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ü
rm

ia
n
g
la
ci
er

tr
im

-l
in
e
a
t
5
8
5
0
m

(.
..
o
n
th
e
le
ft
o
f
N
o
.
7
2
)
u
p
to

5
7
0
0
m

a
.s
.l
.
(.
..
o
n
th
e
ri
g
h
t
o
f
N
o
.
7
2
)
a
n
d
fu
rt
h
er

d
o
w
n
-

v
a
ll
ey

a
b
o
u
t
5
5
0
0
m

(F
ig
u
re

3
4
)
to

5
3
0
0
m

a
.s
.l
.
(.
..
o
n
th
e
ri
g
h
t)
.
A
n
a
lo
g
u
e
p
h
o
to

M
.
K
u
h
le
,
5
/4
/2
0
0
3
.

T
h
e
m
a
x
im

u
m

Ic
e
A
g
e
(
W
ü
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ü
rm

ia
n
g
la
ci
er

tr
im

-l
in
es

(.
..
)
p
o
ss
ib
le
.
T
h
ey

ru
n
fr
o
m

ca
.
5
0
0
0
m

a
.s
.l
.
(.
..
o
n
th
e

v
er
y
le
ft
a
n
d
ri
g
h
t;
F
ig
u
re

3
5
)
to

4
0
0
0
m

(.
..
b
el
o
w
N
o
.
7
3
;
F
ig
u
re

5
2
)
a
n
d
ca
.
6
2
0
0
m

(.
..
a
t
th
e
tr
a
n
sfl
u
en
ce

p
a
ss

!)
d
o
w
n
to

4
4
0
0
m

a
.s
.l
.
(.
..
b
el
o
w

N
o
.
6
0
;
F
ig
u
re

3
6
).

A
n
a
lo
g
u
e
p
h
o
to

M
.
K
u
h
le
,
2
7
/0
3
/2
0
0
3.

! P
h
o
to

1
8
2
.
P
ic
tu
re

fr
o
m

th
e
o
ro
g
ra
p
h
ic
le
ft
v
a
ll
ey

fl
a
n
k
o
f
th
e
lo
w
er

L
a
n
g
m
o
ch
e
D
ra
n
g
k
a
in

th
e
a
re
a
o
f
it
s
in
fl
o
w
in
to

th
e
m
id
d
le
B
o
te

K
o
sh
i
D
ra
n
g
k
a
a
t
4
3
9
0
m

a
.s
.l
.
(F

ig
u
re

3
P
h
o
to

1
8
2
)
ta
k
en

fr
o
m

th
e
tr
ia
n
g
le
-s
h
a
p
ed
,
ex
te
n
d
ed

te
rr
a
ce

re
m
n
a
n
t
o
f
th
e
L
a
te

G
la
ci
a
l
g
ro
u
n
d
m
o
ra
in
e
p
ed
es
ta
l
(I
V

in
th
e
fo
re
g
ro
u
n
d
),
i.
e.
,
fr
o
m

it
s
w
es
te
rn
,
sn
o
w
-c
o
v
er
ed

se
ct
io
n
,
fa
ci
n
g
W
S
W

to
th
e
6
1
8
0
m
-

p
ea
k
(N

o
.
8
8
).
N
o
.
8
3
is
th
e
6
9
4
0
m
-h
ig
h
T
a
n
g
i
R
a
g
i
T
a
u
a
n
d
N
o
.
8
6
th
e
6
6
9
6
m
-h
ig
h
P
a
n
a
y
o
T
u
p
p
a
,
re
co
g
n
iz
a
b
le

b
ey
o
n
d
th
e
v
a
ll
ey

d
iv
id
e
b
et
w
ee
n
L
a
n
g
m
o
ch
e-

a
n
d
A
ra
b
ts
en

D
ra
n
g
k
a
.
T
h
e

ro
u
n
d
-e
d
g
ed

a
n
d
ed
g
ed

m
o
ra
in
e
b
o
u
ld
er
s
co
n
si
st
o
f
b
a
n
d
ed

g
n
ei
ss
,
a
u
g
en
-g
n
ei
ss

a
n
d
g
ra
n
it
e;
th
ey

a
re

er
ra
ti
c
a
n
d
h
a
v
e
m
o
re

o
r
le
ss

b
ee
n
tr
a
n
sp
o
rt
ed

o
v
er

a
lo
n
g
d
is
ta
n
ce
.
(n
)
is
a
ro
ck

sl
o
p
e
co
v
er
ed

w
it
h
m
et
re
-t
h
ic
k
g
ro
u
n
d
m
o
ra
in
e.
(I
V
sm

a
ll
)
a
re

la
te

L
a
te

G
la
ci
a
l
re
m
n
a
n
ts
o
f
g
ro
u
n
d
m
o
ra
in
e
o
f
th
e
S
ir
k
u
n
g
S
ta
g
e
(T
a
b
le
1
).
A

