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ABSTRACT A method for separating alpine glacial runoff into two com-
ponents, quickflow and delayed flow, is presented and is based on the dilo-
tion characteristics of sulfate relative to other major ions. These
components followed different flowpaths before they mixed in basal arteri-
al channels. Quickflow was relatively dilute. The quickflow composition
was confrolled by post mixing reactions, whose magnitude varied diurnally.
A principal control of the quickflow composition was suspended-sediment
concentration. In contrast, the composition of delayed flow remained rela-
tively constant throughout the ablation season. The proportion of quickflow
early in the ablation season ranged from 0-40%, and increased to 60-70%
during periods of maximum runoff.

INTRODUCTION

The chemistry of alpine glacial meltwaters has been used to determine water routing
through Alpine glaciers. Water routing, in turn, controls glacier shape, velocity and erosive
capacity (Collins, 1978, 1979; Drewry, 1986). These early studies paid little attention to the
chemical processes which furbish the meltwaters with solute or to their rates of reaction,
because field logistics demanded that continuous measurements of conductivity be used as
a surrogate measurement of solute load. Consequently, a mechanistic determination of wa-
ter quality genesis has not been achieved until recently for alpine glacia! runoff. Also, mis-
interpretation of seasonal and diurnal variations in meltwater chemistry has arisen because
of ignorance about the chemical processes which operate along different hydrologic flow-
paths.

Earlier studies of meltwater quality genesis identified carbonation and sulfide oxida-
tion as important mechanisms for solute acquisition (Church, 1972), and Raiswell (1984)
explained how carbonation establishes an association between dissolved carbon dioxide
species, principally HCO;3", and total dissolved base cations, which depends on the type of
rock being weathered and whether the water-rock system is open or closed to the atmo-
sphere. It is only recently that a conceptual model of solute acquisition by glacial meltwa-
ters has been proposed. The model demonstrates how different coupled reactions are likely
to dominate the different drainage pathways through the glacier (Tranter et al., in press). In
particular, SO4 is believed to be generated largely from sulfide ox1dat10n i the slowly
draining, so-called “distributed system”. Hence, naturally derived SO4 can be used to
trace water flowing through the distributed system

In this paper, we investigate the use of SO4 to separate glacial meltwaters into two
components, relatively concentrated “delayed flow” and relatively dilute “quickflow”.
so doing, we hope to establish that the concentration of species in quickflow is seasonally
variable, and dependent on factors such as the water-rock ratio in the turbid runoff.
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THE TWO COMPONENTS OF GLACIAL RUNOFF

Dye tracing reveals that a two-component mixing model adequately describes the sub-gla-
cial transport of meltwaters at the Haut Glacier d'Arolla (P. Nienow, pers. comm.). We as-
sumed that the total runoff consists of two components. The first component, quickflow, is
derived largely from icemelt, which flows rapidly through the glacier in ice-walled con-
duits and has limited access to rock flour. The second component, delayed flow, is derived
largely from snowmelt, which drains more slowly through the distributed system at the ice-
bedrock interface. In the distributed system, rock-water ratios are high as a result of contact
with reactive, finely comminuted glacial flour or moraine. The two components mix in ar-
terial channels at the glacier bed, before draining from the portal.

It is unlikely that the composition of the bulk meltwaters reflects two-component con-
servative mixing for many of the major ions. The composition of quickflow is more con-
centrated than icemelt, and it follows that quickflow must acquire solute during transit
through the glacier, most likely in the basal arterial channels following mixing with delayed
flow (Brown, 1991; Tranter & Raiswell, 1991). This leads us to believe that the composi-
tion of quickflow is largely determined by “post-mixing reactions”, which are dominated
by carbonation (Tranter et al., in press). Carbonation is dependent on factors such as the
suspended sediment load, the duration of water-rock contact, and access of atmospheric
CO, to the basal arterial channels. The impact and magnitude of these factors evolves dur-
ing the ablation season, and hence, the composition of quickflow should likewise evolve.

AREA OF STUDY

Sampling was undertaken at the Haut Glacier d'Arolla, the most southerly glacier in the
Arolla valley, Val d'Hérens, Switzerland. Geochemically reactive minerals, such as pyrite
and calcite, have been identified both in the field and by microscopic study of thin sections,
and are present in trace quantities in the bedrock and moraine.

