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and Hydrology, Maclean This paper investigates the dynamics and significance of discharge and suspended sediment

Building, Crowmarsh Gifford, transport (SST) during two jokulhlaups (glacier outburst floods) in the Skafta River, south
Wallingford, OX10 8BB, UK Iceland. Jokulhlaups occur frequently in many glacial environments and are highly signific-
E-mail: GHO@ceh.ac.uk ant in the geomorphological evolution of river basins and coastal environments. However,

direct high-resolution monitoring of jokulhlaups has rarely been accomplished and hardly
ever at more than one station in a downstream sequence. Here we present detailed data on
jokulhlaup discharge and water quality from an intensive monitoring and sampling pro-
gramme at two sites in summer 1997 when two jokulhlaups occurred. Evidence is discussed
that supports the origin of both jékulhlaups being subglacial reservoirs, produced over
several months by subglacial geothermal activity. At the downstream site, Asa-Eldvatn,
the larger jokulhlaup (1) had a peak discharge of 572 m* s and a peak suspended sediment
flux of 4650 kg s™ (channel-edge value) or 4530 kg s (cross-sectional). These values compare
to the non-jékulhlaup flow of 120 m® s and suspended sediment flux of 190 kg s (channel-
edge) or 301 kg s™ (cross-sectional). Significantly, the jokulhlaups transported 18-8 per cent
of the annual runoff and 53 per cent of the annual suspended sediment transport in 66 per
cent of the year. Furthermore, water chemistry, suspended sediment and seismic data
suggest that volcanic activity and geothermal boiling (possibly including steam explosions)
may have occurred during Jokulhlaup 1. The research illustrates the value of integrating
high-resolution, multi-point field monitoring of meteorological, hydrological, hydrochemical,
geomorphological and seismological data for understanding the dynamics, significance and
downstream translation of jokulhlaups. Copyright © 2005 John Wiley & Sons, Ltd.
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Introduction

Jokulhlaups (glacial outburst floods) originate from the sudden release of water stored within a glacier or from
marginal ice-dammed lakes (e.g. Bjornsson, 1992, 2002; Tweed and Russell, 1999). Knowledge of jokulhlaup dynam-
icsis essential to afull understanding of their triggering mechanisms, their importance in relation to long-term valley/
sandur development and sediment recruitment to nearshore zones (e.g. Boulton et al., 1988; Knudsen and Russell,
2002; Lacasse et al., 1998; Magilligan et al., 2002; Maizels, 1989; Russdll et al., 2002; Russell and Knudsen, 2002;
Tomasson, 1985), and their likely impacts on infrastructure. In Iceland, discharge records (for approximately 50 years)
are available for many jokulhlaups (e.g. Rist, 1976, 1981, 1984; Zdéphoniasson and Passon, 1996). River water
samples have been collected during severa events for the analysis of their suspended sediment concentration and
chemical composition (e.g. Passon et al., 2001; Russell, 1989; Steinporsson and Oskarsson, 1983; Tomasson et al.,
1980). Furthermore, Elefsen et al. (2002) continuously monitored variations in stage and electrical conductivity of the
Skeidara, Jokulsa a Solheimasandi and Skafta rivers during jokulhlaups. However, directly monitored/sampled, high-
resolution information on how discharge, sediment and solute concentrations covary dynamically is rarely available.
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Many jokulhlaup analyses are restricted to contemporary qualitative descriptions (e.g. Johannasson, 1919 and Sveinsson,
1919, cited in Témasson, 1996), or post-event reconstructional approaches. The latter are supported by empirical
relationships (e.g. Clague and Mathews, 1973), geomorphological evidence (e.g. O’ Connor and Baker, 1992), sedi-
mentary deposits (Maizels, 1989; Roberts et al., 2001), observed lake level data (e.g. Russell et al., 1990), aeria
photographs and video (Roberts et al., 2000) or ice block obstacle marks (Russell, 1993).

Given limited direct monitoring of jokulhlaup dynamics, many of their features are unexplained (Tweed and
Russell, 1999). To help address this research gap this paper aims to: (1) present detailed information on the dynamics
of discharge and the transport of suspended sediment and solutes in the Skafta system, south Iceland, from the direct
monitoring of two jokulhlaups, at two stations, in summer 1997; (2) elucidate the processes responsible for the
observed dynamics of discharge and sediment transport; and (3) quantify the significance of the jokulhlaups for
longer-term flow and sediment transfer in the Skaftd basin. The use of two stations allows downstream translation
effects to be considered.

Study Area

Monitoring was based in the partly glacierized Skafté basin in subarctic southern Iceland, upstream of a road-bridge
where Route 1 crosses the Skafta at 18°26” W, 63°40” N (Figure 1). The Skafta was chosen because: (i) it experiences
recurrent jokulhlaups (Bjérnsson, 1977); (ii) it is reasonably accessible, except at its upstream end; (iii) it incorporates
three Orkustofnun (Icelandic National Energy Authority) gauging and water quality sampling stations; (iv) seismic
data are available for the region; and (v) there is minimal anthropogenic disturbance in the basin. Additionaly, there is
an applied aspect to the study as the basin contains infrastructure at risk from jokulhlaups.

The Skafta was monitored at Sveinstindur, Asa-Eldvatn and Kirkjubagarklaustur (Figure 1). Sveinstindur, the
nearest monitoring station to the Vatngjokull ice cap, is located below Langisjor (alarge proglacial lake), c. 30 km and
¢. 25 km downstream of the ice fronts of the Tungnaérjokull and Skaftarjokull glaciers, respectively. The Asa-Eldvatn
monitoring station, ¢. 81 km and c. 76 km downstream of the Tungnaarjokull and Skaftarjokull glaciers, respectively,
lies on a representative distributary branch of the Skaftd below Skaftardalur, and is the principal site for monitoring
water quality. The Kirkjubagarklaustur monitoring station is located c. 28 km downstream of Skaftardalur.

