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Abstract  
Supraglacial debris cover is an important component of glacier mass balance, especially in 
areas characterised by widespread glacier recession. Mapping of the spatial and temporal 
changes in debris cover on the surface of the receding outlet glaciers of the temperate 
North Patagonian Icefield (NPI) in southern South America between 1987 and 2015 shows 
that the total amount of debris cover has increased over time, from 168 km2 in 1987 to 307 
km2 in 2015. The number of debris-covered glaciers increased from 24 in 1987, to 31 in 2001 
to 32 out of 43 studied glaciers in 2015. The proportion of debris-covered area has also 
increased, from 4.1% in 1987 to 7.9% in 2015, with the largest proportional increases 
occurring east of the ice divide (where 15.2% of the glacier ice is now debris covered).  Over 
this time, the total area of the NPI decreased from 4133 to 3887 km2. The area occupied by 
proglacial and ice-proximal lakes also increased from 112 to 198 km2. Between 1987 and 
2015, the terminal environment of many of the outlet glaciers of the NPI changed from 
land-terminating to lake-calving, and these glaciers are now receding into terminal lakes. 
The change in the area of debris-covered ice is influenced by the loss of ice at debris-
covered termini and by an increase in debris cover at higher elevations. The glaciers of the 
NPI remain highly dynamic as they recede and are therefore behaving very differently to 
high-elevation glaciers, such as those of the Himalaya where debris cover leads to glacier 
stagnation at the termini.   
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recession from 2001 to2015 was in small glaciers east of the ice divide with  no clear 
relationship between proportion of debris-covered area and annual rates of recession (Fig 
3).  
 
 
3.3 Overall lake area changes of the NPI 
 
Twenty-six glaciers of the NPI had proglacial lakes in 2015, covering 197.7 km2. Total 
cumulative lake area was calculated in each time interval for each glacier. Of the 26 glaciers 
with proglacial lakes, 10 <2 km2 cumulative lake area (Fig. 2). The largest cumulative lake 
areas are in front of Glaciar San Quintin (54.6 km2), Leones (22.8 km2), and Steffen (20.6 
km2). Loriaux and Casassa (2013) examined the expansion of lakes of the NPI from 1945 to 
2011 and concluded that lake area expanded 65%, or 66 km2, in that time period.  The 
increase in the number of lakes caused an increase in the recession of the glaciers 
terminating in them because of mass loss through calving. 
 
From 1987 to 2015, the number of glaciers with proglacial lakes increased from 23 to 26, 
and proglacial lake extent increased from 111.9 to 197.7 km2, as the lakes have increased in 
size and flooded overdeepened basins following glacier recession (Table 6). The largest 
increases are west of the ice divide, where larger glaciers with larger absolute recession (in 
km2) have receded further, resulting in the development of larger lakes. The largest lake 
area increases were identified in front of Glaciar San Quintin (+35.5 km2), Glaciar Steffen 
(+8.5 km2), and the Acodado, HPN3 and HPN2 systems (+8.3 km2). Figure 6 shows the 
example of Glaciar Fiero, where the ice-contact lake expanded between 2001 and 2015. 
 
 
3.4 Overall debris-covered ice area changes of the NPI 
 
Change in supraglacial debris cover is summarised in Table 7. The number of debris-covered 
glaciers increased from 24 in 1987, to 31 in 2001, and to 32 out of 43 studied glaciers in 
2015. The absolute area of debris-covered ice also increased from 168.5 km2 in 1987, to 
228.6 km2 in 2001, and to 306.6 km2 in 2015. This equates to a total increase in the 
proportion of debris-covered glacier surface area from 4.1% in 1987, to 5.7% in 2001, and  
to 7.9% in 2015. The largest increase in the proportion of debris-covered area was east of 
the ice divide, where 15.2% of glacier ice is now debris-covered (Table 7).  
 