SAMPLING, METHODS AND TECHNIQUES

Nine diurnal cycles were intensively sampled during the 1989 and 1990 ablation seasons.
Three cycles were sampled hourly during 1989 on 22-23 June, 17-18 July, and 16-17 Au-
gust. The remaining six were sampled hourly between 10:00 and 17:00 h and every 3 h be-
tween 17:00 h and the following 10:00 h during 1990 on 14-15 and 25-26 June, 11-12 and
23-24 July, and 9-10 and 16-17 August. A description of the discharge and suspended sed-
iment monitoring can be found in Gurnell et al. (in press), and that of the water sample col-
lection and treatment may be found in Brown (1991). In summary, alkalinity (largely
HCOj5") was determined in the field on filtered samples, and pH was measured in the field
laboratory. The major cations (Ca**, Mg?*, Na* and K*) and the other major anion, SO,%",
were determined in the laboratory by atomic adsorption spectrophotometry and ion chro-
matography, respectively (Brown, 1991).

RESULTS

The seasonal discharge records for 1989 and 1990, and the sampling period of each diurnal
cycle are shown in Fig. 1. The low diurnal discharge (<2 m> s and amplitude (0.6 m’ s
during early June increased as the season progressed, which 3gz:we rise to higher, increasing-
1y peaked hydrographs of high diurnal amplitude (>3.0 m s’y during July and August.
Also, the asymmetry in the diurnal hydrograph heightened, as the time to peak between the
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onset of daily ablation and maximum bulk discharge was reduced.
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FIG. 1 The variability in runoff during the 1959 and 1990 ablation seasons.
Arrows indicate when diurnal cycles were sampled.
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FIG. 2 Diurnal variations in discharge and the concentrations of suspended
sediment and major ions for 17-18 July 1989. This diurnal cycle is repre-
sentative of the nine cycles that were sampled.
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TABLE 1 Summary characteristics of the nine diurnal cycles.

Parameter June 1989 July 1989 August 1989
Min Max Min Max Min Max
Q 14 2.0 2.0 45 34 6.9
EC 17 20 15 24 14 18
Ca®* 200 240 170 290 180 240
Mg?* 26 43 16 31 15 31
Na* 9.2 17 72 17 7.7 14
K* 6.2 14 5.6 12 75 13
HCO5 210 260 190 320 240 280
S0,% 64 83 47 100 26 57
pH 73 7.8 8.2 9.0 8.5 9.2
e 0.014 0.29 0.16 0.73 1.4 4.0
June A 1990 July A 1990 August A 1990
Q 0.45 0.59 23 43 1.3 55
EC 26 31 14 22 11 25
Ca%* 280 480 190 310 190 350
Mg? 32 40 20 33 20 42
Na* 7.1 18 1.1 75 3.8 75
K* 8 12 2.5 4.7 5.0 8.1
HCO5 300 380 210 340 240 320
S0,% 140 170 46 92 35 110
pH 6.7 7.2 6.5 7.1 7.1 9.0
SSC 0.041 0.57 0.66 2.2 0.19 4.5
June B 1990 July B 1990 August B 1990
Q 1.6 3.6 1.5 6.0 1.5 4.7
EC 14 20 / / 15 26
Ca®* 220 280 150 300 210 360
Mg? 14 38 16 33 26 43
Na* 2.9 7.9 2.9 8.5 3.6 11
K* 4.1 12 2.0 7.5 4.0 11
HCO; 210 300 190 320 250 340
SO% 53 90 32 92 41 110
pH 6.6 7.1 6.5 7.1 7.0 9.1
SSC |0.23 5.7 0.56 3.2 |12 ]5.6

Units are peq I', except: discharge (Q), in m® s°1; suspended-sediment concentration (SSC), in gl
electrical conductivity (EC), in 1S ¢m!; and pH. Missing data is denoted by */”.

The variations in dlscharge and concentrations of suspended sediment, Ca® *, Mg®*, Na*,

K*, HCO;™ and SO,* for the diurnal cycle in July 1989 are shown in Fig. 2, and were rep-
resentative of the entire sampling period. Characteristics of each diurnal cycle are summa-
rized in Table 1. The dissolved ion concentrations and electrical conductivity were
inversely related to discharge (Fig. 2). The diurnal variation in solute concentrations in-
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creased as the ablation season progressed (Table 1). A notable exception was the cycle in
June 1990. The variation of pH broadly followed those of other major ions during June and
July, and was inversely related to discharge. However, this pattern reversed during August.

TABLE 2 Linear regression relations of concentrations of Ca?* and HCO 3" on 5042 for
each diurnal cycle. Points falling outside the 95% confidence limit of the central tendency
were excluded, and the number of rejected values are indicated in the column labelled
Missing The number of points from whickh the best fit linear regression was obtained is de-
noted “n.”