The Skafta at Asa-Eldvatn (the main monitoring station) drains an area of 1506 km? (Figure 1). At Kirkjubagarklaustur,
summer air temperatures are low (mean July temperature c. 11 °C) and mean annual precipitation is high at 1645 mm
a' (G. Gidadéttir, pers. comm.), increasing towards the basin summit. The Skafta basin contains the 464 km?
Skaftarjokull glacier, an outlet of the Vatngjokull ice cap (8100 km? Bjérnsson, 2002). Skaftarjokull is a long and
narrow temperate glacier and ranges in dtitude from 700 m above sea level (asl.) to 1660 m asl. (Figure 1)
(Bjornsson, 1988). Vatnajokull overlies part of the eastern volcanic zone, encompassing the large volcanoes Hamarinn,
Bérdarbunga and Grimsvétn (Bjornsson and Einarsson, 1990). As part of the Grimsvétn field, the Skafta basin is
geothermally influenced and seismically active (Bjérnsson, 1977, 1988, 2002; Bjodrnsson et al., 2001; Bjoérnsson and
Einarsson, 1990).

Skafté originates from Tungnaarjokull and Skaftarjokull (Figure 1). Water drains from the glacier fronts at c. 700 m
as.l. and flows in braided channels over an outwash plain that is 15—20 km long and 2—-5 km wide (Bjornsson, 1977)
(Figure 1). However, during heavy precipitation events the river receives significant quantities of direct runoff. Below
Skaftardalur a distributary branch flows eastwards to Kirkjubagarklaustur (Figure 1). At Asa-Eldvatn channel width is
>50 m, and discharges range from <50 m® s to >750 m® s™. There have been 27 jokulhlaups in this river between
1970 and 1997 (Z6phoniasson and Palsson, 1996; S. Zéphodniasson, 1998, pers. comm.), and they occur in most years.
They originate from below the eastern and western cauldrons on the ice cap (Figure 1). At present jokulhlaups
normally exit the Vatnajokull ice cap from below Tungnaarjokull (S. Zéphéniasson, 2003, pers. comm.). Owing to the
permeability of the lava in the catchment a significant amount of the overbank floodwater contributes to groundwater.

Methods

Discharge is measured through many jokulhlaups by Orkustofnun, but water quality sampling is usually only logisti-
caly feasible after the flood has begun (see Elefsen et al., 2002; Lawler et al., 1992). Therefore, we established an
intensive, high-resolution field monitoring operation on the Skaftd over two summer meltwater field seasons (1997
and 1998); this paper concentrates on the 1997 season, spanning from 14 July to 8 September (Julian Day (JD) 195 to
251). All instruments were connected to Grant Instruments Squirrel (SQ1200 and SQ8) datal oggers, scanning at 100 s
frequency and recording 5-min averages, unless otherwise stated.

Copyright © 2005 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 30, 1441—1460 (2005)
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Figure |. Map of southwest Vatnajokull and the Skafta basin.

Discharge and meteorological monitoring

Discharge was monitored at Sveinstindur, Asa-Eldvatn and Kirkjubagarklaustur by Orkustofnun (Figure 1). At
al three sites, stage was monitored continuously with a Stevens bubble gauge linked to a chart recorder. Stage
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records were converted to discharge values using rating equations derived from natural sections. Flow velocity
is usually determined with current meters, but during high flows an acoustic doppler velocity meter (ADVM) is
used.

Precipitation was recorded as 5-min totals at Asa-Eldvatn (Figure 1) using a simple tipping bucket rain gauge.
Hourly precipitation totals are reported here. Hourly air temperature data were provided by the Icelandic Meteorologi-
cal Office for Jokulheimar, 14 km NW of Skaftarjokull terminus (Figure 1).

Turbidity and suspended sediment concentration monitoring

Turbidity was monitored at Asa-Eldvatn (Figure 1) as a surrogate measure of suspended sediment concentration (SSC)
(e.g. Lawler, 1995, 2004), using a Partech infra-red IR15C absorptiometric sensor, chosen because it is suitable for
measuring the high SSC values (0—10 000 mg |™*) expected here, as in other southern Icelandic rivers (e.g. Lawler,
1991; Lawler et al., 1992; Lawler and Wright, 1999; Palsson and Vigfusson, 1996). The turbidity sensor was located
in fast-flowing water, 2 m out from the left channel bank and 30 cm above the channel bed.

Automatic water sampling and processing

Water samples were required to determine suspended sediment concentrations for use in calibrating data from the
turbidity meter. Samples were taken at Asa-Eldvatn from the left bank (adjacent to the turbidity sensor), using a
Northants Engineering MK4b vacuum Automatic Water Sampler (AWS). Duplicate samples of approximately 700 ml
were taken at least twice daily, a minimum flow (c. 2230 h GMT i.e. Icelandic local time) and maximum flow (c.
0900 h). Approximately 250 ml of one of the samples was filtered through a 3-5 um glass fibre filter circle to deter-
mine SSC values in g I™~. This pore size represents a compromise between trapping efficiency and filtration times for
these highly turbid waters (Old, 2000).

On seven occasions in the 1997 summer monitoring season and on two occasions in summer 1998, Orkustofnun
took width- and depth-integrated suspended sediment samples across the entire Skafta cross-section at the bridge at
Asa-Eldvatn, ¢. 200 m downstream of the AWS site using a US S 49 suspended sediment sampler on a winch. Water
samples were taken to the Orkustofnun laboratory for SSC determinations using a sedimentation column, and particle
size distributions using a Sartorius sedimentation balance. SSC values derived from this |aboratory analysis are termed
SSC, (cross-section suspended sediment concentration) values. At Sveinstindur (Figure 1), Orkustofnun also took
channel-edge depth-integrated suspended sediment samples using a USGS DH 48 sampler.

SSC and turbidity data processing

The 5-minute turbidity record at Asa-Eldvatn was calibrated against SSC values from 230 coincident AWS samples
(e.g. Lawler, 1995; Wass et al., 1997; Gippel, 1995). Figure 2 illustrates that the SSC—turbidity relationship for the
Skafta at Asa-Eldvatn (1997-98) is strong, though curvilinear:

SSC., = 3-4465 Tu — 1-4794 Tu?+ 0-2866 Tu® — 0-0161 Tu* Q)
(r*=0-94; r = 0:97; n=230; p = <0-001)

where Tu is turbidity meter reading (volts), and SSC, is suspended sediment concentration values (g ™) estimated
from the channel-edge turbidity record. Equation 1 has been applied to the turbidity data to produce SC, values for
the entire summer of 1997. However, in large rivers suspended sediment may not be evenly mixed throughout the
section (Horowitz et al., 1990; Wass and Leeks, 1999; Weass et al., 1997). Therefore, it was desirable to determine
estimated cross-sectional ESSC,, values by calibrating channel-edge SSC, values against the few measured cross-
sectional SSC, values (g I™*) from Orkustofnun, thus (Figure 3):

ESSC, = 0-8383(SSC,.) + 1-1445 @)
(r*=0-89; n=9; p< 0-001)

Equation 2 (solid line in Figure 3) is convergent with the 1:1 line at high SSCs (Figure 3); this tentatively suggests
that, at the times of higher discharges and turbulence, channel-edge suspended sediment concentrations are reasonably
representative of mean cross-sectional values. However, there is a tendency at low SSC levels for SSC,, values to
underestimate SSC,, sometimes by 50 per cent (Figures 3 and 4B). In this paper, we recognize the uncertainties and
present both SSC, and ESSC, values, the latter in parentheses.

