reasonable because of the strong similarities in the shape of dye-
return curves of the Variegated in the non-surging state and curves from normal,
non-surging giaciers [notably Findelen Glacier (Moeri, 1983); South Cascade Glacier
(Irle, 1978); Aletsch Glacier (Lang et al., 1979)]. The first and primary concentration
peak normally observed in glacier-tracing experiments is best represented by the
diffusive-dispersion theory (Section 6.2), and the relatively minor trailing portion of
the return curve is modeled by the storage-retardation theory (Section 6.3). The

dye-return curve for the non-surging state of Variegated Glacier as sampled (Chapter
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4) is best described by the storage-retardation theory as discussed in Chapter 5.

Comparison of the dye-return curve C(¢), and integrated dye-return curve for
the post-surge Variegated Glacier to published experimental results from tracer exper-
iments on non-surging glaciers strongly suggests the initial peak, due to normal
diffusive-dispersion mechanisms, may have been missed between sampling intervals.
The upper limit of diffusive-dispersion effects and the mean transport velocity of
tracer for the Variegated Glacier in the non-surging state are estimated for this peak

as shown on Fig 5.8.

The dye for the post-surge experiment was observed to exit the glacier at a sin-
gle terminus stream (LTS). This stream had the highest sediment load and water
discharge of any of the terminus outflow streams operating at the time of the experi-

ment.

8.4.4.1. Retardation of Tracer Due to Adsorption Effects

As shown in Sections 3.5 and 6.3, the retardation of the dye relative to the
water, due to instantaneous dye adsorption on rock-particle surfaces in the conduit
walls, must be known to calculate the actual mean flow velocity of the water U from
the mean velocity of dye transit Uy, . The maximum retardation coefficient E, calcu-
lated for experiment 3 by the method (Section 6.3) is on the order of one. Therefore,
the mean dye transit velocity measured in experiment 3 is essentially equal to the
mean water transport velocity between the base of the injection borehole and the gla-

cler terminus.

The mean velocity of water within the conduit after the surge ended was there-

fore about 0.7 m/sec if the basal conduit was straight for its entire length and if the
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bottom of the borehole was directly connected to the conduit.

The impedance to water flow between the base of the borehole and the main
conduit is unknown. It appears to have been minimal, as judged from the rapid
arrival of the tracer at the terminus and from the relatively low value of dispersivity

(a<1m) inferred from the tracing results.

6.4.4.2. Conduit Size

For Variegated Glacier in the post-surge experiment the minimum water velocity
U is 0.7 m/s, and the conduit radius on the order of 1 m as will be shown presently.
The Reynolds number calculated from these values is 108, much greater than value of
2,200 for transition from turbulent to laminar flow. Consequently, the water flow in

such conduits should be modeled with turbulent flow theory.

The value of 0.1 m/m for the hydraulic gradient is obtained from the measured
bed slope of Variegated Glacier — 1000 m vertical elevation change per 10,000 m hor-
izontal distance. Over a distance of 10 km average bed slope, surface slope and

hydraulic gradient at Variegated Glacier are approximately equal.

The conduit radius for turbulent flow at the hydraulic gradient 0.1 m/m is
estimated using the Manning formula (Eqn. 6.3) with roughness n* = 0.05m™'/3/s.
For a conduit of circular cross section this n* gives a mean radius of 0.075 m, which
corresponds to Ry = 0.037m. For a Manning roughness n* of 0.1 mY3% | the
predicted hydraulic radius Ry is 0.1, and for n* = 0.01 the hydraulic radius is 0.003

m.

The actual fluid velocity in the conduit is expected to be higher than the mean

longitudinial velocity due to channel sinuosity. The length of a sinuous channel is
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greater than the valley length, by the factor @ > 1, where Q is called the sinuosity.
For a valley of mean gradient dh /dz of 0.1 and stream discharge @ of 30 to 40 m3/s,
the corresponding average sinuosity, {2, is 3 based on empirical results from a variety
of open channels (Richards, 1982, Fig. 7.1d, p. 181). For a conduit length three times
the valley length, or a sinuosity of three, the actual mean flow velocity is 2 m/sec . A
speed as high as 2 m/sec has been measured in water tracing experiments in other
glaciers (Table 6.2), and could have occurred in Variegated Glacier in the non-surging
state. In a sinuous conduit, the average hydraulic gradient is reduced by the factor
7! and the average flow velocity is increased by the factor 2. The calculated
hydraulic radius is thus increased by a factor 0%/, Consequently, if the likelihood of
conduit sinuosity €2 = 3 is taken into account, the hydraulic radius of the conduit is
calculated to be about 0.04 to 1.2 m in size, depending upon the conduit roughness

(n* = 0.01, 0.1m /3, respectively).

An independent estimate of conduit size may be obtained from the stream
discharge and mean flow velocity information. The conduit radius B for a conduit of

circular cross section is

R —tild Q
¢ 47U

k. 40 m*/s
=tild ——
' V 4707 m /s

where Q is the discharge carried by the conduit with water flow at mean speed U.

The corresponding hydraulic radius is Ry = R /2. The calculated radius is about 4.3
m for a mean flow velocity of 0.7 m/s and the estimated discharge @ of 40 m?/s (Fig.

4.11b). If the actual stream flow is about 2 m/s, then the conduit radius is about 2.5
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m. Therefore, a conduit radius in the range of about 2.5 m and conduit sinuosity of 3
results in agreement between the velocity given by Manning’s formula for flow in a
circular tunnel with rough walls (n *=0.1m“l/3s) and the velocity compatible with the
observed terminus stream discharge during the post-surge dye-tracing experiment,

this velocity being 2 m/s.