Date Ion Slope Intercept n Missing r
Tune 1989 Ca™* 2.2 58 22 1 0.98
HCOy 2.3 67 23 0 0.91
June A1990  Ca?* 2.7 15 11 0 0.98
HCO;y 2.1 43 10 3 0.98
June B1990  Ca** 13 150 14 0 0.75
HCOy 1.3 160 14 0 0.55
July 1989 Ca?* 2.2 75 24 0 0.99
HCOy 2.1 110 24 0 0.97
July A 1990 Ca?* 24 92 14 0 0.78
HCOy 2.6 100 14 0 0.88
July B 1990  Ca?* 15 130 9 5 0.83
HCOy 1.7 150 18 1 0.97
August 1989 Ca®* 1.4 150 14 1 0.91
HCOy 1.1 210 13 1 0.92
August A 1990 Ca?* 1.6 150 11 1 0.96
HCOy 0.71 240 13 0 0.72
August B 1990 Ca** 1.6 140 15 0 0.84
HCOy 0.58 250 15 0 0.63

Tranter & Raiswell (1991) devised a method for determining the composition of quick-
flow. The method assumed that 8042' was absent from quickflow. This assumption was
based on field observations (Tranter & Raiswell, 1991; Brown, 1991) and consideration of
the likely weathering reactions which occurred along different flowpaths (Tranter et al., in
press). Further evidence for quickflow containing “zero sulfate” was provided by laborato-
ry dissolution experiments. Most major ion concentrations exhibited a strong linear associ-
ation with SO4% concentration. The intercept of the linear regression of an ion
concentration on SO, defined the concentration of that ion in quickflow.

The intercept and slope of the linear regression of Ca** and HCO4™ concentrations on
8042’ concentrations are listed in Table 2. Some data points (outliers) were rejected and
excluded from the analysis based on the 95% confidence limits for the best fit relation.
These outliers resulted from methodological artifacts or processes other than simple, two-
component conservative mixing that was assumed to be operating at the time of sampling.
The intercept defined the average composition of quickflow during each diurnal cycle, and
results indicate that seasonal variation in the composition of guickflow occurred for both
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ions. In general, the quickflow concentrations were highest in August, intermediate in July,
and lowest in June. A similar analysis could have been presented for the other base cations
(Mg?*, Na*, and K*), but because their concentrations were low relative to Ca®* (their sum
was ~15% of the Caz+), their intercepts were t00 uncertain,

As anticipated, the quickflow Ca?* and HCOs concentrations were highly correlated,
which was expected because they were the dominant ions in quickflow. The linear regres-
sion on Ca?* concentration on HCO4™ was:

Ca?* =0.55 HCOq +27 (r=0.92; n=9) M

The regression relation indicates that Ca®* was probably overestimated in the dilute quick-
flow and underestimated in the more-concentrated quickflow. An ideal relation would have
had a slope of ~0.85, assuming that sum of the other base cations was 15% of Ca®*, and an
intercept of 0.0, assuming that Ca®* concentrations decrease 10 zero as HCOj5" concentra-
tions decrease to zero. Hence, the quickflow values are more indicative of the seasonal
trend than the actual concentrations.

A method was devised for determining the composition of delayed flow and was based
on the dilution characteristics of two ions over several hydrographs. The method assumed
that the composition of delayed flow was relatively constant, whereas the composition of
quickflow varied between different hydrological events. For each event, however, the com-
position of the two components was assumed to remain constant during the event. A linear
relation between the concentration of the two ions was computed for each event. For exam-
ple, the linear relation for the concentrations of Ca®* and SO, was of the form:

Ca® =M, SO % +; @
where M; and I are the best fit lincar regression slope and intercept for event i, respectively.
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FIG. 3 Determination of the delayed fllow Ca**, HCOy", and S042 “concen-
trations. Best fit equations are:-a) Ca?t:1=-92 % M + 279 (r = -0.94; n =
9)and b) HCO3 : I=-100*M + 304 (r =-088; n=9)

A linear regression relation, therefore, could be obtained for each of several events and
the equations would be common with respect to the delayed flow component as follows:
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Ca?* (delayed flow) = M, SO,% (delayed flow) + 1, 3)

where Ca2* (delayed flow) and SO4> (delayed flow) are the Ca®* and SO4%" concentrations
of the delayed flow, and n denotes the number of the event. Provided a linear relation exists
between I and M for all events, the intercept of this relation would be the delayed flow Ca**
concentration and the negative slope the delayed flow SO42' concentration,