Copyright © 2005 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 30, 1441—1460 (2005)
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Figure 2. Relationship between turbidity and sampled channel-edge SSC,. at Asa-Eldvatn during summers 1997 and 1998. The
fourth-order polynomial that best fits the relationship is forced through the origin.
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Figure 3. Relationship between sampled cross-sectional SSC, (n=9) and SSC derived from the channel-edge calibration of the
turbidity record SSC, at Asa-Eldvatn (1997 to 1998). Equation of the solid line is: ESSC,, = 0-8383(SSC,,,) + |-1445 where ESSC,; is

cet

estimated cross-sectional SSC,; r*=0-89, n=9 and p <0-001.

Hydrochemistry

At Asa-Eldvatn, continuous monitoring of electrical conductivity (EC) was undertaken to help identify pulses of
solute-rich water associated with subglacial geothermal/volcanic activity, as Lawler et al. (1996) found for the Jokulsa
a Solheimasandi system in southern Iceland (see also Elefsen et al., 2002; Kristmannsdéttir et al., 1999; Témasson
et al., 1980). EC was monitored with a cell fixed on the left bank and connected to a Walden Precision Apparatus
CM35 conductivity meter. Water temperature was monitored with a thermistor at the same point, to allow temperature
compensation of EC values. EC data here were adjusted to 0 °C using Smart’s (1992) modification of the Calles and
Calles (1990) formula, to facilitate comparison with other glacial meltwater quality studies.
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Figure 4. Time series data for the Skaftd river during the 1997 monitoring period (14 July 1997 to 8 September 1997; |D 195
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represented as Julian Day 0-5).
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Detailed hydrochemical analyses were conducted on 246 samples (the duplicate AWS sample) covering the summer
1997 period, but sampling intensified during significant events. Only data on chloride and fluoride concentrations (246
and 56 samples respectively) are presented here, however, because they are likely to reflect magma—water interaction,
signifying upstream volcanic disturbance. HCI and HF gases often degas from magma (Sigurdsson et al., 1985) and
may condense into overlying meteoric water (Armannsson et al., 1989; Nicholson, 1993). The duplicate samples were
filtered through 0-45 um cellulose nitrate filter circles to minimize post-sampling sediment dissolution (Brown et al.,
1994) and stored untreated in plastic bottles according to guidelines on water quality analysis (e.g. American Public
Health Association, 1992). Chloride was analysed at Orkustofnun in Reykjavik using a Dionex 2010I; fluoride was
determined at Keele University using a Dionex DX500. Precision of chloride analyses was high as the concentrations
were well above the detection limit of ¢. 0-7 ueg I™~. Over 90 per cent of chloride analyses had replicate measurements
that differed by less than 2 per cent of their mean. However, the precision of fluoride analyses was low, because the
concentrations were close to the detection limit of c. 1.5 peq ™

Earthquake activity

The locations, depths and magnitudes of local earthquakes were recorded by the South Iceland Lowlands (SIL) digital
seismic station network (Geophysical Department, Icelandic Meteorological Office (http://www.vedur.is/ja)). Loca-
tions of earthquakes are defined with a horizontal accuracy of + 3 km, while depths are known to, at best, + 1 km
(Bransdéttir, 1984; M. Roberts, 2003, pers. comm.). Earthquake magnitudes are recorded as a local magnitude index,
M,. However, not al earthquakes in this region are recorded.

Results

Jokulhlaup characteristics

Figure 4 shows the meteorological, hydrological, water quality and earthquake time series for the 1997 summer
monitoring period at Asa-Eldvatn on the Skafta. The 1997 summer was generally cool and wet in the Skafta basin,
with significantly more rainfall in the second half, after JD 225 (Figure 4E and F). The first and last parts of the
summer were characterized by classic diurnal discharge fluctuations characteristic of glacial rivers (e.g. Collins, 1979;
Lawler et al., 1992), even though the Asa-Eldvatn monitoring station is >76 km downstream of the glaciers (Fig-
ure 1). These cycles are driven largely by diurnal variations in melt energy (indexed here simply by air temperature
in Figure 4E). Discharge cycles lag behind air temperature variations owing to the travel time of river flow from the
glacier to the monitoring station. Broadly in phase with these discharge variations are similarly small daily fluctuations
in suspended sediment concentration (amplitude c. 100-300 mg |I™; Figure 4B). Electrical conductivity, however,
is generally inversely related to discharge under these early season background conditions (Figure 4C) (e.g. Callins,
1977, 1979, 1995; Gurnell et al., 1994).

However, superimposed on these minor fluctuations, the discharge record in Figure 4A shows that, beginning in
mid-August 1997, two jokulhlaups occurred. The first, main jokulhlaup (Jokulhlaup 1) took place between 15 and 22
August (JD 227-234), and was followed by a second, extended event with a modest peak (Jokulhlaup 2) between 22
August and 8 September (JD 234—251) (Figure 4A). From Figure 4F it can be seen that heavy rainfall occurred during
Jokulhlaup 1. Details of discharge characteristics and hydrograph measures for both jékulhlaups are given in Table I.

