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ABSTRACT. Dye-tracer techniques are widely used to infer the character of
subglacial drainage systems. Quantitative analysis of dye breakthrough curves focuses
on the determination of the water throughflow velocity (u), the dispersion coefficient
D) and the dispersivity parameter (d = D/u). Together, these parameters describe
the rate of passage of tracer through the drainage system and the extent to which the
dye cloud becomes spread out during passage. They have been used to infer the nature
of flow conditions within a drainage system and temporal changes in system
morphology, Estimates of all three parameters, however, are dependent upon the
sampling interval at which measurements of dye concentration used to deline
breakthrough curves are made. For a given breakthrough curve, the dispersion
coeflicient increases with the sampling interval, while the throughflow velocity shows
no systematic variation. As a result, the dispersivity also tends to increase with the
sampling interval. Investigations of the sensitivity of parameter estimates to the
sampling interval reveal that reliable estimates can be obtained only il the sampling
interval is less than 1/16 of the time from dye injection to peak dye concentration, As a
oeneral guide, we suggest that, ideally, quantitative analyses of dye breakthrough

curves should therefore be conducted only when this criterion can be met.

INTRODUCTION

With the realisation that there may be a strong
coupling between the hydrology of warm-based
glaciers and their low mechanics (Lken, 1981), there
has arisen a strong interest in determining the
morphology of subglacial drainage systems and its
evolution over time (Kamb and others, 1985; Seaberg
and others. 1988; Willis and others, 1990; Fountain,
1993: Hock and Hooke, 1993: personal communication
from P. Nienow, I. Willis, M. Sharp and K. Richards,
1994). Tracer techniques have been widely used for this
purpose, and are perhaps the best method available for
determining drainage-system characteristics on a
glacier-wide scale (Hooke, 1989).

Tracing involves the injection of a known quantity of

tracer (salt, or more v()mm(m]‘_\' a [luroescent (l}'t’ such as
rhodamine (B or WT') or (luorescein) at a known point
(commonly a moulin or crevasse on the glacier surface,
but occasionally the base of a borehole drilled to the
glacier hed), and its detection in one or more meltwater

streams draining from the glacier. Three forms of

detection are widely practised:

1. Activated charcoal detectors are placed in the
stream and absorh dye as it passes. After comp-
letion of a test, the detector is rinsed in an eluent
which is then passed through a fluorometer. The
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presence or absence of dye is used to determine
whether or not dye emerged in a particular stream
(e.g. Smart and Brown, 1973).

2. Diserete samples of stream water are collected and
run through a fluorometer to measure dye
concentration (e.g. Seaberg and others, 1988).

3. Water drawn from the stream is passed contin-
uously through a fluorometer, and dye concent-
rations are recorded on a data logger or chart
recorder (e.g. Fountain, 1993).

Methods 2 and 3 allow the construction of dye break-
through curves (plots of dye concentration vs time).

Quantitative analyses of dye breakthrough curves
form the basis of modern dye-tracing techniques (Smart,
1988). However, the success of such analyses is strongly
dependent upon the accuracy with which the break-
through curve is resolved (Fischer, 1968; Behrens and
others, 1975). This is a lunction of the accuracy of the
fluorometric detection procedures employed and the
frequency with which water samples are collected for
analysis of dye concentration. In this paper we consider
the influence of the sampling interval on the determin-
ation and interpretation of the properties of dye break-
through curves. Our goal is to determine the minimum
sampling frequency which allows consistent determin-
ation ol these properties.
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METHODS USED IN THE ANALYSIS OF DYE
BREAKTHROUGH CURVES

In this section, we identify the parameters most
commonly employed in quantitative analyses ol dye
breakthrough curves, in order to show how an accurate
determination of the form of the breakthrough curve is
essential to the accurate estimation of these parameters.

Establishing the time between dye injection and peak
concentration in an outllow stream (ty,) allows estimation
ol the flow velocity, u, through a glacial drainage system
distance travelled /¢, ). This provides information concern-
ing the hydraulic structure of the flow system. Rapid flow
velocities (>0.2ms ') have been interpreted as indicating
low through hydraulically efficient channelised drainage
1969: Krimmel and others, 1973;
Moser and Ambach, 1977;
Lang and others. 1979; Burkimsher, 1983). Lower [low

systems (Stenborg,

Behrens and others, 1975:

velocities have usually been interpreted as indicating low
through a hydraulically ineflicient *“distributed™ hydro-
logical system such as a linked-cavity configuration, a thin
basal water film or a permeable basal sediment layer
("Theakstone and Knudsen, 1981; Tken and Bindschadler,
1986; Kamb., 1987; Willis and others, 1990, In some recent
work, velocities of less than 0.1 ms " have been interpreted
as indicating flow through highly sinuous, hydraulically
ineflicient, anabranching channels (Fountain, 1993: Hock
and Hooke, 1993,