Glaciar Steffen, Glaciar San Quintin, Glaciar Colonia, Glaciar Grosse, and Glaciar 
Exploradores each have more than 20 km2 of debris cover in 2015 (Fig. 7A). Of the individual 
outlet glaciers, Glaciar San Rafael (+10.7 km2), Glaciar Colonia (+9.4 km2), Glaciar 
Exploradores (+5.5 km2), and Glaciar Gualas (+4.6 km2) show the greatest increases in 
debris-covered area (Fig. 7B).  New material was added to the glacier surface by rockfall 
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List of Figures 
 
Fig. 1. Composite Landsat-7 image (11/03/2001) of the North Patagonian Icefield (NPI) in 
Southern South America indicating the main glacier catchments and outlet glaciers.   
 
Fig. 2. (A) Number of glaciers and total glacierized area in different glacier size classes. (B) 
Histogram of proglacial lake area. (C) Scatterplot showing original glacier area in 1987 
against glacier area change (km2). (D) Scatterplot showing glacier area change (km2) against 
glacier debris cover in 2015. Larger glaciers tend to have more debris-covered area (km2) 
and tend to have lost most glacier area (km2). 
 
Fig. 3.(A) Glacier extent in 1987, 2001, and 2015. Blue indicates glaciers  west of the ice 
divide; red indicates glaciers east of the ice divide. Blue circles are percentage debris cover. 
(B)As (A), but 2015 glacier extent colored according to annual rate of recession (% a-1) from 
2001 to2015. (C) As (A), but 2015 glacier extent colored according to maximum rate of 
velocity (m/y) from Mouginot and Rignot (2015). 
 
Fig. 4. Glaciar Grosse on the northern side of the NPI, a debris-covered glacier where the 
entire ablation area is debris-covered in 2015 {21st January 2015} Note also the large 
proglacial lake (image: Landsat 8 OLI-TIRS LC82320922015021LGN00 from 21st January 
2015) 
 
Fig. 5.  (A) Lake areas for individual glaciers of the NPI in 1987, 2001, and 2015. Note the 
rapid expansion of proglacial lakes at Glaciar San Quintin, which has grown in area from ~18 
km2 in 1987 to ~54 km2 in 2015.  (B) Lake area changes for individual glaciers of the NPI for 
the periods 1987-2001, 2001-2015 and the entire period 1987-2015. Note that expansion of 
the proglacial lake at Glaciar San Quintin also dominates the change in lake area over this 
time period. (C) Percentage change in lake area through time.  
 
Fig. 6. Detail of changes at the snout of Glaciar Fiero between 2001 and 2015. The white line 
(arrowed) indicates the position of the glacier terminus in 2001 in both cases.  Note the 
expansion of the large proglacial lake at Glaciar Fiero (arrowed) and the changes in surface 
debris cover.  A new glacial lake has also formed at the adjacent glacier (arrowed) in the 14 
years between 1987 and 2015.  
 
Fig. 7. (A) The extent of the debris-covered area on the largest individual outlet glaciers of 
the NPI in 1987, 2001, and 2015. (B) Debris-cover change by glacier for the periods 1987-
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2001, 2001-2015, and the entire period from 1987 to2015. Note that several large glaciers 
(e.g. Glaciar San Rafael, Glaciar Gualas, Glaciar San Quintin, and Glaciar Steffen) actually lost 
large areas of debris cover between 1987 and 2001 before debris cover then increased 
between 2001 and 2015.    
 
Fig. 8. Detail of debris features that have appeared on glacier surfaces between 2001 and 
2015. (A) Large rockfall deposited on the surface of Glaciar Grosse. (B) Large lobate rockfall 
deposited on the surface of Glaciar Pissis. Note also the recession of the ice front over this 
time. (C) Large rockfall deposited on the surface of Glaciar Leones. Note the large run out 
zone and how the rockfall obscures the existing medial moraines on the glacier surface.  
 
