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ABSTRACT

The resulis of waler analyses originating from running waler systems wilhin the humid tropical regions (mainly
Indo-Pacific islands and West Africa) are discussed in connection with geology and climate. According with the
relalive abundancies of ions, a scale of principal waler lypes is presenied: predominance of caleium-bicarbonale,
magnesium-bicarbonale, sodium-bicarbonate with variable shares of chloride, as of sodium-chloride and somelimes
ammonia-bicarbonate. The processes influencing the waler chemistry of the river syslems are discussed: selective
ion exchange in inorganic clays and organic humic acids in soils, recirculation of groundwaler.

Key worps : Chemistry of freshwater — Tropical rivers — Ion composition — Ion exchange — Influence of
climate and geology.

RisumMi
LLES PRINCIPAUX TYPES D'EAU DOUCE ET L'HYDROCHIMIE COMPARATIVE DES COURS D’EAU DES REGIONS TROPICALES

Les résultats d’analyse d’eaux provenani de cours d'eau des régions lropicales humides (notamment des tles de
I’ Indo-Pacifique el d’Afrique de I'Ouest) soni disculés dans leur conlexie géologique et climatique. En fonction de
Pabondance relative des principaux ions, certains grands fypes d’eau ont élé reconnus: prédominance de bicarbonate
de caleium, de bicarbonate de magnésium, de bicarbonale de sodium, avec une proportion variable de chlorures;
il en est de méme pour le chlorure de sodium el parfois le bicarbonale d'ammonium. Les facteurs ayant une influence
sur la chimie des cours d’eau soni discutés: échange sélectif d’ions avec les argiles et les acides humiques dans les sols
acides, apport d’eaux soulerraines.
Morts-cLEs : Chimie des eaux — Riviéres tropicales — Composition ionique — Echanges d’ions — Role du

climat et de la géologie.

1. INTRODUCGTION

During the years 1970-1979 a series of running
water systems of islands in the tropical part of
Indo-Pacific region were investigated and comp-
arative hydrochemical studies were made as well
as in Western African area.

A, survey of hydrochemistry of the investigated
water systems is developed in correspondence with

climate and geology. General tendencies concerning
the fluctuation of the ion abundancies in profile
of the rivers are given.

The hydrochemistry of the tropical fresh water
is discussed following the influences caused by the
regional decomposition and weathering of the rocks
and soil, the recirculation of groundwater (MaTT-
HESS, 1973), dynamic processes of ion exchange
(OsLE 1938, 1955) from humic acids and zeolite
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clays. The ion exchange capacity increases with
falling accumulation of hydrates (ScHEFFER and
Urrich, 1960). Magnesium ions are less adhered
to humic acids than calcium ions. Beside this,
Mg-humate is twice as soluable, even more are
alkali humates (Na, K, Li) and ammonia humate.
Iron and manganese chelates are nearly insoluble.

The investigated watersheds and rivers are those
from entirely volcanic islands (basaltic rocks) like
La Réunion (2 510 km? elevations up to 3 069 m),
Comoro Islands-Anjouan (424 km?, elevations up
to 1595 m), Mauritius (1 865 km?, elevations up to
820 m); tertiary geology like the highly volcanic
islands of Java (western and central part), Bali
or Luzon (all three with mountain chains up to
3000 m or more) or the flatter Andamans (elev-
ations up to 900 m) or New Caledonia (shist and
periodite, elevations up to 1 600 m). Different were
the waters from extremely old crystalline water-
sheds like Ceylon (south-western humid part,
mountains up to 2500 m), Seychelles-Mahé (only
143 km?, elevations up to 915 m), southeastern
Nigeria or Gameroon.

In most of these areas the annual precipitation
was between 2 000-5 000 mm, depending on altitude
and exposure of the catchment regions.

The principal hydrochemical studies were made
on running water systems in New Caledonia and
southwest Ceylon (highlands), Seychelles (Mahé),
Comoro Is. (Anjouan), Réunion Is. and Mauritius
(WENINGER, 1968, 1972, 1977).

Comparative analysis were made in water samples
from West Africa (mainly Cameroon), Andamans,
Philippines (Luzon), Java, Bali, some Pacific Islands,
Peru and Madagascar.

Investigation on waters of those regions are rare
even from Southeast Asia. RurTner (1931) looked
at Indonesian lakes, KoBavasur (1959) carried out
a survey of the Thailand rivers, Jounson (1967-68)
summarized the major features of freshwater of
southern Malaya. Bisuopr (1973) made a two year
investigation on a small Malayan river (Sungai
Gombak) and gave a detailed definition of the
chemical environment like those given from the
Amazonian region (Siori, 1964, 1968; GESsSNER,
1960; Kringe and O=nLE, 1964; WiLriams, 1964;
Firtkau, 1970), also (Cit. Bismor, 1973) on
Panama-Colombia river-systems, MaRrLIER (1954)
and Maraisse (1969) on Central African rivers.

Most of these investigators except those in Panama,
central and northern Thailand, described rivers
extremely poor in nutrient salts with low conduct-
ivities and often low pH. The fauna and the algal
production is mostly reduced in extremely soft
water. As found by KoBavasmr (1959), Jounsown
(1967), KriNnce and OnLE (1964) sodium is normally
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the dominant cation in extremely soft water of the
humid tropical regions. Potassium concentrations
were less dependent on the input from rainfall
and on discharge volume and may become important
when a local supply is available (Bismor, 1973).
The last mentioned gives mean contents for sodium
between 1.81 and 2.59 p.p.m. and for potassium
between 1.45 and 2.65 p.p.m. for the Gombak
(Malaya).

Under Wirriam’s classification (1964) waters
with less than 2.b p.p.m. calcium are considered
extremely poor. Most South-Malayan rivers fall
into this category (Jomnson, 1967; Bismop, 1973)
some have Ca*+ contents lower than 0.10 p.p.m.
Under those conditions even the decomposition
of leaves may add some Gatt to the upper river
(Tmomas, 1970).

Jounson (1967) stated that for many local waters
in southern Malaya direct correlations between
alkalinity and calcium contents do mnot exist.
KrLeErREKOPER (1955) reported an organic colloid
buffering system for various Rio Grande do Sul
rivers (Brazil).

According to CorreErManN and CGrymo (1969)
the titration may include NH;+ and Hj5iO,+ with
the HCO,4 under particular conditions.

StumMmM and Morean (1970) stated otherwise
that this species have only little effect on the acidi-
metric titration.

The immobility of Fe and Al in tropical soil has
been discussed by Siorr (1968). These elements
tend to remain static in the latosol soil. Smarrro
(1966) has shown that humates may hold iron in
solution under conditions in which it would normally
be precipitated. Bisuor (1973) mentioned concentr-
ations of 0.12-0.73 p.p.m. total iron for the Gombak
(Malaya) Durum and Harrry (1963) average
compounds of 0.3 p.p.m.

A remarkable increasement of total — iron caused
by heavy rainfalls, was obvious. Gies (1973)
reviewed the percentages of incorporation-type of
some heavy metals in the organic and inorganic
load of Amazonas (iron: cationic exchange 0.02 9,
“metallic coating” — FeOH 4-47.6 9, organic incorp.
6.6 %, inorganic incorp. 45.8 9,). Ammoniais present
in considerable concentrationsin humic water systems
of the mountain region.

The contents of ammonia in the humic drains
of the mountain rain-forest surpass those mentioned
by Bisuor (1973) for precipitation.

Bisuor (1973) mentioned that some of the nitrate
and most of the ammonia were derived from the
precipitation, the remainder is of botanical origin.

Jonnson (1967) mentioned contents of usually
3.0 p.p.m. sulphate for Malayan rivers, Bismor
(1973) only those of 0.13-0.90 p.p.m. SO, for the
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Malayan Gombak (means, maximal 4.0 p.p.m.).
The basic concentrations of precipitation are very
low but increase fast in areas of industrialization
and large cities.

The high mobility of silica from igneous rocks
was described by Kosavasui (1960) and by Doucras
(1968) for different rivers. Bisuor (1973) mentioned
contents between 9.8 and 11.7 p.p.m. 8i0, for the
Malayan Gombak River, this is identical to the
mean concentrations of Si0, for Asian rivers.

Running water systems under conditions of fropical
humid climate have partially similar processes of
regulation concerning the ionic relations to those
found in lakes by OmrE (1955). Above all the ionic
exchange caused by humic substances may be
considered which are widely distributed and extre-
mely enriched in acidic soil of the watersheds.

CGatt and HCGO, are adsorbed from the solution
in equivalent quantities by lake sediments containing
humic muds in absence of oxygen (OxHLE, 1938).

Magnesium ions that are mostly bound to chloride
or sulphate are not influenced. Iron — and manganese
ions are mostly connected the chelates (humates)
which are nearly insoluble (OnLE, 1955) or precipi-
tated.

The exchange capacity increases with falling
accumulation of hydrates (Scmerrer and ULricH,
1960). Magnesium ions are less combined with
humic acids than calcium ions, beside this, Mg-
humate is twice as soluable.

Highly soluable are alkali humates (Na, K, Li)
and ammonia humate. The selective ionic exchange
by the humic acids (mainly concerning Gat+ and
HCO4) causes the relative enrichment of alkali
ions (mainly WNat). This was first contested by
LunpouisT u. THoMassoN (1924) and OHLE (1995)
in humic soft water lakes. Another effect is the
enrichment of magnesium ions in humic lake water
as given by Jupay ef al (1938) and Onre (1955)
with mentioned Mg: Ca equivalent ratios of about
1.26-1.26 and also the relative enrichment of
distinct anions (chloride).

The tendency* of this ionic exchange system
leads to similar abundance ratios of ions like in
marine water — dominated by the relative enrich-
ment of sodium, magnesium and chloride.

The hydrochemistry of running water is as well
directly influenced by the surface discharge of the
regional watersheds as also influenced by the
recirculation of groundwater, according to the
regional geochemistry of the different soil-and
subsoil divisions. Oozing water, which is near the
surface usually saturated in Ca (HGO,), is getting
downwards relatively enriched by Mgt and later
on by Nat ions. Instead of HCO,4 ions increase
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50,~ and Cl- ions, because the Mg-salts are more
soluble.

The high humidity in the tropics accelerates
the dissolution and the transport of NatCl- and
Cat+50,~ out from subsoil layers. The high rate
of water renewal causes extraordinary low salinities
of water, on the other hand are due to the dense
vegetation, GO, and organic acids enriched, both
accelerating the weathering of rocks (silicates).

Otherwise the amount of precipitation on wind-
ward or leeward watersheds differs very much.
The restricted extensions of the water systems
made it possible to give good surveys of the regional
water types.

Of course the chemistry of a whole running water
system may be seen as the result of inumerable
processes in detail. Primary processes like weathering
of the rocks in correspondence with geology and
climate may be differentiated from secondary
processes concerning the development of soil and
vegetation. Oceanic islands seem to be good models
to recognize the balance between physiography,
geology, soil and vegetation and the chemical
composition of the water systems — under conditions
of more or less homogeneous humid climate.

The distribution of main cations in the composition
of extremely soft river-water that is mostly existent
in humid tropical climate and this of rain-water
(precipitation) equalizes (WeDEPOHL, 1969).

According to increasements of salinity the cationic
conditions change towards the average composition
of sedimentary rocks (PoLDERvaAsrT, 1955). Under
conditions of arid climate in dry areas results an
increasement of salts with crystalization of carbo-
nates and at last dominates sodium-chloride {(Gises,
1970, 1971).

A survey of surface water states that the distri-
bution corresponds with the geographical regions
(HeLp, 1970).

In the tropics dominates hydrogen carbonate
— and silicate water, while in dry belts north and
south from the humid equatorial region the water
is enriched in chloride and sulphate. The region
of the temperated climate of the northern and
southern hemisphere is dominated by calcium-
hydrogen carbonate water. ALEKIN (1962) developed
a system concerning the relations of the dominating
cations and anions (classes: HCOy4, SO,—, Cl- water;
group: Cat+, Mgt+, Nat which are divided into 3
or 4 types corresponding the predominance of
HCO,, Catt, Mg+, Nat, Cl-. Different classifications
are given by Crarxke (1924) in p.p.m. %, while
most others are based on PaLmer (1911) in equ. %,
like ScHOELLER (1962), Davis & peE WiEsT (1967)
or by QuenTIN (1969) mostly on mineral water
and volcanic springs, also GErB (1958) and THEWS
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(1972) who distinguished a standard water based
on the local hydrogeology from “reduced types”
in groundwater bodies. Concerning this investigations
of tropical freshwater it was attempted to give
a scheme in survey corresponding with the hydro-
chemical characteristics and the predominance of
ions (mostly HCO, class of the Catt, Mgtt, Nat
group, with various enrichments of Cl-).

