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Abstract. The chemical and isotopic compositions of Lake Titicaca and its inflow waters (precipitation.
tributaries, groundwater) were deternined] with the aim of establishing the lake chemical and isotope balance.
The three main regions of the lake. i.e. the Lago Mayor, the eastern and the western basins of Lago Menor.
connected in cascade, show significant chemical and isotopic differences. Chloride and sodium balance indicates
that an average of about 92 % of the inflow water evaporates, and the remaining 8 % is lost through Rio
Desaguadero and infiltration. The balance of each basin is also obtained, including the inter-basin fluxes. The
stable isotope balance in not possible because no data are available on the mean atmospheric vapour isotopic
composition. However, this was tentatively computed using the fluxes obtained from chemistry. The vapour -
values are slightly more negative than those of rainfall. Tritium, noble gases and chloro-fluoro-carbons in
vertical profiles show that the lake is vertically well mixed and there is no water segregation at depth.

1. INTRODUCTION

The climatic conditions, animal life, and vegetation of the Peruvian-Bolivian Altiplano are
largely determined by Lake Titicaca, which is also the main water source for about 1,000,000
people living in the region. In view of the lake economic and social importance [1], the Gov-
ernment of Peru established in 1985 the Proyecto Especial del Lago Titicaca (PELT) based in
Puno, with the task of carrying out investigations on the lake (water balance, fisheries) and
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the region around (agriculture, animal farming). Later, PELT became the executive arm of the
Autoridad Aut6noma del Lago Titicaca (ALT) based in La Paz, Bolivia, jointly financed by
the governments of Bolivia and Peru. The zone of activity was extended to the whole lake ba-
sin (144,000 kM2).

In 1997 a Regional Technical Co-operation Project (RLA/8/022) for the study of Lake Titi-
caca was launched by the International Atomic Energy Agency (IAEA) having ALT and
PELT as counterparts. The main objective of the project was to improve the current knowl-
edge on (i) the lake-atmosphere interactions, including evaporation and precipitation distribu-
tion over the lake, and (ii) the lake dynamics with emphasis on the chemical and isotopic bal-
ance and the vertical mixing rate. Stable isotopes (2H/ 'H, 180/16) and chemical composition
of water were used to this aim, together with few measurements of tritium, noble gas (includ-
ing 3He/ 4H-e ratio), and chloro-fluoro-carbon (CFCs) concentration in the lake. The current
status of investigations carried out within the framework of the project is presented in this pa-
per.

2. MAJOR MORPHOMETRIC AND HYDROLOGIC FEATURES OF LAKE TITICACA

Lake Titicaca extends from 1514 S to 1636'S and 6834'W to 6957'W, at mean altitude of
38 10 m a.s.l. The lake surface area is 8500 km and the volume to 930 km 3. The lake consists
of three main water bodies, the largest (ca. 6500 k 2) and deepest (288 m) being the Lago
Mayor in the north, containing about 97 % of the lake water. The Lago Menor (approx. 1450
kin", 2 % of water) in the south, with a depth of 10-30 mn, is connected to the Lago Mayor
through the Tiquina Strait. The third basin is the shallow Puno Bay (approx. 550 kmn2) on the
western Lago Mayor.

The lake catchment area covers ca. 48,000 k 2 and is drained by five major rivers: Ramis
(mean discharge 74 m 3S-'), lave (38 M3 SA), Coata (47 M3SA ), Huancan~ (19 m3 s ) and Suches
(1 1 Mn3SA), all flowing into the Lago Mayor. Rio Tiawanaku, with a mean discharge of 0.5
m 3s- only, flows into the Lago Menor from the arid southern region. During the last 80 years,
the mean tributary water supply to the lake was 6x10m ina , i.e. 45 % of the mean annual
water inflow (.35x10 10 mn'a'), the rest being provided by precipitation. The water mean
residence time in the Lago Mayor is about 75 years.

The lake is drained by the Desaguadero river, which works as an overflow and flows out from
Lago Menor to the south across the Bolivian Altiplano. However, during the time span of our
investigation, the lake level was low and no water was flowing out through the Desaguadero.