The hydrographs of both jokulhlaups at all three monitoring station (Sveinstindur, Asa-Eldvain and
Kirkjubegarklaustur) are presented in Figure 5. Figures 4A, 5 and Table | illustrate that at Asa-Eldvatn during
Jokulhlaup 1, discharge rose rapidly from 120 m® s to a peak of 572 m® s in 53-5 hours (a rate of 8-45m* s* h).
During Jokulhlaup 2, discharge rose rapidly from 120 m® s™ to a peak of 228 m? s, but the whole event lasted some
17 days (Figure 4A). For both jokulhlaups, rising limbs were either quasi-linear or convex at Asa-Eldvatn and
Sveinstindur (Figures 4A and 5). Hydrographs of both jokulhlaups had steeper rising limbs than recessions (Figure
4A). To index this asymmetry, we used a very simple hydrograph symmetry ratio (HSR):

HSR=Tg/Te ?3)
where Ty is time duration of rising limb (days) and T is time duration of falling limb (days). HSR values of unity
imply symmetrical hydrographs; HSR < 1 means steeper rising limbs, HSR> 1 implies gentler rising limbs. Table |
demonstrates that both jokulhlaups produce HSR values significantly less than 1, especially the later event (Jokulhlaup
1: 0-47; Jokulhlaup 2: 0-22).
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Table I. Flow characteristics of Jékulhlaups | (JD 227-234) and 2 (JD 234-251) at Sveinstindur, Asa-Eldvatn and Kirkjubzejarklaustur
in 1997

Jokulhlaup 1| Jokulhlaup 2
Characteristic of Asa- Kirkjubzejar- Asa- Kirkjubzjar-
Jokulhlaup Flow Sveinstindur Eldvatn klaustur Sveinstindur Eldvatn klaustur
Initial flow (m* s™) 172 120 82 172 120 82
Peak discharge (m® s™) 852 572 213 333 228 121
Time of peak discharge, 228459 22872 N/A 235697 236-59 N/A
GMT (decimal Julian Day)
Duration of rising limb, T, (days) 2 2:23 N/A | 313 N/A
Duration of falling limb, T; (days) 6:25 475 N/A 5-83 14-05 N/A
Hydrograph symmetry 0-32 0-47 N/A 0-17 0-22 N/A
ratio, HSR (Ti/T)
Total volume* (km”) 0-290 0-228 0-091 N/A 0-229 0-156
Peak (m?s™) to total 2:94 % 10°¢ 2:51x 10 2:34 % 10°¢ N/A 0:994 x 107 0-775x 107
volume* (m?) ratio, PV
*Total volume including baseflow and jékulhlaup water.
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Figure 5. Downstream translation of the flood waves of Jékulhlaups | and 2, from Sveinstindur (upstream) to Asa-Eldvatn and
Kirkjubajarklaustur (downstream), in the Skafta during summer 1997. Julian Days are presented as decimal Julian Days (e.g. 12-:00
hours on January Ist is represented as Julian Day 0-5).

Table | dso illustrates that very significant total volumes of water (baseflow and jokulhlaup water) flowed in Skafta
during Jokulhlaups 1 and 2 which, at 0-228 and 0-229 km® respectively, were virtualy identical, despite peak dis-
charge for the first event being more than double that of the second. Jokulhlaup flow was not separated from baseflow
because the high coincident rainfall would have introduced large uncertainties.

A simple peak-to-volume ratio (PV) for each hydrograph was calculated (Equation 4) to further facilitate comparisons
of jokulhlaups between sites:

PV=P/V (4)

where P is peak jokulhlaup discharge (m*s™) and V is total volume (m®). PV for Jokulhlaup 1 was 2-5 times that of
Jokulhlaup 2 (Table |) at Asa-Eldvatn. Baseflow is included in this calculation.
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Table II. Suspended sediment transport characteristics of Jokulhlaups |
(JD 227-234) and 2 (JD 234-251) at Asa-Eldvatn in 1997 (values based on
estimated cross-sectional suspended sediment concentration data (ESSC) in
parentheses)

Characteristic of
jokulhlaup suspended

sediment transport Jokulhlaup | Jokulhlaup 2

Non-jskulhlaup SSC (g ") [-53 (2:42) 1-53 (2:42)

Peak SSC (g™ 8:54 (8:31) 6:38 (6-49)

Non-jokulhlaup SST 190 (301) 190 (301)
(JD194-78 to 219-23) (kgs™)

Peak SST (kgs™) 4650 (4530) 1270 (1300)

Total SST* (Mt) [-48 (1-51) 0-61 (0-77)

*Total SST includes baseflow contribution.

Downstream translation of hydrographs

The downstream trandations of the hydrographs of both jokulhlaups at Sveinstindur, Asa-Eldvatn and
Kirkjubagarklaustur are shown in Figure 5. The peak discharges of Jokulhlaups 1 and 2 occurred c. 6 h and ¢. 21-5 h,
respectively, later at Asa-Eldvatn than at Sveinstindur. It was not possible to accurately calculate the celerity of the
flood wave as the downstream hydrographs were significantly modified by heavy rainfall. However, during summer
1997 minimum daily discharge occurred at a mean time of 14:27 hours at Sveinstindur and 22:33 hours at Asa-
Eldvatn giving a travel time of c. 8h (Old, 2000). Therefore, high jokulhlaup discharges would be conveyed sig-
nificantly quicker with a <8 h travel time. At Asa-Eldvatn, Jokulhlaup 1 had a peak-to-volume ratio (PV; Equation 4)
that was c. 15 per cent lower than at Sveinstindur, illustrating that the flood wave had been significantly modified
during downstream translation (Table I).

Suspended sediment concentration (SSC)

SSC., at Asa-Eldvatn, determined from the calibrated turbidity record (Figures 2 and 3), increased rapidly from high
non-jokulhlaup levels of 1.53gl™ (ESSC,=242gl1™) to very high peaks of 854gl™* (8-31gl™) and 6-38gl™
(6-49 g I for Jokulhlaups 1 and 2, respectively (Figure 4B; Table 11). There was a significant downstream decrease in
SSC: the maximum sampled channel-edge depth-integrated SSC at Sveinstindur during Jokulhlaup 1 was c. 75 per
cent higher, at 14-51 g I, than the peak ESSC,, monitored at Asa-Eldvatn, c¢. 51 km downstream.

Width- and depth-integrated suspended sediment samples taken at Asa-Eldvatn by Orkustofnun revealed an increase
in the proportion of fines being transported during Jokulhlaup 1, and other jokulhlaups (1964 to 1998), relative to non-
jokulhlaup levels (Figure 6). During non-jokulhlaup conditions the proportion of particles in the fine silt size range
(0-002—0-02 mm) is typically <40 per cent (Figure 6). However, during Jokulhlaup 1, at 21:20 hours on 18 August (JD
230), 61 per cent or more of the suspended sediment particles lay in this size range.