to
n
g
u
e
b
a
si
n
o
f
a
h
a
n
g
in
g
g
la
ci
er

o
f
th
e
n
eo
g
la
ci
a
l
N
a
u
ri
S
ta
g
e
(V

)
h
a
s
b
ee
n
se
t
in
to

th
em

d
u
ri
n
g
th
e
H
o
lo
ce
n
e.
(.
..
)
is
th
e
H
ig
h
W
ü
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ü
rm

ia
n
to

L
a
te

G
la
ci
a
l
fl
a
n
k
a
b
ra
si
o
n
s
in

th
e
b
ed
ro
ck
,
w
h
ic
h
o
n
th
e
st
ee
p
v
a
ll
ey

sl
o
p
es

p
ie
rc
e
th
e
re
m
n
a
n
ts

o
f
g
ro
u
n
d
m
o
ra
in
e.

(.
..
)
a
re

th
e
H
ig
h

W
ü
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ü
rm

ia
n
to

L
a
te

G
la
ci
a
l
ci
rq
u
e
in

th
e
ca
tc
h
m
en
t
a
re
a
o
f
th
e
K
a
b
sa
le

S
W
-h
a
n
g
in
g
v
a
ll
ey
.
(,

)
a
re

d
eb
ri
s
co
n
es
,
w
h
ic
h
fu
rt
h
er

b
el
o
w

p
a
ss

in
to

d
eb
ri
s
fl
o
w

co
n
es

a
n
d
fa
n
s.
A
t
so
m
e
p
la
ce
s
o
f
th
e
ca
tc
h
m
en
t
a
re
a
v
er
y
co
a
rs
e
to

co
a
rs
e-
b
lo
ck
y
d
eb
ri
s
o
f

cr
u
m
b
li
n
g
s
is
v
is
ib
le
(�

b
la
ck
).
(

)
a
re

fu
rt
h
er

cr
u
m
b
li
n
g
s,
o
ri
en
ta
te
d
a
cc
o
rd
in
g
to

ic
e-
m
a
rg
in
a
l
a
n
d
su
b
g
la
ci
a
l
h
o
ll
o
w
fo
rm

s
o
f
d
ra
in
a
g
e;
(�

w
h
it
e)

is
a
su
b
g
la
ci
a
ll
y
d
ev
el
o
p
ed

L
a
te

G
la
ci
a
l
d
ra
in
a
g
e
tu
b
e,
i.
e.
ra
v
in
e,
w
h
ic
h
d
u
e
to

cr
u
m
b
li
n
g
s
h
a
s
b
ee
n
ex
te
n
d
ed

si
n
ce

th
e
d
eg
la
ci
a
ti
o
n
.
(˙

,
˙
,
˙)

a
re

g
la
ci
g
en
ic

a
b
ra
si
o
n
s
o
n
th
e
fa
ce
s
o
f
g
n
ei
ss

b
ed
ro
ck

p
re
se
rv
ed

b
et
w
ee
n
th
e
cr
u
m
b
li
n
g
s.
(.
..
)
is
th
e
H
ig
h
W
ü
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ü
rm

ia
n
to

L
a
te

G
la
ci
a
l
(S
ta
g
es

0
–
II
;
T
a
b
le

1
)
co
v
er
s
o
f
g
ro
u
n
d
m
o
ra
in
e
o
n
th
e
v
a
ll
ey

fl
a
n
k
s.
(˙

,
˙)

a
re

ro
ck

ri
b
s,

p
ie
rc
in
g
th
ro
u
g
h
th
e
g
ro
u
n
d
m
o
ra
in
e
co
v
er
s.

T
h
ey

sh
o
w

g
la
ci
g
en
ic

a
b
ra
si
o
n
s,

w
h
ic
h

h
a
v
e

ro
u
n
d
ed

th
e
b
ed
ro
ck

g
n
ei
ss
.
(

)
a
re

tr
u
n
ca
te
d
sp
u
rs
,
b
a
ck
-p
o
li
sh
ed

b
y
th
e
g
la
ci
er

ic
e.
(.
..
)
is
th
e
co
rr
es
p
o
n
d
in
g

H
ig
h
W
ü
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deposition. Their hydrothermal decay in the bedrock
must have been less or the process of displacement in the
course of the glacier transport was different, etc. Already
the difference with regard to the condition of the boul-
ders at one and the same place disproves the possibility
of age determination of moraines by the dating of
boulder surfaces (Section 3.8.2). Additionally, in the
research area fresh local boulders of rock falls have been
observed on moraines, upon which the one-sided past
rounding of the rock face from which they have fallen,
has been preserved (e.g. Photo 220). The age which can
be determined by the rounding, is the integral age of the
surface of the rock face before the rock fall; whilst the
age which is determinable by the other boulder faces, is
that of the rock avalanche. However, none of these age
data have to do with the age of the moraine.