The mean temperature of Lake Titicaca is 13'C, i.e. 4-50 C higher than the mean air tempera-
ture in the surrounding region, as a consequence of enhanced absorption of solar radiation by
the water body [2]. The adsorption is higher from September to November, when the sky is
generally clear and precipitation scarce. The thermocline starts to develop in Lago Mayor in
late spring, penetrates till 60-80 in, and disappears in May-June. In winter, a complete lake
overturn normally takes place [3].

3. SAMPLING AND ISOTOPE AND CHEMICAL ANALYSES

Six sampling campaigns were carried out on the lake from July 1997 to October 1999, during
which depth profiles were sampled at 18 stations, thirteen of which in the Lago Mayor, one in
the Puno bay, one in the Tiquina Strait, and three in the Lago Menor. The location of the
sampling stations is shown in Fig. 1. Successively, the number of lake stations in the Lago
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Mayor was reduced, in view of the perfect uniformity and stability of isotopic and chemical
values. In June 1999, dissolved rare gases were determined in a depth profile in Lago Mayor,
and chloro-fluoro-carbons in several profiles.

For logistic reasons, precipitation and river sampling started later, so that the data available
are limited. Springs and wells around the lake were sampled to supplement river and precipi-
tation data.

The stable isotope ratios and CFCs concentrations were measured at the Isotope Hydrology
Laboratory of the International Atomic Energy Agency, Vienna. Helium, neon, and 3He/4 He
ratios were measured at the Swiss Federal Institute of Environmental Science and Technol-
ogy, Diibendorf. Chemical analyses were carried out by the istituto de Investigaciones
Quimicas of the Universidad Mayor de San Andrds, La Paz, and the Soci~td G~n~rale de Sur-
veillance Bolivia, S.A., La Paz. Few control analyses were performed at the Istituto di
Geocronologia e Geochimica Isotopica, Pisa.

The 0/"0 and H/'H ratios are expressed in %o, i.e. per mille deviation vs. the reference
V-SMOW. The measurement standard uncertainties are 0.06 %o for 618 0 and 0.8 %o for 62H.
The deuterium excess d (d = 82 H - 86180, uncertainty 1 %o) is used as evaporation index. The
tritium concentration is expressed in tritium units (1 TU = 1 tritium atom per 1018 H atoms).
The noble gas content in water is expressed in cm 3STP~g'1, and the CFCs concentration in
pmol~kg'1. The mean values of isotopic and chemical composition are reported in Tables -Ill.
Figure 2 shows the deuterium excess variability as a function of 8180 in the lake and major
water fluxes associated with the system.

4. THE ISOTOPIC AND CHEMICAL DATA

4.1. Precipitation and groundwater

Forty five monthly precipitation samples were collected for stable isotope analyses in 15 sta-
tions during the rainy season from December 1999 to March 2000. The rainfall amount was
higher than the average, therefore the mean 80 and 82H values derived from this data set
may be more negative than the long term mean values. The data confirm that the isotopic
composition of precipitation obeys a seasonal cycle, with less negative 6-values at the begin-
ning of the rainy season (December) than in subsequent months, in agreement with previous
observations in the region [4, 5].

The stations were subdivided in three groups: (i) island stations (Taquile, Soto, Pallalla), (ii)
stations in the west and south-west region of the lake (Aguallamaya, Camnicachi, Caritamayo,
Huacullani, Llachahui, Parco, Pomata, Huapaca Santiago), (iii) stations in the north north-
west region (Nuiloa, Pailla, Piata, Yanarico). The three groups were dictated by the dominant
wind direction, blowing from north-east to south-west. While no significant difference exists
between the three groups in the deuterium excess values (around 15 %o), the weighted mean
6-values indicate that precipitation on islands and in the west and south-west region is en-
riched by about 3 %o in 18 0 and 20 %o in 2H with respect to the north and north-west region
(Table ). This may be due to the contribution of vapour originated from the lake to rain for-
mation.
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FIG. 2. Deuterium excess vs. d 80 as evaporation index. Circles: lake; squares: precipitation; loz-
enges: groundwater; triangles: rivers.

