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Use of the total input and output of ions to measure melt-
water runoff time through a glacier’s accumulation area

Perer RaBeN, WiLrrED H. THEAKSTONE
Department of Geography, Universily of Manchester, Manchester M13 9PL, England

ABSTRACT. Ionic analyses of snow samples collected from snow pits and cores, and
samples of meltwater collected from the only river draining the Norwegian glacier Austre
Okstindbreen during the 1995 summer, showed that the input/output relations of sodium
dnd chloride were nearly identical. 'mmplmgr at the pits revealed that some 72% of the
Na ' and Cl ions which accumulated in winter drained from the snowpack in early June
with the first 12% of the meltwater. Concentrations and loads of the two ions in the first
meltwater draining from the glacier in late May were relatively high. There then followed
a slight decrease in both the concentrations and the loads of the two ions in samples of the
river water, and more-or-less steady levels were present [or a long period. In lateJuly, con-
centrations decreased. Loads decreased in early August, indicating that most of the
winter- acrumulatcd ions had drained from the catchment. Input and output calculations
for Na' and Cl indicate a total drainage time for the first meltwater from the uppermost
part of tho accumulation area of 67 weeks, equivalent to an average drainage velocity of

100md ™

INTRODUCTION

Changes of patterns of atmospheric circulation, both short-
term and long-term, have marked effects on the chemical
composition of the snowpack at glaciers. Release of ions
during the early stages of snowmelt can have detrimental
ecological and environmental effects. By measuring the
total seasonal input and output of a specific ion, it is possible
to assess the drainage time for meltwater from different parts
of the glacier, including the upper parts of the accumulation
areawhich are snow-covered in all seasons. As part ofalarge-
scale research programme, the Okstindan Glacier Project,
studies of the eflects of changing climatic conditions on the
composition of the snowpack and meltwater emerging from
the Norwegian glacier Austre Okstindbreen are being under-
taken. Here, we report the results of part of the programme
which aimed to determine large-scale (catchment) ionic bal-
ances, rather than dealing with detailed single-site observa-
tions. The study made use of NaCl as a conservative, natural
tracer of the movement of snow meltwater through the
glacio-hydrological system. We report the total input/output
relations of Na' and, particularly, C1™ in 1995, The NaCl mass
balance was used to determine rates of water movement
through the drainage system at Austre Okstindbreen.

The ionic sources in a glacierized catchment are sup-
plied as either wet or dry deposition in snow or rain which
falls within the catchment, or they originate from subsurface
chemical weathering. Water discharging from glaciers
includes ice meltwater, snow meltwater and liquid precipita-
tion. The chemical composition of the water varies as the
proportions of these components change through the melt
season (May—September).

In 1995, the total seasonal balances of the inputs and out-
puts of seven ions were determined at Austre Okstindbreen,
the largest glacier (14 km?) of the Okstindan area, Norway,

at 66°01'N, 14718 E, 40 km south of the Arctic Circle (Fig. 1).
More than 1400 snow and water samples were collected
from the 226 km” catchment, which includes a second,
Oksskoltbreen (1km?).
glacierized area is 66% of the catchment. Nearly all the
meltwater from above 1200 m drains in and under Austre
Okstindbreen. The mean equilibrium-line altitude at the
glacier is around 1250 m.

The proximity of the Okstindan area to the Atlantic
Ocean results in high sea-salt concentrations (Na', Cl ) in
precipitation there. As it is believed that no chloride ions are
released from subglacial chemical weathering of'a catchment
which consists of garnetiferous mica schist of Caledonian
age, the annual (October—September) input of this ion
should equal the total output draining from the catchment.

much smaller glacier, The total

SAMPLE COLLECTION AND ESTIMATED ERRORS

Tonic inputs from winter (October 1994 May 1995) precipi-
tation, and the passage of 1ons through the snowpack during
the following summer, were determined by analyses of 700
snow samples collected from five pits between March and
August 1995. The pits were located on the glacier at 825,
1000, 1230, 1350 and 1470 m (Fig. 1). During the pre-melt
phase in late April-ecarly May, snow samples were collected
from the five pits and from 13 cores, in order to obtain data
relating to the total winter chemical input to the whole
catchment. All pits and cores included the full depth of the
winter-accumulated snowpack at the sample site. On re-
sampling at a site, snow which had fallen or drifted into the
pit was removed, and then the pit was extended by about I m
laterally before samples were collected, to ensure that the
samples were uncontaminated. Tonic variations within the
snowpack at Austre Okstindbreen differ relatively little over
short distances (Raben and Theakstone, 1993), and the error
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Fig. 1 The glacier Austre Okstindbreen and the catchment
within which it lies. The positions of snow pits (asterisks)
and cores (circles ) used in 1995 are marked.