Fig. 9.  Detail of changes in ice-surface debris and transport through time (1987-2001-2015).  
(A) New patch of debris (arrowed) appeared on the surface of Glaciar Colonia in 1987 and 
was transported down-ice between 2001 and 2015. (B) Immediately below the icefall on 
Glaciar Pared, a rockfall deposited on the ice surface (arrowed) was transported rapidly 
down-ice to merge with existing supraglacial debris. (C) Closer to the terminus of Glaciar 
Pared Norte, a second rockfall (arrowed) was also transported rapidly down-ice along the 
lateral margin in the period 1987-2001-2015.   
 
Fig. 10.   Oblique aerial photograph of Leones Glacier showing recent large rockfall on the 
glacier surface (orange arrows). This is the same rockfall as Fig.  8C. The red arrow indicates 
the terminus of North Leones Glacier (photograph: Jill Pelto, 13th March  2015).  
 
Fig. 11.  (A) Area of debris-covered ice in 100-m elevation bands. (B) Change in area of 
debris-covered ice in 100-m elevation bands between 1987 and 2015. Note the loss of ~19 
km2 below an elevation of 100 m caused by the reduction of glacier ice at this low elevation.  
 
Fig. 12. Example of the interplay between changes in glacier area, debris cover and lake area 
for Glaciar Steffen (A-C), Glaciar San Quintin (D-F), and Glaciar Grosse (G-I).  
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Table 1: Data sources used in this study 

Platform/Sensor/Image ID Date acquired 
(d/m/y) 

Comments e.g. clouds etc 

Landsat 8 OLI-TIRS (LC82320922015021LGN00) 21/01/2015 Northern section 
Landsat 8 OLI-TIRS (LC82320932015021LGN00) 21/01/2015 Southern 

section02/11/2014 was 
also used because of 
cloud cover on Glaciar San 
Quintin 

Landsat 8 OLI-TIRS (LC82320932014306LGN00) 02/11/2014 Southern section 
Landsat 7 ETM (LE72320922001070EDC00) 11/03/2001 Northern section 
Landsat 7 ETM (LE72320932001070EDC00) 11/03/2001 Southern section 
Landsat 5 MSS (LM52320921987040AAA04) 09/02/1987 Northern section 
Landsat 5 MSS (LM52320931987040AAA03) 09/02/1987 Southern section 
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Table 2: Time taken between different time intervals in days and years.  

 

Time period Number of days Number of years 
2001-2015 5064 13.9 
2001-2014a 4984 13.7 
1987-2001 5144 14.1 
1987-2015 10208 28.0 
1987-2014a 10128 27.8 
aSan Quintin only. 
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Table 3. Glacier area and number of glaciers in the NPI in 2015.  

Glacier area Total area (km2) Number of glaciers 

0 to 1 km2 0.00 0 
1 to 10 km2 76.6 14 
10 to 50 km2 305.9 14 
50 to 100 km2 417.4 6 
100 to 500 km2 1596.8 7 
> 500 km2 1493.9 2 

   
Total 3890.6 43 
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Table 5. Change in glacierized area (excluding nunataks) east and west of the ice divide 

 

  Total East of ice 
divide 

West of ice 
divide 

n of glaciers (2015) 43 26 17 
Glacierized area 2015 (km2) 3890.5 1037.2 2853.3 
Glacierized area 2001 (km2) 4035.1 1093.7 2941.4 
Glacierized area 1987 (km2) 4133.1 1098. 5 3034.6 
Area change 1987 to 2001 (km2) -97.9 -4.8 -93.2 
Area change 2001 to 2015 (km2) -144.6 -56.5 -88.1 
% change 2001 to 2015 -3.6 -5.2 -3.0 
% change 1987 to 2001 -2.4 -0.4 -3.1 
% change per annum (% a-1) 2001-2015 -0.3 -0.4 -0.2 
% change per annum (% a-1) 1987-2001 -0.2 -0.03 -0.2 
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Table 6. Change in proglacial lake extent, 1987-2015 

 

 

