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Abstract

The hydrological processes within slope deposits are not well known, particularly for high
tropical mountains with climatic conditions giving seasonal contrasts in the hydrological cycle.
Measurements have been taken in a high Andean valley of the Cordillera Real (Bolivia) with the aim
to determine the role of the slope deposits in the framework of a hydraulic modelling. Different
transfer time measurements combined with morphometrical and sedimentological analysis were
carried out on three talus slopes and two moraines during the rainy season. After injection of salt, the
electrical conductivity of the water in slope deposits springs is monitored to estimate transfer
velocities.

The hydrological behaviour of these slope deposits depends on the season. In the dry season, all
the water infiltrates and there is no visible outlet. During the wet season, one part soaks in and gives
springs down slope. The lag times estimated by the measurement of tracer velocity demonstrate that
these slope deposits delayed the flow depending on the type of deposit. The delay is at least 24 h in
the case of the talus slopes and more than 48 h in the case of lateral moraines. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The last few years have seen many investigations which aim to define precisely the
geometrical and sedimentological characteristics of slope deposits in high tropical
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mountains and to propose genetic modelling. In this context, numerous studies were
carried out in the case of talus slope deposits (Albjér et al., 1979; Francou, 1988, 1991;
Van Steijn et al., 1995; Jomelli and Francou, 2000).

Nevertheless, hydrological processes within slope deposits in high mountains have
generated very little interest. Paradoxically, permafrost slope formations, have often
been studied, including rock glaciers (Tenthorey, 1992; Hinzman et al., 1993; Barsch,
1996).

Further knowledge of the hydrological processes of slope deposits without per-
mafrost, like talus slopes or morainic deposits is needed. Parriaux and Nicoud (1990,
1993) published on hydrologic processes in glacial and fluvio-glacial deposits. Some
specific studies can be mentioned on response times in fluvio-glacial formations
(Frohlich and Kelly, 1985; Davit and Looser, 1993) and estimations of groundwater
recharge (Johansson, 1987; Harte and Winter, 1995). Jointly, chemical or isotopic
observations (Van de Griend et al., 1986; Hamid et al., 1989; Gelhar et al., 1992)
made it possible to identify various types of circulation systems and dispersivity
within basal moraines and fluvio-glacial deposits. Other studies deal with the influence
of a stone cover on the runoff yield of arid talus slopes (Jung, 1960; Yair and Lavee,
1976). From a qualitative point of view, the results of laboratory experiments are
not realistic enough to be a substitute for field studies (Gelhar et al., 1992). Studies
have mostly been focused on glacial and fluvio-glacial formations. Moreover, no
study has been realised in high tropical mountains where the seasonality of the
climate gives important contrasts in soil water content. From a quantitative point of
view, the lack of systematic analysis based on a large sampling of deposits makes it
difficult to apply and extrapolate results on other geographical contexts. The para-
meters controlling the hydrological characteristics of slope deposits like the length,
width, slope, texture or structure have to be precise to understand the variability of
the results.

The lack of knowledge on the hydrologic role of slope deposits makes it difficult to
model the flow processes within a high altitude valley supplied by glaciers, snow cover
and rainfall. All the flow produced by snow and ice melting, as well as, but to a lesser
degree, by rainfall, has to pass through the slope deposits although their surface area is
much smaller than the upstream basin.

Thus, the aim of this article is to define the influence of the slope formations on the
water pathways. Do they play a negligible role or in the case of response mechanisms, how
long do they delay the flow? When the daily time step is chosen in the modelling, do we
have to consider the influence of slope deposits?

2. The study area

The study is located in the upper Rio Zongo Valley (16°S, 68°W, Fig. 1A) on the
Eastern part of the Andean chain, about 50 km north of La Paz, capital of Bolivia. The
basin where this study is carried out extends over an area of 95.2 km?; it is dominated by
summits reaching 5000—6000 m asl (Huayna Potosi, 6088 m asl). Some of these are
capped by glaciers that supply the Rio Zongo. The slope deposits range between 3500 and
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Fig. 1. Location maps. (A) Physical view of the Zongo Valley in Bolivia. (B) The different formations of the

valley, with the location of the rain gauges and the tracing sites.