caused by resampling at about 1 m from the site used during
the preceding visit is considered to have a minor effect
(<10%) on the calculated total quantity of ions in a 6-7m
deep snowpack. During sampling, the casily identifiable
1994 summer surface was used as a reference horizon, and
the depth/density profile above it was recorded. The esti-
mated error of the calculated water-equivalent depth of the
snowpack is <5%; errors of calculated water loss from the
pack are +3%. Temporal patterns of changing water-
equivalent thickness of the pack at the 1350 m site were simi-
lar to those at the 1470 m pit, which represents a large pro-
portion of the catchment area.

The total input of 1ons was calculated from the pre-melt
sample data and the winter accumulation on the glacier,
which was measured as part of an annual mass-balance
study (Knudsen, 1995). A 10 or 20 cm sampling interval was
used at each site, to facilitate investigations of ionic elution
throughout the melt season. The changing thickness, liquid
water content, temperature and density of the pack were
monitored throughout the entire field season, permitting
the drainage of ions to be related to lateral movement of
meltwater in the snowpack. Summer precipitation (mostly
rain) was sampled at a weather station within the catch-
ment, at 850 m.

In order to determine the ionic output from the catch-
ment, 700 water samples were collected from the only river
draining it. Sample collection started on the first day of
drainage, 26 May, and continued until 16 August. Between
two and twelve samples were taken each day by an auto-
matic sampler. Glacier river level was recorded from late

Raben and Theakstone: Input and output of tons to measure runoff time

Table I. Mean concentrations of Na' and CI in four pits and
the six cores from the highest part of the Austre Okstindbreen
catchment in 1995. (CL concentrations were not determined
on some occasions,) Values are not corrected for precipitation
inpuls between 29 April and 12 August

Na” Ci
mgl : mg! '
Pit 1470
29 April 0.69 1.25
2 June 0.57 1.03
12 June 0.22 040
12 August 0.17 0.30
Pit 1350
30 April 0.81
6 June 0.37
Pit 1230
25 May 1.07 201
8 June (.38 0.71
Pit 825
27 April 1.01 1.77
24 May 0.54
2 June 0.33
Cores (May)
1470W 0.83 1.59
1470E. 0.76 116
1100W 0.88 1.55
1400E 0.62 1.02
1300W 0.76 1.41
1300E 0.73 1.35

May until late September, and discharge was calculated
from an established rating curve: discharge values in gener-
al are believed to be correct to +5%, but to only +10%
during the first 2-3 weeks of river flow, when ice jams gave
rise to elevated water levels.

All samples were analyzed for Na' by Atomic Absorp-
tion Spectrophotometry (AAS), and some 220 snow/rain
samples and 250 meltwater samples were analyzsed for Cl
by 1on chromatography. Meltwater samples were filtered, to
remove particles finer than 0.45 mm, but very fine particles
which contained Na' would be included in the AAS data.
Re-runs of a number of samples showed an error of +5%
for Na', the detection limit being 0,001 mgl . For C1 the
error was + 5% with a detection limit of 0.05 mg1 .

IONIC INPUTS AND DRAINAGE OF IONS

The temperature of the snowpack at all sites was below 0°C
when samples were collected in late April (Table 1); no melt-
water had drained from the pack. Volume calculations of the
total winter input of ions to the catchment were based on the
measured winter accumulation on the glacier (Knudsen,
1995); it was assumed that an equivalent amount had fallen
on the non-glacierized area. The calculated total winter in-
put of C1" was 72.5 t (Table 2).