The linear regression relation of each individual diurnal cycle can be used to determine
the composition of delayed flow in the glacial runoff. The intercept of the linear relations
for Ca®* and HCO;™ concentrations were graphed against the corresponding slopes (see Ta-
ble 2) in Figs. 3a and 3b, respectively, and a linear relation was clearly evident. The inter-
cept of the best fit line provided an estimate of the concentrauon of Ca** or HCO5™ in Lhe
delayed flow, and the slope provided an estimate of SO4 in the delayed flow. The Ca?
and HCOg concentrations of delayed flow were 279 (25) and 304 (£36) peq I’ 1 , respec-
tively. The estimated SO,2" concentration of delayed flow from the two relatmns agreed
quite well; the SO, concentration of delayed flow was 92 (+13) peq I'! for the Ca®* rela-
tion (Fig. 3a) and 100 (20) neq 1! for the HCOj5  relation (Fig. 3b).

For the first time, this method enabled the glacial hydrograph to be separated with
some conﬁdence based on the following assumptions: a) the SO4 content of quickflow
was zero; b) SO4 was not liberated from post-mixing reactions; c) the delayed flow con-
centrations of SO4 and other major ions remained relatively constant throughout the ab-
lation season; and d) the composition of quickflow remained constant during diurnal
cycles. Hence, the proportion of delayed flow in runoff, after Collins (1978), was:

Qq/Q, = (S0,%), 1 (S04%)q )

where Q is discharge, t is total or bulk runoff, and d is delayed flow.

These assumptions should be scrutinized closely in future studies, becanse hydrograph
separation which resulted from this method may conflict with those of dye return studies at
the same site. The proportion of delayed flow i m runoff draining the Haut Glacier d'Arolla
during the 1989 ablation season, based on SO4 data from Brown (1991) and the mean of
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the delayed flow SO42' values presented above, are shown in Fig. 4. The method did not
produce a meaningful hydrograph separation early in the ablation season (Q < 1.6 m3 s71),
when only a distributed drainage system was in operation. Later in the ablation season,
when runoff peaked, much of the subglacial drainage was expected to consist of quickflow,
but the hydrograph separation method estimated a high proportion (~30-40%) of delayed
flow (Fig. 5). Hence, effort needs to be directed toward resolving this apparent discrepancy.

DISCUSSION

Our interest in determining the composition of the two major components of alpine glacial
meliwaters stems from a desire to perform a meaningful two component hydrograph sepa-
ration. We believe that post-mixing chemical reactions modify the composition of bulk
meltwaters, so that if water chemistry is to be used to separate the hydrograph, the addition-
al solute must be apportioned to either or both compenents. The simplest solution is to ap-
portion the solute to only one of the components. Tranter et al. (in press) constructed a
conceptual model of solute acquisition by meltwaters that distinguished the dominant reac-
tions to be carbonate dissolution and sulfide oxidation in the distributed system and carbon-
ation in basal arterial channels. We built on this model, by assuming that SO42‘ was
liberated from the distributed system only, and that all post-mixing solute acquisition in
basal arterial channels was apportioned to the quickflow component (which is a tacit as-
sumption of the Tranter & Raiswell (1991) method of determining the composition of
quickflow).
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FIG.5 The relation between the concentration of Ca®* and HCO 3 in quick-

flow and the average suspended sediment concentration during the diurnal
cycle.

Quickflow was derived largely from icemelt, which is routed rapidly through ice-
walled englacial conduits, and had only limited contact with sediment. Hence, quickflow
in englacial channels maintained the composition of icemelt, and was extremely dilute.
High sediment concentrations were encountered only after the quickflow mixed with the
delayed flow at the bed of the glacier. The composition of quickflow was then fixed by car-
bonation reactions in the large arterial channels at the glacier bed (Tranter et al., in press).
The carbonation reactions were broadly as follows:
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CaCO;4 (s) + COy (ag) + HyO (ag) & Ca®* (aq) + 2HCO;™ (aq) (5)
calcite

CaAl,S8i,0g () + 2C0O, (aq) + 2H,0 (aq) & Ca?* (aq) + 2HCO;5™ (ag) + HyALSiyOg (s) (6)
anorthite (Ca-feldspar) kaolinite

The common feature of these reactions is that dissolved CO, and H,O (i.e. carbonic acid)
dissolve rock minerals to give rise to base cations and bicarbonate ions in solution. The base
cation most commonly liberated during chemical weathering reactions is Ca?*, since car-
bonates, such as calcite, have rapid dissolution kinetics, and because silicates and alumino-
silicates which contain several different base cations, such as feldspars, usually release
Ca®* most rapidly (Lerman, 1979). This preferential release makes Ca?" the dominant cat-
ion in alpine glacial meltwaters (Raiswell, 1984), and in most freshwaters (Holland, 1978).

