
 
This document contains replies to the referees' comments, together with marked text 
indicating (yellow highlight) all of the changes. The line numbers in the marked document 
differ from those in the original (due to revisions), and are given in parentheses below.   
 
Reply to comments by Sakai 
 
1) As you wrote 'Comparison of the drainage system structure in 2010 with evidence on 
Corona imagery from 1964 shows an upglacier expansion of the area occupied by closed 
depressions and perched lakes'(L623-625) I think analysis on the change of small basins 
(perched lake area) using Corona imagery (as past image) is useful to know the change 
of drainage system and to gain more insight of your synoptic view on the drainage 
system of debris-covered glaciers.  
 
Although it would be very interesting to analyse long-term basin evolution on the glacier, 
this is not possible. Our methods for defining basins use contoured DEMs, which cannot 
be constructed for the Corona data, which consist of mono images. Text has been added 
in L181-183 to explain this point. 
 
Iwata et al. (2000) have reported that high relief area expand from 1978 to 1995 at the 
middle ablation area of the Khumbu Glacier based on the geomorphic evidence. 
Although the target of Iwata's study was the Khumbu glacier (different from your target; 
the Ngozumpa Glacier), I think Iwata's result complement your result that lower limit of 
surface stream area has gone up to higher elevation recently. Therefore, Iwata et al. 
(2000) would be a nice reference of your manuscript.  
 
Reference to Iwata et al. (2000) has been added (L 789) 
 
2) In the section 4.2, 5.1 and 5.5, authors did not discuss on the start point (maximum 
altitude) of surface stream. The start point of surface stream strongly relates with altitude 
of ablation and it is significant for drainage system. I think discussion is required in the 
manuscript on the start point for example the difference between 1964 and 2010 (Fig. 
13a and b) there is no solid evidence on the surface stream during LIA, the start point of 
surface stream during the LIA might (should?) be different from that of 1964. Please take 
into account the start point of surface stream in Fig. 13c.  
 
The upper limit of surface streams is not determined by the ELA, but the location of 
topographically controlled crevasse fields. The 1964 image shows these crevasse fields 
in the same location. Text has been added (L 747 ff.) to explain this point. 
 
L34-35 'since the 1970s'> Analysis period by Kääb et al., (2012) was 2003-2008. 
 
The position of Kääb reference has been changed to remove this problem (now L 40). 
 
L357-358 (411-413)' The seasonal variations in ice velocities in the upper ablation zone 
are too large to be explained by changes in ice creep rates,' > Authors should write the 
reason  
 
justification of this statement has been added. 
 
L 375-385 (436) It's better to cite Fig. 13 in this section. 
  
A reference to Fig 14 (formerly 13) has been added. 
 
L487 'measured volume losses' is ambiguous expression. Please write specifically. If the 
measured volume loss is calculated from elevation change at ablation area, the value 
includes not only ablation but also emergence velocity.  



 
In the paper by Thompson et al. (2016) these volume losses were calculated from 
elevation changes on the stagnant part of the glacier, where complications from glacier 
flow do not arise. Rather than clutter the text with this information, we have added the 
phrase 'on the stagnant part of the glacier' on line 564. 
 
Fig 14 There is no symbols of a) and b) in the Fig. 14, although, authors used Fig. 14a, 
14b in the text (L543-549)  
 
This Figure has been redrafted. 
 
L528 'where the overall gradient of the glacier is <3°' < reference?  
 
Statements about the glacier gradient have been clarified (L 121), and a new Figure 3 
added. 
 
L543 'By 2010, this part of the glacier had been broken up into basins E-7, E-8 and E-9'.  
> In other word, you can estimate that basins E-7, E-8 and E-9 has coalesced in 1960s 
from the Corona image. I recommend if you can draw the basins boundary using Corona 
image. it would be great help to understand the geomorphic change of the Ngozumpa 
Glacier. (main comment 1))  
 
This Figure has been redrafted to make the changes clearer. 
 
L594 'On the Survey of Nepal map,' > Reference is necessary, here. I think following 
map is cited here. 'Nepal: Survey Department. 1997c. Namuche Bajar 1 : 50 000. 
Kathmandu, Ministry of Land Reform and Management. Survey Department. (Sheet No. 
2786 03.)' This map was produced based on the aerial photography taken in 1992.  
 
Reference added. 
 
L629 'Such a drainage system might have existed during the Little Ice Age, and persisted 
into the early 20th Century.' > I recommend that the supraglacial channels during the 
Little Ice Age is not based on Satellite imagery or other evidences. Therefore, the line of 
the supraglacial channels should be drawn by dotted lines. 
 
This has been done.  
 
Please check whole references in the text and in the reference list (not only following 
comment). 
  
L39 Reynolds, 2000 > I could not find the reference in the reference list.  
 
Reference deleted in text. 
 
L146 Thompson et al. (2016) > I could not find the reference in the reference list.  
 
Reference added. 
 
L471 Horodyskuj (2015) > I could not find the reference in the reference list.  
 
Reference added 
 
L730 The reference has no published year.( Earth Science Reviews)  
 
Year of publication added. 
 
L748 In the title of Gulley et al. 2009a, 'Mechanisms of ....' has been missed.  



 
Text corrected 
 
L800-805 There are two Quincey et al. (2005) but I could not find Quincey et al. (2005) in 
the body text. 
 
This has been reduced to one reference, with the correct year of 2007	
 
 
Reply to comments by Quincey 
 

1. Part of the justification for the study (lines 63-71) is that we still know relatively little 
about englacial conduit formation, and specifically the relative importance of the 
three processes previously described in the two Gulley et al., 2009 papers and 
summarised in Benn et al., 2012. Although not stated explicitly, the subsequent 
analysis here sug- gests that cut-and-closure is the dominant, or even exclusive, 
mechanism, at least on Ngozumpa. Given that the argument against NG-01 to NG-
03 being structurally con- trolled (lines 308-311) could be invoked for most conduits 
running parallel to flow, and that to my knowledge there have been no direct 
observations of hydrofracture here or in the wider region, some actual discussion of 
their relative importance would be an interesting addition to the manuscript. Based 
on their additional analysis, do the authors now believe that cut-and-closure is the 
dominant mechanism for these debris- covered glaciers, or does it just happen to 
prevail at Ngozumpa? Or is it paired, in that cut-and-closure forms the conduit in the 
first place, and then the relict channels pro- vide the dominant structural control 
thereafter? Or some combination of these? Some clarification in the revised text 
would be a good addition. 

A paragraph has been added (L 691 ff.) to clarify these points.   

2. The least-well constrained element of the paper is the analysis of the existence or 
otherwise of a subglacial hydrology, understandably so. In the absence of any direct 
observations, the velocity proxy provides some evidence for subglacial water in the 
upper ablation area, but if the authors are correct in their interpretation of this, what 
happens to it then? I’d be interested to see some further discussion of the lower ab- 
lation area – if as stated (line 507) all of the water leaving the glacier passes through 
Spillway Lake, do the authors propose that the subglacial waters from the upper 
abla- tion area pass through the lower ablation area and are then elevated at the 
terminus under pressure? Some direct measurement of the discharge would give an 
indication of whether it is at least the correct order of magnitude for a glacier of this 
size, but in the absence of this some discussion of whether it might go to deep 
groundwater, or shallow groundwater and then emerge further down-glacier, would 
fill this gap. The hollow that drains the supraglacial channels (line 384) is also 
important in this regard – it hints at a direct surface-to-bed connection but there is no 
further information given – can any more light be shed on where these waters go? 

Although we lack sufficient data to answer these questions, we have added 
speculations (L427 & 572-575) to address the issue of water routing. 

3. The interpretation that hummocky closed basins cannot support a supraglacial hy- 
drology is believable, but there is a spatial mismatch between the analysis shown in 
Figure 9 and the observations shown in Figure 8, which detracts from the argument. 
If this is the dominant control on supraglacial water (and the interpretation in Figure 



13 hangs on it being so) then can the analysis in Figure 8 be extended up so we can 
see if it prevails in the upper ablation area too? Or at least see some morphologi- 
cal/topographic differences between c) and d) in Figure 8. 

There is indeed a gap between areas where channels are visible on the glacier 
surface and area where surface basins can be reliably mapped. We have addressed 
this mismatch by identifying a 'transitional zone', now discussed in the text (L 463 ff.), 
and shown on Fig. 9 (previously Fig. 8) and a new Figure 3.  

L86 (100): 7922 m here but 7952 m in Figure 1.  

>The true elevation is 7952 m, and this has been corrected in the text.  

L95 (109): I suggest stating that it is ‘effectively’ stagnant, since it is probably 
deforming at some rate, just not detectable by the satellite analysis.  

>The change has been made 

L130 and elsewhere: just a note that the terms pond and lake are used 
interchangeably – I’d have a preference for using the former for the majority, which 
are perched and relatively small, and saving the latter for Spillway Lake, which is not.   

> Done throughout, as suggested. 

L158-167: can you add some more detail on the masking/filtering that is evident in 
Figure 7? And what is the threshold of ‘detectable flow’ referred to in line 95 – I 
guess that should be mentioned here too. 

> No masking or filtering was applied. A note on the definition of 'detectable motion' 
has been added in L195-6.  

L331: Length of stagnant zone - this is 7 km earlier in the manuscript.  

> This has been changed to 6.5 km in both cases (L 110 & 379). 

L351: should these artifacts not be masked as per Fig 7a? As it stands, it looks like 
you have greater confidence in the speed-up data than the annual pair 
measurements, which can’t be right since you derive the former from the latter.  

> Neither the absolute nor differenced velocity maps have been filtered, and the 
existence of velocity difference data in areas of no apparent absolute annual 
displacement is simply a result of the scales used. A note has been added to the 
caption of Fig. 7 to point out the lack of masking and filtering. 

L364-366 (L 421): there’s some contradiction with the Figure caption here – the text 
says there are only crevasses in the upper part of the clean ice tongue (c), but the 
caption states they are only in (a)?  

> The text has been corrected. 

L371-373: this is the only hint at what happens to the subglacial water after it 
descends from the upper ablation area – can you offer any insight into where it may 
go then? Lines added to 375, and 491 ff, to speculate on fate of subglacial water.  



> We have added the speculation that the subglacial water is drained via the sub-
marginal channels (L427 & 572-575). 

L382-385: this hollow is quite an important part of the picture, particularly if it shows 
the surface is connected to the bed directly – is it the same hollow that Horodyskuj 
monitored? Is it a moulin? Can you offer any further information on it?  

> This is not the same hollow, as is now made clear in the text (L 551). We have no 
evidence that direct surface to bed drainage occurs in any of these basins, and 
decline to speculate about this issue. 

L396: Figure 9 does not extend sufficiently far up-glacier for us to be able to verify 
this is true – can you extend the analysis to make this argument more robust? 

> Basins cannot be reliably delineated any further upglacier. Text and a new figure 
have been added to explain this in terms of a 'transitional zone' (L 463 ff.). (see reply 
to Point 3 above)  

L402-415: the number of basins etc is interesting here but the upper boundary of the 
analysis seems arbitrarily defined. Why not cover the whole of the debris-covered 
area? That way others can repeat the analysis for future time periods and quantify 
the change.  

> see previous comment 

L410: Figure 9 doesn’t show any full drainage events, unless these are lumped into 
the < 1000 m2 category? Shouldn’t they be shown as ‘empty’?  

> Empty basins in any one year are indicated by 'missing' coloured circles - The 
caption has been modified to explain this. 

L425 (692): do they have to be relict, necessarily?  

> 'relict' has been changed to 'active or relict' 

L425-427: as above, I can’t see the evidence for 35 drainage events – can you make 
this a bit clearer?  

> see comment on line 410. 

L424-427: can you add an acknowledgement that there is a seasonal signal in these 
data?  

> We do not have a good enough data series to reliably identify a seasonal signal. 

L439: they’re probably underlain by thick sediment too, inhibiting bottom melt.  

> We do not have any data on pond bottom sediment thickness, so decline to 
comment.  

L456: this disparity between the number of basins on the west and the east sides 
merits some further comment – does it reflect the dominant englacial drainage 
pathway? Or debris-thickness? It’s a stark contrast when looking at Figure 9.  



> This is indeed striking, but the reason is unknown. We think that speculation 
neither justified nor helpful. 