4500 m asl and are under the climatic influence of humid air coming up from the

Amazonian basin.

The climate is defined by the position of the Intertropical Convergence Zone (ITCZ),
the oscillations of which are responsible for a marked rainy seasonal variability in the
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Eastern Andean area (Aceituno, 1988; Roche et al., 1990; Ribstein et al., 1995; Vuille et
al., 1998; Garreaud, 1999):

Southern winter: May to September, dry and cold season;
Southern summer: November to March, warm and wet season.

In this tropical altitude context, the valley is located in the high semi-humid Andean
stage (Montes de Oca, 1997). Fig. 2 presents the monthly average distribution of the
precipitation at two rain gauges located (Fig. 1B) in the valley upstream (Plataforma, 4800
m asl) and downstream (Botijlaca, 3492 m asl). The variations of the monthly average
temperatures do not present a large amplitude. Nevertheless, some relatively marked
seasonal changes could be noted: temperatures are higher in the rainy season (Leblanc et
al., 2000; Sicart et al., 1998). The 0 °C isotherm remains above 4900 m all year.

The precipitation regime is linked to the elevation and orientation of the valley
(Pouyaud et al., 1999). Indeed, in the morning during the rainy season, clouds coming
up from the Amazon plain can be observed (Wagnon et al., 1998; Wagnon et al., 1999).
This phenomenon generates decreasing rainfall all along the valley, with intensities less
than 10 mm/h above 3500 m asl. This infiltrates into the slope deposits and saturates the
bottom of the valley and generates a surface flow reaching a daily average specific
discharge of approximately 0.225 m®/s/km” at the outlet of the basin (Caballero, 2001).
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Fig. 2. Monthly average and mean annual rainfall for a 27-year period (1971—-1997) at the two rain gauges of the
studied basin showing the seasonal variability of precipitation, as well as the influence of altitude.
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Three types of morphological zones according to the elevation can be distinguished
(Fig. 1B).

* Rock faces, made of massive batholiths (granite with biotite and muscovite) and
metamorphic rock (quartzites), represent more than 60% of the total surface of the basin in
a horizontal projection. This medium intercepts the snow and rainfall and transfers the
water in sheet or concentrated surface runoff.

¢ Slope deposits, constituted by lateral moraines, and talus slopes that may or may not
overlie them, can reach depths in excess of 10 m from observations in closed gullies and
cuts. These slope deposits represent approximately 20% of the basin area. For the most
part, they are densely vegetated with humid “paramic” high mountain meadow (Festuca
sp., Stipa sp.). The geographic distribution of these slope deposits is almost continuous
and surrounds the entire valley forcing the flow coming from the rock faces to pass
through the slope deposits (Fig. 1B). They are also subject to rainfall but rarely to snowfall
and frost due to their altitude between 3500 and 4500 m asl.

* The “bofedales,” local name of valley bottom formation, is composed of basal
moraine and fluvio-glacial deposits overlaid by peat. They receive the upstream water
coming from the slope deposits and remain saturated for much of the year.

The Zongo River forms the hydrological axis of the valley. The stream is an upstream
tributary of the Amazon River. The melt waters of several small glaciers (Zongo,
Charquini, Huayna Potosi) supply the Rio Zongo all year long maintaining an important
discharge even in the dry season (Ribstein et al., 1995). For that reason, the seasonal
variability of the flows differs from the variability of the rainfall.