Suspended sediment transport

Products of 15-min instantaneous discharge and SSC data (SSC and ESSC,) were used to estimate instantaneous
suspended sediment transport (Equation 5):

ST=QC (5)

where SST is instantaneous suspended sediment transport (kg s2), Q, is instantaneous water discharge (m®*s™) and C,
is instantaneous SSC,, or ESSC, (g I7Y).

At Asa-Eldvatn, mean, non-jokulhlaup instantaneous suspended sediment transport (JD 194-78 to 219-23) was
190 kg s* (301 kg s™). This increased to 4650 kg s™ (4530 kg s*) during Jokulhlaup 1 and 1270 kg s* (1300 kg s™)
during Jokulhlaup 2 (Table 11). Annual suspended sediment transport (t a®) (14 February 1997 to 14 February 1998)
was tentatively estimated through the summation of instantaneous sediment transport data (Equation 5). For this,
continuous records of discharge and SSC were needed. Continuous discharge data were provided by Orkustofnun.
Turbidity-derived SSC data were available only from 14 July 1997 to 8 September 1997. For periods when
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Figure 6. Particle size distribution of suspended sediment in the Skafta at Asa-Eldvatn (1964—1998). (data source: Palsson and
Vigfusson, 1996; S. Pélsson, pers. comm.)

turbidity-derived SSC data were not available, the discharge-suspended sediment transport rating equations, defined
by Palsson et al. (2001) for Asa-Eldvatn, were used. Owing to the seasonal changes in the hydrological functioning of
a partly glacierized catchment, summer and winter rating equations were developed. In accordance with Témasson
(1985), power functions described both relationships. The winter and summer rating relationships are described by
Equations 6 and 7, respectively.

SST,,i, = 0-0172Q1* (6)
(n=21 and r?=0-34)

where SST,,;, is instantaneous winter suspended sediment transport (kg s™) and Q, is instantaneous water discharge
(m3s™).

SSTgm = 3:04Q0% @)
(n=16 and r?>=0-48)

where SST,, is instantaneous summer suspended sediment transport (kg s™) and Q; is instantaneous water discharge
(m*s™).

The total suspended sediment transport (SST) for the year (14 February 1997 to 14 February 1998) was estimated
as 3-8 Mt (4-3 Mt). During the jokulhlaups, the combination of high SSC and high discharge resulted in very high total
SST rates (jokulhlaup plus baseflow sediment transport). Estimated total SST of Jokulhlaup 1 was 1-48 Mt (1-51 Mt)
and the estimated total SST for Jokulhlaup 2 was 0-61 Mt (0-77 Mt) (Table Il).

Hydrochemistry

Background EC levels fluctuated around a mean of 37 uS cm ™ (SD = 224 uS cm?) in summer 1997 at Asa-Eldvatn
(Figure 4C). Prior to Jokulhlaup 1, however, there was an anomaous period of moderately high EC (EC
maximum =55 uS cm™) (Perturbation A in Figure 4). This may have been related to geothermal activity below
Skaftarjokull prior to Jokulhlaup 1 (see Bjornsson et al., 2001). Then, during Jokulhlaups 1 and 2, EC rose to high
peak values of 148 uScm™ and 128 uS cm™ respectively (Figure 4C).

The background concentrations of fluoride and chloride at Asa-Eldvatn, from 17 July to 4 August (JD 198 to
216), were relatively constant (Figure 4D) with mean values of c. 3peql™ and 59 peql™, respectively. During
Jokulhlaup 1, both fluoride and chloride rose to maxima of 63 ueq|™ and 471 peql™, respectively (Figure 4D).
During Jokulhlaup 2, however, only a small peak in fluoride (to 11 peq I™) was observed (Figure 4D).
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Table Ill. Magnitudes and depths of earthquakes (I-5) that occurred within a 10 km radius of the eastern and western Skafta ice
cauldrons (Figure |) during August 1997

Earthquake Julian Day Day Date Time (GMT) Lat. (°N) Long. (°"W) Depth (km) Magnitude (M)
| 228 16 21:06 64-49 |7-55 0-066 1-97
2 230 18 |6:20 64-54 17-70 0-065 |-62
3 232 20 18:38 64-54 1772 0-144 123
4 234 22 10:18 64-50 17-80 [-589 2:24
5 243 31 14:57 64-54 17-55 20:601 1-98
Mean 2:04
magnitude® (SD=0-69)
Mean 2-80
depth* (SD=4-12)

*Mean depths and magnitudes of earthquakes in the locality of the Skaftd cauldrons (644 to 64:6° N and 174 to 17-:9°W) from 1991 to 2000
(n=46l).
Earthquake data courtesy of the Geophysical Department, Icelandic Meteorological Office (see http://www.vedur.is/ja)

64-6
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< 645 | . : Eastern
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=
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-
64-4
64-35 T T T T T T
=179 -17-8 -17.7 -17-6 =175 -17-4 -17-3 =172

Longitude (°W)

Figure 7. Locations of earthquakes within a 10 km radius of the eastern and western ice cauldrons, on the surface of Skaftarjokull,
during the summer of 1997. Earthquakes are numbered | to 5. (for details of events see Table Il) (data source: Geophysical
Department, Icelandic Meteorological Office: http://www.vedur.is/ja)

Earthquakes

Five earthquakes were recorded within a 10 km radius of the Skafta ice cauldrons (Figure 1) in summer 1997, and
they are plotted on Figure 4B. Details of their locations, magnitudes and depths are presented in Table Ill and
Figure 7. Magnitudes ranged from 1.2 to 2.2 M, while depths ranged from <1 km to c. 20 km. Mean magnitudes
and depths (1991-2000) are presented in Table Il to provide a context for the 1997 events.