The shape ol a dye breakthrough curve provides
information about the flow conditions within the system
traced, particularly with regard 1o the mechanisms which
cause dispersion of the dye cloud. An increasingly
dispersed dve cloud can result from two main eflfects: (i)
an increase in the range of flow velocities within the
drainage path ‘which will enhance mechanical disper-
ston); and (i) an increase in the number of storage
locations or immobile zones along the drainage path
which will enhance molecular diffusion). In general,
dispersion resulting from variations in flow velocity is the
dominant factor in channelised systems, whilst dispersion
resulting from storage retardation becomes increasingly
significant in distributed-flow systems. Two parameters
are widely used 1o describe the degree of dispersion of a
breakihrough curve: the dispersion coefficient, .
(Taylor, 1954 Levenspiel and Bischoll, 1963) and the
dispersivity, d (Fischer, 1968; Behrens and others, 1975).

The dispersion cocflicient, D, is used to deseribe the
rate ol dispersion ol a dye cloud during its passage
through a drainage system. It has units of m”s '. There
are numerous methods ol obtaining D [rom a dye break-

through curve. Within glaciology, a detailed analysis of

the processes of dispersion was undertaken by Brugman
1986). One of the methods used by her [and subse-
1988) and Willis and

others (1990)) to derive a value of 12 is used here:

quently by Seaberg and others

D = 22(tn — ;)% /48,2 In [2(:,,,/1,)ﬂ . (1)

Here, & is the straight-line distance between the points ol

dye injection and recovery, t, is the time to maximum dye
concentration (hut is not taken from field data. but instead
is treated as a variable to be obtained in the solution). and
t; represents ) and {9, which are the times when the dye

https://doi.org/10.3189/50022143000030641 Published online by Cambridge University Press

Nienow and others: Dnstruments and methods

concentration reaches half'its peak value on the rise 10 and
decline from the concentration peak. Equation (1)
represents two equations (for i =1, 2) and is solved
iteratively for £, until a value is chosen such that the two
equations are satistied and D is obtained. Unfortunately,
because D is dependent upon both the mean flow velocity
and the range of llow velocities within the drainage system
it does not, on its own, provide a reliable insight into
drainage-system structure. It is therefore usual to look also
at the relationship between D and the mean flow veloeity
determined from a tracer test.

In a given channel with a constant rouchness and
hydraulic radius, it has been [ound that D is approximately
proportional o the average flow velocity, u (Fischer, 1968;

Behrens and others, 1975; Maloszewski, 19992, such that:

D~ du. (2)

Here, d is relerred to as the dispersivity and has units of
m. Hock and Hooke (1993, p. 544
parameters derived [rom analysis of dye-return curves,

state that “of the

the dispersivity is the one that most clearly illustrates
evolution of the drainage system™ at Storglaciiren,
Sweden. during the summer 1989 melt seasorn,

The interpretation ol dispersivity values derived from
tracer tests in glacier drainage svstems is discussed more
fully elsewhere (personal communication from P. Nienow,
[. Willis, M. Sharp and K. Richards, 1994). For our
present purposes, it sullices to say that the dispersivity
represents the rate of spreading of a dye cloud relative to
the rate of advection of the dye during transit through a
flow system. and that it provides a measure of a length
scale characteristic of the drainage system (Fischer, 1968:
Gillham and others, 1984 . An accurate estimate of d can
only be obtained it 2 and w« are well known. To achieve
this, it is necessary 1o have a well-defined breakthrough
curve so that the values of #, and #; (Equation (1))
obtained from the curve and used in the caleulation of w
and D are correct or have an acceptable error margin. The
importance of this was acknowledged by Fischer (1968) and
Behrens and athers (1973, p. 3811, the latter noting that. in
certain tracing experiments at the Hintereisferner, Austria,
the sampling interval was “comparatively long as com-
parved to the time of passage of a wacer cloud™, and “the
amount of data was therefore o small for a dispersion
analysis™. At the Hintereisferner, a 3 min sampling interval
was used whilst the passage ol a dye cloud often ok no
morce than 15 20min. For detailed dispersion studies, a
shorter sampling interval was required to generate a more
accurate  breakthrough curve and thus more accurate
values of D and w. We now seek to determine how short
this sampling mterval must be.