L460: missing ‘the’  

> added 

L471: Horodyskuj (2015) is not in the reference list.  

> Added  

L507: can you be sure that all of the water passes through Spillway Lake?  

> A sentence has been added to qualify this statement (L 594-6).  

L518-521: can you bring this into line with the six elements stated in the abstract?  

> Done (L 606 ff.).  

L528: 3° gradient.  

> A statement about glacier gradients (line 121) and a new Figure 3 has been added 
to clarify this issue. 

L543-544: it’d be better to show these basins superimposed on Fig 14b, rather than 
repeating the channels on both figure panels.  

> The figure has been redrafted to make the evolution of this part of the glacier 
clearer.  

L545: can you indicate where these elongate ponds are on the figure for clarity? 

Done.  

L546-549: the figure referred to here doesn’t relate to the text. Do you mean figure 
10 instead? clarify 

This has been corrected. 

L553: where does this thickening debris cover come from?  

> Text has been added to explain this (L 650). 

L557: note cut-and-closure is hyphenated in some places but not in others.  

> Changed to 'cut-and-closure' throughout 

L589: section numbering jumps one here.  

> The numbering has been corrected.  

L626-627: remove the bracketed text since it is clear already?  



> Bracketed text has been removed. 

L662-664: interesting that the Khumbu ponds also follow what might be a sub-
marginal channel.  

Agreed. This is something for others to investigate in detail. 

L666: this sentence implies that Ngozumpa is in a more advanced stage of recession 
than others in the region – is this what you mean? I’m not sure it is much different to 
others except for Spillway Lake?  

> Not all others - for example, Imja and Trakarding have large base-level lakes. Base 
level lakes do not yet exist on Khumbu Glacier. Spillway Lake is an important 
example of a transitional stage.  

L669: maybe ‘interpretation’ is better than ‘view’ here?  

> Changed as requested (L 806). 

Figure 7 (now 8): mentioned above too, but how can b) have more coverage than a) 
given that it is derived from a)?  

> The difference map also depends on the winter velocities (not shown). Also, the 
velocity scale in a) fades to grey, so small velocities (which can contribute to velocity 
differences) are not visible.     

Figure 8: what are the coloured dashes here?  

> They delineate the areas identified by the letters. 

Figure 11 (now 12): are there no better data than these TM images? Only because 
they’re poor resolution. Do the 2010 and 2012 data you have not cover these areas? 
At least could you superimpose your interpreted pond boundaries?  

> Pond boundaries superimposed to make the figure clearer. 

Figure 12 (now 13): maybe add that the reader should see the text for explanation of 
the annotations?  

> Text added to caption 
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Abstract	15	

This	 paper	 provides	 the	 first	 synoptic	 view	 of	 the	 drainage	 system	 of	 a	16	

Himalayan	 debris-covered	 glacier	 and	 its	 evolution	 through	 time,	 based	 on	17	

speleological	 exploration	 and	 satellite	 image	 analysis	 of	 Ngozumpa	 Glacier,	18	

Nepal.	 The	 drainage	 system	 has	 several	 linked	 components:	 1)	 a	 seasonal	19	

subglacial	 drainage	 system	 below	 the	 upper	 ablation	 zone;	 2)	 supraglacial	20	

channels	 allowing	 efficient	 meltwater	 transport	 across	 parts	 of	 the	 upper	21	

ablation	 zone;	 3)	 sub-marginal	 channels,	 allowing	 long-distance	 transport	 of	22	

meltwater;	 4)	 perched	 ponds,	 which	 intermittently	 store	 meltwater	 prior	 to	23	

evacuation	 via	 the	 englacial	 drainage	 system;	 5)	 englacial	 cut-and-closure	24	



conduits,	which	may	undergo	repeated	cycles	of	abandonment	and	reactivation;	25	

6)	 a	 'base-level'	 lake	 system	 (Spillway	 Lake)	 dammed	 behind	 the	 terminal	26	

moraine.	The	distribution	and	relative	importance	of	these	elements	has	evolved	27	

through	time,	in	response	to	sustained	negative	mass	balance.	The	area	occupied	28	

by	 perched	 ponds	 has	 expanded	 upglacier	 at	 the	 expense	 of	 supraglacial	29	

channels,	and	Spillway	Lake	has	grown	as	more	of	the	glacier	surface	ablates	to	30	

base	 level.	 Subsurface	processes	play	 a	 governing	 role	 in	 creating,	maintaining	31	

and	shutting	down	exposures	of	ice	at	the	glacier	surface,	with	a	major	impact	on	32	

spatial	patterns	and	rates	of	 surface	mass	 loss.	Comparison	of	our	 results	with	33	

observations	 on	 other	 glaciers	 indicate	 that	 englacial	 drainage	 systems	 play	 a	34	

key	 role	 in	 the	 response	 of	 debris-covered	 glaciers	 to	 sustained	 periods	 of	35	

negative	mass	balance.			36	

	37	

1.	Introduction	38	

Debris-covered	 glaciers	 in	 many	 parts	 of	 the	 Himalaya	 have	 undergone	39	

significant	surface	lowering	in	recent	times	(Kääb	et	al.,	2012),	with	net	losses	of	40	

several	 tens	 of	 metres	 since	 the	 1970s	 (Bolch	 et	 al.,	 2008a,	 2011).	 Glacier	41	

thinning	and	reduced	surface	gradients	have	resulted	 in	 lower	driving	stresses	42	

and	ice	velocities,	and	large	parts	of	many	glaciers	are	now	stagnant	or	nearly	so	43	

(Bolch	 et	 al.,	 2008b;	 Quincey	 et	 al.,	 2009).	 These	 morphological	 and	 dynamic	44	

changes	 have	 encouraged	 formation	 of	 supraglacial	 ponds	 and	 lakes	 and	45	

increased	 water	 storage	 within	 glacial	 hydrological	 systems	 (Quincey	 et	 al.,	46	

2007;	 Benn	 et	 al.,	 2012).	 Where	 lakes	 form	 behind	 dams	 of	 moraine	 and	 ice,	47	

volumes	 of	 stored	 water	 can	 be	 as	 high	 as	 108	 m3,	 in	 some	 cases	 posing	48	



considerable	 risk	 of	 glacier	 lake	 outburst	 floods	 (GLOFs)	 (Yamada,	 1998;	49	

Richardson	and	Reynolds,	2000;	Kattelmann,	2003).	50	

	51	

Several	studies	have	shown	that	 the	development	and	enlargement	of	englacial	52	

conduits	 play	 an	 important	 role	 in	 the	 evolution	 of	 debris-covered	 glaciers	53	

during	 periods	 of	 negative	 mass	 balance	 (e.g.	 Clayton,	 1964;	 Kirkbride,	 1993;	54	

Krüger,	1994;	Benn	et	al.,	2001,	2009,	2012;	Gulley	and	Benn,	2007;	Thompson	55	

et	 al.,	 2016).	 The	 collapse	 of	 conduit	 roofs	 can	 expose	 areas	 of	 bare	 ice	 at	 the	56	

glacier	surface,	locally	increasing	ablation	rates.	Additionally,	areas	of	subsidence	57	

associated	 with	 englacial	 conduits	 create	 closed	 hollows	 (dolines)	 that	 can	58	

evolve	 into	 supraglacial	 ponds,	 further	 increasing	 ice	 losses	 by	 calving.	59	

Conversely,	 supraglacial	 ponds	 can	 drain	 if	 a	 connection	 is	 made	 with	 the	60	

englacial	drainage	system,	provided	the	pond	is	elevated	above	hydrological	base	61	

level	(‘perched	lakes’	in	the	terminology	of	Benn	et	al.,	2001,	2012).	Drainage	of	62	

relatively	warm	water	through	the	glacier	leads	to	conduit	enlargement,	which	in	63	

turn	increases	the	likelihood	of	roof	collapse,	surface	subsidence	and	ultimately	64	

new	 pond	 formation	 (Sakai	 et	 al.,	 2000;	 Miles	 et	 al.,	 2015).	 	 Because	 ablation	65	

rates	 around	 supraglacial	 pond	 margins	 are	 typically	 one	 or	 two	 orders	 of	66	

magnitude	higher	than	those§	under	continuous	surface	debris,	ponds	contribute	67	

disproportionately	 to	 overall	 rates	 of	 glacier	 ablation	 (Sakai	 et	 al.,	 1998,	 2000,	68	

2009;	 Thompson	 et	 al.,	 2016).	 By	 controlling	 the	 location	 and	 frequency	 of	69	

surface	 subsidence	 and	 pond	 drainage	 events,	 englacial	 conduits	 strongly	70	

influence	overall	 ablation	 rates,	 and	 the	 volume	of	water	 that	 can	be	 stored	 in	71	

and	on	the	glacier	(Benn	et	al.,	2012).		72	

	73	



Speleological	 investigations	 in	 debris-covered	 glaciers	 in	 the	 Khumbu	 Himal	74	

have	demonstrated	that	englacial	conduits	can	form	by	three	processes:	1)	'cut-75	

and-closure'	or	the	incision	of	supraglacial	stream	beds	followed	by	roof	closure;	76	

2)	hydrologically	assisted	crevasse	propagation,	or	hydrofracturing,	which	may	77	

route	water	to	glacier	beds;	and	3)	exploitation	of	secondary	permeability	in	the	78	

ice	 (Gulley	et	al.,	2009a,	b;	Benn	et	al.,	2012).	The	relative	 importance	of	 these	79	

processes	in	the	development	of	glacial	drainage	systems,	however,	has	not	been	80	

investigated	in	detail.	Furthermore,	there	are	no	data	on	the	large-scale	structure	81	

of	englacial	and	subglacial	glacial	drainage	systems	in	the	Himalaya,	or	how	they	82	

evolve	during	periods	of	negative	mass	balance.	In	this	paper,	we	investigate	the	83	

origin,	configuration	and	evolution	of	the	drainage	system	of	Ngozumpa	Glacier,	84	

using	 three	 complementary	 methods.	 First,	 speleological	 surveys	 of	 englacial	85	

conduits	 are	 used	 to	 provide	 a	 detailed	 understanding	 of	 their	 formation	 and	86	

evolution.	 Second,	 historical	 satellite	 imagery	 and	 high-resolution	 digital	87	

elevation	 models	 (DEMs)	 are	 used	 to	 identify	 past	 and	 present	 drainage	88	

pathways,	 glacier-wide	 patterns	 of	 surface	 water	 storage	 and	 release,	 and	89	

regions	of	subsidence.	Finally,	feature	tracking	on	TerraSAR-X	imagery	is	used	to	90	

detect	regions	of	the	glacier	subject	to	seasonal	velocity	fluctuations,	as	a	proxy	91	

for	variations	in	subglacial	water	storage.	Taken	together,	these	methods	provide	92	

the	 first	 synoptic	 view	 of	 the	 drainage	 system	 of	 a	 large	 Himalayan	 debris-93	

covered	glacier,	and	its	influence	on	glacier	response	to	recent	warming.		94	

	95	

2.	Study	area	and	methods	96	

Ngozumpa	Glacier	is	located	in	the	upper	Dudh	Kosi	catchment,	Khumbu	Himal,	97	

Nepal	 (Fig.	 1).	 It	 has	 three	 confluent	 branches:	 a	western	 (W)	 branch	 flowing	98	



from	 the	 flanks	of	Cho	Oyu	 (8188	m);	 a	north-eastern	 (NE)	branch	originating	99	

below	Gyachung	Kang	 (7952	m);	 and	 an	 eastern	 (E)	 branch	 (Gaunara	 Glacier)	100	

nourished	below	a	cirque	of	6000	m	peaks.	The	NE	and	E	branches	are	no	longer	101	

dynamically	 connected	 to	 the	main	 trunk,	which	 is	 fed	 solely	by	 the	W	branch	102	

(Thompson	et	al.,	2016).	The	equilibrium	line	altitude	(ELA)	is	not	well	known.	103	

