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GLACIOLOGICAL PROBLEMS SET BY THE CONTROL OF
DANGEROUS LAKES IN CORDILLERA BLANCA, PERU.
IT. MOVEMENT OF A COVERED GLACIER EMBEDDED

WITHIN A ROCK GLACIER

By Lous LLiBouTRY
(Laboratoire de Glaciologie du CNRS, Grenoble, France)

AsstrAct. In front of Laguna Pardn there is a huge moraine which turns through go® in the middle of
the valley and with a narrow covered glacier on the top. It has been studied by electrical exploration, and
using the displacements of 43 marked boulders on the glacier. Assuming a uniform balance on the glacier
tongue and semi-elliptical cross-sections, it has been possible to estimate this balance and the glacier thick-
ness. A great amount of the measured velocity comes from the creep of the moraine itself, which seems to be
a kind of rock glacier, probably without interstitial ice. It must have taken all the Holocene to be formed.
During its complex history a proglacial lake must have formed at some time, the rupture of which explains
the crooked form.

RESUME. Problémes glaciologiques soulevés par le contrile de lacs dangereux dans la Cordillera Blanca, Pérou. II.
Mouvement d’un glacier recouvert existant au sein d’un glacier rocheux. Devant la Laguna Parén se trouve une
énorme moraine qui tourne de go® au milieu de la vallée et qui supporte un étroit glacier recouvert. Elle a
été étudiée par des sondages électriques, et grace au déplacement de 43 gros blocs marqués sur le glacier.
En admettant que le bilan sur la langue est uniforme et que les sections transversales sont semi-elliptiques,
il a été possible d’estimer ce bilan et I'épaisseur du glacier. Une grande partie de la vitesse mesurée provient
de la reptation de la moraine elle-méme, qui semble constituer une sorte de glacier rocheux probablement
sans glace interstitielle. Elle a d{i mettre tout I'Holocéne 4 se former. Au cours de son histoire complexe il a
di y avoir 4 un certain moment formation d’un lac proglaciaire suivie de sa rupture, ce qui explique la
forme coudée.

ZUSAMMENFASSUNG, Glaziologische Probleme bei der Uberwachung gefihrlicher Seen in der Cordillera Blanca von
Peri. II. Bewegung eines bedeckten Gletschers, eingebettet in einen Blockgletscher. Vor dem Parén-See liegt eine
michtige Morine, die in der Mitte des Tales sich um go® wendet und ecinen kleinen, schuttbedeckten
Gletscher trigt; sie wurde mit elektrischen Verfahren und duich Messung der Verlagerung von 43 markierten
Blécken auf den Gletscher untersucht. Unter der Annahme einer gleichférmigen Bilanz an der Gletscher-
zunge und halbelliptischer Querschnitte lisst sich diese Bilanz und die Gletscherdicke abschitzen. Eine
wesentliche Komponente der gemessenen Geschwindigkeit ist das Kriechen der Moriéine selbst, die eine Art
von Blockgletscher ohne Eisgehalt zu sein scheint. Thre Bildung muss das ganze Holozén hindurch angehalten
haben. Wihrend ihrer komplexen Geschichte sollte sich dann und wann ein Moridnen-Stausee bilden, auf
dessen Ausbriiche die gekriimmte Form zuriickzufiihren ist.

A PROBLEM OF APPLIED AND PURE GLACIOLOGY

Laguna Pardn has filled over 2.9 km of a U-shaped east—west valley, 0.6 km wide, since
time immemorial. The nature of the dam across the valley is twofold. On the northern side
there is a small and steep alluvial fan, over which flows a little stream, without any spring
on its periphery; it can therefore be considered as impervious. On the southern side there is a
huge moraine, nearly 300 m high, with at its foot, down-valley, a score of springs. The water
comes from Laguna Pardn. Although this lake has no open outflow channel, its level remains
at a fixed altitude, +2 m (see Lliboutry and others, 1977 and Fig. 1).

The big moraine turns abruptly by 9o° in the middle of the valley without any visible
cause. Its lower half supports a narrow glacier tongue, 2 ocoo m long, 120 m wide, entirely
debris-covered (Fig. 2). An aerial view of this singular glacier has been already published in
this journal (Clapperton, 1972, p. 260). Clapperton calls it ““dead ice””. Our picture, Figure 3,
shows the active glacier, fed in part by avalanches, from which this so-called dead ice is
continuously flowing. This glacier (No. 506A in the CCLCB inventory) was called Glaciar
Hatunraju by the Peruvian Geological Service in 1947 (in fact Hatunraju is another name for
Huandoy).
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Fig. 1. Map of the area, as surveyed by CPS. 1 = limit between bare rock and scree; 2 = streams; 3 = limit of debris-
covered glacier ; 4 = mule tracks (there is an earth road to the tip of the lake by now) ; 5 = conductivity profiles; 6 = tunnel
under construction; 7 = springs; 8 = marks on big boulders which were surveyed.

How such a big moraine was built up and why the glacier is crooked are intriguing
questions. Glacier sliding over moraine could be better studied there than in any other
geographical situation. On the other hand the facilities given to the author were not to do
pure science, but to solve, within a limited time, the following practical questions:

(1) Does the bottom of the tongue dip below the lake level? In other words, does the
glacier itself contribute to the water-tightness of the dam?