2. METHODS

pH (field) — electropotentiometric
conductivity 20 ¢ — field apparatus
alkalinity (field) — 0.1 n HCl, Methylorange

limestone-aggressivity (field) — marble powder (HevER-
method)

free CO, {field) — 0.1 n Na OH, phenolphtalein

caleium (field) — complexometric, EDTA, Calcon (MERCEK,
pp. 72}

magnesium {field) — complexometric, EDTA, as the difference
of total hardness (°German) (MERCK, pp. 72}

sodium — flame photometer

potassium — flame photometer

total iron — spectropholometer, 1.10 phenantrolin (FrREYER,
pp. 41}

aluminium — spectrophotometer, eriochromecyanin (VGB,
Pp. 260)

ammonia {field) — Nessler’s reagent (HeLLIGe-Neocomparator)

nitrate — measured as nitrite (FREYER, pp. 21)

chloride — mercurinitrate (0.01 n}, diphenylearbazon (VGB,
pp. 134)

fluoride — ion-selective electrode (ORION)

ortho-phosphate — spectrophotometer, molybdane-complex
(EAWAG)

silicic acid — spectrophotometer, silicomolybdane-complex
(VGB, pp. 266)

humic acids — spectrophotometer, direct adsorbtion 300 pm,
(VGB, pp. 358) (Kuraprar cit. VGB, SONTHEIMER, 1977)

sulphate — spectrophotometer, nephelometric (RecneT and
UnLurr, 1974)

3. HYDROCHEMICAL SURVEY
INVESTIGATED FRESHWATERS

OF THE

The principal components of the earth crust are
magmatites (granites, granodiorites 22 9, of volume,
basalts and gabbros 43 9% of volume) the remaining
share are sediments and metamorphites (gneisses
21 ¢, volume). The chemical composition of the
magmatic rocks varies in correspondence to the
actual share of specific minerals. In survey can be
recognized that diminishing contents of silicon
(74-48 9, of weight) are accompanied with an
increase of Ca, Mg, Fe, Mn, mostly P while the
contents of K are also shorten.

The decomposition of rocks is caused by physical
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weathering, chemical processes (mainly hydrolization)
and biological influences.

The results of hydrolization are, at a permanent
loss of dissoluble products of disintegration (mainly
Nat, K+, Catt, Mgt+t, silicic acid) the formation
of clay minerals (silicates with OH- groups), which
are like the organic matter (humic substances,
humic acids) important for iron-exchange.

The capacity for ion exchange of well decomposed
organic matter at pH 8 may be fixed at 180-300 meq/
100 g.

This is much higher than this of clay minerals
(kaolinite, illite, chlorite, allophane, 3-60 meq/ 100 g,
smectite, vermiculite 70-200 meq/100 g, according
to ScHEFFER and SCHACHTSCHNABEL, 1982).

Humic substances are composed of fulvo-acids,
humic acids and humines. Humic acids are highly
polymere sphaeric colloids, their acidic character
and ability of cationic exchange is based on the
occurrence of the COOH- and phenolic OH-group.
The chelate complexes (humates) of polyvalent
cations (Ga, Mg, Fe, Al and others) have only a very
low solubility in water.

Comments about absorption and ionic exchange
to adsorbent minerals in the subsoil (clay minerals,
zeoliths, iron — and manganese hydroxides or oxi-
hydrates, aluminium hydroxide and organic sub-
stances,.mainly humic acids), were made by GriM
(1968), CaArRroLL (1959).

Zeolithes are most frequently registrated in
volcanic rocks (basalts). The most active places
of adsorbtion are the edges and fractions of the
mineral structures (aluminium silicates). Cation
exchange (for example Catt A | 2Nat = 2Nat
A + Ca*t) —in the sequence of fixation intensity
H+ > Rbt > Batt > Srit > Gatt > Mgt > Kt >
Nat > Lit) — can be distinguished from anion-
exchange (in clay minerals S0O,~, Cl, PO,~, NO,,
AsOg~ can be exchanged).

The influence of pH is highly important and
concerns in case of cation exchange at pH b already
mostly alkali and earth-alkali ions (Nat+, K+, Cat+,
Mgt+). The relation given by Demorow (1948)
between basic exchange substances and the solution
(water) can be influenced from additional inflow
of other waters and drains. This can completely
alter the chemical character of water (Nat, Kt
Catt, Mg*+ contents) during the partial or complete
downstream flow.

Because of the wide distribution of exchangeable
substances in the subsoil, ion exchange is really
frequent in ground-water. Ion exchange can be
recognized when the total of equivalents (Ca 4 Mg)
is below the concentrations of HCO,- ions. The
concentrations of Catt, which are originally equiva-
lent that of HCO,-, are reduced due to exchange
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for Nat. These Nat HCO4 water (like also Nat SO,
water) are widely distributed especially in basaltic
subsoil drains (LémnerT, 1970; MaTTHESS, 1958).
Extraordinary efficiency of ion-exchange can bhe
registrated when the exchange body is permanently
influenced by Nat+ Cl- enriched water or precipitation
(like by sea side winds) resulting a Nat saturation.
Such a “regeneration” of the exchange body is
estimated by ScrwiLLE (1955) and Léunert (1970).
The original relation of ions is transfered due to ion
exchange corresponding the leach of the rocks
(Nat 4 Kt = Cl- - Nat 4+ K+ < Cl-), ScHOELLER
(1951, 1962).

Because of the extraordinary high rate of water
circulation and renewance in humid areas the
chemical composition of rain water is important.
WebEPoHL (1967), BisHop (1973), mentioned world-
wide means in rain : Nat = 0.3, HCO, (+ H,
Cog) = 1.2, p.p.m.

The range of concentrations in trace substances
is highly changeable when only low rates of precipi-
tation are observed. The main share substances
show agreements with the extent of conductivities,
are therefore dissolved (ions), JunGE (1963), GREEN
(1970) for Mato Grosso region.

The Na* concentrations are increasing at growing
seaside winds, also Mgt is partially influenced
and Cl-, BATser and Kuntze (1963), and get lower
the farer the catchments are from the coastal line.

Water of surface systems can be seen as a mixture
of recirculating groundwater and actual surface
discharge. The composition of lowest discharge
flows which are completely coming from ground-
water is corresponding in ion-contents with ground-
water itself, where they are higher than in surface
flow.

The concentration of ions and dissolved matter
in rivers is falling with growing discharge.

ALEKIN (1962) gives ion totals of some rivers
(in p.p.m) Klar Alv, Sweden (28.7) ;Amazonas Obidos
{30.3); Parana mouth (90.6); Rio Negro, Mercedes
(166.7); Machanudl, Se Inpra (73.3); Seraju, Java
(122.3); Nil, Kairo (119.1).

A survey of ion totals (p.p.m.) of the own investi-
gations may be given: crystalline rocks (granites,
gneisses) West Africa, SE Nigeria, Gameroon,
Gabon (21-47); SW Ceylon (22-46), SE Ceylon (279);
Madagascar highlands (20-b4), Seychelles-Mahé (23-
59); Shistes-peridotites, New Caledonia (60-118).

Volcanic rocks, basalts — Anjouan, Comoro Is.
{(22-107) Reunion (28-198) Mauritius (33-133), Tahiti
(127-173).

Tertiary ridges (various geology, volcanic and
sedimentary rocks) Java, West Java, central part
{102-239); Bali (268); Luzon (47-335), South Andamas
(116-343); Guatemala (159-250).
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The ion totals of humid areas on ecrystalline
watersheds are homogenously low (20-60 p.p.m.),
same mountain springs and surface drains on
voleanic watersheds (22-33 p.p.m.) but the greater
part of the investigated freshwater are not really
poor in ions. The conductivities of all the samples
range of about 35-200 u3, the contents in humic
acids of 0.3 — 1.0 p.p.m. (ratio pS/humic acids:
20 — 220). The usual scheme of cation exchange
series can be stated:

(GattNat) (CattMgtt), directly effected in the
humus and subsoil layers and by recirculation of
groundwater.

The investigated waters from southwest Africa
had obviously different sequences of these ion
exchanges. Because of extraordinary high contents
of humic acids (3-26 p.p.m.) the usual cation exchange
seems rather blocked up and ammonia and iron are
enriched (ratio wS/humic acids: 2-14), the humic
chelate complexes are saturated in the binding
of these two. The usual connections in the sequence
Cat+*Mg+tNat+ predominance with falling conducti-
vities can not be stated. This connections are also
unsafe in cases of highland water (humid areas,
Cat+ predominant, Cl- enriched over 15 % equ.)
which are in general poor in ions. The cation exchange
is not developed, the contents of humic acids are
absolutely low (0.33 p.p.m.) while the anion exchange
(possibly effected by clay minerals) is visible.

The lowest totals of ions as a survey of the
investigated islands occur in water-systems originat-

mm
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Madag.
2000 - N SE ~Geylon
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Caledon. Bali
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)
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Fic. 1. — Influence of the rate of precipitation {(mm) on the

totals of ions (ppm) in the running water systems of the inves-
tigated watersheds (crystalline rocks, basaltic rocks and others)
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TABLE 1

Survey of the investigated main water types

abundant Conductivity Conductivity humic volcanic watersheds cristalline watersheds

ions p S. (20°) humic acids acids
{pp m)-

ca™t HC03' (220) 198 0.90 Réunion, Java, Lu- Ceylon-dry region
zon amphitheatric
valleys

ca™ HC03' e ( 31) 34 0.33 Ceylon, headwater

higlands, Fiji

Mgt HCO,” (137) 103 0.75  Anjouan New Caledonia shistes
Reunion cascades Ceylon-SE descent.

Mg++ HC03' {128} 99 0.77 New Caledonia peri- Andaman head
dotite Mauritius- waters
lower flanks

Na® HC03' (145) 70 0.48 Reunion-active vol- Madagascar spring
cano "Cirques” Amazonas affl.
flow out

Na* €17 HC03' ( 89) 62 0.70 Mauritius-south Ceylon-upper
highl. Reunion- cours. Madagascar
smaller valleys

Nat ¢1” HC03~ (20-37) 44 1.2-2.2 Mauritius-headwa- Seychelles-all
ters

TaBLE 11

Calcium-bicarbonate waters (Catt HCO, are predominant) analytical data (conduetivity 20 °C, pH, contents of the most abundant
ions in ppm and their relative frequency in % of equivalents). Chloride is not enriched { < 15 equ. %)

Cond. pH h. acids NE,* Na* x* ca** mg™ Pe tot. €17 80,7 ECO5~ Si0,
us

Guadalcanal Streams

pepem, 252 745 0.05 0.07 4.5 0.8 44 6.6 0.0 4.0 3.8 180 23

equ. % 6.6 0.7 75 18 3.5 2.6 o4
Guate mala, humid part

p.p.m. 128 6.9 4.3 0.40 5.2 2.4 17 5.7 2.3 2.8 7.5 82 33

equ. % 14 3.7 52 28 5.0 10 85
Iuzon, Ifugao, Banaue

DPeDollle S4 6.7 0.42 0.09 2.5 0.6 5.8 3.0 0.01 0.85 4.0 32 20

equ. % 17 1.2 45 38 3.7 13 63
Luzon,Ifugao,Bontoc

pPepom. 200 7.6  0.60 0.13 M 1.2. 25 6.5 7.4 28 84 22

equ. % 20 1.4 55 23 9.5 27 63
Luzon,Laguna,Pagsaj.