SAMPLING-RATE EFFECTS ON THE DETERMIN-
ATION OF VALUES FOR THE FLOW VELOCITY,
DISPERSION COEFFICIENT AND DISPERSIVITY

In this section. we evaluate the sensitivity of values of
w, 12 and d 1o variations in the sampling interval used to
define a dve breakthrough curve, To do so, we make use
ol breakthrough curves resulting from injections made
into moulins on Haut Glacier d’Arolla, Valais, Switzer-
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land during the summer of 1990. The tracer used was
rhodamine B, and dye detection was by continuous {low
luorometry using a Turner Designs 10-005 field
fluorometer. Full details of the methods employed are
given by Sharp and others (1993).

To illustrate the dependence of values of w, D and d

on the sampling interval, we consider a series of

breakthrough curves which resulted from ten injections
conducted at a moulin located 1.44km from the glacier
snout on 14 August (Fig. la). These curves were
generated by 1 min averaging of dye concentrations
measured every 10s using a Campbell Scientific Limited
21X data logger. The curves were sub-sampled to
produce breakthrough curves based on dye concentra-
tions taken at 5 and 10min intervals (Fig. 1b and c¢).
Values of time to peak dye concentration (ty,), u, I and d
obtained from each set of curves are given in Table 1.
The shape of the breakthrough curve generated by a
given injection becomes increasingly angular as the
sampling interval is increased, whilst the detail of the
curve is lost (Fig. 1). The general shape of a breakthrough
curve remains relatively consistent as the sampling interval
is increased, but the peakedness of individual curves tends
to decrease as the short-lived dye-concentration peak is
missed. In the case of injection 3. the breakthrough curve
resulting from the 10 min sampling interval is very different
from that produced with shorter sampling intervals.
Although there are no systematic variations in the
values of u obtained from breakthrough curves con-
structed with different sampling intervals, it is clear that
the values obtained with 3 and 10 min sampling intervals
rarely coincide with those obtained with a | min sampling
interval (Fig. 2a; Table 1). The mean value of D obtained
(standard deviation
(S.D.) = 0.70). Such consistent results are to be expected

: . v ’ g
from | min sampling was 2.81 m~s

from a series of closely spaced injections made into a single
moulin over a period of time that is short enough to
assume a “constant’”’ drainage configuration. Sampling
intervals of 3 and 10 min produced mean 2 values of 4.15
(S.D. = 2.04) and 9.54 (S.D. = 7.06) m”s ', respec-
tively. These larger and more variable values (Fig. 2b),
which might be taken to suggest significant changes in the
drainage-system morphology during the course of a single
day, clearly result from inadequate definition of the
breakthrough curve rather than from actual changes in
the drainage configuration.

Since D tends to increase with the sampling interval,
whilst @ shows no systematic variation, it follows that d
also tends to increase as the sampling interval increases.
The dispersivity values determined from the 1, 5 and
10 min data sets by regressing D2 on w (forcing the
regression to omil a constant) were, respectively, 5.28
(2 = 0.57, p < 0.003), 7.93 (©* = 0.03) and 17.92
(r? = 0.04) (Fig. 2¢). These resulis suggest that a 5 min
sampling interval is too great to obtain an accurate
estimate of d from the breakthrough curves resulting from
the series of injections conducted on 14 August 1990.

In order to determine the precise sampling interval
required to generate accurate estimates ol D and thus d, the
curves were further sub-sampled at 2, 3 and 4 min intervals.
Figure 2d shows that certain values of D increase markedly
from the | min sampling-interval estimates when the
sampling interval is increased from 3 to 4 min. This fact is
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Fig. 1. A series of dye breakthrough curves resulting from
ten injections conducted at a moulin located 1.44 km from
the snout of Haut Glacter d° Arolla, Valais, Switzerland,
on 14 August 1990. Curves arve plotled for sampling
intervals of (a) 1, (b) 3 and (¢) 10min.

further illustrated by the standard deviation derived from
the ten estimates of 1) which is 0.70 for | min sampling, and
increases from 0.82 to 1.33 for the 3 and 4 min sampling
intervals, respectively (Table 2). Similarly, the correlation
coellicient obtained from regressing D on w to obtain d
decreases from 0.43 (p < 0.025) to 0.23 between the 3 and
4 min sampling intervals (Table 2).

Thus, in the above example, in which the dye-return
times were all less than 62 min and the passage of over
90% of the recovered tracer took no more than 20 min, a
sampling interval of 3 min or less was required to prevent
erroneous values of d being derived from the break-
through curves. However, the sampling interval required
to produce a breakthrough curve that is defined well
enough to allow accurate estimation of d will increase as
the time of passage of a tracer cloud and/or the distance
travelled by the tracer increases. This is a simple
reflection of the rate of change of concentrations during
a dye return, which tends 1o decrease as the tracer cloud
becomes more dispersed.