6.4.4.3. Diffusive-Dispersion Effects

The values of D and o can be explained by the same theories used to describe
dispersion in natural surface and underground rivers (Fig. 6.1). If the conduit was
within the ice mass it would have low wall friction and a low value of dispersivity
similar to man-made pipes (Fig. 6.1). The somewhat higher dispersivity values
obtained for non-surging glaciers in general, including the post-surge Variegated Gla-
cier, indicate that main drainage conduits probably lie at the base of the glacier.
From Equation (6.12) the friction coefficient implied by assuming 8 =5 is

R B1: 200

r=sl{E -8

According to (Taylor, 1954), the value of T’ for flow in a circular conduit with loga-
rithmic transverse profile of flow velocity, as observed in turbulent flow, is 20. The
corresponding value of f* is about 0.5. The average I' for natural streams is 100
(Fischer, 1968), and the corresponding calculated f * is 0.02. Therefore, the minimal
value for the friction coefficient of a water conduit within Variegated Glacier in the
non-surging state is f ¥ == 0.01, and an upper limit for the Manning roughness (con-
duit radius on the order of 1 m ) is n* = 0.01 to 0.1 m™"/3/s. These n* values do

not differ greatly from the range given by Clarke et al. (1984) (n* = 0.05 to 0.12
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m"1/3s), and the range of f * values includes the value of f * = 0.25 recommended

by Hutter and Spring (1984).

6.4.4.4. Storage-Retardation Effects

For glaciers in the non-surging state, the initial Gaussian peak of the dye-return
curve is produced by diffusive-type dispersion mechanisms, and is followed by a
quast-exponential tail produced by storage-retardation-type mechanisms. The tail for
the tracer return in the post-surge experiment in Variegated Glacier is quite pro-
nounced. The rate coefficients a (10 s7%) and b (107 s7!) in Eqn. (5.17), calculated
in Section 5.5, are similar to values obtained from similar tracer experiments con-
ducted in normal, non-surging glaciers such as Findelen Glacier (Moeri, 1983) and
South Cascade Glacier (Irle, unpubl., 1978). The slightly less accentuated tails
observed in the dye return from these glaciers, as compared to the the tail in the
return from the post-surge experiment in Variegated Glacier or from an experiment
conducted from Koncordiaplatz on Aletsch Glacier by Lang et al. (1979), may be due

to the shorter travel distances involved for Findelen and South Cascade glaciers.

On first glance it might seem that the simplest explanation for the quasi-
exponential tail is a borehole storage mechanism, caused by slow release of dye at the
base of the injection borehole. The dye transport may have been slightly impeded
during its movement from the base of the glacier to a nearby major water channel;
nevertheless, observations indicate that the dye travel time to the glacier terminus
was very short, and the dispersion of the initial tracer peak was very small. The
borehole storage mechanism is considered further in Section 6.3. That consideration

leads to the conclusion that borehole storage is not likely to he the main cause of the
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observed quasi-exponential tail, and that storage mechanisms along the flow path of

the tracer at the base of the glacier are instead responsible.

As shown in Section 5.5, a quasi-exponential tail following an initial sharp dye-
return pulse is predicted by the simple model of storage and release in which the rate
of dye transfer from the flow system (conduit) to storage is proportional to dye con-
centration in the conduit and in which the rate of dye release from storage back into
the conduit is proportional to dye concentration in the storage ‘‘reservoirs.” Accord-
ing to the dye-return curve that results from this model, Eqn. (5.27), the height and
length of the tail should increase as the travel distance through the conduit system
increases. This may explain the fact that the exponential tail is more pronounced for
the dye-return curve of Variegated Glacier experiment 3, with a travel distance of
about 10 km, than for experiments conducted through moulins and boreholes located

at distances closer to the termini of other non-surging glaciers.

Section 6.3 describes how the storage and release phenomenon can be explained
mechanistically in terms of dye transfer between "mobile” and ”immobile” zones in
the water flow system. The immobile zones may consist of slow-moving or stagnant
water associated with back-eddies, meander bends, or water-filled chambers partially
connected to the main conduit. The existence of chambers that can temporarily iso-
late water from the main conduit is indicated by the fact that a secondary dye peak
was observed on the day following the dye injection (Section 4.4). Directly observed
dye transfer from immobile zones of water located at the inside of meander bends to
the main flow of a natural surface stream, Green River (Washington) (Fischer, 1968),
produces only a small accentuation of the dye-return tail, barely noticeable in the

presence of the tail produced by the diffusive-dispersion mechanisms in the mobile
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zone, for a travel distance similar to the third tracing experiment in Variegated Gla-
cier. Since the exponential tail in the dye return curve appears to be of major impor-
tance for Variegated Glacier in its non-surging state, the results suggest that the
main water conduit must be associated with a very large number of nearby water-
filled cavities, be highly tortuous, or have numerous obstacles in the flow path, as

compared to a natural surface stream.

If the conduit lies at the base of the glacier, as suggested by the dispersivity
values, then adsorption of dye on sediment or rock surfaces at the bed might contri-
bute to the storage-and-release phenomenon. This would be the case if the adsorptive
equilibrium were not instantaneous (involving finite rate constants), or if the sites of
adsorption were not in immediate contact with the water of the conduit, so that they
could be reached only by some type of diffusion path, as in the "matrix diffusion”
model noted in Section 6.3. (Instantaneous adsorption leads instead to the retardation

phenomonon discussed in Section 6.3.)

The dye-return curve for Variegated Glacier in the non-surging state can be
accounted for in a general way by the pulse and quasi-exponential tail predicted by
the storage-and-release theory, combined with a small amount of diffusive spreading
of the initial pulse. What is still needed, however, is to relate the a and b parame-
ters of the tﬁeory to the detailed physical mechanisms of a model. For either the
sediment-adsorption model or the stagnant-water model, the values of a, b, D and
U that fit the dye-return curve cannot be related in detail to features of a model;
the general exponential shape of the curve can be explained. In all likelihood, the
exponential tail is produced by a variety of dispersion mechanisms that transfer dye

between various types of immobile and mobile zones.
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6.5. Water Transport Systems of a Surging Glacier

6.5.1. Theory of Basal Water Flow

The basal drainage system of an actively surging glacier has been hypothesized
to consist of one of the following possiblities: 1. a thin sheet of water as described by
Weertman (1969); 2. a series of linked conduits and cavities as described by Kamb et
al. (1985); 3. an extensive layer of easily deformed subglacial sediment (Boulton, 1979,
pp. 29-43). There are no other known possibilities that can account for the extremely
rapid basal sliding velocities observed (10 to 100 m/day). The objective of the follow-
ing interpretation of the results of the first tracer experiment on Variegated Glacier,

under surge , is to distinguish among the above three possibilities.