PePeMe 43 6.9 345 0.29 3.5 0.7 4.3 0.9 0.48 4.6 1.0 20 12

equ. % 33 3.9 47 16 28 4,5 08
Iuzon,Laguna,Calamba

PePela 300 7.6 1.2 0.22 23 7.5 25 11 0.06 5.7 12 176 &8

equ. % 31 5.9 38 28 4.9 7.6 88
Cebu,Sibonga,Busay

P.PeMms 370 8.1 1.2 0.11 16 1.5 59 14 0.15 5.2 29 242 12

equ. % 14 0.8 &1 24 361 13 84
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Cond.. pH . azids NE," mat
us
‘Réunion"Cirqg."Inter.
2928 1 183 8.4 0.40 0.02 15
equ. % 28
Tahiti Mid. course
PeDolls 1%2 6.8 0.19 0.05 14
equ. % 28
3ali all regions
DPepom, 263 7.5  0.90: 0.06 23
equ. % 30
Anjedan subterr.
DPeDells 179 7.1 070 0.01 13
equ. % 29
Madagascar highl.
PeD.m. %8 7.2 0.9 0.10 3.0
equ. % 29
Chloride is enriched ( 15 equ. %)
SYW Ceylon lower coursés
PeDos 29 6.7 0420 0.07 2.2
equ. % 27
3¥ Ceylon headwaters
PeDeMe 20 6.1 0.50 0.14 T4t
equ. % 26
FLZi,Viti.Levu
PePele 33 G897 0.01 4.8
equ. # ' 38
Gond. pH h. acids NH,* Na©
usS
NWew Guinea ,mountain
stream PeP.m, 58 7.1 0.19 0.16 3.9
equ. % 22
N.Guinea goastal 290 7.3 0.50 0.10 10.5
region PeDelle
equ. % 13
Madag;scar
groundwater P.P.m. 208 7.7 0.16 0.01 2.0
equ. % 3.9
Ceylon,dry part
PeDen. 248 7.7 0.22 0.05 13
equ. % 16
Java, humid west
DPeDoll. 76 7.4 1.3 0.0 4.2
equ. % 19
Java,central part
P.Dem. 237 7.6 0.90 0.04% 18
equ. % 28
few Britain, Rabaul
stream PePolla 152 6.6 0.70 0.22 16
equ. % 35
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0.9

2.3

0.5

0.02

1.4

0.2

c1”

2.6
3.2

6.0
9.1

1.6
9.3

2.4
20

2.4
27

6.9
29

€1

1.4
5.3

3.3

2.5

10
13

4.8
4.1

12
14

4.0
6.0

2.6
7.1

6.6

3.7

5.4
1

8.0
6.9

HCOz™ §i0p
127 19
93
100 28
95
140 43
82
160 34
89

an 9.2
89

16 6.9
o1

10 3.7
&8

27 18
HCO;~ 810,
40 38
87

243 52
oy

92 22
67
171 40
95

48 27
79
410 50
79

98 100
85
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TaeLr II1

Magnesium — bicarbonate waters (Mg+t HCO, are predominant) analytical data (conductivity 20 °C, pH, contents of the most
abundant ions in ppm and their relative frequency in % of equivalentsj. Chloride is not enriched (15 equ. %)

Cogd. pE  h. acids NE,* wma® k' ca™ wmg'* Fe tot. Ci 80,77 HCO;™ 510,
u
forth Adaman
lower courses
P.p.m. 246 7.2 1,0 0.06 7.9 Te1 15 25 0.13 8.3 3.8 173 18
equ. % 1M1 0.9 23 65 7o 2.5 90
South Andaman
lower course
p.p.m; 322 73 1.5 0.08 22 1e4 25 19 O.24 20 7.5 226 21
equ. % 25 0.9 33 41 15 4.1 81
Iahiti,lower courses
Pe.D.le 926 7l 0.05 0.05 9.0 1.2 6. [°H 0.32 . -
equ. % 31 2.4 26'5 44 ? ? g.? 2.3 gg >
Anjouan,northwest
P.p.m. 156 8.1 1.2 0.01 11 2.0 11 8.2 0.60 6.4 O.4 94 27
equ. % 25 2.7 30 %6 10 0.6 87
Anjouan, southwest
P.D.m. 100 7.6 141 0.01 77 Tt 5.9 4.6 0.20 5.1 0.3 54 28
equ. % 31 3.3 28 36 14 0.7 85
anjouan, northeast
P.p.m. 114 7.9 0.9 0.01 748 1.6 8.1 5.1 0.35 5.1 0.5 62 28
equ. % 27 3.2 33 34 12 0.8 57
Anjouan,flood.cascad.
Pe.P.m. 43 7.6 1.1 0.04 4,0 0.9 3.6 2.2 0.42 1.8 0.4 27 9.5
equ. % 31 4.0 32 32 12 2.0 84
Reunion, Cascades
PeDela 53 7.9 0.6 .01 5.2 1.2 +8 | 0.1 24 .
275 o 57 s RV
New Caledonia,shistes
PepPeml. 81 745 1.2 el 0.6 4.9 4.0 4.8 0.5 48 17
cqu. % 55 0.6 27 36 15 1.1 84

Cond. pH h.acids MY wa®  x* ca™ mg** Pe tot. €17 50,7 HCO5 510,

us

Ceylon, southeast
P.D.m. 34 6.9 0.1 0.05 1.7 0.7 3.2 2.0 0.24 1.8 0.1 24 11
equ. % 17 4.1 37 28 11 3.0 86

Chloride is enriched (3»15 equ. %)

New Caledonia,lee

ward peridotite
P.D.Te 110 7.5 1.0 4,3 0.5 1.1 15 31 1.0 71 14
equ. % 13 0.9 3.6 83 20 1.3 79

New Caledonia,wind-

ward peridotite
PeP.M. 95 7.7 0.4 4,6 0.5 0.4 12 12 1.5 49 10
equ. % 17 1.0 1.5 80 29 1.6 €9

New Caledonia,peri-

dotite highland
PeD.m. 63 7.0 1.1 5.3 O.4 0.3 6.2 12 0.5 29 6.0
equ. % 30 1.3 1.7 67 40 1.2 59

Mauritius, windward

highlands PePem. 66 6.8 0.5 0.04 7.8 1.0 2.5 5.0 0.41 14 5.7 18 10
equ. % 37 28 14 45 46 8.8 40

Mauritius,leeward

west.highlandsp.p.m. 144 743 0.3 0.01 13 0.5 8.7 7.0 0.15 17 5.8 55 22
equ. % 35 0.8 27 36 29 7.6 57

South Andaman,upper

courses PePolla 117 6.7 1.3 0.12 9.7 163 8.7 5.9 0.14 10 3.6 62 13
equ. % 31 2.4 31 35 21 5.4 73

Anjouan, central

lake P.P.lle 35 B.6 1.7 0,02 1.5 1.1 1.6 1.6 0.36 2.2 0.2 43 0.4
equ. % 21 9.0 26 42 29 2.0 €69

Rev. Hydrobiol. frop. 18 (2): 79-110 (1985).
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ing from crystalline watersheds, precambric gneisses
in Ceylon, old granites on the investigated islands
of the Seychelles’ archipelago and also in Madagascar.
Within this crystalline regions the contents of ions
increase obviously towards the leeward watersheds
and lowlands, that means toward the dry regions.
Next in this scale of iomic conditions are water-
systems originating from schistes (northern parts
of New Caledonia, Fiji Islands, New Guinea).

The crystalline regions in humid climate are less
influenced by the permanent loss of ions due to
weathering than the volcanic watersheds which
are very different in their resistance against weather-
ing processes. Older volcanic rocks and especially
soils are narrowing the more homogenous but less
intensive increasement of ions by leach in old
crystalline (Fig. 1). Connections between precipitation
and ionic totals. In dry climate the totals of ions
increase also on crystalline watersheds due to the
activation of the chemical weathering processes
(Geylon). Between the ion totals from shistic or
volcanic watersheds are these from peridotitic
regions (New GCaledonia). The ionic totals in water
systems from volcanic-areas.are increased, in average
in correspondence the falling age of the rocks.
Highest totals occur in regions of recent volcanism
(Java, Bali, Guadalcanal, Réunion), while these in
Anjouan and especially from the highly leached
watersheds in Mauritius (with partially acidic soil)
are lower and sometimes already similar to the ion
totals from crystalline watersheds.

The comparison of the different relative ion
abundancies states usually the succession Catt —
Mg+t — Na* with decreasing conductivities. Except
certain headwaters from extremely humid crystalline
mountain areas where the influence of ion exchange
in the soil seems highly reduced due to the elutriation
caused by permanent rainfalls. This waters are
still CattHCO4 water, Cl- is relatively enriched,
although their conductivities are lower than these
of the discussed Mg+t and Nat series (Tabl. XV, I).

Chloride is only relatively enriched in water with
lower actual conductivities of the same series.

Extraordinary humic waters, highly enriched in
iron and ammonia, are not included in this survey
because there can not be seen a clear connection
between the succession of conductivities and ion
abundancies.

The hydrochemistry of running water is as well
directly influenced by the surface discharge of the
watersheds as by the recirculation of subsoil ground-
water. The geology of the watersheds is very
important due to the very different resistance of
rocks against the weathering processes. The totals
of ions in water originating from volcanic watersheds
(basaltic rocks) are usually much higher than in

Rev. Hydrobiol. trop. 18 (2): 79-110 (1985).

water draining crystalline rocks (gneisses, granites)
but there seems to be no fundamentally difference
in the abundances of ions. Of extraordinary influence
on hydrochemistry of the drains is the development
of the soil which is more or less forced by the local
climate.

The water types that are mainly predominated
by the primary chemical weathering of the rocks
are widely distributed as well on volcanic islands
{deep erosion of less resistant olivine basalts in the
interior parts of amphitheatric valleys in Réunion;
partially subterraneous drains on highly porous
and surface weathered basalts in Anjouan, CGomoro
Is.}) as also on crystalline watersheds (central
highland drains in Ceylon). All these waters are
characterized by the predominance of calcium
(less magnesium) bicarbonate (Tabl. II).

The drains of highly porous watersheds that are
already in a very advanced stage of surface weather-
ing like these on older volcanic islands with dense
vegetation (Anjouan, Mauritius), were enriched in
magnesium-bicarbonate. This type seems mostly
bound to older voleanic islands with an advanced
development of soils which are also strongly eroded
and have a high rate of recirculations of soil
trickling water. “Secondary drains” of the soil and
the subsoil are mostly influencing water chemistry.
An extraordinary enrichment in Mg+t ions is naturally
found in New Caledonia {peridotitic rocks) (Tabl. III).
On crystalline islands was this type subordinated.
The predominance of Mg+t ions may be reascned
by the high rate of recirculation from groundwater
{enriched in magnesium ions) in porous drains
(MartHES, 1979) and in ion exchange processes
(OHLE, 1956); really subterraneous streams were
mostly flowing in direct contact with the base
rocks (Anjouan) and belong to the CattHCO,
water type. The most widespread and most frequent
type registrated in the running waters of the
investigated part of the humid tropics was charact-
erized by an enrichment of sodium (sodium-
bicarbonate-predominance), found as well on water-
sheds of volcanic origin as on crystalline rocks
(Tabl. IV).

This type may be caused as well by primary
rock’s weathering and leach {chemical decomposition
of the predominant alkali-silicates) as by a high
rate of recirculating groundwater due to the extre-
mely humid climate and precipitation (windward
flanks) and advanced exchange.

The relative but also absolute enrichment of
water in magnesium - and sodium-ions depends
as it is reasoned by ionic exchange processes, on
the elimination of calcium-ions as an effect of
complex binding in zeolitic clays (widespread in
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TaBLE IV

Sodium abundant waters analytical data (conductivity 20 °C, pH, contents of the most abundant ions in ppm, their relative
frequency in 9% equivalents). Chloride is not enriched (15 equ. %)