Google	 Earth	 images	 from	 3	 November	 2009	 (after	 the	 end	 of	 the	 ablation	104	

season)	and	9	June	2010	(at	the	beginning	of	the	monsoon	accumulation	season)	105	

show	bare	 ice	up	to	~5700	m	above	sea	 level	(a.s.l.)	on	all	 three	branches,	and	106	

this	value	is	adopted	as	an	approximate	value	of	the	ELA.		107	

	108	

The	 lower	 ablation	 zone	 of	 the	 glacier	 is	 effectively	 stagnant,	 with	 little	 or	 no	109	

detectable	motion	on	most	 of	 the	E	 branch,	 or	 on	 the	main	 trunk	 for	~6.5	 km	110	

upglacier	of	the	terminus	(Bolch	et	al.,	2008b;	Quincey	et	al.,	2009;	Thompson	et	111	

al.,	2016).	The	lowermost	15	km	of	the	glacier	(below	~5250	m	a.s.l.)	 is	almost	112	

completely	 mantled	 with	 supraglacial	 debris.	 The	 debris	 cover	 thickens	113	

downglacier,	 reaching	 1.80	 ±	 1.21	 m	 near	 the	 terminus	 (Nicholson,	 2004;	114	

Nicholson	and	Benn,	2012).	In	common	with	other	large	debris-covered	glaciers	115	

in	 the	 region,	Ngozumpa	Glacier	 has	 undergone	 significant	 surface	 lowering	 in	116	

recent	decades,	and	the	glacier	surface	now	lies	>100	m	below	the	crestlines	of	117	

the	late	Holocene	lateral	moraines	(Bolch	et	al.,	2008a,	2011).		118	

	119	

The	 lower	 tongue	of	 the	 glacier	 has	 a	 concave	 surface	profile,	with	 the	 overall	120	

gradient	declining	from	5.8°	to	2.4°	between	5,300	and	4,650	m	(Fig.	3).	The	ice	121	

surface	also	becomes	 increasingly	 irregular	downglacier,	 and	below	5,000	m	 it	122	

forms	numerous	closed	basins	separated	by	mounds,	ridges	and	plateaux	with	a	123	



relative	relief	of	50	-	60	m	(Figs.	2	&	3).	Most	basins	contain	supraglacial	ponds,	124	

which	typically	persist	for	a	few	years	before	draining	(Benn	et	al.,	2001;	2009,	125	

2012;	Gulley	and	Benn,	2007).	Near	the	terminus	of	Ngozumpa	Glacier,	a	system	126	

of	 lakes	 is	 ponded	 behind	 the	 terminal	 moraine	 (informally	 named	 Spillway	127	

Lake;	Fig.	1).	This	 lake	system	 increased	 in	area	by	around	10%	per	year	 from	128	

the	early	1990s	until	2009,	but	between	2009	and	2015	experienced	a	reduction	129	

of	 area	 and	 volume	 as	 a	 result	 of	 lake	 level	 lowering	 and	 redistribution	 of	130	

sediment	(Thompson	et	al.,	2012,	2016;	Mertes	et	al.,	2016).	This	hiatus	is	likely	131	

to	 be	 temporary	 and	 continued	 growth	 of	 the	 lake	 is	 expected	 in	 the	 coming	132	

years,	as	has	been	the	case	with	other	‘base-level	lakes’	in	the	region	(Sakai	et	al.,	133	

2009).	134	

	135	

We	surveyed	2.3	km	of	englacial	passages	in	Ngozumpa	Glacier,	using	standard	136	

speleological	 techniques	 modified	 for	 glacier	 caves	 (Gulley	 and	 Benn,	 2007).	137	

Conduit	 entrances	 were	 identified	 during	 systematic	 traverses	 of	 the	 glacier	138	

surfaces.	 Within	 each	 conduit,	 networks	 of	 survey	 lines	 were	 established	 by	139	

measuring	 the	 distance,	 azimuth	 and	 inclination	 between	 successive	 marked	140	

stations	 using	 a	 Leica	 Distomat	 laser	 rangefinder	 and	 a	 Brunton	 Sightmaster	141	

compass	 and	 inclinometer.	 Scaled	 drawings	 of	 passages	 in	 plan,	 profile	 and	142	

cross-section	 were	 then	 rendered	 in	 situ,	 and	 include	 observations	 of	143	

glaciostructural	 and	 stratigraphic	 features	 exposed	 in	 passage	 walls,	 thereby	144	

allowing	the	origin	and	evolution	of	conduits	to	be	reconstructed	in	detail.	In	this	145	

paper,	 we	 focus	 on	 five	 conduits,	 which	 exemplify	 different	 stages	 of	 conduit	146	

formation,	 abandonment	 and	 reactivation.	 Three	 of	 the	 conduits	 have	 been	147	

previously	described	by	Gulley	and	Benn	(2007),	but	in	this	paper	we	revise	our	148	



interpretation	of	 their	origin	 in	some	 important	respects.	Some	of	 the	conduits	149	

drained	water	 from	or	 fed	water	 into	 supraglacial	 ponds,	 and	 in	 some	 cases	 it	150	

was	possible	to	relate	phases	of	conduit	development	to	specific	pond	filling	or	151	

drainage	events,	identified	in	satellite	images.	152	

	153	

A	 range	 of	 optical	 imagery	 was	 used	 to	 map	 indicators	 of	 the	 large-scale	154	

structure	of	the	drainage	system	(Table	1).	The	location	of	supraglacial	channels	155	

and	ephemeral	supraglacial	ponds	were	mapped	using	declassified	Corona	KH-4	156	

imagery	 from	 1965,	 Landsat	 5	 TM	 (2009),	 GeoEye-1	 (9	 June	 2010	 and	 23	157	

December	2012)	 and	WorldView-3	 (5	 January	2015)	 imagery.	The	Corona	and	158	

Landsat	 imagery	 was	 not	 co-registered	 or	 orthorectified	 beyond	 the	 standard	159	

terrain	 correction	 of	 the	 product,	 and	 was	 used	 to	 identify	 the	 presence	 /	160	

absence	of	larger	ponds	or	channels	and	not	to	quantify	rates	of	change.		161	

	162	

Geo-Eye-1	 imagery	 from	 June	 2010	 and	 December	 2012,	 and	 Worldview-3	163	

imagery	from	January	2015	were	acquired	for	a	region	covering	17.4	km2	of	the	164	

ablation	 area	 of	 the	 glacier.	 Three	 stereoscopic	 DEMs	 of	 1	 m	 resolution	 were	165	

constructed	 from	 the	 stereo	 multispectral	 imagery	 using	 the	 PCI	 Geomatica	166	

Software	 Package,	 and	 used	 to	 determine	 spatial	 patterns	 of	 elevation	 change.	167	

The	construction	and	correction	of	the	DEMs	is	discussed	in	detail	in	Thompson	168	

et	al.	(2016).	169	

	170	

The	 2010	 DEM	 was	 used	 to	 define	 the	 extent	 of	 individual	 surface	 drainage	171	

basins	on	the	glacier	surface.	This	was	achieved	by	identifying	surface	elevation	172	

contours	 that	 entirely	 surround	 other	 contours	 of	 a	 lesser	 height.	 Each	173	



supraglacial	catchment	was	then	defined	by	the	crestlines	of	ridges	that	separate	174	

the	 closed	 basins.	 Initially,	 we	 used	 2	m	 contours	 but	 these	 produced	 a	 large	175	

number	of	very	small	'basins',	due	to	the	high	roughness	of	the	bouldery	glacier	176	

surface.	Subsequently,	we	used	5	m	contours	that	yielded	a	set	of	closed	basins	177	

that	closely	matched	the	location	of	ephemeral	supraglacial	ponds	on	the	glacier	178	

surface.	The	extent	of	many	basins	changed	between	2010	and	2015	due	to	ice-179	

cliff	backwasting,	although	all	basins	persisted	through	the	period	covered	by	the	180	

DEMs.	It	was	not	possible	to	delineate	basins	on	the	historical	Corona	or	Landsat	181	

imagery	because	our	methods	depend	on	the	availability	of	DEMs	and	cannot	be	182	

applied	to	mono	images.									183	

	184	

Glacier	surface	velocities	were	derived	using	feature	tracking	between	synthetic	185	

aperture	 radar	 images	 acquired	 by	 the	 TerraSAR-X	 satellite	 on	 19	 September	186	

2014,	18	and	29	 January	2015	and	5	 January	2016.	Feature	 tracking	was	done	187	

using	 the	 method	 of	 Luckman	 et	 al.	 (2007),	 which	 searches	 for	 a	 maximum	188	

correlation	 between	 evenly	 spaced	 subsets	 (patches)	 of	 each	 image	 giving	 the	189	

displacement	of	glacier	surface	features	which	are	converted	to	speed	using	time	190	

delay	between	images.	Image	patches	were	~400	m	x	400	m	in	size	and	sampled	191	

every	40	m	producing	a	spatial	resolution	of	between	40	and	400	m	depending	192	

on	 feature	 density.	 Based	 on	 feature	 matching	 precise	 to	 one	 pixel	 (2	 m),	193	

precision	of	the	measured	velocities	is	0.006	m	day-1	over	the	annual	(341	day)	194	

period	 and	 0.018	m	 day-1	 over	 the	winter	 (111	 day)	 period.	 These	 values	 are	195	

used	to	define	the	threshold	for	detectable	motion	on	the	lower	glacier.	196	

	197	

3.	Mechanisms	of	englacial	conduit	formation	198	



To	 provide	 an	 overview	 of	 processes	 of	 englacial	 conduit	 formation	 on	 the	199	

glacier,	we	describe	two	sites	in	detail	(NG-04	and	NG-05),	then	briefly	describe	200	

and	 reinterpret	 three	 previously	 published	 sites	 (NG-01,	 NG-02	 and	 NG-03;	201	

Gulley	and	Benn,	2007).		202	

	203	

3.1	NG-04	204	

Description:	 Conduit	 NG-04	 (27°57’24”N,	 86°41’55”	 E;	 4805	 m	 a.s.l.)	 was	205	

surveyed	 in	 November	 2009,	 and	 consisted	 of	 a	 main	 passage	 (A)	 and	 two	206	

shorter	side-passages	(B	and	C)	leading	off	to	the	west	(Fig.	4).	The	main	passage	207	

extended	from	a	large	hollow	on	the	glacier	surface	(Basin	C-63	on	Figs.	2e	and	208	

10a)	for	a	distance	of	at	least	473	m,	where	the	survey	was	discontinued	due	to	209	

deep	 standing	 water	 on	 the	 cave	 floor.	 Side-passage	 B	 also	 connected	 with	 a	210	

basin	on	the	glacier	surface	(Basin	W-6,	Figs.	2e	and	10b).	Side-passage	C	was	at	211	

least	25	m	 long,	but	was	not	 surveyed	beyond	 this	distance	due	 to	 the	evident	212	

instability	of	the	highly	fractured	walls.		213	

	214	

The	main	passage	consisted	of	an	upper	level	with	a	flat	or	gently	inclined	floor,	215	

and	 a	 lower	 narrow	 incised	 canyon.	 The	 passage	 was	 highly	 sinuous,	 with	 a	216	

sinuosity	in	the	surveyed	reach	of	5.52.	Near	A4	(Fig.	4),	there	was	a	tight	cutoff	217	

meander	loop	off	the	main	passage	(Fig.	5a).	The	base	of	the	abandoned	loop	had	218	

a	flat	floor	and	lacked	the	incised	lower	level	that	was	present	elsewhere	in	the	219	

system.	 The	 upper	 floor	 level	 could	 also	 be	 traced	 along	 the	 walls	 of	 side	220	

passages	 B	 and	 C,	 which	we	 interpret	 as	 twin	 remnants	 of	 a	 second	meander	221	

cutoff.	The	floor	of	the	upper	level	sloped	gently	downward	from	A1	to	A14,	rose	222	

from	there	to	between	A18	and	A19,	after	which	it	descended	once	more.	Sandy	223	



bedforms	on	 the	 floor	and	scallops	on	 the	 ice	walls	of	 this	upper	 level	 indicate	224	

that	water	flow	was	from	A1	towards	A21.		225	

	226	

Passage	morphology	in	the	upper	level	was	very	variable,	including	tubular,	box-227	

shaped,	 triangular	 and	 irregular	 sections	 (Figs.	 4	&	5b-d).	 Throughout	most	 of	228	

the	 system,	 planar	 structures	were	 visible	 in	 the	 ceiling	 or	walls	 of	 the	 upper	229	

level,	 running	 parallel	 to	 the	 passage	 axis	 with	 variable	 inclination.	 The	230	

structures	took	the	form	of:	(1)	‘sutures’	at	the	line	of	contact	between	opposing	231	

walls	(S:	Fig.	4;	Fig.	5b,	c),	(2)	intermittent	narrow	voids	(V:	Fig.	4;	Fig.	5c),	and	232	