Another estimate of long term mean 6-values of precipitation can be derived from five springs
in areas where recharge from river banks does not occur (Table ). The spring isotopic com-
position is stable in time, and the geographical variations do not exceed 1.5 %o in 180 and 10
%o in H. However, the deuterium excess is about 5 %o lower than that of precipitation, which
may induce the suspicion of evaporation. If true, the original values may be more negative up
to about 1.5 %o for 80O and 8 %. for 62H, becoming similar to those of precipitation over the
lake. Shallow wells as well, with -values less negative than springs and lower deuterium ex-
cess, seem to be affected by evaporation.
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Table I. Isotopic and chemical composition of Lake Titicaca and of water components con-
tributing to the lake balance

8'1O %o 21 %. D excess %o Cl- mgL' Na+ mg.L1

Precipitation (Dec 1999 - March 2000)
Island stations -17.87 -126.8 16.1
West and south-west stations -17.54 -125.8 14.5
North and north-west stations -20.02 -145.1 15.1 _____

Groundwvater (1997-1999)
Springs (5) -16.46 -121.4 10.3
Shallow wells (4) -15.64 -118.1 7.0

Rivers (1997-1999)
Rio Achacachi -13.75 -100.8 9.0 2.6 3.2
Rio Suches (Puerto Escoma) -12.47 -99.3 0.3 20.3 15.6
Rio Huancand -13.14 -104.4 0.8 184 155
Rio Ramis -14.49 -113.6 2.4 47.7 46.1
Rio Coata -15.76 -119.5 6.6 45.4 35.4
Rio lave -13.96 -111.4 0.3 62.1 47.5
Rio Tiawanaku -13.42 -103.5 3.9 22.7 25.9

Long term weighted mean -14.42 -112.5 2.9 60.4 51.5

Lake Titicaca (September 1998)
Puno Bay (n = 2) -3.83 -51.0 -20.4 257 188
Lago Mayor (n = 72) -3.98 -51.5 -19.6 257 188
Tiquina Strait, surface -3.69 -50.6 -21.1 262 188
Tiquina Strait, bottom -2.88 -46.1 -23.0 279 210
Lago Menor, East Basin (n = 2) -3.32 -48.2 -21.6 273 200
Lago Menor. West Basin (n = 4) -0.73 -32.8 -26.9 349 258

Table II. Rare gases in Lake Titicaca (standard uncertainty in brackets)

4He 3He 6Ne Ne
Lake depth, m CMSPg' ' c'T~-> ' 'e4e 6cm3 STP~g'>1107 2 Ne/4He

40 2.99 (0.015) 4.10 (0.015) 1.37 (0.005) 1.14 (0.012) 3.81
220 3.02 (0.015) 4.11 (0.015) 1.36 (0.006) 1.15 (0.012) 3.81

equilibrium writh 2.882 3.917 1.359 1.107 3.842
air at_14.5 0C __ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _

Table I. Chloro-fluorocarbons in Lake Titicaca
(standard deviation in brackets)

Mean concentration Number of samples
__________________pm o~kg-' _ _ _ _ _ _ _

CFC-12 (CCIF,) 1.24 (0.12) 40
C1FC- 11 (CCIF) 2.76 (0.32) 45
CFC- 113 (C2C13F3) j 0.19 (0.03) j 55
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Rainfall and groundwater do not contribute significantly to the chemical budget of Lake Titi-
caca, the first for the low concentration of dissolved compounds, and the second because of
the negligible flux.

4.2. The tributaries

The mean isotopic composition of the major Lake Titicaca tributaries is reported in Table .
Although the data available are in principle insufficient to derive the long term weighted
mean isotopic composition of rivers, a reasonably good estimate is already possible. Contrary
to rainfall, the isotopic composition of rivers does not change drastically with season, because
of the damping effect due to groundwater. In fact, the direct contribution of rainwater to run-
off is generally smaller than that derived from groundwater and water stored in soil, which are
mobilized by rain [6, 7.

Rivers have higher 8180 and 62 H values than rainfall and groundwater, and a lower deuterium
excess. This is indicates evaporation probably occurring in ponds, reservoirs and swamps in
the river catchment basin. We do not know whether this effect is a recent one, resulting from
current management practices of river water, or it was present in the past as well.