6.5.2. Interpretation of 1983 Variegated Glacier Experiment No. 1: The

Surging State

6.5.2.1. Linked-Cavity Model of the Basal Water System

The tracer-return data from experiment 1, together with other observations of
Variegated Glacier in surge in 1982-3, have been interpreted in a preliminary way and
on this basis a provisional model formulated of the basal water system in surge, as
follows (Kamb and others, 1985, pp. 477-478): ”Water transport through Variegated
Glacier in surge cannot be in a normal tunnel system, because the observed average
water-flow speed (0.02 m/s) is much too slow in relation to the outlet stream
discharge at the time of observation (7 m®/s). To permit a water-flow speed of only

0.02 m/s down the actual gradient (0.1), a tunnel would have to be only ~1 mm in
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diameter and would carry a discharge of only /<1078 m3/s. Thus, there must be
many water-conducting passageways, distributed across the width of the glacier bed.
A limiting case of this would be a continuous gap, about 1 mm thick, between the ice
and its bed, which is similar to the model proposed for surging glaciers by Weertman
(1969). However, even in this limiting case the water flux carried by the system would
be much too small, only =~~0.02 m®/s. From this we are forced to conclude that the
system consists not of conduits or gaps of uniform width or thickness but rather of
relatively large cavities linked by narrow, gaplike orifices that conduct the water flow
from one cavity to the next. The overall low rate (water discharge) is controlled by
‘ high-speed flow through the narrow orifices, whereas most of the travel time for water
transport through the system is taken in slow-speed flow through the large cavities.
We believe that this system of linked cavities forms by the process of ice-bedrock
separation or basal cavitation (Lliboutry, 1968; Weertman, 1964; Kamb, 1970, p. 720;
Iken, 1981). The cavities, which form on the lee sides of bedrock protuberances when
the basal sliding velocity and basal water pressure are high (as they are in surge),
probably have horizontal dimensions of a few meters and heights of a meter or less.
The connections between them, which are in places where cavitation occurs only mar-
ginally, must be only a few centimeters high to throttle the flow. The observed
values of U (0.02 m/s) and @ (7 m3/s) require that the cavities have an average area
of 200 m? in lateral cross section, which means that their average height is 200 m?
divided by 1000 m (the glacier width). Thus the cavity height is about 0.2 m. The
opening or closing of such a cavity system would store or release water (as in the
large floods observed in connection with major slowdowns in surge speed) and would

cause the glacier surface to rise or fall by 0.2 m, which is of the order of magnitude of
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the drop actually observed at surge termination. The widespread distribution of the
passageways across the glacier bed accords with the greatly increased turbidity of the
outflow water during surge: by comparison with a normal tunnel system, it allows a
much more extensive access of the basal water to the source of comminuted rock
debris that is generally present between the base of the ice and the underlying

bedrock.”

In this thesis the preceding linked-cavity model will be further examined and
tested in detail on the basis of the results of the tracer experiments reported here
upon which the theory was based. Where possible, the ability of the linked-cavity
model to explain the tracer results will be compared with the abilities of the basal

sheet-low model and of the subglacial sediment model (nos. 1 and 3 in Section 6.5.1).

6.5.2.2. Dimensions in the Conduit System

The conduit radius (or gap width) during the surge, predicted on the basis of
Manning’s equation and also laminar flow theory, is of the order of 1 mm. If these
conduits lie at the glacier bed, as strongly suggested by independent lines of evidence
(Chapter 4), then the calculated conduit size is much too small to carry the total
amount of stream discharge observed. To account for the observed discharge at the
glacier terminus and the measured dye transit velocity, many water channels must
exist at the glacier bed, and the channels must have a radius on the order of 1 cm.
Conduits of greater size, on the order of 10 cm, may exist if the water is temporarily

stored in cavities between short conduit segments.
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8.5.2.3. Volume of Stored Water

The total volume of stored water is estimated by integrating the volume
discharged at the terminus, in excess of volume melted daily at the surface. Approxi-
mately 10 million m® of stored water were discharged from the glacier within the
month after surge termination on July 4, 1983. This large amount of water storage,
together with the observed drop of the glacier surface by 10 cm immediately upon
surge termination, supports the concept that numerous cavities existed at the base of
the glacier during surge. The amount of stored water discharged at the terminus
within a few days of surge termination corresponds to a volume of 0.7 cubic meters

per square meter of glacier bed.

At the height of the surge, the water level in boreholes was on average about 70
m below the ice surface at Km 9.5, where the ice was about 400 m thick; since the ice
doubtless had an appreciable porosity due to crevasses, cracks, and other internal
openings, a significant amount of water was stored within the ice mass during surge,
and some of this stored water was released on surge termination, when the mean
borehole water level dropped to about 120 m below the surface (Kamb and others,
1985, p. 476). Water was also stored in marginal lakes, two of which formed at the

height of the surge and drained away on surge termination.

8.5.2.4. Retardation of Tracer Due to Adsorption Effects

The estimated K, value for sediment remaining within the glacier during the
surge is on the order of 107(Section 3.5). For a conduit on the order of 1 mm radius,
or larger, that is completely lined with adsorbing sediment, the value of B, ~ 1, and

no retardation is expected due to instantaneous adsorption effects at the conduit wall.
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For significant retardation to occur the tracer must be adsorbed on very fine sedi-
ment, but such miron-sized sediment is readily carried by the transporting fluid.
Thus, it is unlikely that retardation of the tracer will occur due to instantaneous
adsorption effects, unless the dye is adsorbed at depth within immobile sediment. If
adsorption of the tracer deeply within conduit walls is necessary to cause a significant
retardation of the tracer, then other storage-retardation effects will come into play, as
described by models of matrix-diffusion (Section 6.3.3) and mobile-immobile zones

(Section 6.3.4), and is discussed below.

6.5.2.5. Storage-Retardation Models and Dispersion

The storage-retardation models such as matrix diffusion and immobile-mobile
zones as discussed previously cannot explain the results observed for the Variegated
Glacier in the surging state. These models predict that the dye-return curve would
have a sharp onset and a gradual exponential tailing of the dye concentration with

time. The observed tracer-return curve was quite different (Section 4.5).