(3)	bands	of	sorted	sand	or	gravel	a	few	cm	thick	(SB:	Fig.	4;	Fig.	5d).	Some	of	the	233	

voids	increased	in	width	inward,	in	some	cases	opening	out	into	gaps	tens	of	cm	234	

across.	 In	 some	places,	 bands	of	 sorted	 sediment	 could	be	 traced	 laterally	 into	235	

open	voids	or	sutures.	At	several	points	along	the	main	passage,	a	pair	of	planar	236	

structures	 occurred	 on	 opposite	 walls	 of	 the	 passage.	 Side-passage	 B	 had	 a	237	

narrow,	meandering	seam	of	dirty	ice	running	along	its	ceiling,	and	in	Passage	C	238	

the	walls	tapered	upward	to	meet	at	a	ceiling	suture.		239	

	240	

The	 floor	 of	 the	 incised	 lower	 level	 in	 both	 parts	 of	 the	 main	 passage	 sloped	241	

down	towards	side	passages	B	and	C	(arrows,	Fig.	4).	A	pair	of	incised	channels	242	

was	confluent	at	C1,	whereas	a	single	incised	channel	was	present	in	passage	B,	243	

where	its	lower	(western)	end	was	blocked	by	an	accumulation	of	ice	and	debris.		244	

	245	

Interpretation:	The	partially	debris-filled	structures	in	the	walls	and	ceiling	of	the	246	

upper	 level	 are	 closely	 similar	 to	 many	 examples	 of	 canyon	 sutures	 we	 have	247	

observed	in	cut-and-closure	conduits	in	the	Himalaya	and	Svalbard,	marking	the	248	



planes	of	closure	where	former	passage	walls	have	been	brought	together	by	ice	249	

creep	 and/or	 blocked	 by	 ice	 and	 debris	 (cf.	 Gulley	 et	 al.,	 2009a,	 b).	 Cut-and-250	

closure	 conduits	 are	 typically	 highly	 sinuous	 and	 have	 variable	 cross	 sectional	251	

morphologies,	ranging	from	simple	plugged	canyons	(incised	channels	with	roofs	252	

of	 névé),	 to	 sutured	 canyons	 (partially	 or	 completely	 closed	 by	 ice	 creep),	253	

horizontal	slots	 (formed	by	 lateral	channel	migration	 followed	by	roof	closure),	254	

and	 tubular	passages	 (where	passage	re-enlargement	has	occurred	under	pipe-255	

full	 (phreatic)	 conditions	 (Gulley	et	 al.,	 2009b).	The	 tubular	morphology	of	 the	256	

upper	passage	in	NG-04,	combined	with	the	sutures,	voids	and	sediment	bands	in	257	

the	walls	and	ceiling	indicates	that	the	passage	has	been	re-enlarged	under	pipe-258	

full	conditions	following	an	episode	of	almost	complete	closure.	For	example,	the	259	

sub-horizontal	bands	of	sorted	sand	on	both	conduit	walls	between	A15	and	A18	260	

(Fig.	5d)	suggest	complete	suturing	of	a	low,	wide	reach	(horizontal	slot)	prior	to	261	

formation	of	the	surveyed	passage.		262	

	263	

The	 tubular	 and	 box-shaped	 cross-profiles	 and	 undulating	 long-profile	 of	 the	264	

upper	 passage	 are	 consistent	 with	 fluvial	 erosion	 under	 pipe-full	 or	 phreatic	265	

conditions	(cf.	Gulley	et	al.,	2009b).	This	contrasts	with	the	canyon-like	form	and	266	

consistent	 down-flow	 slope	 of	 channels	 incised	 under	 atmospheric	 (vadose)	267	

conditions,	 typical	 of	 simple	 cut-and-closure	 conduits.	 The	 dimensions	 of	 the	268	

upper	 passage	 (typically	 2	 m	 high	 and	 3	 m	 wide)	 are	 consistent	 with	 high	269	

discharges.	We	 conclude	 that	 the	 upper	 passage	 formed	when	 water	 draining	270	

from	a	supraglacial	pond	in	Basin	C-63	exploited	the	remnants	of	an	abandoned	271	

cut-and-closure	conduit	(Fig.	2e).		272	

	273	



Following	 formation	 of	 the	 upper	 passage,	 the	 lower	 level	 was	 incised	 under	274	

vadose	 (non	 pipe-full)	 conditions	 when	 the	 system	 accessed	 a	 new	 local	 base	275	

level	 via	 side-passages	 B	 and	 C.	 We	 infer	 that	 this	 occurred	 when	 a	 cutoff	276	

meander	loop	between	B1	and	C2	was	exposed	by	ice-cliff	retreat	in	Basin	W-6.	277	

Water	 flow	between	A1	and	B2	 continued	 in	 the	 same	direction	as	before,	 but	278	

between	A14	and	A21	flow	was	reversed	and	discharge	much	reduced.		279	

	280	

Evolution	of	conduit	NG-04	can	be	summarized	as	follows:	1)	a	cut-and-closure	281	

conduit	 was	 formed	 by	 incision	 of	 a	 supraglacial	 stream;	 2)	 this	 conduit	 was	282	

abandoned	and	almost	completely	closed,	presumably	after	it	lost	all	or	most	of	283	

its	source	of	recharge	following	downwasting	of	the	overlying	glacier	surface;	3)	284	

the	 conduit	 remnants	 were	 exploited	 and	 enlarged	 by	 water	 draining	 from	 a	285	

supraglacial	pond	in	Basin	C-63;	and	4)	surface	ablation	in	Basin	W-6	broke	into	286	

the	 conduit,	 creating	 a	 new	 base	 level	 and	 initiating	 floor	 incision.	 This	287	

remarkable	cave	illustrates	how	relict	drainage	systems	can	be	reactivated	when	288	

connected	 to	 new	 sources	 of	 recharge,	 and	 demonstrates	 how	 patterns	 of	289	

drainage	can	change	dramatically	within	a	single	system	in	response	to	changing	290	

surface	topography.		291	

	292	

3.2	NG-05	293	

Description:	In	December	2009	a	conduit	portal	was	exposed	in	an	ice	cliff	at	the	294	

margin	of	Spillway	Lake	(27°56´36˝	N,	86°42´46˝	E,	4670	m	a.	s.	l.;	Figs.	2a	and	6).	295	

This	portal	was	one	of	the	two	main	efflux	points	that	discharged	water	into	the	296	

lake	 from	 upglacier	 (Thompson	 et	 al.,	 2016).	 Access	 to	 the	 conduit	 could	 be	297	

gained	via	the	frozen	lake	surface	(Fig.	7a),	although	the	lake	ice	was	broken	up	298	



each	morning	by	debris	 falling	 from	the	melting	glacier	surface	above,	severely	299	

limiting	the	time	available	for	survey.	Consequently,	only	a	short	section	could	be	300	

mapped	 (Fig.	 6).	 The	 conduit	 had	 two	 main	 levels,	 separated	 by	 a	 narrow,	301	

partially	ice-filled	canyon.	The	floor	of	the	lower	part	was	at	lake	level,	and	that	302	

of	 the	upper	 level	was	4.8	m	higher,	close	 to	 the	summer	monsoon	 level	of	 the	303	

lake,	 as	 indicated	 by	 shorelines	 exposed	 around	 the	 lake	 margins.	 Several	304	

notches	 on	 the	 passage	walls	 recorded	 intermediate	water	 levels.	 The	 ice	 cliff	305	

above	the	upper	level	was	obscured	by	a	mass	of	icicles,	but	observations	inside	306	

the	cave	showed	that	the	roof	tapered	up	into	a	narrow	debris	band	or	suture.			307	

	308	

Interpretation:	Although	 short,	 this	passage	 is	 important	 for	understanding	 the	309	

drainage	 system	of	Ngozumpa	Glacier.	 The	 debris	 band	 and	 suture	 in	 the	 roof	310	

indicates	 that,	 like	NG-04,	 the	passage	 formed	by	a	process	of	 channel	 incision	311	

and	roof	closure.	Additionally,	the	passage	is	graded	to	the	seasonally	fluctuating	312	

surface	of	Spillway	Lake.	We	 therefore	conclude	 that	 the	main	drainage	on	 the	313	

eastern	 side	 of	 the	 glacier	 consists	 of	 a	 cut-and-closure	 conduit	 graded	 to	 the	314	

hydrologic	base	 level	 of	 the	glacier.	 For	 several	 km	upglacier	of	 the	portal,	 the	315	

debris-covered	 ice	surface	 is	highly	 irregular	and	broken	 into	numerous	closed	316	

basins,	 implying	 that	 the	 conduit	 evolved	 from	 a	 surface	 stream	 that	 predates	317	

significant	downwasting	of	the	glacier.	The	significance	of	these	conclusions	will	318	

be	discussed	later	in	the	paper.		319	

	320	

3.3	NG-01,	02	and	03	321	

Description:	NG-01,	NG-02	and	NG-03	(Fig.	2d)	were	mapped	in	December	2005,	322	

and	described	by	Gulley	and	Benn	(2007).	NG-01	had	carried	water	southward	323	



into	 a	 large	basin	on	 the	glacier	 surface	 (Basin	C-25,	 Fig.	 10a),	whereas	NG-02	324	

drained	water	 southward	 out	 of	 the	 basin.	 NG-01	 (27°57'58''	 N,	 86°41'50''	 E)	325	

was	a	sinuous	canyon	passage	with	three	main	levels.	Debris	bands	cropped	out	326	

in	 the	walls	 of	 the	 uppermost	 level	 throughout	 its	 length,	 either	 at	 the	 lateral	327	

margins	 of	 the	 passage	 or	 in	 the	 roof	 (Fig.	 7b).	 The	 mid-level	 had	 a	 sub-328	

horizontal	 floor,	 into	 which	 the	 canyon	 linking	 to	 the	 lower	 level	 had	 been	329	

incised	 (Fig.	 7c).	 NG-02	 (27°57'55''	 N,	 86°41'51''	 E)	 was	 a	 sinuous	 canyon	330	

passage	on	two	levels,	extending	in	a	southwesterly	direction	from	the	basin.	The	331	

upper	 level	had	a	circular	 cross	profile,	 and	an	 incised	canyon	beneath	 formed	332	

the	lower	level.	A	suture	and	debris	band	was	exposed	along	the	entire	length	of	333	

the	ceiling	of	the	upper	passage,	mirroring	the	planform	of	the	passage	(Fig.	7d).	334	

The	 lower	 level	 was	 an	 asymmetric	 flat-floored	 passage	 with	 a	 series	 of	 sills	335	

along	 the	 margins.	 NG-03	 (27°57'52''	 N,	 86°42'02''	 E)	 consisted	 of	 a	 single	336	

passage	graded	to	a	supraglacial	pond	in	Basin	E-19.	Passage	morphology	varied	337	

between	a	low,	wide	semi-elliptical	cross-section	and	a	more	complex	form	with	338	

an	 elliptical	 upper	 section	 separated	by	 a	narrow	neck	 from	a	 lower	A-shaped	339	

section.	 At	 the	 top	 of	 the	 canyon,	 the	 ceiling	 narrowed	 to	 a	 narrow	 slot,	340	

terminating	in	a	band	of	coarse,	unfrozen	sandy	debris.	341	

	342	

Interpretation:	For	much	 of	 their	 length,	 all	 three	 conduits	 follow	 the	 trend	 of	343	

debris	 bands	 in	 the	walls	 or	 roof,	 leading	Gulley	 and	Benn	 (2007)	 to	 conclude	344	

that	 all	 were	 structurally	 controlled.	 The	 debris	 bands	 were	 originally	345	

interpreted	 as	 debris-filled	 crevasse	 traces	 that	 had	 been	 deformed	 during	346	

advection	 downglacier.	 When	 the	 original	 work	 was	 conducted,	 the	 cut-and-347	

closure	model	had	not	been	developed,	and	we	had	yet	to	learn	how	to	recognize	348	



the	diverse	 forms	such	conduits	 can	 take,	 especially	 in	 the	 later	 stages	of	 their	349	

development.	 It	 is	 now	 apparent	 that	 these	 conduits	 have	 all	 the	 hallmarks	 of	350	

cut-and-closure	 conduits.	 The	 continuity	 and	 sinuous	 planform	 of	 the	 debris	351	

bands	is	consistent	with	formation	by	the	closure	of	incised	canyons,	rather	than	352	

crevasse	fills	that	had	been	deformed	by	ice	flow.	Crevasses	in	the	upper	part	of	353	

the	glacier	ablation	area	tend	to	be	short,	discontinuous	and	oriented	transverse	354	

to	 flow,	 unlike	 the	 observed	 debris	 bands	 in	 the	 conduit	 roofs,	 and	 ice	355	

deformation	 is	unlikely	 to	be	capable	of	generating	 the	highly	sinuous	patterns	356	

observed	within	the	conduit	debris	bands.		357	

	358	

We	 therefore	 reinterpret	 NG-01	 –	 03	 as	 cut-and-closure	 conduits	 that	 have	359	

undergone	cycles	of	incision,	abandonment,	partial	closure	and	later	reactivation	360	

in	 response	 to	 fluctuating	 patterns	 of	 recharge	 on	 the	 glacier	 surface.	 The	361	

circular	and	elliptical	cross	profiles	observed	in	NG-02	and	NG-03	are	consistent	362	

with	 phases	 of	 phreatic	 passage	 enlargement,	 analogous	 to	 that	 in	 NG-04.	363	