The estimate of the mean chemical composition of lake tributaries is biased by large uncer-
tainty. The ion composition and concentration change drastically in river water as a function
of discharge, precipitation versus groundwater fraction, and lithology of catchment regions
which contribute to runoff. Even so, preliminary estimates can be made, which are reported in
Table limited to the most conservative ions, chloride and sodium, little affected by sampling
technique, transport and storage.

The mean concentrations reported here are significantly different from those of [8], which are
based on measurements performed from 1976 to 1979. The difference is attributed to insuffi-
cient data for both studies.

4.3. The lake

The lake is considerably enriched in heavy isotopes and dissolved compounds with respect to
inflow water as a consequence of evaporation (Table ). The isotopic data well compare with
previous measurements [9]. The main basin, Lago Mayor, is isotopically and chemically well
mixed, both horizontally and vertically, as the spread of 6-values is comparable with the ana-
lytical uncertainty. The size of Lago Mayor is such that the isotopic and chemical variations
induced by inflow fluctuations are damped down to undetectable levels.

The isotopic and chemical composition of Puno Bay is very close to that of Lago Mayor,
which indicates a good exchange of water between the two basins. However, the Puno Bay
water shows small but regular variations, with 6-values slightly more negative after the rainy
season, and less negative at the end of the dry season. The variation observed in 1999 was 0.6
%o' in "Oand 2. oi H. The fluctuations are due to Rio Coata, one of the lake major tribu-
taries flowing into the Puno Bay with high discharge from January to April (e.g. 307 m 3 S- on
6 April 1999).

The He and Ne concentrations, and the 3 He/4He ratio, measured in samples collected at 40 and
220 m depth in Lago Mayor, are close to equilibrium with the atmosphere, with a small satu-
ration excess induced by waves as typical for lakes and ocean (TABLE II). The tritium con-
tent at 220 m depth, measured with the 3H/ 3He method, is 2.99d0.09 TU, which is consistent
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with measurements in progress on several samples from other lake locations. This indicates
that the lake was vertically well mixed at the time of sampling (June 1999), without any long
term water segregation at depth.

This conclusion is further confirmed by the CFCs concentration measured in more than forty
samples collected in June 1999 at different depths in seven vertical profiles in the Lago
Mayor, Puno Bay, Tiquina Strait and Lago Menor. The results do not show significant varia-
tions, the standard deviation being comparable with the analytical precision (5%), although
the water below 5 m depth seems slightly depleted (5-10 %) with respect to saturation at
14.50 C (lake surface temperature). This depletion may be due to mixing with water from the
deeper lake regions during the annual turnover [10] or it may reflect the higher temperature
occurring in surface water in the time period preceding the sampling, when the thermocline
was well developed.

Lago Menor shows heavy isotope and ion concentration higher than Lago Mayor, and reveals
distinct spatial inhomnogeneities. Lago Menor can be subdivided conveniently in the eastern
and western basins, separated by a zone of islands and shallow water (less than 3 m deep).
The eastern basin, where the Lago Mayor water flows in through the Tiquina Strait, is deeper
(up to 38 m) than the western basin (15 m deep), from where water leaves the lake through
the Desaguadero river. The relative surface area of the two basins is approximately 2.5:1 in
favour of the western basin. The system Lago Mayor-Eastern Lago Menor-Western Lago
Menor can be regarded as a lake cascade. Thus, the Western Lago Menor, whose conditions
approach those of a terminal lake, has the highest concentrations of 18 0 2 H and dissolved
compounds.

In 1998 to 2000 there was no overflow through Desaguadero river because of the low lake
level. Therefore, the western basin of Lago Menor was behaving as a terminal lake, and its
heavy isotope concentrations reached the maximum values in September 1998: 6180 = -0.73
and 62 H = -32.8 %o. The 6-values slightly decreased in June 1999 (180 = -1.49 and 62 H 
-36.4 %o) after the rainy season and increased again in the subsequent dry season.

Water stratification was observed in the Tiquina Strait in September 1998. The surface water
has the same isotopic and chemical composition of Lago Mayor. The heavy isotope and dis-
solved compound contents are higher at depth, indicating the occurrence of a deep counter-
flux, with the denser water of Lago Menor flowing back to Lago Mayor. The counter-flux
may have been promoted by the decreased flux from Lago Mayor and the lack of overflow
through Rio Desaguadero. The isotope and chemical stratification was not observed in other
sampling campaigns.