(2) Must we fear any fast evolution in the future, either the formation of a dangerous small
lake within the glacier tongue, or a glacier advance which would upset the morainic
dam?
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Fig. 2. Aerial view of the slender tongue of Glaciar Hatunraju.

Unfortunately four planned borings across the glacier could not be made. Because he
was relying on these borings, the author had not given instructions to insert ablation stakes
in the rare spots where ice was apparent, to determine the vertical movement of ice. (Assuming
a stationary glacier, this would give the balance, and thus the discharge.) It appears necessary
always to plan to acquire redundant information, since such short-comings are common.

Although the glaciological study has been incomplete, it is worthwhile publishing it to
show how to handle insufficient data. Several important conclusions can be drawn in spite of
this. They will encourage the young Peruvian glaciological centre under Benjamin Morales
to resume the investigation of this most interesting and easily accessible glacier.

MORPHOLOGICAL WORK

The surface moraine is made of blocks of granodiorite, in general a few decimetres long,
reaching sometimes 3 m. With the exception of rolls of sand in places, most of the sand and
silt present in the lateral moraine has been flushed away. Some running water can be heard
below, and at least two supraglacial ponds of water exist. The largest one, at 4 525 m, is
about 20 m wide. The author rambled over the first kilometre of the glacier tongue and found
only two exposures of ice. The main oane is a small cliff 6 m long, showing bubbly ice with
blue bands and no morainic inclusion
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Fig. 3. Upper part of Glaciar Hatunraju, and three summits of Huandoy, improperly named eastern (6 030 m, left), northern
(6 394 m) and western (6 356 m, right).

On both sides the lateral moraine in 1967 overhung the glacier surface by about 4 m,
the upper half being inflated. Thus the glacier surface had lowered by 2 m in the last 20 to
40 years.

The first work done by Corporacion Peruana del Santa (CPS), under the supervision of
Dr-Ing. B. Schneider, was accurate bathymetry of Laguna Pardn. Between a seasonally
swamped shelf of fine alluvial clay at the head of the lake and the morainic dam, the bottom
was found to be fairly flat, with a slope of only 0.75%, (Fig. 4). The line of springs are exactly
along the prolongation of this bottom. Afterwards, down-valley, the slope increases pro-
gressively. If there exists any over-deepening of the bedrock, it has been completely infilled
with lacustrine sediments.
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Fig. 4. Longitudinal profile of Laguna Parén. Vertical exaggeration: X 4.
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Only one lateral moraine can be seen on the banks of the lake: that on the left. It reaches
the water level 1 km from the head of the lake and seems to correspond to a transverse bulge in
the bottom, only about 1 m high (there are two such bumps indicated by arrows on Figure 4).

These observations disprove the earlier speculations of Torres Vargas (unpublished) to
explain the crooked path of Glaciar Hatunraju. It would not have turned if it had been lying
in the middle of a flat, horizontal valley. So he suggested two possibilities:

(a) The glacier abuts against an outcrop of granodiorite hidden by the moraine. In fact
no Riegel across the valley seems to exist; the valley runs identically, at the same level,
on both sides of the moraine.

(b) Glaciar Hatunraju and its moraines are superimposed on an old moraine of the ice
age, coming from the head of the valley. Ifsuch were the case, some remnants of this
old moraine should be seen on the banks of the lake.

The whole huge moraine has indeed been formed by Glaciar Hatunraju. Of course this
cannot be only during the small glacier advance of 1923—24 as Clapperton (1972) says; its
construction began as soon as the valley was left by ice, at least ten thousand years ago.
Torres Vargas ruled out this hypothesis because he thought that in this case the only explana-
tion for the termination of the moraine in the middle of the valley should be fluvial erosion,
and there are no traces of it. Nevertheless this shape can be explained otherwise.

Fig. 5. Sketch to explain how Glaciar Hatunraju may have taken a crooked path.

We suggest that in former times the tongue of Glaciar Hatunraju was straight and ended
in the middle of the valley, lying on moraine and surrounded by a thick moraine. There are
actually several examples of this situation in Cordillera Blanca. Then came a period of
recession, a proglacial lake was formed, which was emptied by an aluvién event. A gap was
thus formed on the down-valley side of the moraine (Fig. 5). When, later on, the glacier
advanced, it flowed down through this lateral gap. The building up of the moraine continued
and there was no reason for the bend to disappear.

STUDY OF THE SPRINGS

The springs at about 4 125 m give perfectly transparent water, and their temperatures
span between g°C and 4.5°C. During the dry season the lake temperature is g°C at the surface,
and 5°C at 40-50 m depth (as measured by divers, Lliboutry and others, 1977). It can be
therefore assumed that the water of these springs has not been in contact with ice.

https://doi.org/10.3189/50022143000021341 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000021341

260 JOURNAL OF GLACIOLOGY

Besides these springs, which discharge in total 1-2 m3/s, there are a few small milky
springs at higher altitudes on the lateral moraines (Fig. 1). Temperatures and discharges
are given in Table I.

TaABLE I. WATER FLOWING FROM THE GLACIER

Northern side Southern side
Spring v Y z w ® U
Altitude masl. 4275 4325 4 360 4245 4250 4390
Temperature °C 3.0 0.4 0.4 2.8 2.2 L7
e ——
Discharge l/s .2 1.8 0.8 2.0 1.6

Since these measurements were made at the end of the dry season, we may state that all
this water (7.4-40.41/s) comes from the glacier. Nevertheless some evapotranspiration must
be taken into account, since in places there are wisps of grass and even small trees (quefiua =
Polylepis). Morcover, as suggested by a referee, some water may reach the lowest level and mix
with the water of Laguna Pardn, where the discharge is 200 times larger. Thus the total
annual ablation on Glaciar Hatunraju must be larger than the total discharge of the milky
springs which is 260 ooo m3 per year. We shall estimate the discharge of ice through the
highest cross-section, more or less equal to the ablation of ice over the studied tongue, to be
110 000-150 000 m3 per year.

