
AnnalsofGlaciology 24 1997 
© International Glaciological Society 

Glacier therm.al regim.e and suspended-sedim.ent yield: 
a com.parison of two high-Arctic glaciers 

A.J. HODSONt M. TRANTER,2 J. A. DOWDESWELL,3 A. M. G U RNELL,4 J. o. HAGEN5 

ISchoolofGeography, University ofOxJord, OxJord OXI3TB, England 
2Department of Geography, University of Bristol, Bristol BS81SS, England 

3CentreJor Glaciology, Institute of Earth Studies, The University of Wales, Aberystwyth, Dyfed SY23 3DB, Wales 
4 School of Geography, University of Birmingham B15 2 TT, England 

5 Department of Physical Geography, University of Oslo, PO. Box 1042 Blindern, N -0316 Oslo, Norway 

ABSTRACT. This paper compares estimates of suspended-sediment yield and dis­
cha rge from two glacier basins in Svalbard ex hibiting contrasting glacial thermal 
regimes: Austre Br0ggerbreen (",12 km 2), which is almost entirely cold-based, and Finster­
walderbreen (~4 km2), dominated by warm basal ice. There are marked differences in 
the magnitude a nd temporal pattern o[ mean daily discharge a nd mean daily sus­
pended-sediment concentration from the two glacier basins. Specific suspended-sediment 
yields from Finsterwalderbreen (710- 2900 t km 2 a I) were more than one order ofmagni­
tude greater than at Austre Br0ggerbreen (81 - 110 t km 2 a- I). These differences are as­
cribed to the influence o[ thermal regime upon the meltwater drainage system and the 
predominant sources of suspended sediment. The potential significance of glacier thermal 
regime is further explored using studies from other glacier basins in Svalbard. Variations 
in thermal regime resulting from mass-balance adjustments since the termination o[ the 
Little Ice Age are also examined. 

INTRODUCTION 

Glacierized basins generally have suspended-sediment 
yields in excess o[ global averages (Gurnell and others, in 
press). However, nearly all glaciofluvial suspended-sediment 
studies have been conducted in temperate glacier basins and 
little is known o[ the range o[ erosion rates in high-Arctic 
locales such as Svalbard. In temperate latitudes, the accu­
mulation of ice with temperatures below the pressure-melt­
ing point requires very high altitudes (Paterson, 1994), and 
so glacial thermal regimes are dominated by ice at the pres­
sure-melting point (warm ice), particularly at the glacier 
bed. In Svalbard, the widespread presence of glacier ice at 
temperatures below the pressure-melting point (cold ice) 
may strongly influence basin sediment yields (Hodson and 
others, in press ). 

Recent work in Svalbard has determined the thermal 
structure of a number o[ glaciers (e.g. Dowdeswell and 
others, 1984; H agen and S<e trang, 1991; 0degard and others, 
1992; Bjornsson and others, 1996). Many o[ these studies have 
involved radio-echo sounding across the glacier surface a nd 
the detection of internal reflecting horizons (IRHs), which 
borehole temperature measurements show to represent the 
interface between warm and cold ice (e.g. Hagen and 
S<etrang, 1991). Several processes are considered to be signif­
icant controls on the distribution o[ warm ice in Svalbard's 
glaciers (Bjornsson and others, 1996): (I) insulation by thick 
snow in the accumulation area and the release oflatent heat 
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by freez ing of melt within the snowpack; (2) advection of 
warm ice formed by the above process into deeper parts of 
the glacier; and (3) the warming of ice at or near the glacier 
bed by heat of deformation and basal sliding (this is particu­
larly enhanced by glacier surges). Variations in the relative 
magnitude of these processes give rise to a diverse range of 
thermal structures in Svalbard glaciers, although two end 
members of this range may be identifi ed: glaciers domi­
nated by warm basal ice and glaciers dominated by cold 
basal ice. 