Cond. pH h.acids N5yt k¥ Ga**  Mg*" Fe tot. CIT 80,7 HGO5 SiO,
‘us
Amazonas
affluent,Peru eDelle “29 6.9 2.9 0.48 6,0 0.5 2.0 0.5 0.10 14 4.1 _41 77
’ ot 83 41 32 13 137 28 559 :
Few. Guinea -
swamp drain Pep.le €15 7.6 0.3 0.05 43 1.6 31 8,2 1.0 10 742 ;?20 44
equ. % 45 1.0 38 16 72 4.7 88
Madagascar
spring pool eDeBe 11 6.8 0.8 0.04 1.5 0.6 0.0 0.4 0.04 0.5 0.3 7.9 8.3
pring P ot 527 33 0.0 20 9.7 3.5 sk
Réunion
i - papem. ¥ .8 0: 0.02 9.0 3.0 3.6 3.3 0.06 4.1 3.3 45 29
active volcano gqgcm% 77 7 3 43 32 23 29 12 53 78
Réunion
i . ePelle” 8. 0.4 0.01 19 1.6 15 5.7 0.60 3.2 3.5 110 25
Cirqu.flow out gqg.m% 9 5 48 2.0 25 22 6.8 3.6 89
Chloride is enriched ( 15 equ. %)
Réunion
¥t. pool PaP.ls 24 6.9 1.6 0.05 4.0 0.4 1.2 1.2 0.50 3.0 0.8 15 21
equ. % 48 3.0 17 27 24 5.0 70
Fauritius .
lower course P.P.l. 143 7.8 0.55 c.02 16 1.1 6.6 6.3 0.32. 20 6.0 53 21
equ. % iy 1.7 21 32 %6 7.9 54
Hauritius high-
lands mid.¢ours.p.p.d. 101 7.8 0.70 0.02 11 0.9 4.1 5.0 0.24 16 2.9 37 15
equ. % 43 2.1 18 36 40 5.3 S4
Hadagascar
i.ighland pool  p.p.m. 44 6.5 0.85 G.0Z 0 ) 4.0 2.8 4.3 11,5 k2 1.5 18 13
equ. % L3 5.7 28 23 26 6.8 66
Cond. pH h, acids NH,¥ wNat k¥  catt  mg't Fe tot. C1T 80,7 HCO,~  Sio:
s 4 4 3 2
Madagascar . .
highl.stream p,p.m. 44 7.3 0.75 0.10 4.5 .4 3.2 1.1 1.5 4.5 0.2 23 14
equ. 49 7.2 33 19 26 0.8 73
Piji,Viti Levu
mid.course P.D.m, 45 742 0.05 0.10 5.0 0.5 3.6 1.9 0.10 6.2 3.6 22 24
equ. - 38 2.3 32 27 29 12 59
Réunion
smaller val. p.p.m. 72 77 0.65 0.06 7.4 1.0 5.2 3.5 0.18 6.8 1.1 40 16
equ. % 36 2.7 29 32 21 2.4 72
Ceylon SW
upper Courses P.P.d. 24 6.3 0.20 Ou14 2.0 0.7 1o 0.7 0.30 2.5 1.0 12 9.6
eques % 34 6.9 27 23 24 6.8 68
Sodium - chloride water (Nat C1~ are predominant)
Mauritius
headwater PePalle 48 6.5 11 0.08 7.0 0.4 0.5 0.9 0.65 12 2.7 6.7 2.0
&4 2.3 4.9 15 67 11 21
Seychelles Mahé
NW mainrivers p.p.m. 32 6.3 1.6 0.10 3.9 0.7 0.6 0.3 0.12 5.8 1.2 2.7 6.5
equ. % 64 6.4 11 11 64 9.0 25
Mah#é
NE headwater p.pemn. 21 6.5 1.7 0.10 3.8 0.8 0.5 0.2 0.06 5.3 1.0 5.5 8.4
equ. % &7 8.2 1 8.0 8.3 35
Mahé
NE lower cours.p.De.le 49 6.8 0.8 0,05 5.9 0.7 2.0 0.6 0.13 7.5 1.2 9.7 10
equ. % 65 4.8 14 13 53 6,0 10
Mahé
leeward south p.p.m. 83 6.9 1.2 0.06 9.7 0.9 2.6 1.5 0.23 13 3.5 16 12
‘equ. % &0 3.3 18 1? 52 10 37
Seychelles
raslin,LaDituap.p.me 63 6.5 1.5 0,06 8.5 2.6 1.8 1.8 0.30 11 2.3 14 17
equ. & 59 10 14 13 53 8.0 38
«DoM, #, .2 0.4 0.04 6.6 o4 1. 1o 0.30 10 4.1 12 4.8
DeRimy M7 580 915 43 G0 030 13 i 12
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basaltic areas) and by humic acids (mostly enriched
in areas with dense vegetation and acidic soil).

The relative enrichment of chloride against the
usually predominating bicarbonate ions was regi-
strated only in waters extremely poor in ions,
as well in bicarbonatic water with calcium-,
magnesium-, and especially with sodium- predomin-
ance.

The development of very acidic soil, especially
in the extremely humid highland areas (granmitic
watersheds of the Seychelles but also similar an
old volcanic basalts in Mauritius), was obviously
connected with the occurance of water pedominated
by sodium-chloride. This water type is supposed to be
strongly influenced by ion-exchange due to humic
acids and to be very typical for the drains of distinct
humid mountain rainforest regions in oceanic areas.
The rate of precipitation is not as high as in the high
mountain regions (Ceylonese highlands) and allows
during the dry periods a regeneration of the ionic
exchange systems in the acidic soil, further are
the flooding effect and the erosion not too high.
The eolic transport of sodium-chloride by the
seaside winds may be of additional influence possibly
under aspects of a regeneration of the ion exchange
activities of the soil drains.

An exclusive reason of sodium-chloride enrichment
by the seaside winds seems unlikely because it was
not noticed in waters of similar small islands
(Anjouan) even during the rain season, but in absence
of very acidic soil. The quantity of circulating water
in these humid areas is very high and the ion
concentrations even in groundwater are usually
very low. The conductivities of rain water ranges
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world wide between 5-30 pS (Marrmrs, 1973),
already similar distinct tropical mountain streams.
from rain forest areas in the lowlands which are
extraordinarily rich in humic acids, iron, ammonia
(western Africa) with various different predominating
ions. This seems to be an advanced stage of acidic
humie water, typical for lower peneplains of extended
forested areas where the influence of primary
weathering and decomposition of the rocks is less
important. The hydrochemisiry is mostly formed
by the leach of acidic soil and rotting leaves. The
ion exchange systems of the soil are more or less
blocked up due to the enrichment with iron and
ammonia and the enrichment of the circulating
water by humic substances itself (Tabl. V).

The varieties of specific water types of one place
or region increase accordingly with the variety
of geology and climate. On young volcanie water-
sheds (GattHCO, water type) and also on less
extended old crystallinic ones (NatCl- water type)
occur only ome or two of the discussed typical
waters while extended areas have a wide ranged
scale. Especially the Mg+tHCO, water type seems
connected with the decomposition and advanced
leaching of highly weathered watersheds of mostly
volcanic origin and intensive soil erosion (Tabl. VI).

The analyzed contents in minor ions are in general
very low, especially in the humid headwater regions.
Nitrates (usually 0.10-0.20 p.p.m.) as well as phos-
phates (usually 0.01-0.08 p.p.m.) are influenced
by the intensive agriculture in highly populated
valleys in Réunion, Mauritius, Luzon, parts of
Madagascar (nitrate 2.9-27 p.p.m., phosphate 0.15-

TaBLE V

Waters extraordinary enriched in humic acids, armonia and iron: analytical dates (conductivity 20 °C, pH, contents of the most
abundant ions in ppm, their relative frequency in 9% equivalents

Cond. pH  h. acids NH4+ Nat K
u
Cameroon streams
p.p.m. 18.6 6.7 6.3 0.90 1.4 0.5
equ. % 16 20 4.2
Kinshasa 1ake
p.p.m. 10.5 6.2 2.0 0.40 1.0 0.5
equ. % 20 39, 12
SE Nigeria streams
p.p.m. 10.6 6.3 4.3 0.24 0.8 0.5
equ. % 12 33 12
Gabon streams
p.p.m. 39 6.7 2.7 3.1 2.1 1.3
equ. % 4] 22 7.9
Rio Itaya Peru
p.p.m. 49 6.4 27 4.0 2.0 0.8
equ. % 48 13 3.0

Rev. Hydrobiol. irop. 18 (2): 79-110 (1985).

e Mgt Fetor. MY o s0,7 o, 1

1.9 1.1 0.5 0.1 0.9 2.8 16 11
31 29

0.08 0.35 0.6 0.1 1.9 2.2 4.3 8.8
36 26 21 23 35

0.6 0.2 2.6 0.06 0.7 1.8 11 13
28 15 8.4 16 74

1.1 0.8 0.5 0.13 0.9 1.5 23 12
13 16 59 6.9 86

4.0 0.6 3.5 4.3 20 5.5 11
29 7.1 19 66 12
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TasLE VI
The suspected share of the different water types on the complete drain systems of the studied areas
ca™ Heo,”  Mg't Heo,”  Nat HCo,” Nat €17 Y (Fe)
3 3 3 4
Java, Bali 90%
New Britain 90%
Guadalcanal 90%
Luzon 90%
New Caledonia 95%
Andamana 90%
Anjouan (Comoro) 10-20% 80%
Réunion 20% 5-10% 70%
Mauritijus 10-20% 60% 20-30%
Seychelles (Mahé) 95%
Ceylon (humid SW) 50% 5% 45%
Ceylon (dry SE) 85% 15%
Madagascar (highl.) 70% 20-30%
Cameroon 50% 30-40% 5-10%
SE Nigeria 20% 50-70% 5-10%
Gabon 40-50% 40-50%
N
Ca:Mg [ Réuni'on ° Q\OOQ’ Juequ
amphitheatr. Ofb\ i HC Oi_i
®Peru 1
/suflgterr. ,bob'_
2.0} * Nig o2
& 1
- Ceylon b
humidsw\ /5 Guat,,
Réumon A
1.0 uc,Cam
' o ) P Luzen »
Anjouan -
0.5 + Tahiti - E
auritius ///
‘Za:re NewCaIedon /// 11.8
0.5 (Ca+Mg) (Na+K) 3.0
west Java .
~
-~ 4
g 2
-~
Reunion - -
headw.® s -~ ~Fahiti
-
s 48.5
New Caledon,””
headw. /' Mauritius
v J
Mad
adagasc /g/ |
lopgen -~ _ =7 _
Ceylon -~ Beychelles Mahé
—" 5 Petu B
° headw.
50 100 150 uS

Fic. 2

2. — Diagram concerning the connections of conductivities (pS 20°) and alkalinities (uequ. HCOy')

of the investigated running

waters, compared with those of a saturated solution of Ca (HCO,), and with the equivalent standard. Another diagram gives the
connections between the predominant bivalent (Cat+, Mgt+) and monovalent (Na*, Kt) cations

1.1. p.p.m.). The contents of aluminium were in
average about 0.03-0.20 p.p.m.

The tendency of watersheds with a very advanced
stage of surface weathering and soil erosion, seems
to be typical for medium aged volcanic or tertiary
areas, producing waters and drains highly enriched
in Mgtt. Young volcanic areas but also tertiary
ridges influenced by recent volcanism are predomi-
nated by Catt water-drains.

Ren, Hydrobiol. trop. 18 (2): 79-110 (1985).

Special types of old volcanic watersheds in humid
climate give rise to the development of acidic soil
as well as those in old crystalline areas causing
soft water enriched in sodium. This seems to be
a final stage of soft water especially accompanied
by chloride peaks (Mauritius, Mahé).

The general view of alkalinity measurement
states mostly the correspondence with the conducti-
vities according to the saturation curve of calcium-
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bicarbonate. Although extreme types occur like the
drains of highly weathered (mostly leeward) water-
sheds of voleanic rocks. These waters are charact-
erized by a very high alkalinity possibly caused
by overtitration due the influence of silicic acid
(rivers in Réunion, Java, Anjouan, New Caledonia
and others). Different from these systems are drains
originating from old volcanic or crystalline water-
sheds in humid climate mostly on oceanic islands
(Mauritius highlands, Tahiti, Luzon, Mahé of Sey-
chelles). All these are soft water types relatively
or absolutely enriched in alkali ions (Nat, partially
also Kt) possibly reasoned by ionic exchange
processes in the humic soil, This may occur in
humid tropical climate of the oceanic areas without
real high mountains. Different in SW Ceylon, where
the precipitation is extremely high and might wash
out all the soils, not allowing a higher rate of ionic
exchange. The soils on this mentioned oceanic
islands are obviously under a permanent rhythm
of wet leaching periods and regenerative dry periods
allowing an optimum ionic exchange possibly also
influenced by ions (mostly sodium-chloride) trans-
ported by the sea winds.

The extreme calcium poverty of these water is
further emphasized by the Ca: Mg ratio, which
gradually increased from 0.34-0.78 (Bismor, 1973,
for the Malayan Gombak). This Mg- excess is also
common in Amazonia (Krinee & Onie, 1964)
and may be partially explained by the preferential
uptake of HCO,; bound Catt over Mg+ salts by
humus colloids in the soil, leading to a relative
surplus of Mg++.

In the metamorphic facies the magnesium concen-
tration is much greater than that of calcium, but
Catt is dominant in granites (downstream increase).

Means of Ga : Mg ratios (equivalent relations)
of the mainly studied areas: Ceylon 0.95-1.62;
Seychelles (Mahé) 0.65-1.03-1.30; Réunion 0.61-1.58;
Anjouan 0.61-1.03; Mauritius 0.50-0.75; Java Bali
1.09-1.58; New Caledonia 0.04-0.75. This survey
states low values on old volcanic watersheds and
especially on perioditites. Low ratios are reported
from humic lake water, Jupax ef al. (1938), OHLE
(1955). The ratio (Ca 4+ Mg): (Na 4+ K) was discussed
by Jounson (1967) for the soft water of Southern
Malaya an Singapore and rejected as an index
of trophicity. This ratio provides information on the
parent formation of the watersheds and the extent
of their influence on the water draining them (Bisuor,
1973; Srowr1, 1968, 1969).

The ratio for the Malayan Gombak river dropped
from 0.78-0.22, changing from metamorphic rocks
to granites, similar ratios are given by GORBEL
(1964) for Ivory coast rivers. The mean ratios found
by Douvcras (1968) for Australian water were
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from 0.7 from metamorphic and 0.5 from granitic
lithologies with higher ratios up to 1.9 from pure
sedimentary formations.