ELECTRICAL EXPLORATION

In April 1967, at the end of the rainy season, Ing. J. Arce Helberg made five electrical
d.c. profiles following the author’s instructions. With his standard geoelectrical equipment,
which had too low an impedance, it would have been useless to set electrodes on the ice
(Rathlisberger, 1967). So the electrodes were set on both sides of the glacier and the resistance
of glacier ice considered as infinite.

The cross-sections of the big moraine are fairly symmetrical, with slopes equal to two-thirds.
Thus the Schlumberger configuration was adopted. Electrodes M and N were put on the two
sides of the glacier, separated by 2a = 140 m; series of electrodes A and B on both slopes,
separated from each other (along the surface) by 2. An “apparent resistivity’”” was calculated
by the standard formula:

AV L2—ga?

S AT

where AV is the potential difference between M and N and [ the current between A and B.
These field data are given on Figure 6. To interpret them, standard master curves for a plane
surface and layers of uniform thickness cannot be used. Appropriate curves were drawn at the
Laboratoire de Glaciologie in Grenoble by D. Dupont by using resistant paper.

In order to lower the number of unknowns, some shape of the cross-section of the glacier
must be assumed. Since the recent lowering of the glacier surface left bare small vertical cliffs
of earth, we can say that both sides of the glacier near the surface are vertical. We assumed
a semi-circular cross-section, before having other data to hand. Later it became apparent
that the depth was actually larger but, since the input of its precise value would not have
changed the results consistently, new experiments were not made.

Dupont’s results are given on Figure 7. In order to obtain the observed maximum of the
apparent resistivity, a more conducting iayer at depth is necessary. Curves were drawn with a
conducting layer 200 m below the surface. The position of the maximum (at L = 185m)
was found to be rather insensitive to the existence or absence of a layer of moraine on the
surface of the glacier. Thus other depths of the conducting layer were not investigated, to
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Fig. 6. “Apparent resistivity” for the profiles P1 o Ps.
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Fig. 7. *“Apparent resistivity” curves found with resistant paper (grev), without or with a conducting layer at depth (black).
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save time. It was said in the final report to CPS that a conductive layer should exist at a
depth equal to about 1.08 times the value of L giving the maximum in apparent resistivity.
These conclusions, which may be challenged, are given in Table II.

TaBLE II. ANALYSIS OF D.C. EXPLORATION

Altitude of L giving Altitude of the
Profile  glacier surface  max. app. resistivity  conductive layer
m a.s.l. m m a.s.l.
1 4 292 — not found
2 4 338 120 4 210
3 4 398 150 4 240
4 4 453 135 4 310
5 4 534 200 4 320

The fact that there is no conducting layer at depth under the lowest profile P1 excludes
the possibility that the conducting layer is an aquifer related to Laguna Parén. We suggest
that it consists of rather impervious lucustrine sediments embedded within the moraine.

These layers are indicated on a cross-section in Figure 10. The layer under profile P3
seems to be the origin of springs v, w, X; the layer under P4 and Pj5, the origin of springs v, z.
The altitude of spring u seems to correspond to the altitude of bedrock at the highest cross-
section, where the basin of Glaciar Hatunraju discharges into the main valley.

SURFACE VELOCITIES

Forty-three marks for topographic surveying were painted by the author on the biggest
boulders of the morainic cover. Some were chosen very near the borders of the glacier with
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Fig. 8. Horizontal displacements of paint marks during two successive intervals of 120 d (tails of the arrows) and 117 d (heads
of the arrows). Rough data, to be corrected.
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the aim of estimating the sliding, but in several places the precise limit of the glacier was
difficult to determine. They were surveyed by CPS on 11 October 1967, 8 February 1968,
and 4 June 1968. We have thus the displacements during almost equal intervals of time
(120 and 117d respectively), both belonging to the rainy season. Since the moraine is
permeable no basal water layer can form, and thus no seasonal variation of the horizontal
velocities is to be expected.

The rough data sent by CPS to France are drawn on Figure 8. There appear to be
considerable systematic errors, and since the author has not had the note books of the survey
to hand, their elimination raises quite a problem. The vectors can be divided into four
groups, according to the directions of the differences between the given displacements (slope
of the arrows on Fig. 8): 1-7, 8-13, 14-39, and 40—43. It was assumed that the systematic

Tasre II1. DisPLACEMENTS AND VELOCITIES ON GLACIAR HATUNRAJU
V: from 11 October 1967 to 8 February 1968 (120 days)
A: from 8 February 1968 to 4 June 1968 (117 days) 1127(;