6.5.2.8. Diffusion Models and Tracer Dispersion

The shape of the total dye-return curve in experiment 1 is described by the
diffusive dispersion equation, as shown and discussed in Section 5.4. Mechanisms that
can be considered to explain the diffusive dispersion include the concept of multiple
conduits. This is because dye with nearly the same C(t) distribution. This distri-
bution has previously been was discharged from all of the many water outlet sites at
the glacier terminus during the surge. Thus, the single conduit model can be dis-

carded at the outset. The observed value for dispersivity within the surging glacier 1s
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within the upper end of the observed « range for natural porous media (Anderson,
1979), but the mean flow velocity of water through the surging glacier is several ord-
ers of magnitude faster. The observed dispersivity for the glacier surge is a factor of
10 to 100 times greater than the average value of dispersivity in alluvial sediments
and other assorted natural porous media (Table 6.6). If the characteristic scale length
L for dispersion of a tracer through Variegated Glacier in the surging state is several
orders of magnitude greater than the average L of porous media, then £ values for
porous media and the surging glacier are similar, and a single dispersion model may

apply to both the surging glacier and porous media.

The multiple-interconnecting cavity-conduit model leads to the calculated vari-
ance of travel time through a multi-dimensional network of linked cavities as dis-
cussed in Section 6.2. The conduit width, roughness, tortuosity, segment length, and
cavity dimensions are assumed to be described by a log-normal frequency distribution
shown to correctly describe the observed variance in rock fracture width (Snow,
1970), grain-size distribution of crushed rock, and many other natural variates

(Aitchison and Brown, 1957).

The observed high value of longitudinal dispersivity and the slow mean flow
velocity can be explained by a model of many cavities connected by channels. The
scale length L of the system is equal to the distance ! between internal connection
points in the multiple-conduit system. This value is much greater than the mean
grain size of sediment (as required for the granular porous media model of
Scheidegger, 1954) but much smaller than the total distance traveled, X (as required
for the ”channeling” model of Neretnieks, 1983). The multiple-interconnecting

channel-cavity model predicts a scale length L or the mean cavity spacing / that is



- 230 -

on the order of 0.1 m to 1 m . Length scales of this order are observed on deglaciated
terrain and are indicated by theoretical expectations based on the linked-cavity slid-
ing theory of Kamb (1985, unpublished). The important quantity is the variance of
the log-normal size distribution of each variable contributing to the mean transit
time, including cavity size and the radius, length, roughness and tortuosity of the

connecting channels.

The granular-porous-medium model of the water transport system predicts
dispersivities on the order of the grain size of sediment. It is assumed that the mean
grain size of sediment remaining in contact with moving water within the glacier is
about sand size or larger ( i.e., >==1 mm ), because sediment finer than this size is
unlikely to remain immobile while in contact with water flowing at a mean speed on
the order of 0.01 m/s or greater. If the subglacial debris is composed of coarse gravely
till, and the mean sediment size length L is on the order of 10 cm, then the predicted
dispersivity for water flow through the subglacial debris is on the order of 0.1 m
(Scheidegger, 1957). The observed dispersivity (see Section 5.4) was larger than this
by at least a factor of 1000. Therefore the drainage of the surging glacier was not

controled by the flow of water through subglacial debris.

The mixing region for the linked-cavity model may consist of a cavity or a
length scale of the glacier necessary for total mixing of glacier runoff to occur. The
linked-cavity model of mixing volumes, referred to as “perfect-mixers” by Bear (1979),
is used to calculate that the mean distance between mixing volumes is L = 2a. For
the surging glacier, the calculated L is on the order 1 kilometer. For a system of
actual linked basal water cavities, this result is clearly unrealistic, but for a linked

system of arbitrary mixing volumes, a spacing distance on the order of the glacier
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width is plausible. In this sense, the glacier must be heterogeneous on the scale of
one kilometer, but may be homogeneous at a scale equal to the total travel distance

X, if X is much greater than L.

If superimposed on the transit time model for linked cavities described above,
the dye is temporarily stored for a time proportional to the size of each cavity accord-
ing to the log-normal probability density distribution, then the total variance in tran-

sit time Is further increased.

8.5.2.7. Conclusion of Dispersion Analysis for Surging Glacier

The multiple-interconnecting cavity conduit model best predicts the high values
of dispersivity observed for the glacier during the surging state. Most of the main
drainage tunnels and cavities must have been situated at the base of the glacier,
because of the large amount of suspended sediment carried by the water. The effect
of retardation of the tracer due to adsorption on immobile sediment is considered
negligible, because most of the tracer was adsorbed on highly mobile, fine-grained sed-
iment carried by the water flow. In addition, the retardation must be negligible in
order to explain the rapid appearance of dye at the terminus, both on sediment and
dissolved in water. The variables determining the transit time variation of the multi-
ple interconnecting channel-cavity model included the log-normal variances of conduit
size, cavity length and width, and channel segment length. The predicted spacing
between cavities in the multiple-interconnecting conduit system ranges from 0.1 to 1
m, as suggested by independent lines of evidence (Kamb et al, 1985). The size of
cavities is of the same order as the distance between cavities. Mass balance of the

total amount of stored water released at surge termination and the total amount that



can possibly be stored at the glacier bed in cavities strongly suggests that at least 10
to 20 percent of the extra water within the glacier during the surge could have been
stored in basal cavities. The remaining extra water was stored within the surging gla-

cier and in lakes situated along the glacier margin.
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Table 6.1
Dispersion Parameters from Tracer Experiments in Pipes!

n’ £ X U a Ry r
(m™%s) (m) (m/s) (m) (m) -

Straight

Pipes

Set A 0.007 0.026 3 2.2 0.003 0.0025 23
0.007 0.026 16 2.2 0.003 0.0025 20
0.007 0.031 16 1.4 0.004 0.0025 25
0.010 0.012 - 1.1 0.208 0.25 21