The means of the combined equivalent ratios
[Ca - Mg]:[Na 4+ K] vary between 1.16-1.56 (humid
SW) and 3.22-4.35 (dry SE) in Ceylon, between
0.26-0.39 in Mahé (Seychelles), they are also low
on old volcanic islands like Mauritius between
0.30-0.61 (highlands) and 1.16-1.72 (lower regions),
but high on younger volcanic rocks-between 0.96-
2.23 in Réunion and between (.78-1.82-2.36 in
Anjouan (Comoro Is.). In average the share of
[CGa + Mg] is larger towards the lowlands or towards
the more intensively chemical weathered leeward
parts which are less leached by rainfalls. They are
extraordinarily small on the Seychelles and Mauritius
highlands, both extremely leached by the high
precipitation.

Of great hydrochemical importance and relatively
enriched in humid tropical areas under the dominat-
ing influences of the local climate on the igneous
rocks, are silicates (alkali silicates) that are leached
preferentially from the soil and subsoil rocks. The
reactive silicates occur mostly as free silicic acid
either dissolved or as colloids. Bisuop (1973) men-
tioned means of 11.7 p.p.m. SiO, for Asian rivers.
Especially an old crystalline watersheds a corres-
pondence is visible between the increasement of
the conductivities and that of silicates which
develops regularly.

This differs from water systems originating from
basaltic watersheds on volcanic islands where the
contents vary wide ranged due to the inhomogeneous
leach of the young rocks. Drains from highly
weathered watersheds are highly enriched in dissolved
alkali-silicates. Such important variations could be
registrated in Anjouan, Mauritius and Réunion,
where the headwaters are sometimes poor in silicates
due to the losses of rainfall leach. The contents vary
in survey from 3.7-9.6 (humid SW) to 11.4-40 p.p.m.
810, (dry SE) in Ceylonese rivers, from 6.5-17.3 p.p.m.
5i0, on the granitic Seychelles, but much more
wideranged on voleanic islands from 0.4-9.5 p.p.m.
in flooded rivers and crater lakes to 27.1-34.4 p.p.m.
in most of the rivers in Anjouan, similar in Réunion,
2.1 (pools), 16.1-28.9 p.p.m. Si0O, or in Mauritius,
2.0-4.8 p.p.m. in the highlands but 20.9 p.p.m.
in the lower regions or even in ranges between
23-100 p.p.m. on some volcanic islands.

Amnother ratio — conduectivity: silicates (pS 200,
8i0, p.p.m.) is proposed. These ratios are low
(< b) on crystalline watersheds especially in the
humid mountain regions, same on resistant basaltic
rocks (Differentiated Series in Réunion) and on
shistes. The ratios are high (6-10) in drains from
less weathering resistant olivine basalts (deep
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TaBLE VII

Changement of the ionic relations on the Réunion watersheds

1. SURFACE DRAINAGE, PITON DES NEIGES

means of means of fluctuations
mountain cascades Small valleys absol. Z relat. &
alt. 800 m alt. 70 m
y equ. % y equ. %
s 29)
Ca,, 190 (27) 260 { + 37 (+ 2)
Mg 254 (36) 286 (32) + 13 (- 4)
Na 226 {32) 322 (36) + 13 (+ 4)
K 28 (4) - 24 (3) - 14 (- 1)
c1 87 (12) 192 (21) + 121 (+ 9)
S0, 31 { 5) 22 (2) - 29 (- 3)
HCO,™ 580 (83) 650 (72) + 12 (-11)
2. DEEP ERODED AMPHITHEATRIC VALLEYS OF PITON DES NEIGES :
means of the three main Cirques systems
Cirques interior flow out fluctuations
alt, 1000 m alt. 155 m  absol. (%) relat. (%)
¥ equ. % poequ. %
++
Cayy 915 (39) 780 (35) - 19 (- 4)
Mg}, 680 (29) 467 (22) - 31 (- 7)
Na 652 (28) 839 (40) +29 (+ 12)
K 62 { 3) 42 ( 2) - 32 (- 1)
1 73 ( 3) 138 (7) + 89 (+ 4)
50, 80 (4) 3 (4 -9 (-0
HCO5™ 2090 (93) 1800 (89) - 14 (- 4)

erosion of the Oceanite Series in Réunion or subsoil
leach of Oceanites in Mauritius (6.6-23.9).

4. STUDIED AREAS IN DETAILED HYDRO-
CHEMISTRY AND ION-FLUCTUATION

4.1. Voleanic island

Homogeneous increasements of the predominant
Catt and HCGCO, ions can be expected when the
basalts are rather uniform and less resistant against
the chemical weathering of the rocks (Guadalcanal,
New Britain and others). :

In La Réunion (aged in total about 1 million yrs.),
the upper volcanic rocks — the younger Differen-
tiated Series that cover the greater part of the
shields of the extincted volcano (Piton des Neiges) and
also of the active younger Piton de la Fournaise —
are more resistant against weathering than the
basic shield of the older basalts (Oceanites). On
this account most of the valleys are built up only
by weathered and eroded parts of the younger

Rev. Hydrobiol. frop. 18 (2): 79-110 (1985).

upper Differentiated Series of the volcano (surface
drainage of the smaller valleys). In survey of the
analytical means from the mountain-cascades (alti-
tude 800 m) to the lower courses (altitude 48 m),
Catt increases absolutely and relatively, Mg*+
only absolutely, Nat absolutely and relatively
like Cl, HCGO, only absolutely, while K+ and S0,
decrease in relative and absolute percentage.

Geology see Upron & WabpswortH (1965),
Bussitre cit. McDoucgarL (1971), FisHER ef al.
(1967), McDoucarL & CuAMALAUN (1969).

In detail of investigations made on two surface
draining smaller rivers (Riv. Marsouin, Riv. St.
Marie), Nat+, K+, 80,~, HCO, ions increase down-
streams absolutely and relatively (Gatt, Mgt+ ions
increase only absolutely, but decrease relatively),
while Cl- ions decrease both.

Another system (Riv. Suzannes) shows a relative
increasement (downstreams) of Catt and HCO,-
ions (see Table VII).

The highland pools are mostly influenced in
their hydrochemistry by the frequent rainfalls



COMPARATIVE HYDROCHEMISTRY OF TROPICAL RUNNING WATER 93

% equ
IﬂD'\

T
B
+ PiL. Fournaise

less eroded

——
1

Hoos—

_bools __
cascade:

Na't

Na|
Mg
ca'—Ma

cr

| 89

K
SC:
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main ion equivalent percentages (means of % equ.) and the

different altitudes (meters above sea level) of the main catch-

ment areas of the rivers (smaller, less eroded valleys and deep
eroded amphitheatric ones)

and by ionic exchange. Their water is poorer in Ca*++
and Mgtt ions but contains more Nat and Cl-
(Fig. 3).

The main rivers in La Réunion flow out’ of the
extraordinary deep eroded amphitheatric wvalleys
which have in their interior part contact with the
older downward basalts (Oceanites). Three of these
“Cirques” are present in the extincted Piton des
Neiges massif, their water systems are more enriched
in ions (Cat+, Mg+t, Nat, K+, SO~ HCO, ) than
these of the less eroded number of affluents, mostly
cascades, that are flowing into the main system
on the way downwards. These cascade affluents
have usually rather soft water due to the short
contacts of the precipitation water with the soil
and rocks (resistant Differentiated layers) along
the steep flanks. Therefore the flow out water of
the amphitheatric wvalleys is generally poorer in
ions than that of the interior bassin of the Cirque..
Except from this, contents of sodium and chloride

increase relatively and absolutely towards the mouth
of the river (Tabl. VII), although in total the chloride

concentrations are lower than in more surface

draining smaller valleys.

A survey of the Réunion Island states the pre-
dominance of sodium — and bicarbonate ions Nat
HGO,- type) partially enriched by chloride (espe-
cially in stagnant pools, also in some running waters
from the leeward side).

The windward cascade region at the steep head-
water flanks (main winds are coming from southeast)
has the highest rate of rainfalls and obviously also
of soil erosion that possibly causes the Mgtt
predominance in these waters.

All water systems in deeply eroded amphitheatric
valleys are highly enriched by Catt (less Mgt
and Nat) and HCO;- ions.

Fig. 3 shows the percentage of the ionic relations
from the different regions of the Piton des Neiges
and the less extended active volecano Piton de la
Fournaise. Two main drainage systems can be
distinguished: the widely extended drain through
the only surface eroding smaller valleys and cascades
and in the other hand the extremely deep eroded
amphitheatric Cirques-systems (main rivers). The
first systems follow in total the usual increasement
in dissolved salts in downstream direction while
the Cirques-systems show an “inverse” effect —
their flow out has a water that is poorer in ions
than the interior headwater part.

The studied island of the Comoro archipelago
— Anjouan — is a medium aged volcanic island
with already extincted volcano but post volcanic
activities (thermal springs). The surface rocks are

-very porous and strongly eroded. The greater part

of the islands was deforested, a fact which accelerates
the most intensive erosion and weathering of the
soil especially on the windward flanks towards the
rain-bringing wind from north-west. Geology (1):
Saint Ours (1960), Strone & Frowmr (1969),
Esson (1970). The catchment of the water samples
was made during the last month of the rain season
(the precipitation in March was more.than 750 mm).
In survey (Fig. 4) most of the water systems are
characterized by the predominance of magnesium-
bicarbonate ions (Mgtt, Cat+, Nat, HCO, type).

The most eroded and strongly weathered fully
windward north-western flanks (mostly cultivations)
have the highest relative percentage of Mg+t (lowest
of Na*) while the leeward systems have lower

contents: In water systems that are flowing or

draining partially subterraneously — because of the

(1) Block lavas, highly undersaturated basalts (oceanites), ankaramites. -

Rev. Hydrobiol. trop. 18 (2): 79-110 (1985).
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porousity of the rocks — CGat** ions are predominant.
There exists also an amphitheatric valley but the
steep flanks are covered by extremely dense vegeta-
tion (Tatinga-system).

The passage through the upper course region
of this amphitheatric watersheds causes first an
absolute increasement of Cat+, Mg+, Nat, HCOy,
while K+ and Cl- ions are rather slightly decreasing.
The relative lon-percentages of Cat+, Nat, K+,
Cl-, 80, ions are falling from the headwaters
down to the upper interior basin of the valley,
while these of Mgtt+ and HCO; ions increase. Towards
the lower course, higher relative contents of Nat,
K+ and Cl- are visible (Tabl. VIII).

A typical river draining the strongly eroded
northwestern flanks — the Mutsamudu River —
shows that the top concentrations of Catt and Mgt
are in the headwater regions (altitude 500 m)
especially in the watersheds of the affiuents. While
passing medium altitudes, the water of the main
systerm contains less Mgtt, also less Ca™ and Na*,
because these main floods originate mostly directly
from the less eroded forested flanks of the top
region.

Therefore the main river is rather to be characte-
rized as a transport system with only little changes
in its hydrochemical details, while the smaller
affluents especially the trickling headwater drain
in ferralitic soil (WENINGER, 1977) are highly

WENINGER
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Fi6.4. — Anjouan {(Comoro Is.) — Connections and fluctuations
of the main ion equivalent percentages {(means of % equ.) and
the different altitudes of the main catchment areas of the rivers
(meters above sea level). Catchments: crater lake and head-
waters, upper courses (also subterraneous systems), lower
regions of the windward southwest and northwest

TABLE VIII-

Anjouan {Comoro Islands) — Changement of the jonie relations on the different watersheds

Crater lake mountain stream difference Tatinga difference Tatinga difference
(St. 13) (st. 14) relat. ¥ upper course relat. (%) middle course
. {st. 24) relat. (%)
alt. 900 m alt. 800 m alt. 600 m alt. 210m
pequ. % pequ. % uequ 2 p equ. %
catt 80  (26) 380 (38) (+ 12) 440 (34) (- 4) 520  (32) (- 2)
++

Mgy 131 (42) 29 (30) (- 12) 485  (38) (+ 8) 543 (33) (- 6)
Ng 65 (21) 283 (29) (+ 8) 328 (25) (- 4) 500 (31) (+ 6)
K™ 28 (9) 33 (3 3) (- 6) 33 { 3) (- 1) 62 ( 4) (+1)
1 93 (29) 133 (14) (- 15) 118 ( 9) (- 5) 408  (22) (+13)
50, 5 {2) 15 (2.0) (- 0) 17 (1) (- 1) 3 (0.2) (- 1)
HCO3- 220 (69) 800 (84) (+ 15) 1190 (90) (+ 6) 1440 (78) (- 12)

means of the fluctuations

Southwestern  absol. (%) relat. (%)

watersheds

1 equ, %

Cal} 300 (28) -2 (- 10)
Mg} 385 (36) + 30 (+ 6)
Ng 335 (31) + 18 (+ 2)
K 36 (3) + 6 (- 0.3)
[ 144 (14) + 8 (~ 0.0)
SO4 7 (0.7 - 63 (- 1.3)
HCO} 880 (85) + 10 {(+ 1:0)

Rev. Hydrobiol. lrop. 18 (2): 79-110 (1985).
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influenced by chemical weathering of the soil
layers.