5. THE CHEMICAL BALANCE OF LAKE TITICACA

We have now set the stage for computing the chemical balance of Lake Titicaca using chlo-
ride (V) and sodium (Na+) which are the most conservative and reliable chemical tracers. A
conservative tracer is a compound which strictly follows the behaviour of liquid water and is
not significantly removed by evaporation, biological processes, chemical precipitation or in-
teraction with bottom rocks and sediments: it can be used, therefore, to study the water bal-
ance.

The three lake sub-basins (Lago Mayor, Lago Menor East Basin, Lago Menor West basin) are
assumed to be well mixed and in steady state, i.e. with the tracer input rate equal to the re-
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moval rate. Effects on tracer concentration due to input rate variations are considered negligi-
ble due to the large water volumes involved.

The tracer budget for Lago Mayor is:

CRPlQF - PM- CGQGAI =' CM1 (QTS - Q1A1)(1

where CRM1, CP, CG and Cm! are the mean concentrations respectively in tributaries, precipita-
tion, groundwater, and Lago Mayor, and QRm, Qpm and QGm are the mean water recharge rates
by tributaries, precipitation and groundwater. The mean water fraction fm lost through the
Tiquina Strait (QTs) and infiltration (QIM), with respect to the recharge rate of the whole lake
(QT =QR + QP + QG), assuming that Cp 0 and QG (groundwater contribution) be negligible,
is:

QTS - Q -k CPUQQ1 1 c____ JM 2

where b = QR~,f 1QR is the runoff fraction into Lago Mayor versus total runoff, and r QR
/(Qp + QR) is the runoff fraction versus the whole lake recharge, typically equal to 0.45. Al-
though yearly runoff and rainfall rate show wild variations, they are well correlated (correla-
tion coefficient = 0.93), so that the variation of r is limited.

The water fraction (with respect to whole lake recharge) lost by evaporation in Lago Mayor
is:

f = QP.W + - fk l af (1 -r) +bArr- 1 (3)

where a is the rainfall ratio, i.e. the rainfall fraction falling on Lago Mayor. If the mean pre-
cipitation rate is uniform all over lake Titicaca, a! is equal to the surface ratio between Lago
Mayor and the whole lake, as it will be assumed in our computations.

Similar equations can be derived for the other two lake basins. Assuming that water lost by
infiltration is negligible, the mean water fractionfE which flows out from eastern Lago Menor
basin into the western basin, with respect to the recharge rate of the whole lake Titicaca, is:

JE -(C, b,, + C,,b,) (4)
CE

The mean evaporation fractionfEE from eastern Lago Menor is:

fEE -aE - r)±+b~r + CRA,r _(CPtAbil + CRbE) (5)CW CE

where Cps and C, are the mean concentrations respectively in tributaries and in eastern Lago
Menor, bE is the runoff fraction, and aE is the rainfall ratio.

The mean water fraction fw flowing out from western Lago Menor through Rio Desaguadero
is:

f~(CL,f +CRbE + C~RCnb;,) (6)
CR
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The mean evaporation fractionfrw from western Lago Menor is:

rr
fE a, (1 -r) +b, r + -(C~kbk +C PEbE)- (CRA1 b 1 + CR bE + CRilbn) (7)

CE Cif

where CRw and Cw are the mean concentrations respectively in tributaries and western Lago
Menor, bw is the runoff fraction, and aw the rainfall fraction. The sum of all evaporative terms
(fEM +JEE +fEw) plus the term for flux through Desaguadero river (W) is equal to 1.

Table V. Mean inter-basin fluxes and evaporation fluxes computed from the chemical budget
(uncertainty of parameters in brackets)

Whole Lake Lago Mayor Lago Menor Lago Menor
Titicaca East Basin West Basin

Surface area. m 8.50 1 9T7. 0'0 3.85. 108 1.045x10~
Rainfall, .a' 7.50x 109 6.24 109 3.4T 9.2x 1 08
Runoff, m'.a- 6.00x10 9 5.88.109 3. 107 9.101
Total input. m3 a-' 13.50x 10' 12.12 1 O'0
Runoff/Total input (r) 0.45 (0.03)
Rainfall fraction (a)) 1 0.832 (0.01) 0.045 (0.01) 0.123 (0.01)
Runoff fraction (b) 1 0.98 (0.01) 0.005 (0.005) 0.015 (0.005)
From chloride budget:
Cl- in lake, mg.L- 257 (3) 273 (10) 349 (10)
Cl- in rivers, mg-L 60.4 (15) 22.7 (10) 22.7 (10)