Typically, cold ice is assumed to restrict the penetration 
of meltwaters to the glacier bed, and the entrainment of sub­
glacial sediments by meltwater runoff will therefore be re­
stricted in predominantly cold-based glaciers (Hodson and 
others, in press). This paper examines this hypothesis 
through a comparison of the fluvial suspended-sediment 
yield from two glaciers: Austre Br0ggerbreen, a predomi­
nantly cold-based glacier (Bjornsson and others, 1996), and 
Fi nsterwalderbreen, a predominantly warm-based (or poly­
thermal-based) glacier (0degard a nd others, 1997). 
Suspended-sediment yields from these two glaciers a re then 
compared with estimates from other glacier basins in 
Svalbard. 

FIELD SITES AND METHODS 

Austre Broggerbreen (see Fig. I) is a ",12 km 2 glacier, occu­
pying a catchment o[ ",32 km2, which consists a lmost en­
tirely of cold ice except for a very restricted basal area 
'" 10 m thick in the central region of the glacier (Bj ornsson 
and others, 1996). No advection of warm ice from the accu-
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Fig. I. The Sualbard archipelago and the locations if glacier 
basins with known suspended-sediment yields. The glacier 
basins are numbered in order of increasing glacier area: 1, 
( Barsch alld others, 1994); 2, Bjuvbreen ( Hamilton, 1992); 
3, Glopbreen ( Barsch alld others, 1994); 4, Scott Turnerbreen 
( Hodgkins, 1996); 5, Austre Breggerbreen UGS ( Hodson 
and others, in press); 6, 7, Hannabreen, Erikbreen (SoUid 
and others, 1994); 8, Br@ggerbreen LGS ( Hodson and others, 
in press); 9, Ebbabreen ( Kostrzewski alld others, 1989); 10, 
TrVerenskioldbreen ( Krawcqk and Opolka-Gadek, 1994); 11, 
Finsterwalde-rbreen; 12, Kongsvegen (Elverh@i and others, 
1980). 

mulation a rea occurs, because the "cold wave" which results 
from cooling during winter is not eliminated by latent-heat 
release in the accumulation area by freezing snowmelt 
during the ablation season (Bjornsson a nd others, 1996). 
Finsterwalderbreen (see Fig. I) is a 44 km 2 poly thermal 
glacier, occupying a catchment of 68 km 2

, with a strong 
IRH lying at depths of 50- 100 m from the ice surface. Ice 
at the bed is at the pressure-melting point, except in the 
lower 500 m of the glacier (0degard and others, 1997). 

Both glaciers last surged in the interval 1890- 1910 (Bjorns­
son and others, 1996). Since the end of the Little lee Age (LIA), 
which occurred between 1910 and 1920 in Svalbard (Dowdes­
well , 1995), strong negative mass balances have been recorded 
at both glaciers (Lefauconnier and Hagen, 1990; Dowdeswell 
and others, 1995). At Austre Bmggerbreen, these changes have 
been particul arl y significant and the glacier is believed to have 
lost ",30% of its volume and thinned considerably since the 
end of the LIA. 

The geology of both catchments is similar, with Per­
mian, Carboniferous and Tertiary sedimentary rocks (sand­
stones, shales, dolomites and limestones) a t Austre Brogger­
breen (Hj ell e, 1993), and Permian, Tri assic, Jurassic and 
Cretaceous rocks (sandstones, dolomites, limestones, silt­
stones a nd shales) at Finsterwalderbreen. In addition, there 
are isolated regions of Proterozoic basement rocks (carbo­
nates, phyllite a nd quartzite) at the southern limit of both 
glaciers (Hj elle, 1993). 