3. Methods

Some tracing methods into aquifers are good estimates of hydraulic characteristics
(Freyberg, 1986; Leblanc et al., 1991; Gelhar et al., 1992). However, these methods cannot
be used here because of difficult field conditions (high elevation) and locally poor analysis
support and facilities. The use of salt (NaCl) as tracer seemed to be adequate for our
purpose. It is cheap, easily carried and with low impact on the environment and humans
when dilute. In order to determine the role of these slope deposits on the water transfer
times, experiments were carried out to measure the time needed by a salt water tracer,
injected at one point, to flow through the formation and appear in controlled springs at the
base of the slope deposits. Measurements are taken in the springs in order to register the
variation of the electrical water conductivity. A survey of the water temperatures allows
calibration of the conductivity values. These measurements have also been made on
springs that are not connected to the injection point to be used as reference.

Some requirements were necessary to carry on the experiments: proximity of surface
water to prepare the salt mixture at the injection point and to force the infiltration (see
below) and presence of springs linked to the monitored slope deposit. According to field
investigations, three sites were selected (Fig. 1B): (i) “Viscachani” (talus slopes), (ii)
“Zongo Moraine™ (lateral moraine), and (iii) “Taypikhuchu,” (talus slope, and moraine).
They are representative of the deposit characteristics covering the entire valley (Fig. 3a
and b).
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Fig. 3. Photos of (a) Taypikhuchu site and (b) Viscachani site showing the nature of the slope deposits.
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Table 1
Details of the 11 experiments and morphological characteristics of studied slope deposits
Name Type Weather Date Elevation Length Estimated Mean
(m asl) (m) depth (m)*  slope (°)
Taypikhuchu  moraine rainy 19-21/01/2000 4000 130 <5 39
Taypikhuchu  moraine rainy/sunny ~ 23-25/01/2000 4000 130 <5 39
Taypikhuchu talus slope rainy 26-29/01/2000 4000 75 <5 31
Taypikhuchu  talus slope rainy 03-05/02/2000 4000 75 <5 31
Viscachani talus slope  rainy 01-02/02/2000 3850 240 10 31
Viscachani talus slope  rainy/sunny  23-25/02/2000 3850 190 10 33
Viscachani talus slope  rainy 25-27/01/2000 3850 190 10 33
Zongo moraine rainy/sunny  04—07/02/2000 4250 230 10 41
Zongo moraine rainy 27/04-03/05/2000 4250 230 10 41
Zongo moraine rainy 09-11/05/2000 4250 50 10 41
Zongo moraine rainy/sunny  14—18/05/2000 4250 50 10 41

? Values giving a rough estimate measured on the gullies hollowed out by the concentrated flows.

Each site is injected first with 0.1 1/s of water salted at 100 g/l during 50 min then with
clear water at the same discharge of 0.1 I/s until the end of the measurements, i.e. until
significant variation of the electrical conductivity of water at the spring outlets is observed,
confirming the passing of the salted water. In the case of the moraines, at the Zongo
moraine site, the experiment was repeated three times with a concentration of 200 g/l and
for a shorter distance between the injection point and the spring in order to determine
variation of the electrical water conductivity of the water more accurately.

Experiments were carried out in the rainy and dry seasons in order to understand the
hydrological dynamics when the runoff is plentiful and scarce (Table 1). We also measured
the mean slope of these slope deposits with a clinometer. An estimation of their minimum
depth was made by extrapolating the observed depth of the gullies. To complete the
analysis cuts of 1 m maximum depth were made and soil samples were taken on the
surface and at different depths to analyse the texture and fabrics in the proximal and distal
zone of the deposits. To better understand the internal texture of the slope deposits, all the
large cuts located near the studied places resulting from stream erosion or road
construction works were systematically observed.

4. Results

The results of the experiments consist in two complementary approaches: (i) a field
observation of the flow processes identifying the flow path, and (ii) the computing of the
time needed by the tracer to flow through the slope deposit.
4.1. The water flow path

The waterflow processes vary according to the season.