Flux out fraction 2) 0.076 (0.019) 0.102 (0.026) 0.0965 (0.025) 0.076 (0.019)
Flux out. m3 -a-'( 1 i0) 1.02 (0.26) 1.38 (0.36) 1.30 (0.34) 1.02 (0.26)
Flux out, M3

.S-1 32.5 (8.4) 43.8 (11.4) 41.3 (10.7) 32.5 (8.4)

Evaporated fraction:
Whole lake 2) 0.924 (0.029) 0.795 (0.026) 0.033 (0.007) 0.095 (0.009)
Lake sub-basin 3) 0.886 (0.029) 0.256 (0.056) 0.557 (0.053)

Evap. rate, M3 a' ( 109) 12.47 (0.39) 10.74 (0.36) 0.45 (0.10) 1.29 (0.12)
Evapor. rate, mmia4l 1468 (46) 1518 (50) 1164 (252) 1235 (118)
From sodium budget:.
Na+ in lake. mgL' 188 (4) 200 (10) 258 (10)
Na+ in rivers., mg-L 51.5 (15) 25.9 (12) 25.9 (12)

Flux out fraction 2) 0.088 (0.026) 0.119 (0.036) 0.112 (0.034) 0.088 (0.026)
Flux out, m'-a' (l09) 1.19 (0.35) 1.61 (0.48) 1.52 (0.46) 1.19 (0.35)
Flux out. M3

_SA 37.6 (11.2) 51.0 (15.2) 48.1 (14.6) 37.6 (11.2)

Evaporated fraction:
Whole lake 2) 0.912 (0.039) 0.779 (0.036) 0.034 (0.09) 0.099 (0.012)
Lake sub-basin 3) 0.867 (0.040) 0.234 (0.059) 0.53 1 (0.062)

Evap. rate. M3 a' ( 109) 12.31 (0.52) 10.51 (0.48) 0.46 (0.12) 1.34 (0.16)
Evapor. rate, mm'a 1l 1449 (61) 1486 (68) 1201 (303) 1287 (150)

) Assumed proportional to surface
2) Expressed with respect to the whole lake water input.
3) Expressed with respect to the water input of each sub-basin.

Typical values of parameters in equations above, with estimated uncertainties, are reported in
Table V. The mean annual water inflow, which is assumed to be reasonably well known, is
the main hydrological parameter used in the computations. The values computed for evapora-
tion and inter-basins fluxes, using chloride and sodium concentrations, appear reasonable and
consistent each other, taking uncertainties into account. However, the computed evaporation
rate from Lago Menor is significantly lower than in Lago Mayor, which may be due to the in-
correct estimation of some of the terms, and, for eastern Lago Menor, to some mixing with
the Lago Mayor through the Tiquina Strait.
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The mean evaporation flux for the whole lake is 1450-1500 mm-a', in good agreement with
the value obtained by the hydrological balance. The evaporated water fraction, 91.8 (2.6) %,
is higher than the 86.5 % reported by Roche et al. [ 1 1. However, these authors report a much
larger river input (8.5 x109 instead of 6.O0>109 m'-a-') due to higher rainfall rate during their
period of observation.

The mean outflow through the Desaguadero river is .ii1xi109 (0.22 10') mn3 .a-, i.e. 35.0 (7.0)
m 3.s 1 to be compared with the value of 0. 70 x109 m 3 a-' (22.1 M3_SA) obtained by means of
the hydrological balance. Although the discrepancy can be explained by the uncertainty
associated with the chemical balance, it may also imply that about 3 % of the annual water
input is lost by diffuse infiltration and does not flow through Desaguadero river. This figure is

9 3 -1much smaller than the infiltration losses of 1.36x10 m a , i.e. 10 % of the annual input pre-
viously estimated on the basis of the chemical balance [12]. Also, using for chloride and so-
dium mean concentrations in inflowing water the values derived from [8], which are lower by
about 10 and 20 % respectively than those adopted here, the mean discharge of Desaguadero
river decreases to 0.89x 0 (.22x 10') m3 a-, i.e. 28.2 (6.8) m 3.SA.