Total East of ice divide West of ice divide 

Proglacial lake extent (km2) 2015 197.7 82.9 114.8 
Proglacial lake extent (km2) 2001 150.3 73.4 76.9 
Proglacial lake extent (km2) 1987 111.9 66.3 45.5 

Lake area change 1987 to 2001 (km2) 38.5 7.1 31.4 
Lake area change 2001 to 2015 (km2) 47.4 9.5 37.9 
% change 2001 to 2015 31.5 12.9 49.2 
% change 1987 to 2001 34.4 10.7 69.0 
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Table 7. Number, area, and proportional area of debris-covered glaciers in each region and time 
period 

 

 Year Total East of ice divide West of ice divide 

Number of debris-
covered glaciers 

2015 32 19 13 
2001 31 19 12 
1987 24 13 11 

Total debris-
covered area (km2) 

2015 306.6 157.1 149.5 
2001 228.6 135.4 93.2 
1987 168.5 119.2 49.3 

Total proportion of 
debris-covered 
area (%) 

2015 7.9 15.2 5.2 
2001 5.7 12.4 3.2 
1987 4.1 10.9 1.6 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Table 8. Relationship between debris cover and rates of recession 

 

x variable y variable Pearsons RSQ 
Glacier area 1987 Rate of recession 1987-2015 0.08 0.01 
% Debris cover 2015 Rate of recession 1987-2015 -0.15 0.02 
Debris cover 2015 (km2) Amount of change 1987-2015 (km2) -0.76 0.57 
Glacier slope Rate of recession 1987-2015 0.05 0.00 
Debris cover 2015 (km2) Rate of recession 1987-2015 0.04 0.00 
Max velocity Rate of recession 1987-2015 0.33 0.11 
Glacier area 1987 Amount of change 1987-2015 (km2) -0.89 0.78 
ZMAX Rate of recession 1987-2015 0.09 0.01 
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Table 9:  Transient snow line observations from Landsat images (2013-2016) indicating the 
highest observation for a given year on 11 glaciers of the NPI.  

 
 
 
Glacier 87/2013a 50/2014 a 85/2015 a 72/2016 a Mean  

2013-2016 
1979/2003 
(Barcaza et 
al., 2009) 

Difference 

Steffen 1200 1075 1025 1100 1100 1000 100 
Acodado 1200 1075 1025 1110 1103     
HPN1 1075 1000 950 1075 1025 897 128 
Benito Cloud 1000 950 1050 1000 876 124 
San Quintin 1050 Cloud 975 1050 1025 950 75 
San Rafael 1100 1075 1000 1075 1063 900 163 
Gulalas 1200 1225 1200 1250 1219 996 223 
Soler 1450 1425 1475 1475 1456 1390 66 
Nef 1350 1300 1325 1350 1331 1250 81 
Colonia 1350 1325 1300 1350 1331 1270 61 
Pared Nord 1075 1050 1075 1100 1075 1020 55 
Mean 1225 1233 1193 1236 1214 1111 103 

 
aDates are displayed as Julian Day/Year.  These new data are compared to the Barcaza et al. 
(2009) data in the final two columns.  
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Table 10: Summary statistics for the North Patagonian Icefield (NPI) in 1987, 2001, and 2015  

 

Year NPI area (km2) Debris area (km2) Lake area (km2) Modal debris   
elevation (m)  

1987 4133.1 246.3 111.9 501-600 
2001 4031.4 231.9 150.3 601-700 
2015 3886.9 310.6 197.7 601-700 
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Figure 1 
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Figure 3 
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Figure 4 
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Figure 5A 
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Figure 5B 
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Figure 5C 
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Figure 6 
  

21st January 2015 11th March 2001 
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Figure 7A 
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Figure 7B 
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Figure 8  

21st January 2015 11th March 2001 
Grosse 

Leones 

Pissis 
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Figure 9 

9th February 1987 21st January 2015 11th March 2001 
Colonia 

Pared Norte 

Pared Norte 