Discharge and suspended-sediment concentration were 

Hodson and others: Glacier thermal regime and suspended-sediment yield 

monitored during 1991 and 1992 in the Austre Bmggerbreen 
basin. During 1991 and 1992, data were coll ected from a lower 
gauging site (LGS), to which runoff was supplied by two 
glaciers (Austre and Vestre Bmggerbreen) and an interven­
ing proglacial va ll ey train some 2.5 km long. Glaciers cover 
54% of the 32 km2 catchment a rea dra ining to the LGS. In 
1992, monitoring was also conducted at an upper gauging site 
(UGS ) '" 100 m downstream from the terminus of Austre 
Bmggerbreen, where runoff was delivered almost exclusively 
by a ",7 km 2 portion of the glacier. \Ve estimate that ",70% 
and ",80% of annual discharge was monitored during 1991 
and 1992, respectively. Most runoff arose from subaerial, ice­
marginal channels. At Finsterwalderbreen, monitoring was 
conducted during 1994 and 1995 at a single gauging station 
'" 100 m downstream of the western margin of the glacier. 'liVe 
estimate that this site received ",90% of total di scharge rrom 
the highly glacierized catchment, la rgely via a single sub­
glacial channel, and that ",80% of the ann ual discharge was 
measured. The same monitoring techniques were implemen­
ted for the estimation of di scharge and suspended-sediment 
concentration in both glacier basins. This involved the ab­
st raction or ~400 ml water samples eve ry 2- 4 h using auto­
matic pump samplers to determ ine suspended-sediment 
concentration and the application of a velocity-area techni­

que for the estimation of discharge from pressure-transducer 
records (Hodson and others, in press ). 

RESULTS 

Figure 2 presents mean dail y suspended-sediment concen­
tration a nd discharge from the sites close to the termini of 
the two glaciers: the UGS at Austre Broggerbreen and the 
Finsterwalderbreen monitoring site. The foll owing charac­
teristics a re evident. 

Austre Broggerbreen 

At the UGS, mean daily suspended-sediment concentra­
tions ra nged from ",0.05 to 0.5 g I 1 during 1992 (sec Fig. 
2). Mean daily discharge ra nged from ",0.4 to 4 m3 s - I. 

Mean da il y discharges or>2m 3 s 1 occurred during three 
interva ls of the monitoring period, Julian days 177- 185, 
193- 195 and 204-215. These high-flow periods resulted in 
progressively higher mea n suspended-sediment concentra­
tions: "'0. 15,0.19 and 0.45 g I I, respectively. This illustrates 
the increased suspended-sediment concentrations asso­
ciated with higher discharges during the latter stages or 
the monitoring period, which is confirmed by a more com­
prehensive analysis of these data (Hodson and others, in 
press). The lowest mean dai ly suspended-sediment concen­
tration « 0.05 g I I) occurred during a fl ow recession peri­
od Uulian days 186- 192). 

Finsterwalderbreen 

At Finsterwalderbrecn, the range in mean daily suspended­
sediment concentration during the 1994 and 1995 monitor­
ing periods was far greater than at Austre Bmggerbreen, 
with va lues ranging rrom 0.5 to 20 g I 1 (ror clarity, a log­
arithmic scaling has been adopted for the Finsterwalder­
breen data in Figure 2). Mean daily discharge ranged from 
< I to 25 m3 s 1 in 1994, and < 0.5 to 14m3 

S- I in 1995. There 
were some important similarities in the temporal pattern of 
mean dail y di scharge and mean dail y suspended-sediment 
concentration during 1994 and 1995: 
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Fig. 2. Time series of mean daily discharge ( m3 s ) and sus­
pended-sediment concentration ( SSC: g t) fo r Austre BTfJg ­
gerbreen UGS and Finsterwalderbreen. A logarithmic scale 
has been adoptedfor the Finsterwalderbreen SSC data. 

(I) A period of low mean daily discha rges « 6 m3 s I) oc­
curred during both monitoring seasons before Julian 
day 192, which was associated with relatively high mean 
daily suspended-sediment concentrations (2- 10 g I- I); 

(2) After Julian day 192, periods of higher mean da ily dis­
cha rges occurred which were not associated with a con­
comitant increase in mean dai ly suspended-sediment 
concentration. This was particula rly apparent between 
Ju lian days 193 and 222 in 1994, andJulian days 193 and 
214 in 1995. 

(3) Flow recessions late in the monitoring period (after 
Julian day 223 in 1994 and betweenJ ulian days 214 and 
223 in 1995) were associated with the lowest mean daily 
suspended-sediment concentrations « I g I- I), although 
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the mean dai ly discharges remai ned higher than dur ing 
the low fl ows at the beginn ing of the monitoring period. 

(4) Seasonal maximum mean daily discharges Uulian day 
215 in 1994 and 225 in 1995) were associated with very 
high mean da ily suspended-sediment concentrations of 

I up to 25 g I . 