During the rainy season (October to March), water from rainfall, icemelt and snowmelt
flows on the rock faces in two forms (Fig. 4), either while concentrating in the form of
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Fig. 4. Description of the flowing type on the rock faces and the observed hydrological behaviour of the slope
deposits and valley bottom during the rainy season.

concentrated waterfalls or in sheet flow. When the concentrated waterflow reaches the
slope deposits at the contact zone with the rock face, one part infiltrates and the rest
continues as surface flow (Fig. 5). The sheet flow constitutes a much smaller part of the
total runoff and totally infiltrates at the contact zone. The observations show that, because
of the very low rainfall intensities, the water content of the soil always stays below
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Fig. 5. Schematic description of the hydrologic behaviour of a slope deposit: infiltration and interflow diffusion.

saturation: the hydraulic conductivity remains higher than the cumulated intensity of the
rainfall and infiltrated inputs, except in the concentrated surface streams or in the saturated
valley bottom (bofedales).

During the dry season, the runoff come only from the glaciers as concentrated flows
with several consequences:

the runoff reaching the slope deposits decreases sensibly,
the springs run dry,
the soil water content decreases.

Consequently, the flow reaching the deposit totally infiltrates making the soil water
content control the flow dynamic.

A transitional regime takes place between both seasons: (i) before the rainy season, the
soil water content is at its lowest value and the soil accumulates the water coming from
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the first rainfalls until the springs become active; (ii) after the rainy season, the slope
deposits release the water in excess until the springs become dry. Thus, the continuous
surface flow in the hydrographic network is established at least one month after the
beginning of the rainy season (summer), and becomes discontinuous about one month
after the end. These two periods are important in terms of daily waterflow modelling at
the basin scale.

4.2. Response times, rising times and lag times

The results of the tracer experiments carried out indicate different ranges of response
times depending on the type of slope deposit.

In this study, the “response time” is defined as the time needed by water entering the
slope deposit to reach the spring. Practically, in the tracer experiment, the “response
time” corresponds to the time between the beginning of the injection and the beginning
of the significant increase of conductivity at the outlet. Another time, called “rising
time,” is defined and corresponds to the time between the increase and the peak of
conductivity. Finally, we define the “lag time” as the sum of both response and rising
time.

An example of electrical conductivity curves according to time on Viscachani and
Taypikhuchu talus slopes is shown in Figs. 6 and 7. Following the injection of salted
water, the curves present two phases: (i) a rather steady (but slow) increase of the
electrical conductivity, and (ii) a sudden increase confirming the arrival of the bulk salted
water. The first phase gives, for both sites, a response time of 15.5 h for Viscachani and
17.5 h for Taypikhuchu; the second phase gives a rising time of 5.5 and 12.5 h,
respectively.

25 Viscachani
—&— Spring | Length 190 m
--@--Spring2
—A— Spring 3

X  Reference measure
20

—— clear water injection

—— Response time

5 e Rising time

salted water injection

Conductivity us

o
< >4 »
5
0 r r . . . . .
25/1/00 14:24 25/1/00 19:12 26/1/00 0:00 26/1/00 4:48 26/1/00 9:36 26/1/00 14:24 26/1/00 19:12 27/1/00 0:00

Fig. 6. Conductivity measurements on Viscachani talus slope.
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Fig. 7. Conductivity measurements on Taipikhuchu talus slope.

After the peak, in both cases, we note a rapid decrease of the signal that can be
attributed to the low conductivity value of the clear water input. Meanwhile, no variation is
observed in the measurements at the reference springs.

It is noted that the results obtained in the Viscachani (Fig. 6) case are clearly distinct
from those obtained with Taypikhuchu’s (Fig. 7). Contrary to what was expected, the
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Fig. 8. Conductivity measurements on Zongo lateral till.
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phases are shortest on the longest talus slope. This result will be discussed below. Finally,
the three springs in Fig. 6 have an almost simultaneous response. This indicates that the
throughflow within the slope deposit uses different preferential pathways.