On &8 February 196% A x

X > Z Corrected displacements Jrom  from
No.  (east) (north) (a.s.l.) —Vx —Ax Uy Ay —Vz —Az |o|  north end vla

m m m m m m m m m mjyear m
43  284.30 430.85 4 267.7 0.25 0.20 —0.46 —0.39 0.13 0.19 1.46 152° 45  0.22
42 312.38 524.43 4294.0 —0.05 0.07 —0.10 —0.17 0.03 0.04 041 175° 109 0.99
41 359.47 485.25 4 290.5 0.34 0.37 -0.52 —0.55 0.20 007 1.96 146° 112 —o0.29
40  414.26 493.68 4 307.9 0.40 0.31 0.48 —o0.44 0.18 o.21  1.77 143° 188 —o0.88
39 473.65 544.48 4 328.2 0.48 018 —o.10 —o0.23 0.11 018 112 117° 277 —o0.85
38  501.19 596.14 4 338.6 1.48 1.20 —o0.19 —o0.28 0.08 0.03 4.15 100° 315 —o.18
37 483.83 66o.92 4331.7 0.55 0.49 0.31  0.14 0.15 002 172 66° 330 1.00
34 554.37 571.03 4361.0 135 128 —003 —004 044 030 400 92° 375 —o.d83
35 569.29 633.02 4 358.8 1.94 2.10 0.38  o.59 0.18 030 b6.32  76° 398 0.17
36  580.43 688.68 4 340.1 0.12  0.01 0.24  0.10 0.06 —o0.07 0.55 21° 407 1.00
33 589.06 603.96 4 366.0 1.79 1.76 0.30  0.34 0.37 0.23 550 80° 420 —o0.26

32 652.79 633.97 4 380.3 2.09 2.0l 1.37  1.19 0.55 044 7.35 58° 470 048
31 643.40 596.33 4377.5 2.06 1.92 0.02  0.91 0.70 046 6.66 657 477 —o.10

30 629.50 550.91 4 381.5 1.52 1.37 0.90 077 0.65 043 508 60° 486 —o0.84
29 717.06 548.92 4 395.3 1.67 1.67 1.86 1.92 1.10 083 968 41° 570 0.00
28  780.56 550.21 4 404.3 0.36  0.47 1.13  0.51 0.54 024 1.84 27° boz2 0.90
27  773.91 505.67 4 420.9 1.1 1.47 2.48  2.49 1.00 101 8.58 28° 647 0.44
26 746.41 475.20 4 421.2 1.2 1.58 2798 2.92 0.77 078 9.44 28° 649 —0.26
25 716.48 454.57 4 416.6 1.38  1.21 2.21 2.09 1.20 085 7.64 941° 652 —o0.89
23  752.04 401.55 4 436.7 1.30 1.32 2.43  2.53 0.73 0bg 854 28° 9713 —0.73
24 738.16 386.99 4 435.4 o 0 0 o o o o 726 —1.08
22 842.24 442.65 4 444.2 0.08 o0.13 o0.20 o0.18 0.22 0.18 0.65 29° 728 1.00
21 823.98 388,58 4457.8 1.48 1.49 2.57  2.32 0.91 082 870 g31° 772 0.37
20 788.56 333.21 4 454.2 1.83 1.82 2.47  2.52 0.77 068 g.41 36° 790 —o0.78
15 855.53 332.07 4491.3 2.00 1.0 2.40  2.40 0.66 0.93 9.41 39° 833 o0.23

19 813.93 287.45 4 465.5 2.30 2.28 2.39 2.54 1.59 0.96 10.24 43° 845 —o0.79
14 913.77 307.08 4 496.2 2.30 2.26 2.01 2,06 0.90 091 931 48° 8go 0.71
16 894.65 289.54 4 482.2 2.23 2.28 2,12 2.08 1.02 085 938 47° 893 o.25
17 910.89 250.99 4 486.3 2.12  2.19 1.79 1.83 0.71 057 8.57 50° 930 —o.01

18 8v6.37 217.54 4488.9 2.15 2.23 1.08  1.83 0.81 077 884 49° 93¢ —0.79
13 942.30 303.05 4 502.29 o o o o o 0 0 913 1.00
12 9b9.20 274.51 4 508.6 0.95 0.45 0.63 0.52 0.52 019 2.75 51° 954 0.94
10 g30.23 206.56 4 502.7 2.28 2.32 2.05 2.08 0.88 087 941 48° 971 —o0.23
1T 999.30 247.22 4 519.3 1.43 1.41 .27 r.a22 0.27 0.33 574 49° 997  0.91
9 928.88 17083 45105 2,01 2,12 1.91  2.03 1.24 035 868 46° 998 —o.71
8 063.83 144.94 4 523.7 2,12 2.17 2.09  2.21 0.83 085 9.25 45° 1038 —o0.50
7 965.60 178.44 4 520.2 2.29 2.25 2.08 1.85 0.97 087 9.13 49° 1015 —o0.15
6 1055.11 194.09 4 538.0 2.08 2.12 1.06  1.73 0.52 066 8.50 49° 1075 0.81
5 1075.61 154.86 4549.4 1.95 2.04 2.32  2.28 0.87 083 926 41° 1115 o0.60
4 1100.73 154.40 4 559.7 1.86  1.84 2.27 2.28 0.76 069 8493 39° 1137 0.79
2 1036.88 7242 4553.1 2,06 2.06 2.47 2.68 0.83 0.84 1003 39° 1148 —o.42
3 1 102.45 124.32 4 554.2 1.99 1.0 2,34  2.52 0.87 080 947 39° 1152 0.53
1 1048.42 54.06 4563.8 2.06 2.08 261 271 0.80 0.90 10.26 38° 1167 —0.48
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error is the same within each group. Within the main group (14-39), there exists one mark
(24) which is undoubtedly outside the glacier. Its displacements were subtracted from the
corresponding other ones. For the first and last groups (after multiplying the second dis-
placements by 120/117 to equalize the two intervals of time), opposite corrections were added
to both groups of displacements such that their difference vanishes on average. Lastly for
group 8-13, both kind of corrections were tried: either consider mark 13 as motionless, or
make the average differences vanish. The movement of mark 12 becomes plausible only
with the first correction, which was therefore adopted.