O bservations from all mon itoring stations a nd fi eld sites a re 
summarised in Table 1. Annual discha rge was derived from 
the sum of measured discharge (,,-,70- 80% of an nual dis­
charge; see above), adjusted to take into acco unt di scharge 
that was not moni tored. Annual sediment yield (ta- I) was 
calculated from the products of the raw discharge and 
suspended-sediment concentration data, and specific sedi­
ment yield (tkm- 2a I) was obtained by dividing was 
a nnual sediment yield by the catchment a rea. 

Simil a r mean suspended-sediment concentrations were 
observed at the UGS and LGS in 1992, although the esti­
mated specific suspended-sediment yield was lower at the 
LGS. This difference may reflect the storage of suspended 
sediment wi thin thc sandur between the U GS and the LGS 
(H odson and others, in press). There were also very ma rked 
differences in the specific sediment yield between the two 
study a reas. Specific sediment yields were approximately 
one order of magnitude greater at Finsterwa lderbreen 
(Table 1). There were also marked differences in the specific 
sediment yields between the two monitoring periods at each 
of the two glacier basins. 

DISCUSSION 

The magnitude and temporal pattern in suspended-sediment 
transport is very different in the two glacier basins studied. 
The contrasting thermal regimes of the two glaciers may be 
the key control of these differences. 

Aus tre Br0 gge rbreen 

The relatively low mean daily suspended-sediment concen­
trations observed at Austre Br0ggerbreen (Fig. 2) suggest 
that access to sources of suspended sediment by meltwater 
runoff was restricted. One cause of this is likely to be the ab­
sence of subglacia l drainage in the glacier basin . Runoff 
routed through latera l a nd other ice-marginal pathways 
was observed to acquire sediment from lateral moraine 
and supraglacial sediment sources, and these sources are 
believed to dominate the transported suspended sediment 
(H odson and others, in press). The increasing inpu t of sed i­
ments from these sources during high fl ows throughout both 
monitoring periods was beli eved to resul t from snow-cover 
recession, ground thaw and flu shing by rainfa ll delivery 
(H odson a nd others, in press). The high interannual differ­
ence in specific sediment yield observed at the LGS was in 
part the result o r a proglacia l lake-burst that occurred early 
in the 1991 monitoring period (Hodson and others, in press). 

Finsterwalderbreen 

Since the di scharge at Finsterwalderbreen was predomi­
nantly derived from a single subglacial channel emerging 
on the western side of the glacier terminus, it appears that 
subglacia l areas were a more significant source a rea than 
marginal moraines in this glacier basin. The subglacial zone 
appears to be capable of supplying relatively high mean 
dai ly suspended-sediment concentrations, and the observed 
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Table I. Annual discha?ge and specific sediment yield estimatesJor Bmggerbreen and Finsterwalderbreen catchments 

Glacier/sile 

Broggerbreen LGS 
Broggerbreen LGS 
Broggcrbrcen UGS 
Finslcrwalderbrecn 
Fi nSlerwalderbrccn 

l ear 

1991 
1992 
1992 
1994 
1995 

Area 

km 2 

32 
32 

7 
68 
68 

stable mean concentrations during strong increases in mean 
daily discharge afterJuli an day 192 in both years suggest a 
relatively stable subglacial drainage system. This pattern is 
not dissimilar to patterns observed in temperate glacier 
basins (Gurnell and others, in press). Superimposed on the 
periods of relatively stable mean concentrations of sus­
pended sediment during both monitoring seasons were sud­
den rapid increases in mean daily suspended-sedimen t 
concentration to levels in excess of 20 g l- l, associated with 
high-discharge events. Such concentrations are very high, 
even by glaciofluvial standards, and were believed to have 
been caused by the coll apse or sections of the subglacial 
channel, since large quantities of ice debris (often > I m in 
length) were observed in the proglacial river during these 
events. 