To illustrate this, we consider how varying the
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Table 1. Effects of variations in the sampling interval on throughflow velocity, di spersion coefficient and dispersivily for a
sertes of tests undertaken at a moulin 144 km_from the snout of Haul Glacier & Arolla on 14 August 1990

Lmin sampling interval Smin sampling intereal 10 min sanipling interval

Test no. njection Time to Mean Dispersion Dispersivily
time peak dye velocily  eoeffictent
cone, d

. 1 D 47 u D o . " D o

h min ms ! m?s ! m min ms ! g ! m min ms | m's ' m
| 9.15 61 (.39 1.16 294 60 0.10 1.36 3.39 60 0.40 1.85 4.61
2 10,00 47 0.51 %3 6.11 a0 0.48 7.94 16.50 30 018 6.42 14.17
] 11.00 +4 0.35 2.31 4.20 15 .53 2.36 b4 50 0.18 26.70 5547
| 12.00 43 0.56 2.83 5.06 15 .53 5.3 10.04 0 (.60 9.66 16.06
3 13.00 48 (.50 2.19 1.37 a0 0,48 319 6.63 a0 048 5.18 6.61
6 14.00 42 0.57 311 3.43 15 0.53 6.14 11.48 10 0.60 8.55 14.21
i 15.00 39 0.62 5.148 5.64 H 0.60 2.46 1.09 H) (.60 6.33 10.52
a 16.00 42 0.57 3.5 6.13 15 0.33 40 0.60 29.87
9 17.00 42 Q.57 348 6.07 10 (.60 219 9.12 10 .60 14.34
10 18.00 43 0.53 2.91 5.44 453 0:53 SULY 5.85 50 0.48 11.93
Mean 0.54 2.81 5.14 0.52 L15 7.94 (.53 1 7.78
§.D. 0.06 0.70 0.98 0.06 2.04 4.02 0.07 1411

sampling interval affects estimates of v, D and d derived
from an additional six breakthrough curves resulting from
tracer tests conducted during the 1990 melt season. The
time to peak dye concentration in these experiments

For each curve, the point at which 1) begins to increase
with sampling interval is taken 1o indicate the maximum
possible sampling interval which will allow acceptable
estimates of ) and d to be made. The ratio of the spread

varied between 81 and 267 min (Table 3). Figure 3 shows ol the return curve (characterised by the time between

how the value of D derived (rom the breakthroueh curve hall=peak concentration on the risine and falline limbs of
g 2 g

varies with sampling interval for each of the six injections, the curvel o maximum  allowable sampling interval
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Fig. 2. Variations in (a) the throughflow velocity, w, and (b) the dispersion coefficient, D, determined from ten breakthrough

curves Jr’u.'f.'u.m Jrom dye injections conducted al a moulin located 1.44 km from the snout af Haut Glacier d Arolla on 14 August
1990 as a _function of the sampling interval used to construct the breakthrough curve. (¢) A plot of D against u for the data
plotted i Figure 2a and b, showing the regression lines used lo estimate the dispersivity, d, for 1.5 and 100 min sampling
intervals. (d) A repeat of () with different sampling intervals used to determine the dispersion coefficient, D.
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Table 2. Effects of variations in sampling interval on the mean dispersion coefficient ( D) and related vaviables for the ten

tracer lests summarised in Table 1

Sampling interval Mean dispersion Standard deviation

Value of d determined by Correlation coefficient for

coefficient, D of D regressing D on u regression of D on

min m”s ! m r

I 2.81 0.70 5.28 0.57 (p<0.005)

2 2.91 0.78 3.49 0.44 (p=<0.025

3 3.09 0.82 5.81 0.43 (p<0.025)

| 3.53 1.33 6.70 0.23 Not significant
3 1.15 2.04 1.93 0.03 at the 0.05
10 9.54 7.06 17.02 0.04 level

varies from 1.7 to 6.1 (Table 3) with a mean of 3.4
($.D. = 1.7). The ratio of time to peak dye concentration
to maximum allowable sampling interval varies from 7.3 1o
16.0 (Table 3) with a mean of 11.2 (S.D. = 3.5). Given
the variability of both sets of results, t, is considered a
more appropriate parameter for establishing a suitable
sampling interval due to the ease with which it can be
determined in the field. Thus, il a tracer experiment is
conducted with the intention of analyzing the shape of the
breakthrough curve, it is advisable to adopt a sampling

interval no greater than fy,/16. Greater sampling intervals
are likely to result in inconsistent and inaccurate estimates
of D. and hence of d.