The corrected displacements and the annual velocities are given in Table II1. The two
last columns give the coordinates in a curvilinear orthogonal system, with x along the axis of
the glacier tongue and O at the front (—1 < y/a < 1).

Horizontal velocities are plotted against the reduced transverse coordinate y/a in Figure 9.
For x > 610 m, that is up-valley of the bend, the velocity is almost uniform over 809, of any
cross-section. For 250 m < x <C 610 m, that is within the bend, the velocities increase almost
linearly from the inner to the outer side; the bulk of the glacier bends almost without shear.
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Fig. 9. Horizontal velocities of Glaciar Hatunraju plotted against the reduced distance from the axis, y|a. The numbers are
the values of x, distance from the front along the axis.

VERTICAL VELOCITIES AT THE SURFACE

The vertical movement of the ice may be deduced from the vertical movement of the
biggest boulders, the most efficient in protecting ice from ablation. More precisely, if there
were no measuring errors (ray curvatures, rotation of some boulders) one could obtain in
this way lower limits for the vertical movements.

Since Glaciar Hatunraju is almost stationary, it can be said that the upwards annual
velocity of ice relative to the surface equals the ablation of ice (negative balance), averaged
over the area and over time. The difficulty is to determine the necessary surface slope. First
an average surface profile was drawn by plotting the centre of gravity of the three points
where any contour line intersects the curves y = o and y = +-a/2. The precise topographic
map of CPS at 1 : 2 0oo, with contour lines every 5 m was used for this work (Fig. 10). The
mean surface slope of the glacier tongue over 1 150 m, is 0.257, but when taken over 20 m,
the surface slope varies between o.17 and o.40.

Now we are dealing with the deformation of the whole glacier, about 120 m wide and at
least 60 m thick. Thus a mean slope averaged over 120 m was adopted. It still varies between
0.218 and 0.284. The vertical movements of the marks relative to this mean surface over
120 m and reduced to one year, are plotted on Figure 11.
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If the ablation under the boulder exactly balanced the upwards movement of ice, points
would lie on the x-axis. Actually the ablation is irregular. It has been higher under boulders
29, 28, 25, 19 and g (during the first period). One may fear some slippage of these boulders,
leading to inaccurate horizontal velocities. The comparison of the movements during both
periods shows that this has only been the case for 28 and, to a lesser degree, for 25. By contrast,
boulders 38, 35 and g (during the second period) rise to form glacier tables.

Two conclusions can be drawn from Figure 11:

(a) The smoothed balance seems to be uniform all over the glacier tongue. A progressive
thickening of the debris cover towards the front should compensate for a lowering of
300 m in altitude.

(b) The mean ablation of ice, say b, is at least 1.1 m of ice per year.

On the other hand the discharge of springs (260 0oo m3 coming from about 130 000 m?)
shows that it should be less than 2.0 m of ice per year.

MECHANICAL MODEL

It will be assumed that the glacier cross-section is a semi-ellipse. For most valley glaciers
the cross-section is more like a parabola, but Glaciar Hatunraju lies entirely on moraine;
some heat should reach the upper part of the sides across the lateral moraines. Thus, starting
from the surface, the glacier width should not decrease very much, or even increase with depth.
It has been said that the lowering of the surface has left small vertical cliffs. In any case,
since the glacier is entirely embedded within moraine, its cross-section must be of a smooth,
convex shape, and its departure from a semi-ellipse cannot alter significantly our estimations.

With the exception of the very end, vertical and transverse velocities are an order of
magnitude smaller than the forward velocities. We may therefore use the numerical solutions
for parallel flow in an elliptical channel given by Nye (1965).

Nye’s boundary conditions are a zero velocity at the bed. The stresses and strain-rates
remain unchanged if a uniform velocity up is added everywhere. Actually there exists some
friction law relating uy, to the shear stress at the bed 7p. Since the bed is permeable and no
water layer can form, Weertman’s friction law may be assumed as a first approximation
(a more precise calculation, to be published, gives an additive term depending upon the ice
thickness, which amounts to at most 20%, of the total friction, and cannot alter our con-
clusions) :

up = Crp™. (1)

For a bed with “white roughness”, m = }(n+1), where n is the exponent in Glen’s law
of ice creep. Duval® has definitely shown that, within the stress range involved, n = 3. A
simplification of Kamb’s theory (Lliboutry, 1975) leads, in the metre-bar-year system, to:

up = 0.0177h2my=3, (2)
where my, is the mean quadratic slope of a conveniently filtered bedrock. (In the case of white
roughness, my is related to Kamb’s parameter { by my = 6.43().) my may vary from o.11
to 0.23, and thus € is an unknown parameter.