The above interp retations of the suspended-sediment 
and discharge observations from the two study basi ns sug­
gest that the strong differences were la rgely caused by the 
absence of subglacia l drainage and thus the avai labi lity of 
subglacia l sed iments to the drainage system at the predomi­
nantly cold-based Austre Broggerbreen. The higher sus­
pended-sediment yield at Finsterwalderbreen suggests that 
the thin surface layer of cold ice does not restrict penetration 
of meltwater to the glacier bed, and that, once at the bed, the 
melt waters are able to tap subglacia l sedi ment sources. 
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Fig. 3. Observations and simple regression relationship between 
annual sediment yield ( t a ~ and annual discharge 
(m3 x 106 a ~ Jor the 12 Svalbard glaciers denoted in Figure 1. 

!llIllllal discharge Meall SSC AlllZllalyield . /mijic sedimenl)'ield 
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8.5 0.13 1100 160 
57 3.5 200000 2900 
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Com.parison with other studies 

The spec ifi c sediment yield from the UGS a t Austre Br0g­
gerbreen is a lmost identical to an estimate presented by 

Hodgkins (1996) for the cold-based Scott Turnerbreen, 
whilst the specific sediment yield estimate at Finster­
walderbreen is simila r to a ",3300 t km 2 a 1 estimate for 
the warm-based Kongsvegen (original data from Elverh0i 
and others, 1980). This section presents a preliminary a na ly­
sis of specific sediment yield estimates from 12 different 
glacier basins in Svalbard. The locations of these glaciers 
are given in Figure I, whilst the annual sed iment yields and 
annual discha rge from these studies are presented alongside 
those for Austre Bf0ggerbreen and Finsterwa lderbreen in 
Figure 3. A simple linear regression a nalysis of the annua l 
sediment yie ld and annual discharge, following a logarith­
mic transformation of both variables, res ults in a coeffi cient 
of determination of 79% (Fig. 3). Given the observations at 
Austre Bf0ggerbreen and Finsterwalderbreen, it can be hy­
pothesised that some of the unexplained variation is caused 
by the different thermal regimes of the glaciers, a lthough 
different sampling methodologies, gaugi ng locations, surge 
history and geology are also li kely to be influential. The pre­
dominantl y cold-based glaciers plot below the regression 
line (except ScottTurnerbreen, which plots on the regression 
line), indicating a lower suspended-sed iment yield than 
might be expected if the thermal regimes were not impor­
tant. H owever, the results from the analysis of this small 
sample of basins must be supported by a greater number of 
data points if this interpretation is to be confirmed. 

Five of the glaciers have been subject to radio-echo 
sounding surveys, which has allowed the characteristics of 
a ny IRHs within the glaciers to be determined. Temper­
ature measurements in these glaciers show that the IRHs 

Table 2. Indices cif the relative jJrOportion cif warm basal ice 
fm'Jive Svalbard glaciers. Wl is the pro/Jortion cif warm basal 
ice beneath the glacier centreflow, and Wd is the normalised 
thickness cif warm ice at the estimated equilibrium-line alti­
tude 

Glacier 

ScottTurnerbrccn 
Austre Broggerbreen 
Erikbrecn 
Finsterwalderbreen 
Kongsvcgen 

1'1'1 

0.00 
0.10 
0.80 
0.96 
1.00 

Wd 

0.00 
0.05 
0.73 
0.68 
1.00 
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Table 3. Correlation matrix between log]o ASr ( annual sedi­
men/yield), loglO AD (annual dischmge), Wl and Wd (de­
fined in Table 2) 

10gIQASY 
loglO AD 
WI 
Wd 

/ogJOASr 

0.51 
0.67 

0.63 

/ogJO AD 

I 
- 0.1 2 

0.03 

[1 '/ 

I 

0.97 

compare well with the interface between warm and cold ice, 
and allow the di stribution of the warm ice in each of the 

glaciers to be deduced (H agen and S<etrang, 1991). Table 2 

lists two indices of this distribution, namely WI, the propor­
tion of the glacier 's central flowline with warm basal ice, 
and Wd, the normalised thickness of wa rm ice at the esti­
mated equilibrium-line altitude. Table 3 provides a correla­
tion ma trix describing the association between these indices 

and the specific suspended-sediment yield and specific dis­
cha rge volume. The sample of five glaciers (resulting in ten 
data points) is far too small for any firm conclusions to be 
drawn, but the high, positive correlations between specific 
sediment yield a nd both the WI and Wd indices provides an 
interesting avenue for further research. From the current 

ana lysis, we favour the Wl index as most suitabl e, since this 
parameter describes the range of subglacia l conditions most 
suitably and results in the highest correlation with specific 
sed iment yield. 