Set B 0.018 0.13 3 1.5 0.008 0.0025 21

Curved

Pipes

Set C 0.031 0.145 1,250 1.4 0.14 0.127 23
0.024 0.118 38,324 1.1 0.041 0.051 19

Set D 0.008 0.036 2.5 1.1 0.007 0.0025 44

0.007 0.031 2.5 2.0 0.005 0.0025 30

1. Data from Taylor (1953, p. 463). Data sets A, B, and D are from small-scale
laboratory experiments; set C from large-scale experiments in pipelines, the first
example a water pipeline between El Segundo and Montebello, California; the second
a water pipeline from San Pablo to Richmond, California. Experiments in set D were
carried out in a curved laboratory pipe, the radius of curvature of which was 570
times the radius of the pipe cross-section. The wall-friction coefficient f* for each
experiment is based on the measured fluid flow, via Equation (6.5). The correspond-
ing value of the Manning roughness n* is obtained from the relation (6.3) or (6.7).
The experimentally observed dispersion coefficient D is expressed in terms of o via
Equation (6.1), and the parameter I' is calculated from a via Equation (6.15), using
the stated value of f*.
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Table 6.2

Dispersion Parameters in Natural Rivers

River Name X Ry U @ B8 r
(km) (m) (m/s) (m)
Surface Streams
Green River (1) 2 1.1 0.29 17 15 86
- 1.1 0.32 10 9 50
3 1.1 0.29 20 18 101
” 4 1.1 0.29 16 15 84
- 1.1 0.32 22 20 112
7 7 1.1 0.32 30 30 168
Average 4 1 0.3 3 20 100
One Eye River (2) 1 1 0.25 9 45 200
” 6 1 0.25 10 50 200
Underground Streams
One Eye River 5 0.043 10 4 25

1.  Manning roughness n* = 0.058m /35, mean discharge Q = 8.5 m3/s, f* =
0.26 (Fischer, 1968). In calculating B from «, Equation (6.2) is used with

2. Q=2.6-7.5m?/s, width 12-24 m (Smart, 1976).
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Table 6.4a
Moulin Dye Tracing Results

Glacier Site No. of Year X RH(a) U o B8 f* References
Obs.t) (km) (m) (m/s) (m) - m'?

Hintereisferner 5 1971 0.8 10 04 18 15 4.5  Ambach et al.(1972)

” 1 1972 0.8 1.1 0.1 1 1 0.02 Behrens et al. (1975)
Hintereisferner 2 1971 1.7 1.1 034 15 14 392 Behrens et al.(1975)

” 8 1972a 1.7 0.8 0.81 6 7 098 7

» 1 1972b 1.7 1.0 052 2 2 0.08 7
Hintereisferner 9 1971 2. 08 06 15 17 45 Ambach et al.(1972)
South Cascade 1 1970 0.6 1.2 017 4 3 0.8 Krimmel et al.(1973)
South Cascade 2 1978 0.9 15 016 10 7 098 Irle(1978)
Findelen 2 1982a 1.7 08 03 8 9 2 Moeri(1983)
Findelen 2 1982b 2.7 0.9 0.5 12 13 34 ”
Aletsch 1 1978 6.3 1.4 1.65 2 2 0.05 Lang et al.(1979)
Aletsch 1 1977 193 1.9 084 11 12 29 ”
AVERAGE 35 - - 0.9 0.5 10 10 24 -
(open channel) 6 1970 4 04 0.96 2 6 0.82 Ambach et al.(1973)

Table 68.4b
Borehole Dye Tracing Experiments
Glacier Site No.of Year X Ry® U o B f°  References
Obs.® (km) (m) (m/s) (m) m™/3s
Findelen 2 1982 22 08 03 21 27 - Moeri (1983)
” 2 1982 24 10 0.2 45 45 - ?
Variegated (Surge) 1 1983 8  <1©) 0.0024 1250 >1000 - -
” (Post-Surge) 1 1983 10 21 07 <9 <4 007 -

(a) Ry values calculated directly from the Manning equation from observed stream discharge,

mean velocity, and gradient.

(b) The data values are averages from the numbers of individual observations listed.

(c) Size deduced from mean flow velocity by assuming laminar flow in conduits of circular cross

section.
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Table 8.5
Roughness of Glacier Water Conduits®

Glacier Glacier ~dh /dz Q U n’ n"
Surface Hydraulic (based on (based on
Slope Gradient discharge)b dispersivity)®
m/m m/m m®/2 m/s m1/3s m/3
Open Channel (0.1)¢ 2 0.96 0.114 0.017
Hintereisferner 0.19 (0.08) 4 0.41 0.28 0.16
6 0.4 0.25 0.017
? 0.15 (0.08) 4 0.34 0.36 0.21
6.8 0.81 0.095 0.11
6.2 0.52 0.177 0.033
” 0.10 (0.08) 4 0.6 0.17 0.24
Average 0.098 (0.08) 5.2 0.6 0.14
South Cascade 0.33 0.08 3 0.17 0.9 0.13
0.23 0.08 3 0.16 0.9 0.11
0.18 0.08
Findelen (0.08) 6 0.3 0.37 0.14
(0.08) 6 0.5 0.19 0.21
Average 0.08 (0.08) 6 04 0.23
Aletsch
Katzlocher 0.108 (0.06) 43 1.65 0.02 0.024
Koncordiaplatz 0.064 0.06 29 0.84 0.056 0.203
AVERAGE ~ 0.1 ~ 0.1 ~ 10 ~1 0.26 0.14
Variegated 0.1 0.1 40 0.7 0.064 0.07

(Post-surge)
Average = 0.26

* Except for the case of Variegated Glacier, data cited in this table is based on results of dye-
tracing experiments conducted through glacier moulins.

> This estimate of n° based on discharge, is obtained from the Manning equation (6.3), The
shape of the channel is assumed to be circular in cross section.