A denoting the area of a cross-section and p the wetted (better to say: “glacierized™)
perimeter, the average friction on it is

{mny = pg(A[p) sin . (3)
Let us consider the flow solution for a given discharge with up = C{7p>™ everywhere as
boundary condition. If the cross-section profile is more hollow than a semi-circle (major axis
of the ellipse vertical) ry, is then smaller at the bottom than on the sides. If we change the
boundary condition to condition (1), the difference must decrease. Simultaneously up must

* Paper in preparation: Creep and fabries of temperate polycrystalline ice under shear and compression.
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decrease at the bottom and increase on the sides. Thus the velocity at the centre of the
cllipse u, and the average velocity on the cross-section # must not change very much. This"
consideration enables us to use Nye’s solution although his boundary condition is not strictly
fulfilled. (Actually it will be found that Weertman’s law is not fulfilled either, and probably
the boundary condition is nearer to one of uniform velocity,)

The stresses arising from the bend of the glacier, from the changes in the 120 m average
slope and from the variations in the longitudinal velocity (i, averaged over a cross-section)
will be neglected.

In the equilibrium equation (z downwards, tensile stresses taken as positive):

]

OTzy  OTaz . 0oy
B Ui R, (4)
An estimate of the last term is, since #ia is approximately constant,
Ooz _d4 i d2a _
T P gE® i (5)

where a is the half-width of the glacier and 7 an average viscosity.

It reaches his highest value at the head of the studied area: @ &~ 8 m/year, a ~ 70 m,
7 & 10 bar year, d2a/dx* & (1/500) m~1. It is therefore one order of magnitude lower than
pgsin @ & 0.02 bar m~', and may be neglected. (This point is important since it will be
shown that the velocities in this area are unexpectedly low.)

PERTINENT EQUATIONS
Glen’s law for ice creep will be written:

Ouldy = B(roy*+7222) Tay,

(6)

u0z = B(tey*+ T222) Taze
Contrary to Nye, we shall take the half-widih a as our unit oflength (and not the maximum
depth f, which is the unknown of the problem). W = a/h will keep the same meaning.
We shall also find it more convenient to introduce as unit of stress the known quantity
7o = pgla/2) sin &, and as unit of velocity the known quantity I = Baty3/4. Then Equations
(4) and (6) may be written in dimensionless form:
0Ty[0Y+0Tz/02 = —a,
0U[0Y = ((Ty*+T7*) Ty, ()
UL = 4(Ty2+ T22) Ty
Let us note that, contrary to Nye, Q.7 is downwards, O7Y along the surface. The solution
of Equation (7) with the boundary conditions
Tz=o0 for £ = o,
(8)
U=o on YiL W2z =
leads to a velocity U, on the X-axis, and an average velocity over the cross-section U, which
are functions of W only. They can be written:
U, = cve (W), U = ave (W). (9)
Nye has shown that

cve (#) = Wicve (W), ave (I_i:;) = Wiave (W). (10)
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He has computed the solution for three values which become, in our notation, W = §, }
and 1. For W = 1, it is easily shown that cve (1) = 1, ave (1) = %. Interpolating relations
valid in the range 0.20 << W < 1.25 are found to be:

cve (W) — Wﬂh.ou 84 1.885 0 log Wn.741 7 (log W)*],

(11)

ave (W) = B W—[z.u25 7+2.057 4 log W+o0,815 3 (log W)i]‘

For W > 1.25, relations (10) must be used. It may be shown that cve (o) = 8 and
ave (0) = 4 (a rigorous demonstration will be published elsewhere).

Turning back to the dimensional variables and the boundary condition u, = constant,
we get, ¢ denoting the discharge of ice through a cross-section,

U, = up+V cve (W), (12)
wah =
e % i 4] = 21;—; [up+V ave (W)], (13)
whence
W — mzzuo_amzlf‘ [cve (W) —ave (W)], (14)

24 29
which allows to compute W from the measured quantities ¢, tan «, g and u,. (In fact, Equation
(14) gives two solutions for W, but the smallest one is obviously inadequate.) The first two
decimal places may be found from the intersection of a curve giving W as a function
[cve (W)—ave (W)] by a straight line; we made a precise calculation to obtain the third
one. Then h = a/W is calculated, and uy, is drawn from Equation (12).
In order to calculate the average friction (> (Equation (3)), one must calculate:

/2 ™

p=2 J. (a2 sinz p-+h* cos? @)t do
/2

:th[[—(l—Wz) sin ]! de when W <1 > (15)

0
w2

=2af[1—(1ﬁ1,'W2)sin1q;]5dq: when W > 1.

(o] ~

The integral is Legendre’s complete integral of the second kind, denoted E(2), which is
given for instance by Jahnke and Emde (1945, p. 80). Then:

z hen W
LThy = 7y 2B —W) when =
ke

= To QWE(1—1]W?)

(16)
when W > 1.

CALCULATION OF THICKNESS AND FRICTION LAW

Six marks were put on the glacier axis. With a weighted mean of the results for two
neighbouring marks, one on each side of the axis, six other points on the axis may be con-
sidered. Twelve cross-sections can then he studied.

Since b has been assumed to be a constant, the discharge ¢ equals b times the glacier area
S between the cross-section considered and the glacier end.
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Some values for b and B must be assumed. For increasing values of b, and then of the
discharge, we find higher values of 4 (lower values of W), and then lower values of up, the
lower as B becomes higher. Since up cannot become negative, this gives at any cross-section,
an upper limit for 4 for a given B. The limiting value will be found by calculating W, such

that
cve (We) = u,fV, (17)
and then
a2
c:;—SVavc(Wc). (18)

Calculations have shown that the most stringent conditions are obtained for the uppermost
cross-section, where 2§/ma* = 11.68, V/B = 17.91 and u, = 9.784 (always in the metre-bar-
year system). Limiting values b are given in Table IV.