Potassium increases more homogeneously in corres-
pondence with falling altitude of the water system
while chloride gets more in the lower course regions.

Mauritius is an older volcanic island (total age
about 8. mill years). The upper basalts of the
volcano’s shield are rather resistant against weather-
ing influences and are very similar to the Differen-
tiated Series in Réunion island. The highest elevations
in Mauritius are already eroded down to maximum
altitudes of about 900 m above sealevel.

The highest plateau is still partially forested
(reinforestation and small reserves of natural forest).
The climate of this part — the Southern Highlands —
is very humid and this causes the development
of acidic soil, where tea cultivation is possible.
These highlands are rich in headwater branches
and marshes. Geology see WALKER and NiCoLAYSEN
(1954), McDoucarr and Gmamaraunw (1968). The
headwater branches from this region (mean altitude
of the catchment is 700 m) are similar in their
hydrochemistry, predominance of Nat and CI,
those from the granitic Seychelles. This is obviously
the result of ionic exchange in the humic layers
of the whole headwater area. Because of the high
contents of sodium — and chloride ions that were
found already in the headwaters, these two are
further on decreasing downstreams in their relative
percentage (in average of all studied systems has
Nat minus 20 9% and Cl- minus 17 9, towards the
lower courses, Ga®™t and especially Mgt ions increase
downstreams corresponding HCO, (433 % in
relative percentage) while the changement of K+
ions is indifferent. All of the main ions increase
absolutely in downstream direction (Fig. 5).

A comparison of the river systems in detail
proves that the real highland streams in the south,
especially the fully windward Riv. Poste in the main
tea field region with acidic soil bul also the more
central Riv. Gallets, have a most remarkable
enrichment of Mgt ions (less of Catt) connected
with HCO,, while Nat and Cl- rapidly decrease
concerning their relative percentage down from 700 m
to b m (altitude). Iron, in complex binding to humic
acids, decreases like ammonia towards the middle
and lower courses. The differencies in the relative
shares of main ions between upper and lower course
(580 m to 60 m) of the Riv. Anguilles, state the same
tendencies especially the relative plus of magnesium
ions and a minus of sodium ions (Tabl. IX).

Studies in river systems of the lower peneplains
in the mnorth of Mauritius (Riv. Rempart Est,
catchments 140 m and 20 m above sealevel) stated
beside losses of chloride — and calcium-ions, a
relative plus of Mg™ and already also of Nat ions.
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Fig. 5. — Mauritius — Connections and fluctuations of the ion
equivalent percentages {means of 9% equ.) and the different
altitudes of the main catchment areas of the river systems
(meters above sealevel). Catchments: highland headwaters and
marshes, upper courses at the southern and eastern windward
flanks, the western leeward flanks and the lower courses

The mentioned tendencies concerning the alter-
nations of ionic relations are mostly similar and
only different in their gradual shares as these
examples from the windward watersheds show.

The leeward systems contain more Catt and
HCOy, less Cl, but are of the same water type.

4.2. Islands with various geology mainly based on
the old sub-marine Sunda-ridge which is covered
by sedimentary and eruptive rocks mostly
elevated in Terfiary

The majority of these islands have a number
of active volcanos within their area (Java, Bali,
Luzon). Very specific is the geology of New Caledonia
with extended shiels of peridotites (extraordinary
deep eruptive rocks).

On Java and Bali (Tabl. X) — going from the
very humid western part of Java to the seasonal
dry central Java and even Bali — the changement
in ionic relations was similar to that found between
the interior part and flow out of the amphitheatric
valleys in Réunion. Nat and CI- relatively increase
from the humic west to the drier east. Towards
Bali in addition to these two, also Mgt and again
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TaBLe IX

Mauritius — Changement of the ionic relations on the different watersheds

1. Analytical means
headwaters lower cources fluctuations
alt. 720 m alt. 65 m absol. (%) relat. (%)
§ equ. % p equ. % § equ. %
Cat} 23 (5) 331 (21) + 1339 ( + 16)
Mg 73 (15) 516 (32) + 607 (+ 17)
Na 304 (64) 704 (44) + 132 { - 20)
KT 11 (2) 27 ( 2) + 145 ( - 0.5)
c1 __ 344 (67) 572 (50) + 66 (- 17)
50, 56  (11) 125 { 8) + 123 (- 3)
HC03— 110 (21) 860 (54) + 628 {( + 33)
2. Some studed river systems
Riv. Poste Riv.. Poste fluctuations Riv. Rempart Est Riv. Rempart Est fluctuations
{st. 15) {St. 31) relat. (%) (st. 19) (st. 20) relat. (%)
alt. 700 m alt. 15 m alt. 140 m alt. 20 m
P equ. % pequ. 2 z ¢ equ. 4 p equ. %z
cat? 40 (9.4) 340 (22) (+ 13) 340 (22) 360  (21) (- 1.0}
Mg} 31 (7.3) 551  (35) (+ 28) 477 (31} 584  (34) (- 3.0)
Na 326 {76) 522 (40) (- 32) 652 (43) 783 (46) (- 3.0)
K™ 17 (4.0) 51 (3.2) (- 0.6) 27 (1.8) 19 (1.0) (- 0.8)
NH4 3 (0.6) 1 (0.1} (- 0.5) 3 (0.2) 1 (0.1) (- 0.1)
c1™ __ 341 (62) 487 (31) (- 31) 586 (40) 563 {36) i— 4.0)
S0, 60 (11) 129 (8.2) (- 3.8) 123 (8.4) 142 (9.2) (+ 0.8)
HCO3" 151 (27) 951 (61) {+ 34) 754 (51) 803 (52) {~ 1.0)
Fe-total ppm 0.52 0.07 .0.44 0.02
humic acids 1.2 0.65 .0.77 0.52
TaBLE X
Changement of the ionic relations on Java and Bali
humid western central changement changement
Java Java 2 Bali
yoequ. % u equ. u egu. % %
Ca’? 445  (45.4) 1065  (40.3) (5.1) 1140 (34.6) (- 10.8)
Mg, 286 (29.2) 672  (25.5) (3.7) 1040 (31.6) (+ 2.4)
Na 182 (18.6) 783  (29.7) (+ 11.1) 978 (29.7) (+11.1)
K s . 44 { 4.5) 108 { 4.1) (0.4) 118 ( 3.6) (- 0.9)
Fe’ AT, NH4 (2.4) (1.0) (- 1.4) (1.0) (- 1.4)
e 84  ( 8.5) 338 (14.0) (+ 5.5) 293 (10.4) (+ 1.9)
SO4 112 (11.4) 167 (6.9) (- 4.5) 196 { 7.0) (- 4.4)
HCO3" 780 (79.1) 1900 ({78.5) (0.6) 2300 (82.0) (+ 2.9)

HCO,4 relatively increase which might be seen
as effect of soil erosion (advanced soil — weathering,
like it was especially found on the Comoro Islands).

The climate of the Philippines, especially of the
eastern regions, is tropical-humid. Predominant
are northeast trades seasonal dominated by mon-
soons. The amount of precipitations in the mountain
provinces of central Luzon reaches from 1510 mm
annual around the leeward area of Baguio to more
than 4 670 mm in the mountain regions. The islands
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are based on the old submarine Sunda-ridge which
is covered by sedimentary and eruptive rocks that
has been elevated in Tertiary. The islands are still
influenced by a number of active volcanos. Most
rivers are passing extended rice field (paddies)
areas, the upper courses come from forested flanks.
All investigated water system had a predominance
of calcium-bicarbonate. The water varied from
very soft water-types in the headwaters (Luzon
highlands and Laguna province) to water highly
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TaBLE XI

Philippines, Luzon (Ifugao province, Laguna province) and Cebu-Fluctuations of main ions in different water systems

LUZON, JFUGAO MOUNTAIN PROVINCE

Mountain streams

River, middle

fluctuations

97

alt. 1850 m alt. 1200 m Absol. (%) relat. (%)
u equ. % U equ. %
catt 292 (45) 1250 (55) + 328 + 10
ngtt 246 (38) 533 (23} + 117 + 13
Na* 109 (17) 457 (20) + 319 + 3.0
K 8 (1.2) 31 (1.4) + 413 + 0.2
c1” 24 (3.7) 208 (9.5) + 767 + 5.8
S0, 85 (13) 583 (27) + 586 + 14
HCOS™ 540 (83) 1380 (83) + 107 - 20
LUZON, LAGUNA PROVINCE
waterfalls River, Tower fluctuations
course Absol. (%) relat. (%)
alt. 220 m alt. 50 m
y equ. 4 y equ. z
catt ~
art 215 (47) 1250 (38) + 481 (- 9)
Mgt 74 (16; 905 (28; + 1123 (+ 12)
Na* 152 (33 1013 (31 + 566 (- 2
K 18 (3.9) 192 (5.9) + 967 (+ 2)
a7 130 (28) 160 (4.9) + 23 (- 23)
50,” 21 (4.5) 250 (7.6) + 1190 (+ 2)
Heo, 320 (68) 2880 (88) + 800 (+ 20)
CEBU
Stream upper Spring fluctuations
Course
alt. 250 m alt. 120 m relat. %
u equ. 4 U equ. % %
Caii 2980  (61) 3050 (50) (- 11)
Mg 1148 (24) 2796 (46) (+ 22)
Na 687  (14) 221 (3.6) (- 10)
K 38 (0.8) 18 (0.3) (- 0.5)
€17 145 (3.1) 135 (2.3) (- 1)
50, 604  (13) 417 (7.1) (- 6)
Heo,” 3960  (84) 5360  (91) (+ 7)

enriched in ions (southern Cebu, in the rather dry
Visayan region). In the highland system (central
Luzon) was registrated that Catt, Cl- and SO,
ions increased downstreams while Mg+ and HGCO,-
ions declined. The rivers from lower watersheds
(Laguna, Gebu) were downstreams relatively enriched
in the share of Mgt and HCO, ions while Cat+,
Nat and CI- decreased. The dynamics of the ion
fluctuations were similar to these in Anjouan
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(Gomoro Is.) also to smaller drains in Réunion and
Mauritius (Tabl. XI).

The climate in the Andaman Islands is rather
tropical-humid (especially of the forested South-
Andaman). The islands are parts of the large tertiary
Sunda ridges.

An increasement of relative concentrations of
Gatt, Mg++, and HCO, ions is visible, where Na+,
K+, CI- and SO, ions diminish, althoug htheir



TasLe XII

G. WENINGER

Andaman Islands {(North-and South Andaman) — Fluetuations
of main ions on the different watersheds

$. Andaman N. Andaman
upper courses  lower cources fluctuation
alt. 300 m alt. 30m absol. (%) relat. (%)
poequ. % | equ. % Y equ. %
Cayy 432 (31) 1248 (33) + 189 (+2)
Mg+ 484 (35) 1538 (41) + 218 (+ 6)
NE 432 (31) 957 (25) + 126 (- 6)
K 36 (2.4) 35 (0.9) + 3 {~ 1.5)
NH4- 6 (0.4 4 (0.1) - 33 (- 0.3)
N 3 (0.2) 1 ( 0.1) - 67 (- 0.1)
c1__ 291 (21) 572 (15) + 97 (- 6)
S0, 75  (5.4) 156 (4.1) + 108 (- 1.3)
HCO3 1020 {73) 3069 (81) + 201 (+ 8)

absolute contents get higher, Tabl. XII. The pre-
dominance of Mgt and HCO, ions is growing in
downstream direction.

New Caledonia (Tabl. XIII).

Sodium — and chloride ions are relatively enriched
in the headwater regions (plateaux) of the peridotite
massifs. They are lowest downstreams of the leeward
western flanks, where the rate of precipitation
becomes much smaller. The extraordinary predomi-
nant magnesium ions are also even more enriched
there in correspondence with the contents of
bicarbonate. Details of geology see Arnourp el al.
(1954), about soils TErRcINIER (1962).