® This estimate of n* based on dispersivity, is obtained from Equations (6.7) and (6.15) with
= 20

4 Parentheses indicate best estimate of average hydraulic gradient from available data on sur-
face, bed and borehole water levels.
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Table 6.6
Summary of Dispersivity Data — Typical Values
System U L « I} f* r
(m/s) (m) (m)

Porous Media
Glass Beads 107 1073 1072 1 - -
Snow 107 1073 1072 10 - .
Alluvium® 107 - 10 10t - -
Assorted Natural® 1078 - 10? 10° - -
Single Pipe Conduits (Ry)
smooth (n *=0.01), narrow 1 0.001 0.001 1 0.03 23
smooth (n *=0.01), wide 1 0.1 0.1 1 0.01 21
rough (n *=0.02), narrow 1 0.001 0.01 3 0.18 21
curved (n*=0.01), narrow 1 0.001 0.01 2 0.04 37
curved (n *=0.01), wide 1 0.1 0.1 1 0.03 21
Rivers, surface 0.3 1 10 10 0.26 100
Rivers, underground 0.04 2 10 10 0.26 50
Non-Surging
Glaciers
Moulin injection 0.5 1 10 10 0.25° 50
Borehole injection 0.2 1 40 40 0.25 230
Variegated Glacier
Surge

Total Tracer 0.024 - 1,100 - 0.25 -

Dissolved Tracer 0.042 - 240 - 0.25 -
Post Surge

Total Tracer 0.7 2 <10 <4 0.25 <23

2nd Peak 0.1 2 40 30 0.25 170

2 Estimated grain size 1 mm.

b Estimated coefficient (Spring and Hutter, 1982)
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Figure 6.2 Model drainage systems that can produce a Gaussian dye-return curve as
required by diffusive dispersion. Single conduit and multiple- intercon-

necting conduits (with and without cavities) and linked uniform cavities
are represented.
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SCHEMATIC OF GLACIER AQUIFER ZONATION:

BOREHOLE E AT KM 9.5

BOREHOLE J AT KM 17.2
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Figure 6.3 Schematic of glacier aquifer zonation showing: I. snow; II. firn; III. glacier
ice; IV. basal conduits; V. subsole rock and sediment. The approximate
location of 1983 Variegated tracer injections made at Km 9.5 (Rhodamine
dye) and Km 17.2 (Tinopal dye) are shown. Previous dye-tracer studies
at other temperate glaciers, compared in Tables 6.4 - 6.5, were conducted
through moulins, crevasses, marginal streams, boreholes (drilled to
different depths and aquifer zones I - III) and snow on firn surface, and
these glacier features are included in this idealized sketch.
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Figure 6.4 Plot of dispersion coefficient versus mean flow velocity for dye tracing
results from experiments conducted through moulins on Hintereisferner,
Findelen, Aletsch, and South Cascade glaciers, and through boreholes
reaching glacier bed in Findelen and Variegated glaciers. Only data for
experiments indicating a mean transport flow velocity greater than 0.01
m/s are considered. Also, only cases where main dye peak could be
modeled by diffusive dispersion theory are included. Data obtained at
close time intervals, through the same water conduit, are interconnected
by a solid line. Dashed lines of slope oo = 3, 5, 15, 50 m are shown for
comparison to model predictions (Section 6.2).
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Figure 6.5 Dispersivity versus conduit size for moulin dye tracing experiments from
various temperate glaciers, based on data in Fig. 6.4. Solid lines/symbols
are used to indicate experiments conducted in same moulin or borehole

within a few hours to weeks. Dashed lines indicate constant values of
= 1,10, 25 and 40.
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Figure 6.6 Log-log plot of dispersivity versus scale length L for different drainage sys-
tems including natural and artificial porous rock materials, snow, man made
pipes, natural rivers, basal and englacial conduits in non-surging glaciers
(studied through moulin and borehole injections) and basal conduits in
Variegated glacier in surging and non-surging states.
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Figure 6.7 (a) Sketch of single-conduit basal water system of a temperate glacier in the

non-surging state as suggested by modeling of tracer experiments where dye
was injected at base of glacier through moulins and boreholes.
(b) Basal conduit system of a surging glacier, as indicated by dye tracer
results from Variegated glacier. This drainage pattern is composed of
multiple-interconnecting conduits and cavities, and is the type of linked cav-
ity system discussed by Kamb et al. (1985).
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Chapter VII:
CONCLUSIONS

7.1. Comparison of Basal Water Systems in the Surging and Non-Surging

States

The drainage system of Variegated Glacier in the surging state is found to be
composed of an interconnecting network of conduits and cavities, and is strikingly
different from the tunnel system indicated by tracing experiments for the non-surging
state. At surge termination the multiple-conduit-cavity system collapsed, and at the
same time a dendritic drainage system rapidly developed. The collapse of the
conduit-cavity system occurred during and after one of the most dramatic peaks in
water discharge at the glacier terminus. After termination, discharge remained rela-
tively high as compared to both surge and pre-surge average values and most of the
glacier water emanated from a single outlet stream. The switch from a multiple»
interconnecting conduit-cavity system active in the surging state to the trunk tunnel
system active in the non-surging state is correlated to the large changes observed in
stream discharge, ice velocity, and sediment discharge. Both theory and observation
strongly suggest that most of the glacier runoff travels at the glacier bed for surging
and non-surging glacier states. Theoretical models of possible drainage system
configurations were compared with dye-tracing observations to infer the details of

water flow at the bed of the glacier.
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7.2. Tracer Dispersion and Storage

Spreading of the dye-return peak by diffusive dispersion, which is described by
the diffusion equation, can be parameterized in terms of a longitudinal dispersion
coefficient D). Models of tracer dispersion in single conduits, in systems of multiple
interconnecting conduits (such as porous media), and in linked-cavity systems indi-
cate that for all of these systems D depends on water flow velocity U via the simple
relation D = a U; the factor o, called the longitudinal dispersivity, is used in inter-
preting experimental results (as in Section 6.2 and 6.5). The models further show
that o = B L, where L is a fundamental length scale for each system and B is a
dimensionless proportionality constant, whose value can in some cases be calculated

theoretically.

The shape of the dye-return peak is also affected by a second type of process,
here called a ‘“‘storage-retardation” process, which generates (from a slug injection) a
dye-return curve consisting of a sharp initial peak followed by a quasi-exponentially

decreasing tail.

The dye-return points for the tracer experiment during the surge have a large
scatter around a theoretical Gaussian curve (Section 5.4); this contrasts with the lack
of scatter in the post-surge experiment, in which the data points follow rather well a
dye-return curve of storage-retardation type (Section 5.5). The scatter in dye return
pattern for the surge experiments is probably due to the continually changing nature

of the glacier drainage system in the surge.

Transverse distribution of tracer at the terminus differed greatly from surge to
non-surge states. During the surge the dye tracer was observed to emanate simul-

taneously from all terminus streams. The transverse dispersion was large for the
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surging glacier and on the order of the longitudinal dispersion. After the surge, only
one stream carried the tracer at detectible concentrations. This evidence contributes
to the conclusion that a major change in water drainage sytem occurred at surge ter-

mination.