The electrical conductivity of water in the lateral moraine at Zongo site is shown in Fig.
8. The response of the moraine is clearly different to what we could observe with the talus
slopes. Although both phases described before are observed, they are noticeably different:
24 h for the response time, more than 48 h for the rising time. The end of the salt transfer
was recorded in a very similar way on many springs set a few meters apart. The repetition
of these experiments on different moraines did not reveal significant variations in the
hydrological behaviour.

5. Discussion

Four points emphasised by the method used and by the results of the experiments have
to be discussed: (i) the role of the clear water injected continuously after the salt mixture;
(ii) the two phases of the response (response time and rising time); (iii) the differences
between talus slopes and lateral moraines, and (iv) the transfer velocities within the slope
deposit.

5.1. Clear water continuous injection

The objective of the continuous injection of local clear water after the salt mixture is to
simulate the water flow mechanism during the rainy season, when the surface runoff
coming from the rock faces reaches the slope deposit. Furthermore, it allows the through
flow to remain uninterrupted during the transit within the slope deposit. Therefore, it is an
acceptable simulation of the central part of the rainy season when the soil water content is
sufficient to further the interflow, allowing observation of the faster transit.

5.2. Response time and rising time

We interpret the first phase of the response (response time) as the time interval
necessary for the bulk salted water to reach the outlet. The slow increase of the electrical
conductivity can be interpreted as evidence that certain flows are faster than others. The
simultaneous responses of the springs shown in Fig. 6, demonstrate a throughflow
diffusion. This lateral diffusion seems to be more important (9 m in 24 h) than those
measured in other formations (outwash) (Leblanc et al., 1991). The second phase
represents the time needed by the whole mass of salt injected to go through the measuring
point.

5.3. Talus slope and lateral moraine
Our results highlight an obvious difference in the hydrological behaviour between the

talus slope and the lateral moraines. Firstly, the pattern of the response time is different
between the talus slopes and the moraines where there is no slow increase of the
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electrical conductivity of the water. This is explained by their different sedimentological
pattern. From a granulometrical aspect, the moraine grain size distribution is very wide,
from blocks to silts and clays. In soil samples (Table 2), silts and clays represent between
40—-60% without significant variation with depth or down slope. On the opposite, the
grain size distribution of the rock debris found in the talus slopes is smaller. Silts and
clays represent only around 30% of the deposits in the distal zone. However, this
percentage decreases near the surface or in the up slope direction. Differences in fabric
and structure are generally observed. Talus slopes in the place studied are not stratified
and present an open-work structure at the surface and semi open-work at a deeper level
at around 0.6 m deep in the distal zone. According to large cut observations in the
valleys, the morainic deposits are sometimes roughly stratified, dipping irregularly
towards the flanks of the valley. This occurs even if the layers are very discontinuous
and some have a texture that varies from clast-supported to matrix-supported as observed
before (Benn and Evans, 1998). Consequently, the large proportion of silt and clay in
lateral moraine delays the salted water transfer, thus increasing the rising time and
response time.

Based on the sedimentological characteristics and on the continuous increase of
conductivity, we can compare the flow within the moraines to a flow within porous
medium. The presence of a large proportion of silt and clay involves capillary forces,
which diffuse and homogenise the flow. This can explain the continuous increase and
decrease of the conductivity curve.

Table 2
Granulometric results for samples from the upper Rio Zongo Valley
Name Type Sample Depth Percent Percent silt
location (m) sand and clay
Taypikhuchu moraine | proximal 0.2 45.0 8.0
Taypikhuchu moraine 1 distal 0.7 36.8 57.2
Taypikhuchu moraine 2 proximal 0.3 25.7 18.1
Taypikhuchu moraine 2 distal 0.3 21.7 15.5
Taypikhuchu talus slope 1 proximal 0.5 11.1 13.0
Taypikhuchu talus slope 1 distal 0.6 17.5 5.5
Taypikhuchu talus slope 2 proximal 0.4 5.6 6.4
Taypikhuchu talus slope 2 distal 0.3 13.1 26.6
Viscachani talus slope 1 proximal 0.3 2.5 4.2
Viscachani talus slope 1 proximal 0.6 5.6 11.8
Viscachani talus slope 1 distal 0.3 14.1 11.0
Viscachani talus slope 1 distal 0.9 15.8 124
Viscachani talus slope 2 proximal 0.4 6.2 8.4
Viscachani talus slope 2 distal 0.4 17.5 32.6
Zongo moraine 1 proximal 0.35 35.9 19.7
Zongo moraine 1 distal 0.8 45.9 22.1
Zongo moraine 2 proximal 0.5 383 42.0
Zongo moraine 2 distal 0.6 49.3 21.7
Zongo moraine 3 proximal 0.3 30.9 7.2