Tasre IV, LIMITING VALUES b FOR THE ABLATION OF ICE DRAWN FROM GLACIER

DYNAMICS
B bar—3 year! .11 0.14 0.17 0.20 0.25 0.30 0.36
W, 0.243  0.355 0.445 0.520 0.624 0.710  0.796
be myear~!  2.10 1.49 1.22 1.05 0.89 0.78 0.70

Careful experiments by Duval* on tertiary creep of temperate polycrystalline glacier ice,
under a complex state of stress causing the peculiar four-maxima fabric, lead to values of B
in the range 0.18 to 0.36 bar—3 year—!. Since 1.1 < b < 2.0, Table IV then gives little
choice for the value of B: it must be the lowest possible.

TasLe V. THICKNESSES, SLIDING VELOGITIES, AND FRICTIONS CALCULATED WiTH B — 0.17 bar—3 year!

In the four columns on the right: first number for b = 1.1 m/year; second number for & = 0.8 m/year
Marks x a S tan o Uy Ta | 4 W h uy {(TpY
m m m? over m/year bar m/year m m/year bar

120m

(43) 45 41 3040 0.218 1.464 0.380 0.095 4 1.137 36 1.30 0.355
1.578 26 1.43 0.287
(41) 1z 48 11 470 0.218 1.959 0.445 0.179 2 0.513 94 1.46 0.573
0.732 66 1.65 o0.511
(38) 315 56 30 150 0.264 4.149 0.621 0.571 4 0.540 104 2.65 0.789
0.786 71 320 0.693
0.40(33) + 0.60(35) 409 64 41 550 0.260 5.995 0.700 0.934 0.774 83 4.51 0.786
I.IT2 58  5.25 o0.662
0.83(31)+0.17(32) 476 64 50 920 o0.252 6.777 0680 0.855 o0.720 89 5.25 0.786
1.028 62 597 o0.671
(29) 570 6o 62 460 0.264 7.678 0.666 0.753 0.581 103  5.88 0.828
0.829 72 6.61 o0.727
0.63(26) + 0.37(27) 648 57 71 160 0.276 g.120 0.659 0.694 5 0.555 103 7.36 0.831
0.785 73 B4 o0.736
0.32(20) | 0.68(21) 778 57 85 980 o0.252 8.926 0.606 0.538 1 0.449 127  7.21 0.807
) 0.633 9o 7.77 0.733
0.77(15) +-0.23(19) 836 57 92 590 0.232 9.598 0.560 0.425 7 0.458 124 8.27 o0.742
0.640 89 8.70 o675
(17) 930 6o 103590 0.244 8.568 0.618 0.603 0 0.386 155 6.37 0.850
0.548 109  7.02 0.782
(7) 1o15 70 114640 0.260 9.132 0.766 1.336  0.471 149 5.08 1.009
0.696 101 6.63 0.896
0.56(2)+0.44(3) 1150 86 135700 0.26 9.784 0.941 3.044 0.556 155 2.09 1.185
0.919 94 6.20 o0.981

* Paper in preparation cited above.
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B increases with the liquid water content. Assuming that ice of Glaciar Hatunraju, at
depth, where the strain-rates are the largest, is very dry because it was formed at very high
altitudes, a value as low as 0.17 may be adopted, but not a lower one. (The fact that ice is at
the melting point cannot be questioned: the 0°C average isotherm is found at 5 500 m and
the seasonal variations are insignificant.)

Values of up and < 7p> calculated with B = 0.17 and b = 1.1 are given in Table V and in
Figure 12. The expected Weertman’s relation between them (Equation (1)) does not hold.
Between x = g15 and x — 476, up rises progressively from 2.65 m/year to twice this value,
while (71> remains equal to 0.79 bar. Between x = 836 and x = 1 150, up diminishes from
8.27 to 2.09 m/year, while 7y, increases from 0.74 to 1.18 bar.

Calculations have been made with a lower ablation rate b = 0.8 m/year, which is scarcely
credible. 7y is then lowered everywhere by 8 to 169%,, and up, increased everywhere by 3 to
309, (with the exception of the upper cross-section, where it is tripled). It is impossible to
find a friction law of Weertman’s type in this way.

+(m, =0.225)
bar 4k
[&F #
m_= 0158
*
&, 3 i
b G &
= &
o ¢ o +
¥ & o e
*m_ =0.138
*
2]~ o
+
(-3
0 ; : % % t : : I
0 2 4 U 6 8 m/year

Fig. 12. Sliding velocities plotted against basal stresses calculated using B = 0.17 bar= year™! and b = 1.1 m[year (crosses)
or b = 0.8 m[year (dots). The parabolae correspond to Weertman’s friction law.

DiscussioN: Is HATUNRAJU MORAINE A ROCK GLACIER ?

The discrepancy between the results and Weertman’s law cannot be explained by any
inaccuracy in the input data, by the approximations made, or by the difference between the
boundary condition up, = constant and the actual one. A major process has obviously been
omitted. Since the bed is a permeable moraine and the sliding velocities are small it cannot be
subglacial cavitation as in other cases.