Abandoned,	 incompletely	 closed	 conduits	 create	 hydraulically	 efficient	 flow	364	

paths,	which	can	be	readily	exploited	and	enlarged	when	surface	ablation	brings	365	

them	into	contact	with	new	sources	of	recharge.						366	

	367	

4.	Drainage	system	structure		368	

In	this	section,	we	present	evidence	for	the	large-scale	structure	of	the	drainage	369	

system	and	patterns	of	water	storage	and	release,	using	X-band	radar	and	optical	370	

satellite	imagery	and	high	resolution	DEMs	from	2010,	2012	and	2015.		371	

	372	

4.1	Subglacial	drainage	system		373	



Observations:	 Direct	 observation	 of	 the	 subglacial	 drainage	 system	 was	 not	374	

possible.	Instead,	we	use	seasonal	fluctuations	in	glacier	surface	velocity	to	infer	375	

areas	subject	to	variable	subglacial	water	storage.	Mean	daily	ice	velocities	of	the	376	

glacier	 between	29	 January	 2015	 and	5	 January	 2016	 are	 shown	 in	 Figure	 8a.	377	

There	is	no	detectable	motion	(i.e.	greater	than	~0.01	m	day-1)	on	the	main	trunk	378	

within	~6.5	km	of	the	terminus	or	on	the	lowermost	6	km	of	the	E	branch.	The	W	379	

branch	is	the	most	active,	with	velocities	of	~0.16	m	day-1	(~	60	m	yr-1)	at	5300	380	

m	 a.s.l.,	 declining	 to	 near	 zero	 at	 4900	m.	 The	 NE	 branch	 is	 slower,	 although	381	

velocities	 in	 its	 upper	 part	 could	 not	 be	 determined	due	 to	 image	 'lay-over'	 in	382	

steep	 terrain.	The	active	part	of	 the	NE	branch	does	not	extend	as	 far	down	as	383	

the	confluence	with	the	W	branch,	and	a	strip	of	stagnant	ice	~100	-	200	m	wide	384	

extends	 ~3	 km	 down	 the	 eastern	 side	 of	 the	main	 trunk	 from	 the	 confluence	385	

zone.	Thus,	neither	the	E	nor	the	NE	branch	is	dynamically	connected	to	the	main	386	

trunk.			387	

	388	

Evidence	 for	 seasonal	 velocity	 fluctuations	 is	 shown	 in	 Fig.	 8b,	 which	 shows	389	

mean	daily	velocities	between	29	January	2015	and	5	January	2016	(341	days)	390	

minus	mean	daily	velocities	 from	19	September	2014	to	18	 January	2015	(111	391	

days).	Meteorological	data	from	the	Pyramid	Weather	Station,	at	5050	m	a.s.l.	c.	392	

12	 km	 east	 of	 Ngozumpa	 Glacier	 (available	 through	 the	 Ev-K2-CNR	 SHARE	393	

program),	 indicate	 that	 air	 temperatures	 were	 consistently	 below	 freezing	394	

between	 the	 25th	 of	 September	 2014	 and	 the	 28th	 of	 May	 2015,	 defining	 a	395	

minimum	winter	period	 for	 the	upper	 ablation	 zone.	The	111	day	 interval	 lies	396	

almost	entirely	within	the	winter	period	but	is	less	than	half	of	its	total	duration,	397	

so	Figure	8b	yields	minimum	values	for	a	summer	speed-up	on	the	glacier.	Most	398	



of	the	active	parts	of	the	glacier	exhibit	some	speed-up,	although	it	is	much	more	399	

pronounced	in	some	areas	than	others.	On	the	W	branch,	the	greatest	speed-up	400	

(by	~0.015	m	day-1	or	~10%)	occurs	above	the	confluence	with	the	NE	branch.	401	

Areas	of	lesser	speed-up	also	occur	on	the	main	trunk	below	this	point,	although	402	

these	 are	 discontinuous	 and	 less	 than	 the	 margin	 of	 error	 so	 are	 likely	 to	 be	403	

artifacts.	Only	the	northern	side	of	the	NE	branch	is	affected	by	a	seasonal	speed-404	

up.	This	 area	 coincides	with	 the	 tongue	of	 clean	 ice	 that	descends	 through	 the	405	

icefall	 below	 Gyachung	 Kang	 (Fig.	 1).	 Patchy	 areas	 of	 apparent	 speed-up	 and	406	

slow-down	 occur	 elsewhere	 on	 the	 NE	 branch	 but	 may	 be	 artifacts.	 A	 small	407	

speed-up	also	affects	the	active	part	of	the	E	branch,	above	5350	m	a.sl.								408	

	409	

Interpretation:	 The	 seasonal	 variations	 in	 ice	 velocities	 in	 the	 upper	 ablation	410	

zone	 are	 too	 large	 to	 be	 explained	by	 changes	 in	 ice	 creep	 rates,	which	would	411	

require	 fluctuations	 in	 driving	 stress	 that	 are	 inconsistent	 with	 the	 observed	412	

surface	elevation	changes	on	 the	glacier	 (Thompson	et	al.,	 2016).	We	 interpret	413	

the	 velocity	 data	 as	 evidence	 for	 variations	 in	 basal	 motion	 (sliding	 and/or	414	

subglacial	 till	 deformation)	 in	 response	 to	 changing	 subglacial	 water	 storage.	415	

This	 interpretation	 is	supported	by	 the	spatial	distribution	of	areas	affected	by	416	

the	 seasonal	 speed-up,	 which	 coincide	 with,	 or	 occur	 downglacier	 of,	 heavily	417	

crevassed	ice.	Much	of	the	upper	ablation	area	of	Ngozumpa	Glacier	consists	of	418	

icefalls	with	surface	gradients	up	to	30°,	and	fields	of	transverse	crevasses	occur	419	

across	the	entire	width	of	the	W	branch	down	to	an	elevation	of	5270	m	(a,	Fig.	420	

9).	 Below	 this	 zone,	 crevasses	 are	 largely	 absent,	 reflecting	 decreasing	 ice	421	

velocities	 and	 compressive	 flow	 (b,	 c,	 and	 d;	 cf.	 Fig.	 8).	 Fields	 of	 transverse	422	

crevasses	occur	 in	 the	upper	basin	of	 the	E	branch,	above	~5400	m.	Crevasses	423	



allow	meltwater	 to	be	 routed	 rapidly	 to	 the	bed,	 and	 the	 existence	of	multiple	424	

recharge	 points	 will	 encourage	 development	 of	 a	 distributed	 drainage	 system	425	

following	the	onset	of	the	monsoon	ablation	season.	The	lack	of	a	clear	seasonal	426	

velocity	response	on	the	lowermost	10	km	of	the	glacier	suggests	that	subglacial	427	

water	 is	 transported	 along	 the	main	 trunk	 in	 efficient	 conduits,	 possibly	 along	428	

the	glacier	margins	(see	Section	4.4).	429	

		430	

4.2	Supraglacial	channels	431	

Observations:	 Supraglacial	 stream	 networks	 are	 visible	 below	 the	 crevassed	432	

zones	on	all	three	branches	of	the	glacier.	The	most	extensive	network	occurs	on	433	

the	 tongue	of	 clean	 ice	on	 the	NE	branch,	where	 a	 set	 of	 sub-parallel	 channels	434	

descends	from	~5180	m	to	the	junction	with	the	W	branch	at	~4990	m	(Fig.	2b,	435	

c;	 Fig.	 14a).	 There	 are	 several	 discontinuous	 supraglacial	 channels	 on	 the	 W	436	

branch	 between	 5220	 m	 and	 5120	 m	 a.s.l.,	 including	 one	 along	 the	 eastern	437	

margin	of	the	glacier.	Supraglacial	channels	occur	on	both	flanks	of	the	E	branch	438	

below	~5100	m	a.s.l.	The	channels	converge	at	the	junction	with	the	main	trunk,	439	

and	 after	 flowing	 over	 the	 glacier	 surface	 for	 several	 hundred	 metres	 the	440	

combined	stream	sinks	in	a	large	hollow	in	Basin	E-11.	Patterns	of	water	storage	441	

and	release	in	this	hollow	are	discussed	in	Section	4.4.		442	

	443	

Interpretation:	 Perennial	 supraglacial	 channels	 can	 only	 persist	 if	 the	 annual	444	

amount	 of	 channel	 incision	 exceeds	 the	 amount	 of	 surface	 lowering	 of	 the	445	

adjacent	ice	(Gulley	et	al.,	2009b).	The	rate	at	which	ice-floored	channels	incise	is	446	

controlled	 by	 viscous	 heat	 dissipation	 associated	 with	 turbulent	 flow,	 and	447	

increases	with	discharge	and	surface	slope	(Fountain	and	Walder,	1998;	Jarosch	448	



and	Gudmundsson,	2012).	Because	supraglacial	stream	discharge	is	a	function	of	449	

surface	 melt	 rate	 and	 melt	 area,	 significant	 channel	 incision	 requires	 large	450	

catchment	 areas.	Therefore,	 incised	 surface	 channels	 tend	 to	occur	only	where	451	

potential	 catchments	 are	 not	 fragmented	 by	 crevasses	 or	 hummocky	 surface	452	

topography	 (Fig.	 2).	 At	 present,	 these	 conditions	 are	 met	 in	 relatively	 limited	453	

areas	of	Ngozumpa	Glacier,	below	crevassed	areas	and	above	hummocky	debris-454	

covered	areas.	455	

	456	

4.3	Hummocky	debris-covered	areas	and	perched	ponds	457	

Observations:	Most	 of	 the	 lower	 ablation	 zone	of	 the	 glacier	 (below	~5,000	m)	458	

consists	 of	 hummocky	debris-covered	 topography,	where	 the	 glacier	 surface	 is	459	

broken	 up	 into	 distinct	 closed	 depressions,	 each	 of	 which	 forms	 a	 separate	460	

surface	 drainage	 basin	 (Fig.	 2d,	 e).	 Not	 including	 the	 Spillway	 Lake	 basin	 that	461	

drains	externally,	we	defined	111	surface	basins	 in	 this	zone	 in	2010	(Fig.	10).	462	

Some	surface	basins	also	occur	between	5,000	and	5,100	m	on	the	W	Branch,	but	463	

these	are	typically	small,	shallow	and	ill-defined	(Fig.	2).	This	part	of	the	glacier	464	

is	steeper	(3.4°)	and	has	lower	relative	relief	(~10	m)	than	the	lower	glacier,	and	465	

appears	 to	be	a	 transitional	zone	between	 the	channelized	upper	ablation	area	466	

and	 the	 hummocky	 debris-covered	 zone	 (Fig.	 3).	 Surface	 basins	 along	 the	 east	467	

and	 west	 margins	 of	 the	 glacier	 form	 a	 series	 of	 depressions	 within	 almost	468	

continuous	lateral	troughs,	and	are	considered	in	Section	4.4.	Here,	we	focus	on	469	

the	basins	in	the	central	part	of	the	glacier	(C1	-	C69;	Fig.	10a)	and	the	terminal	470	

zone	(T1	-	6,	Fig.	10b).	471	

	472	



	Of	the	70	basins	in	the	central	part	of	the	glacier,	56	(80%)	contained	ponds	in	473	

at	least	one	of	the	three	years	covered	by	the	Geo-Eye	and	Worldview	imagery.	474	