The potential impact of different thermal regimes upon 
sediment yield has important implications for single glacier 

basins adjusting to mass-balance change since the end of the 
LIA. Dowdeswell and others (1995) have shown tha t pro­
longed negative mass balances at Scot! Turnerbreen have 
caused a shift toward a cold-based therm al structure in thi s 
former surge-type glacier. This mass-balance change was in­
iti ated by an abrupt increase in mean an nual air temper­
ature in Svalbard by as much as 5°C after 1910- 20 (Hanssen­
Bauer and others, 1990; Dowdeswell , 1995). At the onset of 
thi s air-temperature rise, most glaciers were close to their 
maximum extent for the las t 10000 years, and they have ex­
perienced a sustained retreat and thinning since thi s maxi­
mum (Dowdeswell and others, 1995). Like Scotl Turnerbreen, 
Austre Bf0ggerbreen has been subj ect to a strong and pro­
longed mass-balance change (Lefauconnier and H agen, 
1990), causing a shift towards the dominance of sub-freezing 
temperatures at the g lacier bed (personal communication 
from j. o. H agen, \996). Given the high specifi c sediment 
yields at Finsterwalderbreen and other warm-based 
glaciers, the implication of this shift towa rds cold basal ice 
is a potenti al reduction in specific sed iment yield by as much 
as one order of magnitude. Furthermore, the mass-balance 
and therm al-regime changes imply that the significance of 
marginal and supraglacial suspended-sediment sources, 
which are most effective in supplying suspended sed iment 
to meltwater runoff during the latter stages of the ablation 
season, increase with an increase in co ld basal ice and that 
this change in dominant suspended-sediment so urces has 
implications for the temporal characteri stics of suspended­
sed iment delivery at the seasonal scale (H odson and others, 
in press). 
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CONCLUSIONS 

A comparison of suspended-sediment concentration and 
discharge observations from the Austre Bf0ggerbreen and 
Finsterwalderbreen glacier basins in Svalbard reveals 
strong differences in both the annual rate and seasonal tem­
poral pattern of suspended-sediment yield. These differ­
ences a re believed to resu lt from restricted penetration of 
meltwa ters to the glacier bed at Austre Bf0ggerbreen asso­
ciated with the dominance of cold ice throughout this 
glacier. In contrast, Finsterwalderbreen is dominated by 

warm basal ice, with only a thin cold-based ice m argin and 
cold surface ice layer. Nearly all meltwaters emerge from 
Finsterwalderbreen through a single subglacia l channel. 
High suspended-sediment concentrations are transported 
by low fl ows at the beginning of the ablation season, and 
concentrations generally decline thereaft er. However, very 

high suspended-sediment concentrations occur periodically 
in association with very high nows which transport large 
quantiti es of ice debri s, suggest ing maj or short-term distur­
bances within the subglacial drainage system. 

Specific sediment yields at Austre Br0ggerbreen are 

similar to estimates from other cold-based glaciers in Sval­

ba rd, whil st the specific sed iment yields from Finster­
walderbreen a re simila r to the only other estima te [or a 
la rge, warm-based glacier in Svalbard, namely Kongs­
vegen. At present there a re very few estimates of specific 
sediment yield from glacier basins with known thermal 
structures. 

The impact of thermal regime on specific sediment yield 
has significant implications for ind ividual glacier basins 
which have undergone m arked changes in m ass balance 
since the termination of the LIA in "-'1910. At least two 
glacier basins (Austre Bf0ggerbreen and ScottTurnerbreen) 

can be shown to have experi enced a shift towards the dom­
inance of cold basal ice as a result of thinning associated 
with mass-balance change. Given the information presented 
in this paper, it is possible that this has induced a marked 
decline in specific sediment yield in these glacier basins. 
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