CONCLUSIONS

The principal impact of increasing the sampling interval
used to construct a dye breakthrough curve is to increase
estimated values of the dispersion coefficient, . Estimates

Table 3. The ¢ffects of variations in the sampling interval on apparent through/low velocity, dispersion coefficient and
dispersivity for six lests of varving duration conducted during the 1990 field season at Haut Glacier d’ Arolla. The maximum
acceplable values of ts — ty /1, and by [ts before D begins lo increase with sampling interval ave underlined

Injection date. time and Sampling Time to peak dye Mean weloeily Dispersion Dispersivity ty — t /ts i A
distance fron snoul interval cone. cagfficient

[ 4 Uy D )

min min ms | mos ! m
15 August 1 267 0.22 3.80 15.79 59.1 267.0
1200 1 5 270 0.22 3.48 15.65 11.8 534
3602 m 10 270 0,22 3.58 16.10 5.9 26.7
20 280 0.21 4.03 18.80 3.0 13.§
30 270 0.22 3.30 14.84 2.0 8.9
60 300 0.20 7.74 38.68 1.0 15
'2-1-‘]1[[) | 218 0.25 19.80 78.48 113.0 218.0
1335 h B 210 0.26 2044 78.04 22.6 13.6
3300 m 10 210 (.26 20.56 78.50 11.3 21.8
20 200 0.28 20,10 73.09 5.7 10.9
30 210 0.26 19.49 7442 3.8 7.3
60 240 0.23 30.78 134.31 1.9 3.6
1 August 1 159 0.35 14.78 12.73 49.7 159.0
1300 h 5 160 0.31 14.43 41.98 9.9 31.8
3300 m 10 160 0.54 14.54 41.72 3.0 138
20 160 0.34 16.04 16.66 b 8.0
30 150 0.37 21.90 59.73 | 5.8
I August 1 98 0.53 4.51 8.56 16.9 98.0
1255 h 5 100 0.52 4.95 9,58 3.4 19.6
3099 m 10 100 0.52 3.87 7.49 |_?_ Lﬂ_
20 1000 0.52 8.28 16.05 0.8 4.9
30 June | 90 022 8.86 10.44 G2 90.0
1230 h 5 90 0.22 8.63 39:39 12.2 18.0
1183 m 10 90 0.22 9.00 +1.08 6.1 1(_)‘
20 100 0.20 12.49 63.55 31 15
30 July | 80 0.52 1.60 3.08 9.6 80.0
1125 h B 80 0.52 1.63 Gla u M
2485m 10 80 0.52 2.53 4.89 1.0 8.0
20 80 0.52 8.49 16.40 0.5 4.0

+ " c i v
ty and ty represent the times when the dye concentration reaches half its peak value on the rise o

concentration peak,
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Dispersion coefficient (m%s™)

Q 10 20 30 40 50 60
Sampling interval (min)

—&—mB8Ca, 267 mins, 15 Aug —l— m7Cb, 218 mins, 24 Jul
X m7Ca, 98 mins, 1 Aug

A— m7Cb, 158 mins, 1 Aug
©-— m3ch, 90 mins, 30Jun  —©O  mSWh, 80 mins, 30 Jul

Fig. 3. Vartations in the dispersion coefficient. D,
determined from six breakthrough curves resulting from dye
mjections conducted on Haut Glacter d” Avolla in 1990 as a
Suncteon of the sampling interval wsed to construel the
brealthrough curve, The six curves were selected on the basis
of the vartations in time to peak dve concentration, t,, . which
they show. Arrows indicate the poini for cach curve at which
D begins to increase with sampling interval. and thus define
the maximum acceplable sampling interval for that injection.

ol throughflow velocity, w, are changed by increasing the
sampling interval, hut not in any consistent way, Both D
and u are used 1o caleulate the dispersivity, d. so estimates
of d also tend to inerease with sampling interval, Since
increases in d have commonly been taken to indicate an
increase in the complexity ol glacial drainage systems, and
in the number of storage locations within them. it is
important to be certain that such increases are not merely
an artefact of the sampling procedure used o construet dye
breakthrough curves. An analysis of the variation of D with
sampling interval for six breakthrough curves which
produced widely varying times o peak dye concentration
(hy ) suggests that accurate and consistent estimates of d will
only be produced when the sampling interval used is < 1,/
6. Where this eriterion cannot be met, caution should be

applicd when making inferences about the character of

glacial drainage systems based on an analysis of the
dispersion characteristics ol dye breakthrough curves.
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