Fifteen	 of	 the	 42	 ponds	 present	 in	 2010	 (36%)	 had	 disappeared	 by	 2012	 or	475	

2015,	whereas	 14	 basins	 that	were	 empty	 in	 2010	 contained	 ponds	 in	 one	 or	476	

more	of	the	later	years.	Almost	all	of	the	remainder	underwent	partial	drainage	477	

and	 /or	 refilling.	 In	 contrast,	 the	 5	 ponds	 in	 the	 terminal	 zone	 of	 the	 glacier	478	

(below	 Spillway	 Lake)	 exhibited	 great	 stability.	 Four	 showed	 no	 significant	479	

change	in	area	between	2010	and	2015,	while	the	other	showed	an	increase	 in	480	

area.		481	

	482	

Interpretation:	Observations	on	and	below	the	glacier	surface	show	that	drainage	483	

of	 perched	 ponds	 occurs	 when	 part	 of	 the	 floor	 is	 brought	 into	 contact	 with	484	

permeable	structures	in	the	ice	(Benn	et	al.,	2001;	Gulley	and	Benn,	2007).	The	485	

characteristics	 of	 NG-01	 -	 05	 (which	 all	 occur	 within	 the	 hummocky	 debris-486	

covered	zone)	show	that	relict	cut-and-closure	conduits	are	the	dominant	cause	487	

of	secondary	permeability	in	the	glacier,	providing	pre-existing	lines	of	weakness	488	

along	which	perched	ponds	can	drain.	489	

	490	

The	spatial	extent	and	high	temporal	frequency	of	perched	pond	drainage	events	491	

on	the	glacier	(Fig.	10a)	 imply	a	high	density	of	active	or	relict	conduits	within	492	

the	 ice.	A	 rough	 estimate	 can	be	 obtained	by	dividing	 the	number	of	 complete	493	

and	partial	drainage	events	(35)	by	the	total	area	of	basins	in	the	central	part	of	494	

the	 glacier	 (4.62	 km2),	 yielding	 ~7.6	 relict	 conduit	 reaches	 per	 km2.	 This	 is	 a	495	

minimum	estimate,	because	additional	conduit	remnants	could	occur	below	and	496	

beyond	 the	margins	of	observed	ponds.	Conversely,	 the	number	of	pond	 filling	497	



events	 (23	 over	 the	 5	 ablation	 seasons	 spanned	 by	 the	 imagery)	 shows	 that	498	

drainage	 routes	 commonly	 become	 blocked.	 Conduit	 blockage	 processes	 have	499	

been	described	by	Gulley	 et	 al.	 (2009b),	 and	 include	accumulation	of	 icicles	or	500	

floor-ice	 at	 the	 end	 of	 the	melt	 season	 and	 creep	 closure	 of	 opposing	 conduit	501	

walls.	The	interplay	between	drainage	events	and	conduit	blockage	maintains	a	502	

dynamic	 population	 of	 supraglacial	 ponds,	 which	 contribute	 significantly	 to	503	

ablation	 of	 the	 glacier,	 through	 absorption	 of	 solar	 radiation	 and	 ice	melt,	 and	504	

calving	(Thompson	et	al.,	2016).	505	

	506	

The	 stability	 of	 ponds	 in	 the	 terminal	 zone	 probably	 reflects	 a	 combination	 of	507	

factors.	These	ponds	are	 flanked	by	 stable	 slopes	of	 thick	debris,	which	 inhibit	508	

pond	growth	by	melt	or	calving.	Furthermore,	the	ponds	are	located	at	or	close	509	

to	 the	hydrologic	base	 level	of	 the	glacier,	determined	by	the	terminal	moraine	510	

that	encircles	the	glacier	terminus,	inhibiting	drainage	via	relict	conduits.								511	

	512	

4.4	Sub-marginal	drainage	513	

Observations:	 Elevation	 differences	 between	 successive	 DEMs	 indicate	 linear	514	

zones	 of	 enhanced	 surface	 lowering	 along	 both	margins	 of	 Ngozumpa	 Glacier,	515	

forming	troughs	along	the	base	of	the	bounding	lateral	moraines	(Thompson	et	516	

al.,	 2016;	 Fig.	 11).	 The	 inner	 moraine	 slopes	 consist	 of	 unvegetated,	517	

unconsolidated	till,	and	undergo	active	erosion	by	a	range	of	processes	including	518	

rockfall,	debris	flow	and	rotational	landslipping	(Benn	et	al.,	2012;	Thompson	et	519	

al.,	 2016).	 Although	 debris	 eroded	 from	 the	 moraine	 slopes	 is	 transferred	520	

downslope	into	the	troughs,	the	troughs	underwent	surface	lowering	of	6	–	9	m	521	

from	 2010	 to	 2015,	 with	 a	 total	 annual	 volume	 loss	 in	 the	 moraine-trough	522	



systems	of	~0.4	x	106	m3	yr-1		(Thompson	et	al.,	2016).	This	implies	that	a	large	523	

volume	 of	 ice,	 debris	 or	 both	 is	 evacuated	 annually	 from	 below	 the	 lateral	524	

margins	of	the	glacier.		525	

	526	

The	lateral	troughs	form	a	series	of	closed	basins,	12	on	the	west	side	and	22	on	527	

the	east	(Fig.	10b).	Eight	of	the	basins	in	the	west	trough	and	17	of	those	in	the	528	

east	contained	a	pond	in	2010,	4	(W)	and	7	(E)	of	which	had	completely	drained	529	

by	 2012	 or	 2015.	 Four	 new	 ponds	 appeared	 in	 the	 eastern	 trough	 in	 2012	 or	530	

2015,	 and	 1	 (W)	 and	 7	 (E)	 underwent	 partial	 drainage	 and/or	 refilling.	 Three	531	

basins	on	the	western	side	and	one	on	the	eastern	side	showed	no	fluctuations	in	532	

pond	area.		533	

	534	

Benn	 et	 al.	 (2001)	 provided	 detailed	 descriptions	 of	 pond	 filling	 and	 drainage	535	

cycles	 in	 basins	W-7	 and	W-5	 (Lakes	 7092	 and	 7093	 in	 their	 terminology).	 In	536	

October	1998,	 basin	W-7	 contained	 three	 shallow	ponds,	 but	 by	October	1999	537	

the	basin	was	occupied	by	a	single	large	pond	and	water	level	had	risen	by	~9	m.	538	

Pond	area	had	increased	from	17,890	m2	to	52,550	m2,	with	36%	of	the	increase	539	

attributable	 to	 backwasting	 and	 calving	 of	 the	 surrounding	 ice	 cliffs.	 By	540	

September	 2000,	 the	 pond	 had	 almost	 completely	 drained	 and	 only	 shallow	541	

ponds	 remained.	 Pond	 drainage	 occurred	 via	 an	 englacial	 conduit,	 which	 had	542	

been	 exposed	 by	 retreat	 of	 the	 pond	 margin.	 	 A	 pond	 in	 basin	 W-5	 also	543	

underwent	 fluctuations	 in	area	and	depth	between	1998	and	2000,	but	did	not	544	

completely	 drain	 during	 that	 time.	 Horodyskuj	 (2015)	 used	 time-lapse	545	

photography	 and	 a	 pressure	 transducer	 to	 document	 rapid	 pond-level	546	



fluctuations	 in	 basin	 W-5,	 including	 rises	 and	 falls	 of	 several	 metres	 within	547	

hours.		548	

	549	

Short-term	cycles	of	pond	drainage	and	filling	can	also	be	demonstrated	in	other	550	

basins	within	the	lateral	trough	systems	using	optical	satellite	imagery.	Figure	12	551	

shows	a	series	of	images	of	the	east	side	of	the	glacier	close	to	the	junction	with	552	

the	 E	 branch,	 where	 a	 supraglacial	 stream	 (Section	 4.2)	 flows	 into	 a	 closed	553	

depression	 in	 Basin	 E-11	 (Fig.	 10b).	 A	 pond	 occupying	 the	 basin	 expanded	 in	554	

area	 between	March	 and	May	 2009,	 but	 drained	 between	 June	 and	 August.	 In	555	

2015	there	is	little	evidence	of	the	pond	in	January	but	a	large	pond	is	present	in	556	

June.		557	

	558	

Interpretation:	Widespread,	 rapid	 subsidence	along	both	margins	of	 the	glacier	559	

can	be	explained	by	enlargement	and	episodic	collapse	of	sub-marginal	conduits	560	

(Thompson	et	al.,	2016).	Potential	 internal	ablation	 rates	were	calculated	 from	561	

energy	 losses	 associated	 with	 runoff	 and	 supraglacial	 pond	 drainage,	 and	 the	562	

resulting	 value	 of	 0.12	 to	 0.13	 x	 106	 m3	 yr-1	 is	 around	 30%	 of	 the	 measured	563	

volume	losses	in	the	moraine-trough	systems	on	the	stagnant	part	of	the	glacier,	564	

the	 difference	 being	 at	 least	 partly	 attributable	 to	 sediment	 evacuation	 by	565	

meltwater.						566	

	567	

The	sub-marginal	conduits	are	perennial	features	of	the	glacier	drainage	system,	568	

and	 discharge	 water	 into	 Spillway	 Lake	 during	 the	 winter	 months.	 Winter	569	

discharge	 may	 partly	 reflect	 slow	 release	 of	 water	 from	 supraglacial	 and	570	

englacial	 storage,	 but	 it	 may	 also	 partly	 consist	 of	 subglacial	 water	 from	 the	571	



upper	ablation	zone	(see	Section	4.1).	This	hints	at	the	possibility	that	the	sub-572	

marginal	 channels	 function	 as	 the	 downglacier	 continuations	 of	 the	 subglacial	573	

drainage	 system,	 in	 addition	 to	 carrying	water	 transferred	more	 directly	 from	574	

the	glacier	surface.							575	

	576	

Much	 of	 the	 lower	 ablation	 zone	 appears	 to	 be	 bypassed	 by	 the	 sub-marginal	577	

conduits,	 as	 evidenced	 by	 widespread	 water	 storage	 in	 supraglacial	 ponds	578	

(Section	4.3).	As	noted	above,	water	 is	 intermittently	discharged	from	ponds	in	579	

the	 central	 part	 of	 the	 glacier	 into	 the	 lateral	 troughs	 via	 englacial	 conduits.	580	

Cycles	 of	 pond	 drainage	 and	 filling	 in	 lateral	 basins	 indicate	 intermittent	581	

connections	 between	 surface	 catchments	 and	 the	 sub-marginal	 meltwater	582	

channels	(Fig.	10b).	In	some	cases,	drainage	events	can	be	directly	attributed	to	583	

exploitation	of	englacial	conduits	(Benn	et	al.,	2001).	The	hourly	changes	in	pond	584	

level	 recorded	 by	 Horodyskuj	 (2015)	 cannot	 be	 explained	 by	 conduit	 opening	585	

and	 blockage,	 and	more	 likely	 reflect	 short-term	 fluctuations	 in	 recharge	 from	586	

surface	melt	and	water	release	from	storage.		587	

	588	

4.5	Spillway	Lake	589	

Observations:	In	2010,	 the	area	of	 the	Spillway	Lake	surface	catchment	was	0.8	590	

km2,	of	which	0.27	km2	was	occupied	by	the	lake	system.	All	of	the	water	leaving	591	

the	glacier	passes	through	Spillway	Lake,	entering	via	portals	or	upwellings	at	or	592	

close	 to	 lake	 level,	and	 leaving	via	a	gap	 in	 the	western	 lateral	moraine	~1	km	593	

from	 the	 glacier	 terminus	 (1:	 Fig.	 13).	 (It	 is	 possible	 that	 water	 also	 exits	 the	594	

glacier	 via	 groundwater	 flow,	 although	 no	 springs	 have	 been	 observed	 in	 the	595	

frontal	moraine	ramp.)	In	2009,	conduit	NG-05	(Fig.	6;	Section	3.2)	entered	the	596	