Zongo moraine 3 distal 0.4 34.7 14.5
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On the contrary, the talus slopes can be compared to fractured medium in which the
flow, following the gravity potential, is more heterogeneous and fast. This could explain
the fact that response times and rising times are longer for the lateral moraines than for the
talus slopes. The shorter response and rising time observed for the longest talus slope of
the Viscachani site could be explained by the differences in morphology and sedimentol-
ogy that exist between the two sites. We can suppose that the talus slopes of Taypikhuchu
overlie older lateral moraines, which would be eroded for the Viscachani talus slope. Dates
from Heine (1995) support this hypothesis. Lateral moraines in the Taypikhuchu valley
date from the Holocene while moraines located at lower elevation in the Viscachani valley
are much older (> 25 ka). It is likely that these slope deposits have been largely eroded to
the point that they disappear in places. Moreover, this type of sedimentation has been
observed in a large cut in the Taypikhuchu valley, which shows under large angular blocks
a lateral moraine with a discontinuous slanting stratification overlying a basal moraine.
The contact between the layers is sometimes transitional when the stratification is absent
and sometimes abrupt when it is present.

The longer response of the Taypikhuchu formation can be explained by the delayed
transit of the salted water within the covered lateral moraine that changes the response of
the formation in comparison with the Viscachani talus slope.

5.4. Transfer velocities

Considering the lag time (response time + rising time) as a good index to represent the
transfer process and knowing the surface length of the slopes, it is possible to calculate
average transfer velocities. In the Zongo case (lateral moraine), we obtain a value close to
2.9 x 10~ % m/s (25 m/day). In the Taypikhuchu case (talus slope which could cover a
lateral moraine), we obtain a value close to 6.9 x 10 ~* m/s (59.6 m/day), 2.4 times the
lateral moraines velocity. For the Viscachani case (talus slopes), we obtain about
2.5x 10 2 m/s (216 m/day), 8.6 times the velocity of the lateral moraines. We observe
that our values of transfer time are a little higher than those found in scientific literature for
comparable formations (from 0.3 to 23—27 m/day) (Parriaux and Nicoud, 1990, 1993;
Gelhar et al., 1992). This is probably due to the steep slopes which increase natural
gradient and sedimentological characteristics.

6. Conclusion

The conductivity experiments undertaken on three talus slopes and two lateral mo-
raines in high tropical mountains without permafrost lead to the following conclu-
sions.

¢ These formations play a significant role in the waterflow transfer modelling towards
the outlet. Surrounding the rock faces with summits capped by snow and glaciers, they are
the only way for all the water flowing down the valley. The minimum delay is at least 24 h
in the case of talus slopes with a length of 200 m, which represents a very frequent
situation in the basin. During the dry season, the very low soil water content should cause
a more significant delay.
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* This infers that the quick transfers due to significant gradients, characteristic of this
high mountain environment, are disturbed by the delay effect due to these slope depo-
sits.

* The hydrologic behaviour of talus slopes can be clearly distinguished from the
behaviour of the lateral moraines. Regarding these, the assumption that assimilates the
moraines to a semi permeable porous medium explains the slow continuous increase in the
electrical conductivity of the water as well as the important delay. The talus slope be-
haviour, where the transit is faster, can be modified by the presence of a subjacent lateral
moraine.
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