Precipitation in early May fell as snow above 1000 m, but
as rain at lower elevations, and some meltwater and ions
drained from the snowpack at pit 825 ('lable 1). Snow fell
over most of the catchment during a colder period which
followed (9-19 May). Melting then began, averaging
Semwe. d ! between 23 May and 7 June. The snowpack
was isothermal (0°C) at 1470 and 1350 m, on 2 and 6 June
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Table 2. lonic inputs to, and outputs from, the Austre
Okstindbreen catchment, 1995. Values in brackets indicate the

inputs within different altitudinal zones

Na Cl

1 1
Total winter (October 1994 May 1995) input 41.1 725
Winter input 730-1200 m Q.1 (16.2)
Winter input 1200-1916 m (32.0) (56.3)
Ice melt input 04 12
Summer precipitation input 73 133
Total input 48.8 87.0
Total output 511 88.0

respectively. The thickness of the pack at pit 1470 increased
by 10%, to 3.45 m w.e., between 29 April and 2 June, but the
mean concentrations of Na' and Cl decreased by 17% and
18%, respectively ('Table 1). The liquid water content in the
upper 3.5 m of the pack on 2 June was 3 16%.

On 12 June, 12% of the 2 June snowpack at pit 1470 had
melted (0.4l mw.e., or 6.6 x 10°m® water), but 72% of the
ions which had accumulated at the site by that date had
drained into the underlying firn (Table 3). 406t of CI ,
equivalent to 56% of the total Cl accumulated within the
catchment during winter, had passed out of the snow on the
upper part (1200-1916 m). This loss indicated an average con-
centration of Cl in the meltwater of 6.2 mg1 ™!, or five times
higher than the average concentration in the snowpack; this
agrees well withresearch elsewhere (Davies and others, 1987).

Unsettled weather in July brought both rain and snow,
which supplied Na™ and CI to the pack. Precipitation to-
talled 0.55 m between 12 June and 12 August. The average
concentration of ions in the snow remaining at pit 1470 on
12 August was only about 25% lower than that of 12 June
(Table 1), but ionic balance calculations suggested that 80—
90% of the winter-accumulated ions had drained from the
snow. This is in good agreement with the results of previous
studies at the glacier, in 1991 (Raben and Theakstone, 1993).

Ice melt contributed a very minor amount (<2%) to the
total input of ions to the glacier ('Iable 2). Summer precipita-
tion sampled at the weather station at 850 m contained much
lower concentrationsof Na” and CI” than those present in the
winter snow: typical concentrations were only 45% of those
in the snow. Thus, despite the substantial precipitation of
snow and rain in the catchment during the summer, the sea-
son’s input of ions was not high in relation to the winter input

Table 3. Input and drainage of ions from the upper (1200
1916m) and lower (730—1200m) parts of the Austre
Okstindbreen catehment in 1995. ( Percentages in brackets)

Na* (&)

t t

Winter input, upper part 320 56.3

Drainage from the snowpack, upper 23.1 406
part, 29 April-12 June (722%)  (721%)

Drainage from the lower part 9.1 16.2

(Table 2). The output of ions from the glacier was dominated
by those originating from winter precipitation.

The total input of Cl from winter precipitation,
summer precipitation and ice melt was 87 t (Table 2). Of
this, 40.6 t had been lost from the upper parts of the catch-
ment by 12 June (Table 3), i.e. 47% of the whole seasonal CI°

input was removed with the first 12% of meltwater.

OUTPUT OF IONS FROM THE CATCHMENT

Drainage of water from the glacier began on 26 May. During
the following days discharge increased, and on 3 June, as
78 mm of rain fell over the catchment, it rose to 15 m?s™!
(Fig. 2a). Concentrations of CI” and Na” in the first melt-
water draining from the glacier in late May were relatively
high. A slight decrease to amore-or-less steady level foralong
period followed. Cooncentrations then decreased in the last
part of July (Fig. 2b). Throughout the summer, no very high
peak concentrations of CI” and Na® occurred in the river
water, indicating that these ions were draining more-or-less
steadily from a principal source. An inverse relation between
discharge and both CI” and Na" was observed, suggesting
that the source which supplied the CI” and Na' was domi-
nant in the base-flow component of the bulk meltwater.

The total output (Table 2) and the total daily load of
each of the ions leaving the catchment were calculated,
using river discharge and the specific concentration of each
ion. Subtraction of the precipitation input of CI™ from the
daily load, assuming a 48 h drainage time [or the precipita-
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Fg. 2 (a) Glacier river discharge at Austre Okstindbreen,
May—August 1995; (b) CI concentrations in the river,
May—August 1995; (¢) Calculated daily load of Cl in the
river which resulled from snowmelt, May—August 1995.
( The input from summer precipitation has been subtracted
Jrom the total measured load,)
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Fig. 3. Accumulated load of CL in the river draining the
Austre Okstindbreen catchment, May—August 1995. ( See text
Jor further explanation,)

tion input, yielded the net load supplied by the drainage of
ions from the snowpack (Fig. 2¢). The daily load varied, but
a more-or-less constant level did occur from mid-June to late
July. Summing daily net loads produced a plot of the accu-
mulated load of ions (Fig. 3.