NE	corner	of	the	Spillway	Lake	and	is	interpreted	as	the	distal	part	of	the	eastern	597	

sub-marginal	conduit.	A	second	conduit	portal	visible	at	the	NW	lake	margin	in	598	

the	 same	 year	 is	 interpreted	 as	 the	 efflux	 point	 of	 the	 western	 sub-marginal	599	

stream.	 The	 evolution	 of	 the	 Spillway	 Lake	 system,	 and	 its	 implications	 for	600	

drainage	system	structure	in	this	part	of	the	glacier,	are	examined	in	Section	5.4	601	

below.	602	

	603	

4.6	Summary	604	

The	 evidence	 presented	 above	 demonstrates	 that	 the	 drainage	 system	 of	605	

Ngozumpa	 Glacier	 comprises	 six	 linked	 elements:	 1)	 a	 seasonal	 subglacial	606	

drainage	 system	 below	 the	 upper	 ablation	 zone;	 2)	 supraglacial	 channels	607	

allowing	efficient	meltwater	transport	across	parts	of	the	upper	ablation	zone;	3)	608	

sub-marginal	 channels,	 allowing	 long-distance	 transport	 of	 meltwater;	 4)	609	

perched	ponds,	which	intermittently	store	meltwater	prior	to	evacuation	via	the	610	

englacial	 drainage	 system;	 5)	 englacial	 cut-and-closure	 conduits,	 which	 may	611	

undergo	repeated	cycles	of	abandonment	and	reactivation;	6)	a	'base-level'	lake	612	

system	 (Spillway	Lake)	dammed	behind	 the	 terminal	moraine.	These	 elements	613	

have	 a	 distinct	 spatial	 distribution	 (Fig.	 14a).	 Evidence	 for	 seasonal	 subglacial	614	

water	storage	is	restricted	to	active	parts	of	the	glacier	downglacier	of	crevasse	615	

fields,	where	surface	water	can	be	routed	to	the	bed.	Supraglacial	channels	occur	616	

where	 surface	 catchments	 and	 discharge	 are	 large	 enough	 to	 allow	 channel	617	

incision	 rates	 to	 outpace	 surface	 ablation	 rates.	 Thus,	 perennial	 channels	 only	618	

occur	where	the	glacier	surface	is	not	broken	up	by	crevasse	fields	or	into	small,	619	

closed	basins.	Perched	ponds	occur	where	the	glacier	surface	 is	broken	up	into	620	

closed	basins,	where	the	overall	gradient	of	the	glacier	is	<2.4°.	The	life	cycle	of	621	



perched	ponds	is	governed	by	the	location	of	englacial	'cut-and-closure'	conduits	622	

and	 the	 frequency	 of	 connection	 and	 blockage	 events.	 Sub-marginal	 conduits	623	

occur	 below	 both	 flanks	 of	 the	 glacier,	 and	 transport	 water	 from	 supraglacial	624	

channels,	intermittent	drainage	from	perched	ponds,	and	possibly	the	subglacial	625	

drainage	system,	into	Spillway	Lake.	The	lake	lies	at	the	hydrologic	base	level	of	626	

the	glacier,	and	its	extent	reflects	the	surface	elevation	of	the	glacier	relative	to	627	

the	spillway	through	the	terminal	moraine.				628	

	629	

5.	Evolution	of	the	drainage	system	630	

In	 this	 Section,	 we	 present	 evidence	 for	 changes	 in	 drainage	 system	 structure	631	

through	time,	including	features	visible	on	Corona	images	from	1964	and	1965,	632	

speleological	observations,	and	repeat	surveys	of	Spillway	Lake	since	1999.		633	

		634	

5.1	Supraglacial	channels	635	

In	1964,	a	connected	supraglacial	drainage	stream	network	was	present	on	the	636	

eastern	side	of	the	main	trunk	above	the	junction	with	the	E	branch	(10	-	8	km	637	

from	the	terminus,	4950	m	to	4920	m	a.s.l.)	(Fig.	15a).	By	2010,	this	part	of	the	638	

glacier	had	been	broken	up	into	basins	E-7,	E-8	and	E-9,	part	of	the	lateral	trough	639	

systems	 described	 in	 Section	 4.4.	 Stream	 channels	 were	 no	 longer	 present,	640	

although	 a	 number	 of	 isolated	 elongate	 ponds	 occupied	 depressions	 close	 to	641	

some	 of	 the	 original	 channel	 locations	 (Fig.	 15b).	 The	 depressions	 have	 an	642	

overall	reduction	in	elevation	to	the	south,	but	in	detail	they	have	up-and-down	643	

long	profiles.	 In	cross	profile,	 they	are	U-shaped	and	become	wider	and	deeper	644	

through	time	(Fig.	15c).		645	

	646	



	We	 hypothesize	 that	 the	 supraglacial	 channels	 became	 deeply	 incised	 and	647	

transitioned	 into	 cut-and-closure	 conduits,	 which	 continue	 to	 evacuate	648	

meltwater	 below	 the	 glacier	 margins	 despite	 fragmentation	 of	 the	 surface	649	

topography.	 Channel	 incision	may	 have	 been	 encouraged	 by	 thickening	 debris	650	

cover	(from	melt-out	of	englacial	debris)	that	would	have	reduced	glacier	surface	651	

lowering	rates.		652	

	653	

At	 the	distal	 end	of	 the	 eastern	 lateral	 trough,	 conduit	NG-05	 (Fig.	 6)	 emerges	654	

into	Spillway	Lake.		Passage	morphology	indicates	that	at	this	point	the	conduit	655	

formed	by	cut-and-closure	(Section	3.2).	 	Thus,	 there	 is	evidence	 for	a	cut-and-656	

closure	origin	of	subsurface	conduits	at	both	ends	of	the	eastern	lateral	trough.	657	

We	 therefore	 infer	 that	 the	 sub-marginal	 conduits	 originated	 as	 supraglacial	658	

streams	that	became	incised	below	the	surface.	Such	a	scenario	would	require	a	659	

continuous	 slope	 along	 both	 glacier	 margins.	 We	 conclude	 that	 supraglacial	660	

streams	 occurred	 along	 both	 margins	 before	 development	 of	 the	 current	661	

irregular	 topography,	 but	 transition	 to	 cut-and-closure	 conduits	 allowed	 these	662	

drainage	routes	to	persist	after	break-up	of	the	glacier	surface.			663	

	664	

5.2	Englacial	conduits	in	the	hummocky	debris-covered	zone	665	

Transition	of	 drainages	 from	 supraglacial	 channels	 to	 cut-and-closure	 conduits	666	

appears	 to	 have	 been	 a	 widespread	 process	 on	 the	 glacier.	 The	 presence	 of	667	

sutures,	planar	voids	and	bands	of	sorted	sediments	in	the	ceilings	and	walls	of	668	

conduits	NG-01	-	NG-05	record	former	episodes	of	channel	incision.	As	was	the	669	

case	 for	 the	 lateral	 channels,	 we	 infer	 that	 systems	 of	 supraglacial	 channels	670	



existed	 in	 the	 central	 part	 of	 the	 lower	 tongue	 before	 the	 glacier	 surface	 was	671	

broken	up	into	small	closed	basins	(Fig.	14c).	672	

	673	

Differential	 surface	 ablation	 can	 eventually	 cause	 fragmentation	 and	674	

abandonment	of	cut-and-closure	conduits,	cutting	off	downstream	reaches	from	675	

former	 water	 sources.	 In	 abandoned	 reaches,	 processes	 of	 passage	 closure	676	

dominate	over	those	of	enlargement,	and	systems	gradually	shut	down.	Because	677	

cut-and-closure	conduits	are	generally	located	close	to	the	glacier	surface,	shut-678	

down	is	commonly	 incomplete.	Zones	of	narrow	voids	or	sutures	with	 infills	of	679	

unfrozen	sediment	may	persist,	 forming	meandering	 lines	of	high	permeability	680	

through	otherwise	impermeable	glacier	ice.				681	

	682	

Reactivation	 of	 abandoned	 conduits	will	 occur	 if	 a	 new	water	 source	 becomes	683	

available,	 and	 a	 conduit	 remnant	 connects	 this	 source	 with	 a	 region	 of	 lower	684	

hydraulic	potential.	These	conditions	are	met	on	stagnant,	 low-gradient	glacier	685	

surfaces.	 Supraglacial	 ponds	 in	 closed	 basins	 provide	 both	 reservoirs	 of	water	686	

and	 regions	 of	 elevated	 hydraulic	 potential.	 Drainage	 is	 highly	 episodic,	 and	687	

water	may	be	stored	in	supraglacial	ponds	for	years	before	passing	farther	down	688	

the	system.		689	

	690	

Cut-and-closure	 is	 the	 dominant	 primary	 process	 of	 conduit	 formation	 on	691	

Ngozumpa	 Glacier,	 and	 active	 and	 relict	 cut-and-closure	 conduits	 create	 a	692	

secondary	permeability	that	can	be	exploited	by	water	from	supraglacial	ponds.	693	

Debris-filled	crevasse	 traces	may	provide	additional	 lines	of	weakness	 in	 some	694	

cases,	 although	 this	 is	 likely	 a	 minor	 process.	 We	 have	 not	 observed	695	



hydrofracture-type	 conduits	 in	 the	 debris-covered	 area	 of	 Ngozumpa	 Glacier,	696	

although	it	is	possible	that	they	may	form	under	compressive	flow	conditions	as	697	

described	on	Khumbu	Glacier	by	Benn	et	al.	(2009).	Hydrofracturing	likely	plays	698	

a	 dominant	 role	 in	 surface-to-bed	 drainage	 in	 the	 crevasse	 fields	 of	 the	 upper	699	

ablation	zone.		700	

	701	

5.3	Spillway	Lake	702	

The	recent	history	of	Spillway	Lake	was	discussed	 in	detail	by	Thompson	et	al.	703	

(2012,	2016),	and	is	briefly	reviewed	here.	The	present	spillway	through	the	SW	704	

side	 of	 the	 terminal	 moraine	 has	 been	 in	 existence	 since	 at	 least	 1965,	 when	705	

water	 emerged	 from	 the	 glacier	 and	 entered	 a	 small	 pond	 behind	 the	 lateral	706	

moraine	 (1:	 Fig.	 13).	 In	 the	 following	 decades,	 the	 Spillway	 Lake	 system	707	

expanded	upglacier	from	this	point.	On	the	Survey	of	Nepal	map	(Nepal	Survey	708	

Department,	 1997)	 based	 on	 aerial	 photographs	 taken	 in	 1992,	 the	 lake	 has	 a	709	

ribbon-like	 form,	 extending	 NE	 for	 ~600	 m	 from	 the	 spillway.	 The	 lake	 had	710	

essentially	 the	 same	outline	at	 the	 time	of	our	 first	 field	 survey	 in	1998,	when	711	

water	was	 observed	 to	 enter	 the	 lake	 via	 a	 subaerial	 portal	 and	 an	 upwelling	712	

point	 (Fig.	 13;	 Benn	 et	 al.,	 2001;	 Thompson	 et	 al.,	 2012).	 Between	 1998	 and	713	

1999,	 several	 chasms	 and	 holes	 opened	 up	 on	 the	 glacier	 surface	 north	 of	 the	714	

western	portal,	 and	by	2001	 these	had	evolved	 into	 linear	ponds	and	 lakes	 (2:	715	

Fig.	 13).	 Between	 2001	 and	 2009,	 the	 Spillway	 Lake	 system	 underwent	716	

considerable	expansion	to	the	north,	accompanied	by	upglacier	migration	of	the	717	

portal	locations	(3,	4:	Fig.	13).			718	

	719	



The	 predominantly	 linear	 patterns	 of	 lake	 expansion,	 and	 the	 location	 of	720	

meltwater	 portals	 and	 upwellings,	 indicate	 that	 evolution	 of	 the	 Spillway	 Lake	721	

system	 was	 strongly	 preconditioned	 by	 the	 locations	 of	 shallow	 englacial	722	

conduits	 (a,	 b:	 Fig.	 13).	 	 Conduit	 NG-05	 (Section	 3.4	 and	 Fig.	 6)	 and	 other	723	

examples	 exposed	 around	 the	 lake	 margins	 show	 that	 the	 drainage	 system	724	

consists	 of	 cut-and-closure	 conduits	 graded	 to	 lake	 level.	 This	 near-surface	725	

englacial	 conduit	 system	 provided	 pre-existing	 lines	 of	 weakness	 in	 the	 ice	726	

which,	when	 opened	 up	 to	 the	 surface	 by	 internal	 ablation	 and	 collapse,	were	727	

exploited	by	ice-cliff	melting	and	calving	processes.		728	

	729	

Spillway	 Lake	 was	 thus	 established	 on	 a	 template	 provided	 by	 two	 englacial	730	

conduits	 (a	 &	 b,	 Fig.	 13),	 which	were	 confluent	 prior	 to	 1992.	 As	 it	 expanded	731	

upglacier,	 Spillway	 Lake	 encroached	 on	 areas	 formerly	 occupied	 by	 perched	732	

ponds	and	incorporated	former	supraglacial	basins.	A	recent	example	is	Basin	C-733	