7.3. Specific Features of the Conduit System at the Glacier Bed During the

Surge

The size of a rough conduit calculated from the dye transit velocity for the surg-
ing state of the glacier is about 1 mm, as compared to about 1 m the non-surging
state. These channel sizes are calculated assuming a Manning’s roughness, n*, of 0.1
m/3s, a hydraulic gradient of 1/10, and a sinuosity of 1 to 3. Although the total
water flux measured at the terminus for the non-surging state is readily carried by a
conduit of radius 1 m, the water flux for the surging-state is too large to be tran-
sported solely through basal conduits with radius as small as 1 mm. In order to tran-
sport the observed total flux of water to the glacier terminus during the surge at the
slow transit velocity observed, basal conduits must be of radius 1 cm or larger. If
basal conduits during the surge are larger than radius 1 cm, each conduit must inter-

connect chambers where the forward movement of the dye is temporarily arrested.

The tracer return battern for the surging glacier is approximately Gaussian in
shape. Storage-retardation models such as slow release of tracer from the base of a
borehole, interaction of immobile-mobile zones, and matrix diffusion would predict a
different shape for the dye return curve than that actually observed during the glacier

surge.
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The diffusive-dispersion model corresponds to the case of the surging glacier.
The dispersion parameterization of the tracer for the surging glacier is D = 30 m2/s,
and U = 0.024m/s. The implied dispersivity is & = 1,100 m. This value of disper-
sivity is higher than observed in most tracing studies. The dispersivity for the surg-
ing glacier resembles values for natural fractured and microscopically channeled
porous media. The o values are similar, even though the mean flow velocity of the
dye through the surging glacier is many orders of magnitude higher than normal

groundwater flow velocities.

Dispersion through a network of randomly oriented channel segments, such as
that in isotropic granular porous media, involves a dispersivity that is on the order of
the grain size of the granular medium. The granular porous media have dispersivities
much smaller than that actually observed in the glacier tracing experiment. The
drainage system of the surging glacier can not be described by flow through a granu-

lar basal substrate.

The theories for dispersion of a solute in single conduits and non-interconnecting
linked cavities both give lower dispersivity values than that measured for the surging
glacier. The single-conduit flow theory is not consistent with the high dispersivity and
slow tracer velocities observed during the glacier surge. The velocity and dispersivity
of a water tracer traveling at the bed of the surging glacier cannot be estimated with
reasonable input constraints, unless the water drainage system is composed of many

conduit segments linking various water-filled cavities.

The fact that dispersivities measured for natural groundwater flow over large
distances have high values approaching that observed for the surging glacier suggests

that the highly dispersive drainage system controlling water transport in Variegated
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Glacier during the surging state may be described by the same general diffusive-
dispersion model used to describe groundwater flow systems. The dye-return pattern
for the glacier in the surging state can be explained best by a drainage system com-
posed of many cavities, having a log-normal size distribution, and with log-normal
variance of order unity, tha cavities being interconnected by short channel segments
that also have a log-normal size distribution with similar variance. This model is con-
sistent with the high value of dispersivity (o = 1,100 m) evaluated from the dye-
tracing experiment conducted during glacier surge. The statistical calculation of
dispersion within this type of the drainage system uses a log-normal size distribution
for channel radius, channel segment length, cavity size, tortuosity, and conduit rough-
ness. The scale length L of the system is equivalent to the distance between inter-
connection points. The dispersivity is the aggregate effect of all variances of variables
controlling the transit time of tracer from one interconnection point to the next. The
B coeflicient can be as large as ~ 10% as estimated stochastically for this type of
drainage sytem. The flow in each conduit can be either laminar or turbulent. For
reasonable values of L ~ 10 ¢m to 10 m, and for a value of 7 that is possible theoret-

ically, the observed o ~ 1,000 m can be accounted for.

In addition to the pattern of dye dispersion, the observed mean velocity and the
stream discharge are compatible with this unusual basal water system, characteristic
of the glacier in the surging state. For an average conduit height of 0.1 to 1 m, and a
mean flow velocity of 0.02 m/s over the glacier width of 1 km, the terminus stream
discharge would be 2 to 20 m®/s. The average discharge monitored during the dye-
tracing experiment conducted during the glacier surge, about 15 m3/s, was within this

range. The observed 0.1 m drop in height of the glacier surface at surge termination
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is compatible with the closure of cavities of average height 0.1 m. Because of the
large volume of sediment carried by the surge water, it is concluded that these cavi-

ties and the main interconnecting channels were probably located at the glacier bed.

Strong evidence in support of the existence of water-filled cavities within the gla-
cier also comes from the observation of the large volume of water discharged con-
currently with each major deceleration in glacier velocity, including the termination
of the surge. The water discharged at these times far exceeds the daily water input

that can be accounted for by surface melt, rainwater input, and frictional melting at

the bed.

The model of multiply interconnecting cavities discussed in this thesis is con-
sistent with a theoretical model of the basal water system in surge recently developed

by Kamb (unpublished) on the basis of the surge observations.

The integrated dye return curve indicates that about 50% of the injected Rho-
damine WT tracer was detected reaching the terminus in the first tracer experiment.
The missing tracer may have been adsorbed on immobile basal sediment or stored in
isolated cavities while the water and dye were enroute to the the glacier terminus,
and may have been continuously discharged at undetectable concentrations for weeks

to months after injection.

7.4. Specific Features of Basal Water Conduits After Surge Termination

The longitudinal dispersivity (o < 1m) and mean velocity (U, = 0.7 m/s)
values for dye transport through Variegated Glacier after the end of the 1983 surge
are consistent with those of normal, non-surging glaciers. The parameters inferred for

the single main basal conduit after the glacier surge ended are: hydraulic radius 1.5
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m, sinuosity  about 3, water flow velocity in the conduit about 2 m/s, Manning
roughness 0.1 m“l/ss, and I' parameter 20 . The observed discharge of the terminus
stream can be explained by these values using Manning’s Equation (6.3). The disper-
sivity can be accounted for by eddy-diffusion theory (Taylor, 1954) applied to a very
rough and meandering conduit. These results are in general agreement with theoreti-
cal predictions concerning the water drainage system for normal, non-surging glaciers
as described by Rothlisberger (1972), Shreve (1972), and Nye (1976). A value
n* =01misin agreement with independent estimates of Manning roughness for
glacier conduits by Clarke et al. (1984), and indicates that the basal conduits are very

rough and tortuous.