Discussion

Origin of jokulhlaups and discharge dynamics

Jokulhlaups in the Skafta are believed to be the result of the sudden drainage of water cupolas (dome-shaped sub-
glacial water reservoirs) produced over a period of months in response to subglacial geothermal activity (Bjornsson,
1977, 1988). Evidence supporting the existence of subglacial water cupolas is presented in Bjornsson (1977) and Old
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(2000). In particular, the significant weathering contribution of solutes to both 1997 jokulhlaups (see Old, (2000) and
Figure 4C) suggests that subglacial water and sediment had been in contact for some time in a subglacia cupola rather
than meltwater being generated instantaneously. In addition, during August 1997, M. Gudmundsson (pers. comm.)
flew over Vatngjokull several times and observed subsidence of the ice cauldrons associated with both jokulhlaups.
Bjornsson et al. (2001) a so report subsidence of both cauldronsin 1997 during the jokulhlaups. Both 1997 jokulhlaups
exited the Vatnajokull ice cap from Tungnaarjokull glacier (S. Zéphodniasson, 2003, pers. comm.).

Jokulhlaup hydrographs often have a gentle rising limb and a steep recession limb (e.g. Bjérnsson, 1992; Clarke
and Mathews, 1981; Rist, 1981; Russell, 1989; Thorarinsson, 1939). Bjornsson (1992) successfully modelled the
increasing discharge of jokulhlaups from Grimsvétn with this hydrograph shape, using Clarke’s (1982) modification of
Nye's (1976) hydraulic—thermodynamic model of jokulhlaup discharge. The gentle rising limb is usually produced by
the gradual enlargement of drainage tunnels in the glacier by ice-melt as the flood progresses. Following the flood
peak, discharge normally decreases rapidly as the water supply diminishes or cryostatic pressure closes the drainage
tunnels. However, during both 1997 Skafta jokulhlaups at Sveinstindur, discharge rose rapidly in 2 days to peaks of
572 m* s and 228 m® s* before receding at a slower rate (Figure 5). Hydrograph symmetry ratio (HSR) was <1 for
both events (Table I). This is the typical form of a jokulhlaup hydrograph in Skafta (Rist, 1976; 1981; Zéphoniasson
and Palsson, 1996). Both hydrographs are consistent with Bjornsson’s (2002) description of the form of Skafta
jokulhlaups originating from the eastern cauldron. Bjornsson (1992) and Johannesson (2002a,b) state that the increas-
ing discharges of these Skafta hydrographs are difficult to explain by the classical theory of jokulhlaups (Nye, 1976;
Clarke, 1982) draining through a cylindrical ice tunnel. Bjérnsson (2002) suggests that crevasses observed on the
glacier surface after jokulhlaups, across the ice dam of the eastern cauldron, suggests that flotation of the glacier
occurred during drainage. In combination with the slow recession of the jokulhlaups, this suggests that the flood
waters spread out below the glacier in a sheet flood before collecting at the glacier outlet (Bjornsson et al., 2001;
Bjornsson, 2002). However, as the monitoring stations in this study are located some distance downstream of the
glacier portal, the slow recession of the jokulhlaup discharge may also reflect subaerial overbank flood water and
groundwater re-entering the river channel. Johannesson (2002a,b) proposed that the propagation of a subglacial water
pressure wave may account for the rapid increase in jokulhlaup discharge. In this theory a subglacia pressure wave
would travel to the terminus and form a subglacial pathway along the bed of the glacier. The formation of a subglacia
pathway in response to a pressure wave would be significantly quicker than by ice-melt as assumed in traditional
theories. Subglacial water pressure and ice surface topographic data, collected during jokulhlaups, may in future help
to elucidate the subglacial drainage mechanism.

The flood wave of Jokulhlaup 1 was modified through the fluvia part of the system. It was attenuated as it travelled
from Sveinstindur to Asa-Eldvatn and Kirkjubagarklaustur (Figure 5), though attenuation was masked to a certain
extent by heavy rainfall. The PV ratio of Jokulhlaup 1 decreased by c. 15 per cent as it travelled from Sveinstindur to
Asa-Eldvatn (Table I). Furthermore, it is likely that the jokulhlaup was attenuated upstream of Sveinstindur. Signific-
ant attenuation of jokulhlaups has also been reported by Desloges et al. (1989) and Hewitt (1982). Knowledge of
downstream changes in the hydraulic characteristics of jokulhlaups is important when assessing flood risks to down-
stream communities and the potential for flood warnings from an upstream detection system.

Suspended sediment concentration (SSC) dynamics during the jokulhlaups

Figure 8A illustrates that a positive relationship exists between the non-jokulhlaup SSC,, and discharge at Asa-
Eldvatn for the summers of 1997 and 1998. As found by many other researchers (e.g. Collins 1979; Clifford et al.,
1995; Hasnain, 1996), a power function closely describes the relationship. In this case it is:

SSC,, = 0-0735Q0% (8)
(n=5738; r*=0-57; p < 0-001)

Some scatter about the regression line is produced by hysteresis in the relationship between SSC,, and discharge, as
has been observed in many other glacia rivers (e.g. Collins, 1979; Lawler, 1991; Richards, 1984). Jokulhlaups 1 and
2 represent significant departures from this relationship (Figure 8A). During jokulhlaup events 1 and 2, SSC
rose rapidly from a background (non-jokulhlaup) value of 153 gl (2-42 gl™) to peaks of 854 g™ (8:31gl™) and
6-38 g™ (6-49 g I, respectively (Figure 4B). These are high SSC values when compared to many other proglacial
rivers (e.g. Collins 1979; Gurnell, 1987; Lawler, 1991), and confirm access to large amounts of fine sediment.
However, these SSC values are lower than can be observed in other Icelandic rivers (Lawler et al., 1992). Sediment
is likely to have been accessed through the melting of debris-laden basal ice and water flow over the glacier bed
(Cadllins, 1979).
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during Jokulhlaup I.

During Jokulhlaup 1, SSC reached a double peak (Figures 4B and 9) resulting in a convoluted clockwise hysteretic
loop in the relationship between discharge and SSC (Figure 8B). Figure 9 illustrates clearly that the first SSC peak
occurred during the rising stage when draining water would have had access to largely untapped sources of fine
sediment. However, the heavy rainfall that coincided with the rising stage of Jokulhlaup 1 may have aso contributed
to this first sediment peak through wash-off of proglacial sediment sources.

The second peak in suspended sediment concentration, on JD 230 (Figure 9), closely corresponds, to within 2 h,
with peaksin EC and surrogate solute flux (Table IV and Figure 9), suggesting that it may have been generated by the
maximum discharge from the subglacia reservoir. Surrogate solute flux was estimated by multiplying electrical
conductivity (uS cm™) by discharge (m® ).