DISCUSSION

The ratio of C1 and Na' ions in both inputs to, and outputs
from, the Austre Okstindbreencatchment (Tablesland 2) sug-
geststhatnearlyall the material originated fromseasaltinwet
anddrydeposition. (The Cl"/Na " ratioin sea water is 1.80).
Melting begins in the lower part of the catchment before
it starts at higher elevations, and the melt rate is faster at these
lower sites. Meltwater passes more rapidly through the
glacier where the snow is underlain by ice than where there
is a substantial thickness of firn between the snow and the ice.
Thus, ions which have accumulated in the lower part of the
catchment are the first to leave the glacier during the melt
season. By early June, a substantial part of the winter’s snow
had melted from the lower part of the catchment, yielding an
accumulated load of 16.2 tof Cl to the glacier river. Assum-
ing that the load is the first to drain from the catchment, the
ions would have left by 9 June (A in Fig. 3). By 12 June, 72%
(406 t) of the winter-accumulated C1 had left the snowpack
in the upper part of the catchment and had entered the un-
derlying firn and glacier (Table 3). This contributed to the
net load of ions in the glacier river during the following
weeks. The accumulated net Cl load reached about 57 t in
late July (B in Fig. 3). This, therefore, is the earliest time by
which those ions which had been removed from the snow-
pack in the upper part of the catchment on or before 12 June
could have left the glacier in the river. Thus, it is clear that the
time taken for the first meltwater to pass from the upper parts
of the glacier to the point at which the river emerges is very
long: at least 6 weeks, equivalent to a maximum velocity of
100 md™". Tons continued to be removed from the glacier in
the river during the last partof July and August. By 16 August,
the accumulated net load of C1” had reached 75 t (Fig, 3).
Some ions remained in the residual snowpack on 12
August (Table 1). Despite the close relationship of the total
input and total output of ions from the catchment in 1994—
95 (Table 2), it is clear that melting of the 1994-95 winter
snowpack, together with 1995 summer precipitation, could
not account for the total load of ions removed from the
catchment by the glacier river in 1995. The most likely
source of the additional ions in the river is water which was
stored within or beneath the glacier during the 199495

Raben and Theakstone: Inpul and output of ions to measure runoff time

winter, Meltwater which forms at the surface of the upper
part of the catchment in late summer may not reach the
glacier river before the internal drainage system is closed
down at the beginning of winter, because of the slow
drainage velocity of meltwater (Lang and others, 1977).
Some ions therefore are stored through the winter and
released only when the drainage system opens up in the fol-
lowing year. The concentration of ions in such stored water
is likely to be low because most of the ions are removed from
the snowpack well before the end of the melt season. Pre-
vious studies of the chemistry of the snowpack at Austre
Okstindbreen have indicated that between-year differences
of ionic concentrations are not large, and it is therefore evi-
dent that year-to-year variations of ionic concentrations in
the stored water are likely to be relatively small.

If water which was stored within the glacier through the
1994-95 winter did contribute to river discharge and ionic
load early in the 1995 melt season, the date by which 72% of
the ions from the upper part of the catchment had appeared
in the glacier river would be later than suggested in Figure 3.
Some of the over-wintered water and ions would have
emerged during the carliest stage of water flow from the
glacier, and point A in Figure 3 would move further into June.

CONCLUSION

Some 72% of the Na” and Cl ions left the Austre Okstind-
breen snowpack in 1995 with the first 12% of the meltwater
generated at the surface. However, as revealed by input and
output measurements of Cl', the transit time for the first
meltwater formed at the surface of the accumulation area
was very long, with a mean velocity of only 100md ", The
relatively continuous nature of the passage of Cl™ through
the glacier, and the relatively uniform load in the glacier
river, also indicate that, once the ions have left the snow-
pack, their rate of supply to the glacier river is more regular.
The observations of the ionic concentrations in the snow-
pack and the ionic load in the glacier river indicate that,
early in the melt season, water which has been stored within
or beneath the glacier through the winter is released, result-
ing in an addition to the river’s ionic load.
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