5.3. The snow-line depression as climate indicator
(Figure 11)

The cirque level and the Würmian (Stage 0) height of the
snow-line derived from it, lie about 3650 m (Sections
2.4.7 and 3.9). According to a mathematical method, the
depression of the snow-line in the sense of the equilib-
rium line (ELA-depression) and past equilibrium line
(Si), both in m a.s.l., are calculated as follows:

Sdepr ¼ ðtp� tiÞ=2 ð1Þ

(Sdepr=equilibrium line depression (ELA-depres-
sion), tp=recent terminus of the glacier tongue; ti=past
terminus of the glacier tongue).

The current lowest glacier terminus in the catchment
area of the Würmian Arun glacier (tp), that of the Lower
Barun glacier, is situated at 4500 m a.s.l. (tp=4500)
(Section 2.1); the Würmian glacier terminus of the Arun
glacier (ti) lay at ca. 500 (450) m a.s.l. (ti=500) (Sections
2.4.5 and 2.4.7). 4500)500=4000; 4000:2=2000.
Accordingly, the ELA-depression in the S-slope of the
Khumbakarna Himal was 2000 m.

The medium lowest current glacier terminus in the
catchment area of the Würmian Dudh Koshi glacier
(tp), like that of the large Ngozumpa glacier, is located
at 4600 m a.s.l. (tp=4600) (Figures 3 and 19) (Section
3.6); the Würmian glacier terminus of the Dudh Koshi
glacier (ti) lay at ca. 900 m a.s.l. (ti=900) (Section 3.9.2).
4600)900=3700; 3700:2=1850. Accordingly, the ELA-
depression in the S-slope of the Khumbu Himal was
1850 m. In correspondence, the ELA-depressions of the
Late Glacial glacier Stages I,II,III and IV, which in the
Dudh Koshi Nadi, i.e. Ngozumpa- or Nangpo Tsangpo
Drangka were located at 1800(I),2500(II),2750(III) and
about 3300(IV) m a.s.l., amounted to 1400, 1050, 925
and 650 m.

At a methodically different calculation of the snow-
line, the areal relation of glacier feeding- to ablation
area has to be considered. Experience has shown that in
the high mountain valley area concerned it is ca. 2:1.
This corresponds to an AAR (accumulation area ratio)

of 0.66. In the relief of the Khumbu Himal described, a
High Würmian ELA-depression of only 1200 m (see
Figure 17) at an AAR of 0.66, already leads to an ice
margin at 610 m a.s.l. in the lower Dudh Koshi Nadi
(see Figure 17). That is a 300 m lesser altitude above sea-
level than the ice margin at 900 m a.s.l., which has been
made empirically probable (Sections 5.1 and 3.9.2).
Checking this snow-line calculation according to a
method which considers the medium altitude of the crest
fringe of the catchment area

Si ¼ ðpha� tiÞ=2þ ti ð2Þ

(Si=past equilibrium line; pha=past height of an
accumulation area; ti=past terminus of the glacier
tongue)

Si=4300 (m); pha=7990 (m); ti=610(m):
7990)610=7380;7380:2=3690; 3690+610=4300,i.e. at
the empirically lowest ice margin with ti=900
(m):7700)900=6800; 6800:2=3400; 3400+900=4300,
then the past height of the accumulation area is
pha=7700 m a.s.l. In consideration of the medium
heights of the summits (Table 5) and the resulting med-
ium altitude of the crest fringe of the catchment area, this
is a value which is too high. Consequently, for the
Würmian climate estimation of the Khumbu-Khumba-
karna Himal an approximate average value of all the
applied calculation-methods of snow-lines and snow-line
depressions (see Section 2.4.7) will be considered, which
for the entire area mediates between the local differences
of the ELA (e.g. Sections 2.4.7 and 3.9). This means that
in the central region of the research area the Würmian
Ice Age snow-line (Stage 0) has run at ca.
Si=3870 m a.s.l. (3650+3650+4300=11600:3=3866.7)
(Figure 11) and the snow-line depression according to

Sdepr ¼ Sp� Si ð3Þ

(Sdepr=equilibrium line depression (ELA-depres-
sion); Sp=recent equilibrium line; Si=past equilibrium
line) was ca. sdepr=1630 m (Sp=5500; Si = 3870;
5500–3870=1630).