It islikely that subglacial volcanic activity and/or boiling in the geothermal system contributed sediment to Jokulhlaup
1. Peaks in chloride and fluoride were observed early in Jokulhlaup 1 that broadly coincided with the first peak in
SSC. Both these anions may be derived from the volcanic gases HCl and HF (e.g. Armannsson et al., 1989; Nicholson,
1993; Sigurdsson et al., 1985). Furthermore, an earthquake also occurred below or close to the eastern cauldron
(<2 km) from where Jokulhlaup 1 is believed to have originated (Table |11 and Figure 7). This event occurred prior to
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Table IV. Times of peaks in suspended sediment, chloride, fluoride, electrical conductivity and surrogate solute flux during
Jékulhlaup | (1997) at Asa-Eldvatn. Lags behind Earthquake | are also given

Time of Ist
peak during

Time of 2nd Lag of Ist
peak during peak after

Peak Unit Jokulhlaup | (JD) Jokulhlaup | (JD) Earthquake | (h)
SsC gl 228:140 229969 62

SST kgs™ 228464 230-005 14-0
Chloride concentration peq I 228628 N/A 18:0
Chloride flux peq s 228628 N/A 18:0
Fluoride concentration peq I”! 228292 N/A 99
Fluoride flux peq s 228292 N/A 9-9
Electrical conductivity uS cm™! - 229-922 -
Surrogate solute flux N/A - 229974 -

(EC x discharge)
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Figure 10. Seismic tremor recorded during Jokulhlaup | at the Strokkalda SIL station (c. 45 km southwest of the eastern
subglacial cauldron: origin of Jékulhlaup I) (modified from Kjartansson, 1997. Data source: Geophysical Department, Icelandic
Meteorological Office: http://www.vedur.is/ja). Julian Days are presented as decimal Julian Days (e.g. 12-:00 hours on January Ist is
represented as Julian Day 0-5).

observed peaks in suspended sediment, chloride and fluoride in river water at Asa-Eldvatn (Figure 9 and Table V).
Linkages between these observations and further understanding of the timing of degassing of chlorine and fluorine
during volcanic activity and transit times of flood waters from the cauldrons to the monitoring site at Asa-Eldvatn are
currently being explored and results will be published. Témasson (1974) also suggested that a peak in SSC during the
1972 jokulhlaup from Grimsvétn may have been produced by a volcanic disturbance.

Kjartansson (1997) suggests that the seismic tremor bursts, detected by most seismometers during the latter part of
Jokulhlaup 1 (e.g. Figure 10), were probably caused by boiling within the geothermal system which is likely to have
resulted from the sudden drop in pressure as water drained from the cauldron. If boiling occurred then rising steam
may have disturbed sediments at the bottom of the subglacial reservoir and contributed to the second peak in sus-
pended sediment. However, porbjarnardéttir et al. (1997) have interpreted seismic tremor during jokulhlaups in Skafta
to indicate volcanic activity below the cauldrons.

Particle size of suspended sediment transported during both jokulhlaups

Particle size distributions of jokulhlaup suspended sediment samples are finer than non-jokulhlaup samples. The
percentage of fines (0-002—0-02 mm) was higher during Jokulhlaup 1, and during other jokulhlaups (1964 to 1998),
than under non-jokulhlaup flow conditions (Figure 6). This is probably related to increased contact between flood
waters and fresh supplies of fine sediment over wide areas of the glacier bed during jokulhlaups. It may also indicate
that the subglacial reservoir itself is a source of fine sediment, generated by vigorous weathering conditions and the
accumulation of volcanic ash. It is possible that, during boiling, steam (provided it can be produced subglacialy)
rising from the geothermal system below disturbs sediment lying on the reservoir bed and results in the preferential
mobilization of fine particles.

Suspended sediment transport (SST) through the fluvial part of the system during jokulhlaups

SSC dynamics also reflect processes occurring within the fluvial part of the system. During Jokulhlaup 1, maximum
sampled channel-edge SSC at Sveinstindur was c. 75 per cent higher than the peak ESSC,, at Asa-Eldvatn down-
stream. There are two factors that are likely to explain this. First, the sediment-rich flood wave was attenuated and
diluted by rainfall asit travelled downstream. Secondly, significant sediment deposition may have occurred aong the
river course; this is supported by the observations of extensive deposits of sediment on the river banks and on the
floodplain once the flood had receded (see also Jonsson, 1982; Témasson, 1974, 1996).
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Table V. Significance of Jékulhlaup | and 2 for longer term water and sediment discharge at Asa-Eldvatn, south Iceland. Values in
parentheses include cross-sectional adjustment of monitored SSC,

Time Water Suspended Water Suspended
_— discharge sediment discharge sediment transport
Period Days % of year (km?) transport (Mt) (% of year) (% of year)
Year 365 100 2:44 3-8 (4-3) 100 100
(14/02/97 to 14/02/98)
Jokulhlaup | 7-0 19 0-228 148 (1-51) 9-4 389 (35°1)
(15/08/97 to 22/08/97)
Jokulhlaup 2 17-2 47 0-229 0-61 (0-77) 9-4 161 (17:9)
(22/08/97 to 08/09/97)
Jokulhlaup | and 2 242 66 0-457 2:09 (2-28) 18-8 55-0 (53-0)

(22/08/97 to 08/09/97)

Jokulhlaup flow and sediment transport includes the baseflow contribution.

Significance of jokulhlaups in Skafta for longer-term flow and suspended sediment
transport (SST)

Discharge. At Asa-Eldvatn, the peak discharge of Jokulhlaup 1 was approximately double the maximum discharge
recorded in the river during the year (14 February 1997 to 14 February 1998), which illustrates the often exceptional
magnitude of jokulhlaup discharges (Figure 4A). Both jokulhlaups also resulted in large volumes of water being
delivered from the basin (Table V). Jokulhlaup 1 transported 9-4 per cent (0-228 km®) of the annua runoff (14
February 1997 to 14 February 1998) in 1-9 per cent (7 days) of the time. In combination, both jokul hlaups transported
c. 18-8 per cent of the annual runoff (14 February 1997 to 14 February 1998) in 6-6 per cent (24-2 days) of the time.
These figures are broadly in line with the observations of Maizels (1997) that jokulhlaups may contribute 10-15 per
cent of the annual meltwater runoff in glacierized basins. Peak discharges and volumes of both 1997 jokulhlaups were
below average but within the range of past events (Z6phdniasson and Palsson, 1996).