33,	which	forms	an	inlier	within	the	Spillway	Lake	catchment	(Figs.	10a	and	13).	734	

This	basin	contained	a	perched	pond	in	2009	and	2010,	but	this	drained	prior	to	735	

December	 2012	 and	 has	 not	 reformed.	 It	 is	 likely	 that	 this	 basin	 will	 become	736	

entirely	 subsumed	within	 the	 Spillway	Lake	 catchment	 in	 the	near	 future,	 as	 a	737	

consequence	of	ice-cliff	backwasting.			738	

	739	

5.4	Changing	drainage	patterns	on	the	glacier	740	

Comparison	of	 the	drainage	system	structure	 in	2010	with	evidence	on	Corona	741	

imagery	from	1964	shows	an	upglacier	expansion	of	the	area	occupied	by	closed	742	

depressions	 and	perched	ponds,	 and	 the	 formation	 and	upglacier	 expansion	of	743	

the	base-level	Spillway	Lake	(Fig.	14b).	The	widespread	occurrence	of	cut-and-744	



closure	 conduits	 provides	 evidence	 of	 an	 even	 earlier	 stage	 in	 drainage	745	

evolution,	when	supraglacial	channels	extended	along	most	of	the	glacier	tongue	746	

and	 closed	 basins	 were	 absent	 or	 rare	 (Fig.	 14c).	 The	 upglacier	 limit	 of	747	

supraglacial	 channels	 was	 similar	 in	 1964	 and	 2010,	 due	 to	 the	 persistent	748	

location	of	crevasse	fields	in	the	upper	ablation	zone.	The	channels	are	likely	to	749	

have	 had	 similar	 upglacier	 limits	 in	 earlier	 times,	 because	 of	 the	 strong	750	

topographic	 control	 of	 the	 crevasse	 fields.	 Figure	 14c	 shows	 a	 hypothetical	751	

distribution	of	supraglacial	channels	on	the	glacier	during	the	Little	Ice	Age	and	752	

early	20th	Century.		753	

	754	

Ngozumpa	Glacier	 has	 thus	 responded	 to	 a	 prolonged	period	of	 negative	mass	755	

balance	 with	 a	 systematic	 reordering	 of	 its	 drainage	 system,	 characterized	 by	756	

less	 efficient	 evacuation	 of	 meltwater	 and	 greater	 amounts	 of	 storage.	 More	757	

recent	elements	of	the	drainage	system	retain	a	memory	of	older	elements,	and	758	

processes	 and	 patterns	 of	 ablation	 on	 the	 glacier	 continue	 to	 be	 influenced	 by	759	

active	 and	 relict	 channels	 and	 conduits.	 Former	 supraglacial	 channels	760	

preconditioned	 the	 location	 and	 density	 of	 cut-and-closure	 conduits,	 which	 in	761	

turn	 precondition	 the	 formation	 and	 drainage	 of	 perched	 ponds	 and	 provide	762	

templates	for	the	expansion	of	Spillway	Lake.	763	

	764	

6.	Comparison	with	other	debris-covered	glaciers	765	

Observations	on	other	debris-covered	glaciers	in	the	Himalaya	indicate	that	their	766	

drainage	 systems	 share	 many	 of	 the	 characteristics	 described	 in	 this	 paper.	767	

Seasonal	velocity	 fluctuations	have	been	documented	on	other	 large	glaciers	 in	768	

the	 Mount	 Everest	 region	 and	 on	 Lirung	 glacier,	 Nepal	 (Benn	 et	 al.,	 2012;	769	



Kraaijenbrink	et	al.,	2016),	 indicating	surface-to-bed	drainage	and	variations	 in	770	

subglacial	 water	 storage.	 Perennial	 supraglacial	 channels	 occur	 in	 the	 upper	771	

ablation	zones	of	many	glaciers,	in	places	where	catchments	are	not	fragmented	772	

by	crevasse	fields	or	irregular	surface	topography	(Gulley	et	al.,	2009b;	Benn	et	773	

al.,	 2012).	Continuity	between	a	 supraglacial	 channel	 and	an	englacial	 cut-and-774	

closure	conduit	has	been	observed	on	Khumbu	Glacier,	clearly	demonstrating	the	775	

genetic	 relationship	 between	 the	 two	 features	 (Gulley	 et	 al.	 2009b).	 Perched	776	

ponds	 are	widespread	 on	Himalayan	 debris-covered	 glaciers,	 and	 evidence	 for	777	

repeated	filling	and	drainage	(Watson	et	al.,	2016;	Miles	et	al.,	2017)	suggest	that	778	

englacial	 conduits	 may	 play	 an	 important	 role	 in	 their	 life	 cycles.	 However,	779	

englacial	 conduits	have	only	been	explored	 in	a	 few	glaciers	 (Gulley	and	Benn,	780	

2007;	Gulley	et	al.	2009b;	Benn	et	al.	2009),	 and	much	research	 remains	 to	be	781	

done.	 Similarly,	 very	 little	 is	 known	 about	 possible	 sub-marginal	 channels	 in	782	

Himalayan	 glaciers,	 and	 our	 few	 attempts	 to	 enter	 these	 highly	 dynamic	783	

environments	have	been	repulsed.	784	

	785	

The	upglacier	expansion	of	the	area	occupied	by	closed	depressions	and	perched	786	

ponds	 on	 Ngozumpa	 Glacier	 (Fig.	 14)	 also	 appears	 to	 have	 occurred	 on	 other	787	

glaciers	in	the	Everest	region	during	the	current	period	of	negative	mass	balance.	788	

Iwata	 et	 al.	 (2000)	 noted	 an	 increase	 in	 the	 area	 occupied	 by	 high-relief	789	

hummocky	topography	on	Khumbu	Glacier	from	1978	to	1995.	The	presence	of	790	

cut-and-closure	 conduits	 below	 hummocky	 terrain	 on	 that	 glacier	 shows	 that	791	

these	areas	formerly	supported	supraglacial	streams	(Gulley	et	al.,	2009b).			792	

	793	



There	 is	 strong	 evidence	 on	 many	 glaciers	 that	 growth	 of	 base-level	 lakes	 is	794	

preconditioned	 by	 englacial	 conduits.	 For	 example,	 upglacier	 expansion	 of	 the	795	

proglacial	 lake	 at	 Tasman	 Glacier,	 New	 Zealand,	 has	 repeatedly	 followed	 the	796	

locations	 former	 chains	 of	 sink	 holes	 on	 the	 glacier	 surface	 (Kirkbride,	 1993;	797	

Quincey	 and	 Glasser,	 2009).	 Recently	 formed	 chains	 of	 ponds	 on	 the	 lower	798	

ablation	 zone	 of	 Khumbu	 Glacier,	 strongly	 suggests	 that	 the	 same	 process	 is	799	

underway	 on	 that	 glacier	 (Watson	 et	 al.,	 2016).	 The	 integrated	 picture	 of	800	

drainage	 system	 structure	 and	 evolution	 presented	 in	 this	 paper	 provides	 a	801	

framework	 for	 predicting	what	 the	 future	may	 have	 in	 store	 for	 other	 debris-802	

covered	glaciers	in	the	region.	803	

	804	

7.	Summary	and	Conclusions	805	

This	paper	has	provided	the	first	synoptic	interpretation	of	the	drainage	system	806	

of	 a	 Himalayan	 debris-covered	 glacier,	 including	 the	 spatial	 distribution	 of	807	

system	 components,	 their	 evolution	 through	 time,	 and	 their	 influence	 on	808	

processes	and	patterns	of	ablation.	Our	specific	conclusions	are	as	follows.	809	

1)	In	the	upper	ablation	zone,	seasonal	variations	in	ice	velocity	indicate	routing	810	

of	 surface	 meltwater	 to	 the	 bed	 via	 crevasses,	 and	 fluctuations	 in	 subglacial	811	

water	storage.		812	

2)	 Systems	 of	 supraglacial	 channels	 occur	 where	 the	 glacier	 surface	 is	813	

uninterrupted	by	crevasses	or	closed	depressions,	allowing	efficient	evacuation	814	

of	surface	melt.	815	

3)	 Active	 sub-marginal	 channels	 are	 evidenced	 by	 linear	 zones	 of	 subsidence	816	

along	both	margins	of	the	glacier,	and	fluctuations	in	surface	water	storage	and	817	

release.	These	channels	likely	formed	from	supraglacial	channels	by	a	process	of	818	



cut-and-closure,	 and	 permit	 long-distance	 transport	 of	 meltwater	 through	 the	819	

ablation	zone.	Transport	of	sediment	via	 the	 lateral	channels	destabilizes	 inner	820	

moraine	 flanks	 and	 delivers	 debris	 to	 the	 terminal	 zone,	 where	 it	 modulates	821	

ablation	processes.	822	

4)	 In	 the	 lower	ablation	zone	 (below	~5,000	m)	 the	glacier	 surface	 consists	of	823	

numerous	 closed	 drainage	 basins.	 Meltwater	 in	 this	 zone	 typically	 undergoes	824	

storage	 in	 perched	 ponds	 before	 being	 evacuated	 via	 the	 englacial	 drainage	825	

system.	Englacial	conduits	 in	this	zone	evolved	from	supraglacial	channels	by	a	826	

process	 of	 cut-and-closure,	 and	may	 undergo	 repeated	 cycles	 of	 abandonment	827	

and	reactivation.	Cut-and-closure	 is	 the	dominant	process	of	conduit	 formation	828	

on	 Ngozumpa	 Glacier,	 and	 is	 likely	 so	 on	 other	 debris-covered	 glaciers	 in	 the	829	

Himalaya.		830	

5)	Enlargement	of	 englacial	 conduits	 removes	 ice	mass	 that	 is	not	 captured	by	831	

surface	 observations	 until	 conduit	 collapse	 occurs,	 with	 the	 implication	 that	832	

observations	 of	 sudden	 surface	 lowering	 need	 not	 reflect	 sudden	 glacier	mass	833	

loss	 over	 the	 same	 time	 period.	 Subsurface	 processes	 play	 a	 governing	 role	 in	834	

creating,	maintaining	and	shutting	down	exposures	of	 ice	at	the	glacier	surface,	835	

with	a	major	impact	on	spatial	patterns	and	rates	of	surface	mass	loss.	836	

6)	A	large	lake	system	(Spillway	Lake)	is	dammed	behind	the	terminal	moraine,	837	

which	 forms	 the	 hydrologic	 base	 level	 for	 the	 glacier.	 Since	 the	 early	 1990s,	838	

Spillway	 Lake	 has	 expanded	 upglacier,	 exploiting	 weaknesses	 formed	 by	839	

englacial	conduits.	840	

7)	As	part	of	the	glacier	response	to	the	present	ongoing	period	of	negative	mass	841	

balance,	 the	 structure	 of	 the	 drainage	 system	 has	 changed	 through	 time,	842	

characterized	by	decreasing	efficiency	and	greater	volumes	of	storage.	Processes	843	



and	patterns	of	ablation	on	the	glacier	are	strongly	influenced	by	active	and	relict	844	

elements	of	the	drainage	system.	Former	supraglacial	channels	evolved	into	cut-845	

and-closure	conduits,	which	in	turn	precondition	the	formation	and	drainage	of	846	

perched	ponds	and	provide	templates	 for	the	expansion	of	Spillway	Lake.	Thus	847	

drainage	 elements	 that	 initially	 formed	 during	 earlier	 active	 phases	 of	 the	848	

glacier's	history	continue	to	influence	its	evolution	during	stagnation.	849	
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