Tranter & Raiswell (1991) showed that the composition of quickflow was dominated
by Ca®* and HCO4", supporting the hypothesis that carbonation reactions cause a preferen-
tial release of Ca>" and control the composition of quickflow. A full derivation of quick-
flow composition from these data would present a similar result, and the chemical
characteristics of quickflow also were reproduced in simple laboratory dissolution experi-
ments using rock flour derived from runoff from the Haut Glacier d'Arolla. The HCO3™ con-
centrations estimated for quickflow during August (210-250 peq 1) were similar to that of
delayed flow (304 peq 1'!), whereas quickflow concentrations of HCO;" were lower in the
early ablation season (4.3-160 peq I'Y). A similar argument could be constructed for the ma-
jor base cations. Hence, although concentrations of certain ions in quickflow and delayed
flow may have deviated at the beginning of the ablation season, their concentrations con-
verged as the season progressed.

Although the composition of quickflow was controlled by factors such as the type and
concentration of suspended sediment, the duration of rock-water contact, and the relatively
rapid transfer of atmospheric CO2 (Tranter et al., in press), suspended sediment concentra-
tions may have been a major control of the quickflow composition at the Haut Glacier d'A-
rolla, particularly with the present transit times within the basal arterial channel (<3 h).
Alpine glacial meltwaters may transport high suspended sediment concentrations during
periods of sustained ablation, as a consequence of increased discharge and hydroglacial re-
organization (Gurnell, 1987; Collins, 1989). As runoff increased from June through Au-
gust, suspended sediment concentrations also generally increased (Table 1) and the mean
suspended-sediment concentration varied diurnally (Fig. 2). The Ca®* and HCO;™ concen-
trations of quickflow were highly correlated with the mean suspended sediment concentra-
tion (Fig. 5, Table 2). The simplest explanation of this linear association is that more
suspended sediment increased the potential for carbonation, which produced a more con-
centrated quickflow. These results imply that the residence times of bulk meltwaters in the
basal arterial channels were not so long that the major ions achieved equilibrium with any
common mineral phase, such as calcite.

There are two subglacial drainage components for much of the ablation season, corre-
sponding to Q >2 m? s on Fig. 4 (note that this value is not a critical or threshold value).
The proportion of delayed flow in the runoff appears to be linearly related to the magnitude
of the runoff during this period. The contribution of delayed flow to total flow decreased
from 60-90% at runoff of ~2 m* 5! t0 30-40% at runoff of ~6 m* s™1. Higher ablation rates,
therefore, might be linked to higher recharge rates of both the distributed and the conduit
systems, because the discharge of delayed flow may have increased from 1.2-1.8 m3star
low flowt01.8-24m> s at high flow. The distributed system progressively shrank during
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the ablation season, hence the increased discharge of delayed flow must have been accom-
panied by higher velocities through the system and/or an increase in cross-sectional area of
the residual, distributed system.

CONCLUSIONS

Naturally occurring sulfate was used to trace waters draining the distributed system of an
alpine glacier. A method of hydrograph separation of runoff into two components, quick-
flow and delayed flow, using solute concentrations was presented. Whereas quickflow is
believed to vary in composition throughout the ablation season, delayed flow is assumed to
be relatively constant. Glacial flour was more geochemically reactive than hitherto appre-
ciated by water routing studies. Post-mixing reactions occurred when quickflow diluted de-
layed flow in basal arterial conduits. We assumed that the additional solute was
apportioned to quickflow. The composition of quickflow, which approximated the compo-
sition of icemelt during transit through ice-walled conduits, was fixed in basal arterial chan-
nels by carbonation reactions. The magnitude of individual solute concentrations depended
on factors such as the rock:water ratio, the duration of rock: water contact, and the availabil-
ity of atmospheric CO,. Quickflow became increasingly concentrated during the ablation
season, and the concentration increase was associated with increased suspended sediment
concentrations in the total runoff. The proportion of quickflow was calculated to be 10-40%
of runoff at low discharge early in the ablation season, and 60-70% of ranoff at high dis-
charge later in the ablation season.
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