The rainfall is higher in the central region of Lago Mayor, possibly as a consequence of lake
vapour recycling [1], and in principle the rainfall fractions a's should be adjusted accordingly.
This will be done when the rainfall distribution over the lake will be better known.

Finally, the major contribution to uncertainty of the water fluxes is given by the chloride and
sodium concentrations in river water. It is therefore necessary to continue the chemical moni-
toring of major lake tributaries, in order to refine the mean concentration values and reduce
uncertainties.

6. ELEMENTS OF STABLE ISOTOPE BALANCE OF LAKE TITICACA

The stable isotope behaviour in water evaporation [13] can be used to derive the isotope bal-
ance of closed or quasi-closed lakes, where evaporation removes most of the input water [14-
18]. However, at the current stage of our investigations, a full isotope balance of Lake Titi-
caca is impracticable, as some basic information is missing or scarce. In particular, no data are
available on the isotopic composition of atmospheric vapour above the lake, for which vapour
sampling and evaporimeter experiments in islands and on the lake shore are planned for the
near future. Also, the isotopic composition of the inflow water is not well known because the
data available on precipitation and rivers are insufficient. Nevertheless, it is possible to esti-
mate the isotopic composition of atmospheric vapour above the lake using the information ob-
tained from the chemical budget.

The isotopic composition 3A of atmospheric vapour above a lake in steady state is related to
those of the lake () and the input water (31) through the relationship:

=(86 -8,)(1-h+AF-/1000) 8,(1-h-l/c+A/000)+A+F-/cc (8)

where hi is the relative humidity normalised at the lake temperature, x is the water fraction lost
by evaporation, ax is the isotopic equilibrium fractionation factor between liquid water and va-
pour, = ( -1)x 1 000 is the equilibrium enrichment in %o, and AE = kO( - h) is the kinetic
contribution to the isotopic fractionation during evaporation, with k equal to 14.2 %o for 180

and 12.5 %o for 2H (Vogt, 1978), and being a weighing factor which accounts for humidity
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build-up over large evaporating surfaces. 0 is close to 1 for small water bodies whose evapo-
ration flux does not perturb significantly the ambient moisture [ 1 6].

Equation (8) can be written for both 0 and H. A third equation is given by the deuterium
excess:

d 6 A2H - 861 180 (9)

For each lake basin, the chemical budget provides x and the fractions of the various compo-
nents in inflow water, from which 6 can be derived. Ac, depends on relative humidity and 0,
while a and r, depend on temperature (assumed equal to 130C in the three basins). If the deu-
terium excess is taken equal to 15 %o as in precipitation, we are left with the four unknown h,
0, 6A180, and 6AH and three equations.

For Lago Mayor, with 0 1, i.e. the lake vapour contribution to atmospheric vapour is negli-
gible, we obtain h = 67 %,which is higher than that observed (about 5 0-60 % at Copacabana
on the Bolivian southern shore []1), 6A'0 -19.4 and 6A2H = -140 %o. With h 55 % and
o = 0.73, i.e about one quarter of vapour derives from the lake, we obtain 6 1 0 -19.6 and
6 A H = -142 %o. These values are slightly more negative than those of the mean precipitation,
which however largely depend on the December to March rainfall. They are practically unaf-
fected by changing 0.

The isotopic values obtained for the atmospheric vapour above Lago Mayor can now be used
to compute the isotopic composition of Western Lago Menor if it would behave as a terminal
lake at steady state. With h = 55 % and 0 = 0.73, we obtain 6wT 18O 0.0 and 6 WTH=-27 %o.
These values are slightly less negative than those observed in September 1998 (6,"0 = -0.73
and 6 H -32.8 %o) indicating that, after about two years of no outflow through Desa-
guadero river, the isotopic steady state was not reached although it was not far.

The above computations are preliminary. The results will be confirmed or disproved by direct
and indirect (through evaporation pan experiments) determination of the isotopic composition
of atmospheric vapour above the lake.
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