Suspended sediment transport (SST). Both jékulhlaups monitored in this study resulted in high SST at Asa-Eldvatn
(Table V). Jokulhlaup 1 transported 1-48 Mt (1-51 Mt) of suspended sediment while Jokulhlaup 2 transported 0-61 Mt
(0-77 Mt) of suspended sediment. The combined total SST of both events was 2-09 Mt (2-28 Mt). The total SST for
the year (14 Febraury 1997 to 14 February 1998) was estimated as 3-8 Mt (4-3 Mt). The two jokulhlaups in 1997
therefore transported 55 per cent (53 per cent) of the annual SST in 6:6 per cent of the time (24-2 days). In addition,
the two 1997 jokulhlaups transported more suspended sediment than that estimated to have been transported at Asa-
Eldvatn in either of the complete years of 1998 and 1999 (Palsson et al., 2001). These observations clearly illustrate
the importance of low-frequency (approximately annual), high-magnitude extreme events for SST in this basin. Thisis
in accordance with the magnitude—frequency theory of Wolman and Miller (1960) which states that most geomorphic
work is done by relatively low-frequency events. Furthermore, it is clear that the jokulhlaups accounted for a greater
proportion of the annual sediment transport than the annual water discharge. If bedload transport were included
in these calculations, then it is probable that the events would have emerged as even more significant in sediment
evacuation from the Skafté basin. Although these suspended sediment yields are high, significantly higher yields have
been recorded during jokulhlaups in other glacierized basins (Tomasson et al., 1980). Beecroft (1983), Church (1972)
and Gurnell (1987) have all found jokulhlaups to be significant contributors to the annual sediment yield of glacierized
basins. Church (1972) estimated that jokulhlaups transported up to 90 per cent of the total annual suspended sediment
transport from a Baffin Island catchment, whereas two events transported c. 50 per cent of the 3-month 1981 ablation
season sediment yield of an alpine catchment (Beecroft, 1983; Gurnell, 1987).

Representativeness of fixed-point channel-edge calibrated turbidity data

Although in small upland river systems SSC may be relatively homogeneous throughout the cross-section (e.g.
Bathurst et al., 1985), in larger and less turbulent rivers SSC may be poorly mixed. In this study, a limited number
(n=9) of cross-sectional SSC measurements indicated that channel-edge SSC underestimated cross-sectional SSC by
36-8 per cent when discharge and SSC were low (124 m* s and 2-42 g 7%, respectively). This is probably because of
limited turbulence and poor lateral and vertical suspended sediment mixing. However, during high discharge and SSC
conditions (544 m® s* and 8-31 g I ™%, respectively), channel-edge SSC is broadly comparable (only 2-8 per cent higher)
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to cross-sectional SSC (Figures 3 and 4B). This may also relate to the fixed position of the turbidity sensor and AWS
intake being proportionally closer to the channel bed during high discharge conditions, where turbulence and sediment
concentrations are higher.

These observations are important because they suggest that fixed-point channel-edge SSC monitoring of large rivers
may significantly underestimate SST during low flow conditions but be broadly comparable with peak jokulhlaup SST.
Channel-edge SSC monitoring underestimated the total SST of Jokulhlaups 1 and 2 by 2 per cent and 21 per cent,
respectively. Similarly, the estimated annual cross-sectional suspended sediment flux (14 February 1997 to 14 February
1998) was underestimated by c. 12 per cent when SSC,, was included for 14 July 1997 to 8 September 1997.

Conclusions

The adoption of an integrated approach involving direct seismological, meteorological, hydrological, sedimentological
and hydrochemical monitoring, much of the data from two sites, permitted the identification of the nature and
dynamics of two jokulhlaup eventsin alarge, subarctic glacierized basin and some initial exploration of their controls.
Both jokulhlaups are likely to have originated from the water cupolas below ice cauldrons visible on the surface of
Vatnajokull.

The hydrographs of both 1997 jokulhlaups are consistent with those previously observed in Skaftd, which are
characterized by steep rising limbs and gentle recessions. At Asa-Eldvatn discharge and SSC rose extremely quickly
during both jokulhlaups (Figure 4A and B). Discharge rose to peaks of 572 m® s and 228 m® s during the period of
Jokulhlaups 1 and 2, respectively. Likewise, SSC rose to peaks of 854 g I (8:31g ™), and 6389 I* (6499 I,
during the period of Jokulhlaups 1 and 2, respectively. These events resulted in 18-8 per cent of the annua water discharge
and 53 per cent of the annual fine sediment transport occurring in just 6:6 per cent of the year. This suggests that along
the subglacial flood tract, floodwater had access to large amounts of fine sediment. Furthermore, it illustrates the
necessity of high resolution monitoring of instantaneous sediment transport for the reliable estimation of long-term
sediment transport in the Skafta. Earthquake data and floodwater hydrochemistry support the possibility that volcanic
activity may be an important factor influencing SSC increases during Skafté jokulhlaups. Seismic tremor bursts were
also recorded during the latter stages of Jokulhlaup 1 and they suggest that boiling may have occurred in the subglacial
geothermal reservoir in response to the drop in pressure as the flood water drained (Kjartansson, 1997). Rising steam
may have mobilized and contributed fine sediment to the flood water. This is consistent with the particle size of
suspended sediment being significantly smaller during jokulhlaups than during non-jékulhlaup flow conditions. Channel -
edge SSC, values appeared to underestimate SSC, values, by c¢. 37 per cent, during low flow conditions, but were
broadly comparable during high discharge conditions. The dynamics of discharge and water quality quantified during
both 1997 Skafta jokulhlaups are likely to contribute to a longer term understanding of jokulhlaup triggering mech-
anisms. A novel focus of future research will be the description and interpretation of high resolution hydrochemical
data collected at Asa-Eldvatn throughout both 1997 Skafta jokulhlaup events to provide an insight into subglacial
solute acquisition, geothermal processes and volcanic activity. A useful development would also be a programme of
concurrent subglacial and supraglacial, glaciological and hydrological observations during jokulhlaups to use as a
basis for the testing of jokulhlaup generation, transmission, and flow and sediment transport models.
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