In the adjacent Kangchendzönga massif (Figure 2
No. 5) 140 km to the E, a Würmian snow-line depres-
sion of ca. 1660 m has been calculated (Kuhle, 1990, p.
419/420) and in the Dhaulagiri Himalaya 320 km further
W (Figure 2 No. 4) it was ca. 1530 (1430–1634) m
(Kuhle, 1982, p. 151/152). At a comparable method,
considering the areal relation of the feeding- to the
ablation area (AAR=0.6), the lowest glacier tongue on
the S-slope of the Dhaulagiri group has reached down to
1219 m (Figure 18) and during the High Würmian
(Stage 0) a Himalaya ice stream network has existed
comparable to that of the Khumbu Himalaya (cf.
Figure 17 with 18; Figure 2 No. 1 with Nos. 4 and 5).

The climatic interpretation of the snow-line depres-
sion of 1630 m allows the following statement as to the
Khumbu-Khumbakarna Himalaya to be made: At a
decrease in temperature of 0.5 �C/100 m (that is the
current value) the average annual temperature during
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the Würmian Ice Age (Stage 0) would have dropped by
ca. 8 (8.15) �C; at a more arid gradient of 0.6 �C/100 m
by ca. 10 (9.78) �C. The snow-line altitudes and ELA-
depressions of the Late Glacial-, Neoglacial- to Histor-
ical glacier stages are presented in Tables 1, 3 and 4 and
summarized in Section 5.2.
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Köhn M., 1928: Bemerkungen zur mechanischen Bodenanalyse III.
Ein neuer Pipettapparat. Zeitschrift für Pflanzenernährung, Dün-
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and Hofmann J. (eds), Forschungsergebnisse zur Klimageschichte
und Reliefentwicklung Nordafrikas und Asiens. Dieter Jäkel-
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The maximum Ice Age (Würmian, Last Ice Age, LGM) glaciation of the Himalaya 649



Kuhle M., 2001c: The maximum Ice Age (LGM) glaciation of the
Central- and South Karakorum: An investigation of the heights of
its glacier levels and ice thickness as well as lowest prehistoric ice
margin positions in the Hindukush, Himalaya and in East-Tibet on
the Minya Konka-massif. GeoJournal 54(1–4), 55(1) (Kuhle M.
(ed), Tibet and High Asia (VI), Glaciogeomorphology and Prehis-
toric Glaciation in the Karakorum and Himalaya): 109–396.

Kuhle M., 2002a: Outlet glaciers of the Pleistocene (LGM) south
Tibetian ice sheet between Cho Oyu and Shisha Pangma as
potential sources of former mega-floods. In: Martini P., Baker V.R.
and Garzón G. (eds), Flood and Megaflood Processes and Deposits:
Recent and Ancient Examples, Vol. 32. Special Publication of the
International Association of Sedimentologists (IAS), pp. 291–302.

Kuhle M., 2002b: A relief-specific model of the ice age on the basis of
uplift-controlled glacier areas in Tibet and the corresponding
albedo increase as well as their positive climatological feedback by
means of the global radiation geometry. Climate Research 20: 1–7.

Kuhle M., 2004a: The high glacial (Last Ice Age and LGM) ice cover
in High and Central Asia. In: Ehlers J. and Gibbard P.L. (eds),
Development in Quaternary Science 2c (Quaternary Glaciation –
Extent and Chronology, Part III: South America, Asia, Africa,
Australia, Antarctica), pp. 175–199.

Kuhle M., 2004b: Aktuelle Gletscherdynamik in Hochasien – Fallstu-
dien. Geographie und Schule 26(148): 16–20.

Kuhle M. (in press): Glacial geomorphology and Ice Ages in Tibet and
surrounding mountains. Island Arc. (Special issue: The 19th
Himalaya–Karakoram–Tibet Workshop, 10–12 July 2004, Niseko,
Hokaido, Japan).

Kuhle M. and Daoming X., 1991: Tibet and High Asia (II). Results of
the Sino-German Joint Expeditons. GeoJournal 25(2/3): 131–303.

Kuhle M. and Jacobsen J.P., 1988: On the geoecology of Southern
Tibet – measurements of climate parameters including surface- and
soil-temperatures in debris, rock, snow, firn and ice during the
South Tibet- and Mt. Everest Expedition in 1984. GeoJournal 17(4)
(Kuhle M. and Wang Wenjing (eds), Tibet and High Asia (I).
Results of the Sino-German Joint Expeditions): 597–615.
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