A clue is given by the fact that the computed sliding velocity increases regularly with x
as long as the moraine stands in the flat valley and its thickness increases. Next, as one enters
the steep sides of the valley and the moraine thickness decreases, so does the sliding velocity.
The biggest discrepancy is found with b = 1.1, at the uppermost cross-section, where the rock
basement may be reached. So we suggest that the glacier bed is not motionless. The moraine
is dragged by the glacier, the more so when it is thicker.

This last feature shows that the creep process cannot involve only a thin layer of moraine
under the glacier, as assumed in Boulton’s (1975) theory. Hatunraju moraine has therefore
some features of a rock glacier, in which the whole mass creeps. Velocities as high as 3.35
m/year have been measured, and over 5 m/year estimated, on a rock glacier of Otztaler Alps
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(Vietoris, 1972). These are consistent with the velocities of up to 6 m/year which must be
assumed for the top of the bed in order to reduce the sliding of the glacier itself to values
compatible with Weertman’s law.

The author’s observations in the Andes of Santiago (Lliboutry, 1964-65, Tom. 2, p. 705-11)
have shown that in the earliest stages of development the classical ridges and furrows of
rock glaciers do not exist. They are a kind of patterned ground, caused by eluviation of silt
and frost-heaving, which has been deformed by the movement. They are not a fundamental
and characteristic feature, and we cannot say that Hatunraju moraine is not a rock glacier
because such features are lacking.

Nevertheless most authors think that the movement of rock glaciers is due to interstitial
ice (Wahrhaftig and Cox, 1959). The presence of a core of frozen earth 4.5 m to more than
10 m under the surface has been detected by seismic soundings under rock glaciers of Engadine
(Barsch, 1973). In the Andes of Santiago the author has observed how strata of debris cover
the winter snow blanket, which turns into ice underground. (For this reason it is misleading
to speak of this ice-carth mixture as being permafrost.) This cannot be the case in Cordillera
Blanca today. 'The seasonal variations of temperature are insignificant, and Glaciar Hatun-
raju, where it could be observed, consists of clean ice.

Thus, if there exists an icc-earth mixture underneath, it must have been formed under
another climate. More probable seems to be the existence at depth of a body of dead ice
resulting from a former advance and retreat of Glaciar Hatunraju.

A third hypothesis would be that the moraine creeps without interstitial ice, owing to
lubrication of its boulders by silt and water when dragged by the superimposed glacier. In
other words that Boulton’s process can involve an important layer of moraine.

This last statement solves an otherwise rather insoluble problem. The volume of Hatun-
raju moraine is about g2 X 106 m3. Now, the thickness of the debris cover is less than one
metre, on average. Let us double this value to account for some basal debris-charged ice
layer. This leads to 3 000 m? of moraine entering into the valley per year at most. At this
rate, the time necessary to build the whole moraine would have been over 30 000 years, which
exceeds the duration of the Holocene by a factor three. Assuming that moraine is dragged
over an average thickness of 15 m, at a velocity decreasing linearly from 5.0 m/year to zero,
all along the wetted perimeter (about 170 m), a supplementary discharge of moraine into
the valley amounting to 6 200 m3/year is found, which reduces the time for building up the
moraine to 10 000 years, If one does not accept the idea of moraine creep without interstitial
ice, one must conclude that, during most of Holocene, Glaciar Hatunraju was much richer
in debris than it is today.

Let us note that the moraine is moving under the glacier, but we have no proof that it
moves on the sides at an appreciable rate. The rough surveying data for mark 24 gave a
motion in the direction opposite to that of ice. It has been assumed that this was an observa-
tional error. If this mark actually moves a little forward, this velocity must be added to all
the velocities of marks 14 to 39, making the estimated glacier thicknesses a little smaller.

CoNcLUSIONS

[t has been shown that, under favourable circumstances, values of the average ablation b
and the thickness may be estimated from mere surveying. The author has reasonable con-
fidence, sufficient for engineering purposes, in the value b = 1.1 m/year, which leads to the
lower profiles in Figures 10 and 13. In one area, corresponding to the lower cross-section of
Figure 13, the bottom of the glacier thus sinks a little below the level of Laguna Parén.

The basal velocity up does not fit Weertman’s law, although it should (no thick water
layer under the glacier, homogeneous constitution of the bed). Only at the uppermost cross-
section can a higher roughness be put forward to explain the very small sliding: the glacier
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there should lie directly on the rock basement. Elsewhere the discrepancy is explained by a
substantial creep of the moraine under the glacier, up to about 6 m/year.

The process allowing this creep is conjectural and deserves more investigation. There may
be at depth a rock and dead-ice mixture, or a body of pure dead ice, which was formed in
other times. Another possibility would be viscous creep owing to interstial mud, without ice.
In the first two cases the melting of this dead ice must be extremely slow, since it is protected
by the superimposed thick Hatunraju glacier.

A plausible change of climate may raise the ablation on Glaciar Hatunraju by o.1 to
0.3 m/year. It will thus take several centuries for this glacier tongue to disappear. The future
lowering of Laguna Parén by about 20 m will prevent any catastrophic event caused by this
recession.

Conductive layers, which are attributed to fine lacustrine sediments, exist under the
glacier. Hatunraju moraine had a long and complex history throughout Holocene. It
cannot be a Little Ice Age moraine as stated by Clapperton (1972), even if the glacier had
been larger then. An aluvidn event in remote times can explain the strange crooked path
of Glaciar Hatunraju.

MS. received 18 May 1976 and in revised form 13 October 1976
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