4.3. Old crystalline areas (granites and gneisses)

The running water systems of the mainly studied
Mahé {also Praslin and La Digue) of the Seychelles
archipelago — which are all crystalline, granitic
islands — use to be highly enriched in Na* and Cl-
ions. The contamination with the acidic soil causes
also high contents of humic acids and ammonia,
not so much of iron, especially during the rain
periods. The water are due to the resistance of the
granitic rocks against the influences of chemical
weathering in the subsoil and the extraordinary
effects of the very rich precipitation, generally poor
in dissolved electrolyts and slightly acidic. Geology (1)
see Baker (1963). The hydrochemistry seems to be
highly effected by ionic exchange. The analytical
means of the upper courses from the windward
mountainous northwest were compared with those
from the leeward lower watersheds in the south
of Mahé (Tabl. XIV). An absolute and relative
enrichment of Ca™ and Mgt less of S0, and

HCO, ions, could be registrated. All other ions,
like Nat, K+, Cl, decreased concerning their relative
ionic relations towards the lower catchments although.
their contents increased absolutely.

Catchments on one of the northeastern mountain
rivers, the Rochon River, in altitudes of 360 m
and 2 m above sea level, pointed a downstream
increasement only of Catt and HCO, ions (in
relative percentage) while Mg+, Nat, K+, S0,
and especially Cl-, decreased (Fig. 6).

This stated that the main ionic exchange processes
occur in the humid headwater regions mostly
covered by mountain rain-forest. The affluents
originating from the lower watersheds are not so
much influenced by ionic exchange perhaps more
from the chemical soil and subsoil weathering.

Another longer main drainage river system, the
Grand Bois River flowing toward the west coast,
was characterized too by the relative increasement
of Cat+ (also of SO,~) while Nat and K* ions were
rather stabile concerning their relative percentage,
only CI- ions fell.

% equ

"]

leeward south
NE flanks

NW tlanks

NNE headwaters
headwaters

SW Ceylon

F1g. 6. — Mahé (Seychelles) — Connections and fluctuations of
the ion equivalent percentages (mean of % equ.) and the diffe-
rent altitudes of the main catchments (meters above sea level).
Catchments: windward northeastern and northwestern streams
and the leeward southern lowland systems (50-280 m). Ceylon
and the leeward—same connections in the low humid south-
west (central highlands and lower eourses, 30-1 300 m)

{1) A true soil layer is generally thin or absent. The granitic feldspars and ferromagnesium minerals have weathered to kaolinitic

or iron staned clay.
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TaBLe XIII

99

New Caledonia — Fluctuations of main ions in water systems on the mainly peridotitic watersheds (Weninger 1968)

Central peri- Leward west fluctuation Windward fluctuation
dotite
plateau absol. relat. east absol. relat.
alt. 500 m alt. 190 m % % alt. 50 m 4 3
pequ. % yequ. % pequ. %
cart 13 (2) 53 (4) +308  (+2) 18 (1.5)  + 33 (-0.5)
Mg+ 505 (67) 1230 (83) + 142 (+ 16) 944 (80) + 87 {+ 13)
Na 230 (30) 185 (13) - 20 (-17) 200 (17) - 13 (- 13)
K™ 10 (1.3) 13 (0.9) + 30 (- 0.4) 12 (1.0) + 20 (- 0.3)
. 329 (40) 300 (20) - 9 (-20) 332 (29) + 1 (-~ 11)
SO4 10 (1.2) 20 (1.3} +°100  (+ 0.1) 30 (2.6) 200 (1.4)
HC03— 480 (59) 1170 (79) + 185 (+ 20) 800 (69) + 67 (
TaBLE XIV

Mahé (Seychelles) — Changements of the ionic relations of the different watersheds

mountainous NW

upper course
alt. 235 m
vequ g
catt 26 (11)
ng* 20 ( 8)
Na 164  (67)
K" 20 ( 8)
" 149  (59)
SO4 21 ( 8)
HC03' 88  (35)
N. E system N. E system
Rochon Riv.  Rochon riv.
(St. 5) (St. 27)
alt. 360 m alt. 2 m
1 equ. z W oequ. 3
Ca:: 16 (6.7) 110 (28)
MG+ 18 (7.5) 1 (0.3)
Na 161 (67) 252 (65)
K + 29 (12) 26  (6.7)
NH4 11 (4.6) 4 (1.0}
1 170 (72) 231 (59)
SO4 25 (11) 17 (4.4)
HCO3' 40 (17) 140  (36)
Fe-tot.
ppm 0.10 0.21
humic acids 6. 4 0.63

The main river systems (main drainage) in crystal-
line watersheds are extraordinarily homogeneous
in hydrochemistry. The slternation of ions, as well
absolutely as relatively, is very unimportant (comp-
are Ceylon). Smaller systems are more influenced
by chemical weathering of the soil, especially by
those of affluents originating from lower regions.

Sodium — and chlorid-ions predominated in all
watersheds. The contents of calcium (always a bit
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fluctuations
Teeward S.
alt. 2l m absol. (%) relat. (%)
uoequ. %
126 (18) + 392 + 7
120 (17) + 500 + 9
420  (60) + 156 -7
23 ( 3) + 15 -5
371) (52) + 149 -7
74 (10) + 252 + 2
260  (37) + 195 + 2
fluct. W. watershed W. watershed fluct.
relat. ¥ Grand Bois Grand Bois relat. ¥
(St. 4) (St. 22)
alt. 400 m alt. 2 m
U equ. 2 poequ. 3
{+ 21) 10 (4.0) 40 (14) (+ 10)
(~7.2) 33 (13) 31 (11) (- 2)
(~ 2.0) 161 (64) 183  (65) (+ 1)
(~ 6.3) 13 (5.0) 13 (4.6) (- 0.4)
(~ 3.6) 6 (2.2) 1 (0.4) (- 1.8)
- 13) 155  (67) 163 (60) (- N
(~6.6) 3 (1.3) 27 (10) (+ 8)
(+ 19) 69 (30} 77 (29) (- )
0.01 0.12
1.30

higher than Mg++) were extremely low, they equalized
these of K+ in the headwater.

Ceylon is mostly built of precambric crystalline
gneisses, except of very small bands consisting of
mesozoic limestones. (S1EvERs, 1964; Cooray, 1967).
The studied river systems originate mainly from
the humid southwest consisting of the mountainous
part of the island. Rain-bringing winds come from
southwest (rain season April-July, but all over
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year rain in the highland). Most water systems
within the humid southwest are typical crystalline
soft waters, the waters in the seasonal dry and dry
part (southeast, east and north) are mostly highly
enriched in dissolved salts (WENINGER, 1972)
{Frig. 6, Tabl. XV).

TaBLE XV

Fhictuations of main ions as given by the means of analyses
from Ceylonese rivers (Weninger 1972) in the humid SW

Central Tower courses fluctuations
highlands south west
headwaters Ceylon
alt. 1365 m alt. 65 m absol.% relat.%
g equ. 4 Hoequ. %
ca’? 70 (30) 123 (34) + 76 (+ 4)
Mg+ 43 (19) 88 (24) + 105 (+ 5)
Na 61 (27) 9% (27) + 57 (+ 0.2)
K + 25 (11) 21 { 6} + 16 (- 5)
v 68  (27) 66 (20) + 3 (- 7)
S0, 10 {4) 18 {48) + 40 {+ 0.2)
HC03' 170  (67) 250 (74) + 47 (+ 7)

The central highlands (mainly deforestated tea-
field region near Maskeliya) are already partially
leeward although they have extremely humid
climate. Primarily chemical rock weathering seems
to be of highest influence to the ionic composition
of the water systems. The investigated waters were
extraordinary poor in ions (lowest conduectivities)
although the abundancies of ions were similar to that
of the systems from the dry eastern and northern
part, of Geylon (except the lower contents of magne-
sium and chloride in the dry areas). Mostly found

G. WENINGER

were waters with predominance of calcium — and
bicarbonate ions: Cat+ (Nat, Mgtt) HCO4 (Cl)-
type.

The rivers originating from the fully windward
flanks — studied near Ratnapura and near Kitul-
gala — are characterized by the predominance of
sodium ions and are mostly slightly enriched in
chloride: Nat {Catt) HCO4 (Cl)-type. These wind-
ward flanks are to the greater part covered by rain-
forest. In spite of this influence is the hydrochemical
type of the main rivers settled and destinated by
the upper headwater peneplains (central highlands)
— the already mentioned water type predominated
by calcium (less Nat) bicarbonate.

The semihumid partially windward cascade region
in the steep highland descent to the southeastern
plains has obviously high erosion of soil. These waters
are more enriched in magnesium: Mg+t (Nat) HGO4 -
type, most possibly caused by the great influence
of advanced chemical weathering of the soil. The
rainfalls are nol as abundant as at the fully
windward watersheds and therefore the soils are
not so much dominated by the leaching losses.

The fluctuations of the ions downstreams the
main drainage to southwest stated an increasement
of bivalent ions (Cat+, Mgtt) and HCO, toward
the mouth, while the concentrations in Nat, K,
Cl- and 50, became relatively smaller. The
increasement of Mgt+ and HCOy4 occurs permanently
in downstream direction while Cat+ ions decrease
first in the region of the fully windward {flanks
same as NaT ions increase.

The studied river systems in western Africa
originated from crystalline watersheds and their
hydrochemistry was closely connected to the regional
climate.

TasLE XVI

‘Western African watersheds — Fluctuations of the main ions

S.E. Nigeria S.E. Nigéria fluctuations Central West fluctuations
Cameroon Cameroon
alt. 600 m alt. 200 m relat. (%) alt. 800 m alt. 300 m retat. (%)
poequ. 3 uoequ. % Woequ. % yoequ. %
€’ 33 (32) 210  (47) (+ 13) 2 n g (30 - 2)
Mg, 11 (10) 90 (20) (+ 9) 129 (28) 12 (9.3 - 20)
" Na 35 (32) 117 (26) (- 7) 160 (34) 43 (35) (+ 6)
K, 13 (12) 25 (5.5) (- 7 29 (6.0) 18 (14) (+ 6)
NH, 18 (16) 9 (1.9) (- 14) 19 (4.00 11 (9.0) (+ =)
NO; 2 (2.0) 1 (0.2) (- 2) 8 (1.8) 1 g; 2) (- 0.6)
e 39 (35) 39 (8.7) (- 26) 35 (8.0) 11 (7.6) (- 0.4)
504 20 (18) 27 (6.0) (- 12) 40 (9.0) 60 (42) (+ 33)
HCO,™ 50 (45) 380 (84) (+ 39) 360  {80) 70 (49) (- 31)
humic
acids ppm 0.16 2.5 0.58 6.8
Fe total (ppm) 0.01 0.34 0.08 0.47
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The lowest conductivities were registrated in the
water samples from Southeast Nigeria. The water-
sheds there were mostly covered by rain forest
and extremely humid. Two catchments in different
altitudes were compared, with the result of an
increasement of Catr, Mg++, HGGO,, also total iron
and humic acids in downstream direction.

All remaining ions like Nat, K+, NH,, NOjy,
SO,~ especially Cl-, diminished {Tabl. XVI).

The enrichment of humic acids and total iron
towards the lower regions corresponds with the
extremely dense vegetation and the accelerated
decomposition of organic substances in the lower
forest regions, with influence to the partially stagnant
water systems.

In mountain streams and rivers with mostly
permanent high current velocity, like investigated
in the Seychelles or in Ceylon, the humic substances
(humic acids complexes, total iron, ammonia) were
reduced rapidly downstreams due to bioflocculation
or absorption, different from the lowland streams,
Ge1siLER (1967). The water systems from the central
highlands in GCameroon (altitude 60-1 000 m), which
have seasonal humid climate, are more enriched
in ions than streams from the humid rain forest
region in western Cameroon. This rain forest systems
have lower contents of Catt, especially of Nat,
Mg+t and HGO,-, also Kt (only absolutely), NH,*,
NO,-, Cl-, while humic acids, total iron, SO, are
enriched (K+, NH,* ions are relatively enriched).
Similar fluctuations of the iomnic relations and
abundance were observed in watler systems from
Gabon.

5. COMPARISION AND DISCUSSION

In survey of the investigated running water-
systems, differs the downstream increasement of
conductivities in crystalline areas (Ceylon, Seychelles-
Mahé) at the lowest ranges in the hydrochemical
most homogeneous main water drains to the already
much higher ones in smaller systems on sometimes
partially leeward flanks. The ionic enrichment in
downstream direction on watersheds of wvolcanic
origin is usually inhomogeneous. The ranges of
conductivities are extraordinary wide-ranged, espe-
cially on young volcanic islands with deep eroded
amphitheatric valleys and a high rate of subterra-
neous draining (Réunion, also partially Anjouan).
In old volcanic islands is the ionic enrichment
of the rivers still important, but the rates of
increasement grow homogeneously like these of
crystalline watersheds (Fig. 7).