If a high initial tracer peak appeared at the glacier terminus, as suggested by the
fact that 60 9% of the tracer was unaccounted for, then it must be concluded that the
peak arrived between two sampling times, 40 minutes apart. The probable arrival
time is prior to the first terminus stream sample containing a high concentration of
tracer, and after the last clean sample. To estimate dispersion parameters for the
non-surging glacier, the total tracer volume returned was assumed to be approxi-

mately equal to the amount of dye initially injected at the glacier bed.

If water conduits existed within the ice mass they would be expected to have
very low wall friction. Such englacial channels would probably have friction factors
and cross-sectional velocity profiles similar to man-made pipes. Clean-ice-walled
englacial water channels would produce dispersivities approximately 1/10 to 1/1000
smaller than dispersivities of a natural shallow stream flowing over a moderately
rough bed. The dispersivity values derived for non-surging glaciers in general, includ-

ing the post-surge Variegated Glacier, indicate that main drainage conduits probably
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lie at the base of the glacier.

The tracer-return curves obtained in the non-surging state of Variegated and
other normal glaciers indicate that one or more storage-retardation mechanisms are
active. The measured portion of the dye-return curve for the non-surging Variegated
Glacier is described by a decreasing exponential curve of tracer concentration. The
exponential tailing of the dye-return curve is caused by storage and release processes
described by a model of stationary and moving zones with transfer of tracer between
the mobile and immobile zones. The immobile zones probably do not consist of sedi-
ment but rather are probably water chambers poorly connected to the main flow
(Ambach and Jochum, 1973), back-eddies behind flow obstructions, or slack water at
sharp meander bends. Such a string of immobile zones connected to the main
drainage conduit can explain the observed exponential tailing commonly observed for

non-surging glaciers and natural surface streams.

7.5. Adsorption of Dye on Suspended Sediment

The adsorption of Rhodamine WT on suspended sediment proves to be impor-
tant in the tracing experiments conducted during and after the glacier surge. The
return curves for dissolved, adsorbed and total Rhodamine WT tracer had to be
measured separately, in order to analyze reliably the dye return from the basal water
tracing experiments.

A new technique was devised for extraction of tracer from suspended sediment.
It involves methanol extraction and fluorometry of the extracted Rhodamine WT in
methanol solution. The limit of detection for dissolved and adsorbed Rhodamine WT

was 0.01 ppb.
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Eighty percent of the tracer detected at the terminus of the glacier in surge was
adsorbed on suspended sediment, the remaining twenty percent being in solution.
After the surge only a minor amount, less than ten percent, was found adsorbed on

suspended sediment.

The terminus streams are highly charged with easily suspended, fine sediment.
The suspended sediment content of the outflow streams during the surge was very
high and variable, ranging from 20 to 110 g/l. After the surge termination, the con-
tent of suspended sediment dropped off sharply to a level between 0.1 to 20 g/1. The
high sediment contents in the terminus streams for both the surging and non-surging

states strongly suggest that main water conduits lie at the glacier bed.

Data on sediment load in relation to dissolved and adsorbed tracer concentra-
tions, for samples and standards prepared from Variegated Glacier stream water,
were analyzed for their conformity to adsorption theory. Results indicated that the
dissolved tracer concentration was linearly related to the adsorbed concentration.
The observed sediment adsorption behavior for Rhodamine WT can be explained in
terms of the Langmuir adsorption isotherm theory for dilute solutions, or Henry’s
linear law for adsorption. The adsorption behavior of sediment and consequently the
value of the volume distribution coefficient K; is strongly dependent upon the grain

size of sediment.

Although most of the dye transported to the glacier terminus during the glacier
surge was found adsorbed on fine sediment, dye adsorption behavior cannot account
for either the slow mean transport velocity nor the unusually high dispersivity meas-
ured. The finest sediment is carried by the flow of water, and it is just this type of

sediment that causes the large K, values. The coarser sediment that is not in
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suspension is expected to have a lower value of adsorptivity inversely in proportion to
the sediment grain size. Most of the dye tracer is carried to the terminus on fine sedi-
ment that remained in continuous adsorptive equilibrium with the water the sediment
remained in association with. Due to the predominance of micron-sized particles in
the discharge waters, it is probable that the sediment was carried along with the fluid
without the occurrence of any significant additional retardation or dispersion due to
settling and saltation processes enroute. There was a much greater abundance of
very fine sediment suspended in the terminus stream discharge during the surge. The
abundance of micron-sized sediment accounts for the large distribution coefficients
K,;, measured for suspended sediment during the first experiment. The highest
values for the distribution coefficient, observed during the glacier surge, were approxi-
mately coincident with the highest ice flow velocities and major outburst floods at the

terminus.

Perhaps, the very fine, highly adsorbing sediment is produced by increased
grinding of basal rock fragments during major motion events of the surging glacier.
Another possible explanation for the high K; values is that a larger area of the gla-
cier bed, and, consequently, basal sediment, is exposed to flowing water during the
motion events. Increased cavitation and separation at the basal ice-rock interface
during major motion events can explain not only the correlation between increased
K, and increased ice motion during the surge, but also the increased value of K,

observed for the glacier in the surging as compared to the non-surging states.
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7.6. Recommendations for Future Work

The information in this thesis provides a theoretical and observational basis for
the design, execution and interpretation of glacier water tracing studies. The disper-
sion information potentially provided by glacier dye tracing experiments has been
under-utilized in the past. Results of this study indicate that storage-retardation
mechanisms strongly affect the transport of a solute transported at the base of a
non-surging glacier, and a better understanding of the basic processes involved is
necessary. In particular, I suggest that a realistic assessment be carried out of the
effects of eddy-diffusion and solute transport between the mobile zone of a stream and
proposed immobile (or slack water) zones associated with stream meanders, ice and
rock obstacles, pockets of adsorbing sediment, and nearby water storage chambers.
Finally, this study has shown for the first time that tracer dispersion within a glacier,
either in the surging or non-surging state, is partially akin to tracer dispersion in

natural groundwater aquifers, and this relationship should be explored further.
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