The rivers are in survey of hydrology and hydro-
chemistry differentiated into two types — in main
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drains coming from the central mountain region
and smaller systems draining the flanks and less
deep eroded valleys. While the central rivers,
originating from the humid highlands of gneissic
of granitic rocks, are extraordinary homogeneously
in hydrochemistry, are these of voleanic watersheds
highly influenced by the decomposition of the rocks
and soil. Latter rivers are already highly enriched
in ions in the upper course region of deep eroded
young volecanic valleys.

The central drains of crystalline or also of old
volcanic watersheds are therefore usually poorer
in ions than most of their affluents originating from
lower regions, which are more influenced by the
chemical processes of weathering in the soil and
subsoil (“stabilized weathering systems”). In total,
the enrichment in ions (conductivity) corresponds
with falling altitude of the catchments.

The central drains of young volcanic islands
are otherwise already in the upper regions highly
enriched in ions, much more than their lower tribut-
aries, which are draining the less eroded flanks
(“inverse fluctuation of ions”). The total enrichment
in ions does not correspond with the falling altitude
of the catchments. In survey, the advance of
weathering processes with proceeding age of the
rocks, is corresponding with the hydrochemical
homogenization of the main water systems.

The downstream increasement of conductivity
on crystalline watersheds, varies between + 0.7 uS
and -+ 1.4 pS per 100 metres in main rivers of the
windward part (Ceylon and Mahé) and more than
+ 15 pS/100 m in smaller streams flowing towards
leeward hilly lowlands. The amphitheatric main
drains in young volcanic Réunion have in total
a diminution of ions (— 1.6 wpS/100 m), while
the conductivities of less eroded valleys increase
{4+ 2.4 pS/1000 m). Same increasement vary on
highly weathered basaltic rocks in Anjouan between
47 uS and + 26 pS/100 m, in highland ricefield
areas of Luzon: 4 25 pS/100 m, similar in rivers
of the old volcanic Mauritius, between - 13 p3
(upper courses) and + 17 uS/100 m (lower courses).

The fluctuations of hydrochemistry in the main
systems is mostly reasoned by the most significant
influences of the affluents, that are either draining
less eroded steep flanks (cascade-torrents, very
poor in ions) or they originate from highly weathered
flanks (drains trickling through soil and subseil
layers, enriched in iomns).

The drains of large amphitheatric valleys are
a significant model as studied in Réunion and
partially in Anjouan. The water of the upper course
regions is already enriched in ions, due to the chemical
decomposition of the less weathering resistant old
stratas of olivine basalts, which are exposed by the
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deep erosion (oceanites). Because of the great
number of affluents draining the extremely steep
flanks and which are as mentioned poor in ions
— the main river’s hydrochemistry is influenced
itself and the contents of ions decrease towards
the mouth (inverse connections concerning altitude
of the catchments and conductivity of the water
samples). Similar tendencies can even be registrated
in small streams, but they are not distinet. From
studies on a hydrochemical profile of a windward
river system in Anjouan (Comoro Is.) resulted the
knowledge of the relative increasement of caleium-
ions along the upper course, while downstreams
the contents were rather stabilized or slightly
decreasing. Different from calcium was an obvious
enrichment in magnesium — and sodium-ions, as
also in bicarbonate, downstreams.

The hydrochemistry of the amphitheatric main
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systems, in Réunion and also one studied in Anjouan,
is characterized by the diminution of calcium-,
magnesium-, also potassium-ions (in Réunion) and
of bicarbonate towards the lower courses and the
exterior part of the “cirques”. On the other hand
increase sodium — and chloride ions downstreams.

The rivers that are draining the less eroded
smaller valleys in Réunion are not too different
in the tendencies of ion fluctuations, except the
slower and more homogeneous enrichment in caleium-
ions in correspondence with the profile of the running
waters. The lowering of bicarbonate is compensated
by more chloride.

The water of stagnant pools of young volcanic
watersheds in the highlands and at the flanks
(all areas with high amounts of precipitation),
contain much more sodium — (potassium) and
chloride-ions). The predominance of these ions
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may be as well reasoned by the aeolic ions-transport
(seaside winds) as by ion-exchange due to the
complex binding of calcium-ions.

The highlands of old volcanic islands {Mauritius)
are already in an advanced stage of soaking of the
soil and subsoil, due to the humid climate. The
effective diminution of calcium- (magnesium-) bicar-
bonate-ions in the headwaters because of permanent
losses by the heavy rainfalls and ion-exchange
systems in the humic sediments, is compensated
by the relative enrichment of sodium — and chloride-
ions. This is possibly reinforced by seaside winds,
which may be important for the reactivation of
the ion-exchange systems in the acidic soil.

The middle and lower courses of these rivers
in Mauritius are already highly enriched in Mg+t
(Gatt) and HCOy, due to the intensivated chemical
weathering of the surface rocks, like noticed every-
where in Anjouan. That meens, that the permanent
renewal of ions in the drain-systems is much higher
than the losses by the reinforced transport in course
of the frequent rainfalls.

The drains of crystalline watersheds, like studied
on the granitic Seychelles, are regularly downstreams
enriched in calcium-bicarbonate-ions, while magne-
sium-ions diminute, especially in windward areas.

Sodium — and chloride-ions are downstreams
enriched, but only absolutely, while their relative
share becomes smaller. The contents of magnesium-
ions are higher in leeward water-systems.

The survey states that the total fluctuations of
ions are combined in correspondence with the
different regions of a running water-system from
a number of characteristic processes which are
very often antagonistic in tendency. The resulting
fluctuations are therefore mostly less efficient. This
was especially mentioned by discussion of the valleys
in Anjouan (Tatinga, Mutsamudu), which have
antagonistic ion fluctuations as well in the upper
as in the lower regions (Tabl. VIII).

The main draining systems are much more homo-
geneous in their ionic contents and fluctuations,
especially in old crystalline areas (Ceylon, Seychelles).
They are superficial drains and not influenced by
subterraneous systems.

The ion-contents (conductivity) of the water-
systems are mostly close collected with the altitude
of the catchment area. Similar connections were
registrated in the rivers from old volcanic watersheds
{Mauritius), which are also supposed to be “stabi-
lized”, concerning the chemical weathering and
decomposition of the surface rocks.

The hydrochemical fluctuations of water-systems
draining the porous and highly surface-weathered
rocks of the volcanic watersheds of the Comoro
Islands (Anjouan), were to the greater part without
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visible connections concerning the different catch-
ment areas. The river waters are combined from
superficial but also subterraneous drains which
are strongly influenced by the decomposition of
basaltic rocks in the subsoil regions.

The survey states an increasement of sodium-
lons as a result of windward exposure of the water-
shed, as well on volcanic or crystalline rocks. Only
in case of highly surface weathered volcanic rocks
with a very porous drain system {Anjouan, Gomoro
Is.) or in case of a very special geology (peridotites
in New Caledonia), a predominance of magnesium
ions in water originating from windward exposure
was visible (Tabl. XVII).

The waters coming from leeward or even partially
leeward flanks contain usually predominant magne-
sium-ions, as well in drains from old voleanic rocks
(Anjouan, Mauritius), eruptive rocks (peridotites
in New QCaledonia causing everywhere an extra-
ordinary enrichment of magnesium), in water drains
from crystalline rocks but very limited to distinct
areas (south Ceylon). The waters with top contents
of calcium ions were rather restricted to areas of
deep erosion and primary chemical weathering
of basaltic rocks (amphitheatric valleys in Réunion
or subterraneous drains in Anjouan or systems
draining voleanic rocks with a high rate of primary
chemical weathering) but also found in the central
highlands of Ceylon where the gneissic rocks are
drained under aspects of extreme precipitation and
mountain eclimate (the contents of humic acids
are not very high).

Anyway the contents of sodium (relative enrich-
ment) compared with the other main cations, are
higher on fully windward watersheds, while these
of calcium and magnesium are usually as well
absolutely as relatively enriched in systems from
leeward watersheds. Different from these are the
drains through very porous voleanic rocks (Anjouan)
where the hydrochemical differentiations as caused
by the regional climate are rather unsafe.

Following these aspects, the fluctuations of
chemical compounds (ions) caused by heavy rainfalls
and floods may be mentioned as studied on the
Seychelles (Mahé) and Comoro Islands (Anjouan).
In the extreme soft waters in Mahé, only bumic
acids and ammonia were enriched at higher discharge
after rainfalls, while in the systems draining the
decomposited watersheds in Anjouan a general
increasement of ions was registrated.

The differencies in hydrochemistry between the
upper course regions and the lower parts of the
rivers, increase in correspondence with the higher
age of the watersheds (their geology, surface
weathering and soil).

A rather unimportant fluctuation, increasement
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TaBLE XVII

The influences of different local climate (windward — and leeward exposure of the watersheds) on hydrochemistry (relative % of

main ions)

weatherside windward

3 €1

12

Na* Mgt Heo
42 29 78

Na* ca* HCOo,” c1”

3

40 35 89 7-7

ca*ig** Heo,™ €1

39,29 93° 4
Mg*t Na* HCO,” €17 +

36 25 87 3 1o north 34 29 89 9

3 31 84 14 south subterraneous

Nat Mgt HCo,™ 1 Mgt nat

64 15 67 21 highl. 45 37

44 32 54 36 flanks - -

43 15 54 40 flanks 4 heog

= - -

Mg " Na HCO3 c1

67 30 59 40 highl.

80 17 69 29 flanks

Na* Ca™ €17 HCO,

67 11 59 34

Na® Ca®™ HCoT €17 Ca™ Na* HCO,™ C1”

3 27 68° 24 30,27 , 68 °_ 27
Mg** Ca™*HCO,” C1
38 36 86 11

southwest highlands
southeast

Prédominant : Na® Mg++

e 34 - 67% 36%

(80% peridotite)

or diminution of ions in profile of the running water
systems, was stated in young volcanic areas as well
absolutely as relatively (100 9%, absolute changement,
10-15 9, changement of the relative shares) like
investigated in Réunion or Anjouan. Of interest
was the diminution of Cat+, Mgt+, HCO, (especially
in relative share 9,), in profile of rivers flowing
through deep eroded amphitheatric valleys of these
islands, while Nat+ and Cl- were enriched. This
facts occured because of the predominant influence
of surface running cascadic tributaries (draining
the mostly windward flanks of the main wvalley),
mostly enriched in Nat, less Mgtt, HCOy4, while
the deep eroded main system is rich in Gatt, Mg+,
HCO4 ions, due to direct decomposition of the
basaltic rocks (oceanites).

The drains of the highly porous volcanic rocks
in Anjouan (Comoro Is.), that were extraordinary
weathered and decomposed due to accelerating
influence of dense vegetation and soil erosion by
deforestation, were predominated by Mgtt, less Nat,
HCO,, according to the primary decomposition
and leach of the volcanic rocks.

The elder volcanic island of Mauritius is already
in a far advanced stage of surface decomposition
and soaking by the influence of heavy precipitation,
especially in the highlands. The occurance of extended
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partially windward

ca*™Na* HCO,” C17

Teeward watershed

Réunion

Na* Mg** Heo,” C1”
"smaller valleys"

36 32 72 21

Réunion amphithea~
tric valleys

Anjouan

Mg Na* HCOT C1”
(Comoro 1s1.)

34 27 87 12

Mg Na* HCO,™ C17
36 35 577 29
Mauritius

Mg** Na* Heo,” C1”
83 13 79 20 New Caledonie

(peridotit. reg.)

Na* ca™*C1T Heo,” Mahé (Seychélles)

60 18 52 37 (granites)
ca** mg**Hco,"c1”

44 3% 95° 4 Ceylon
southeast {gneisses)
Prédominant : Mg++ cat* Nat

38% 44%  36-60%
(83% peridot )

areas with acidic soil (partially used for tea cultivat-
ions) may confirm this fact.

The downstream increasement of ions is therefore
extraordinary high (absolute 66-1 340 %,). Important
is especially the increasement of Catt, less of Mgit,
and HCO,- ions, while Nat, less K+, and Cl- ions
relatively even diminish. The influence of ion-
exchange processes in the highland soil can be
presumed.

Various tertiary geologies as found in Andaman
Is., Philippines, New Caledonia (peridotites) are
characterized by high fluctuations of the ion concen-
trations, especially the absolute downstream increase-
ment of the predominant ions (except Nat, K,
Cl-, in some cases). The highest plus was registrated
for Mg+, HCOy, sometimes also for Catt, HGO4,
or Nat (New Caledonia, with primary enrichment
of Mgt+; or in parts of Luzon). The drains of
crystalline areas seem to be characterized by a more
or less homogeneous increasement of ions in the
profile of the river systems.

The rate is lowest in the extraordinary resistant
and soaked precambric gneisses of Southwest Ceylon
(humid windward part). This low rate of ion fluctuat-
ions is similar to those of streams draining the
young volcanic watersheds in Réunion or Anjouan
(3-105 9, absolute). It is much higher in water
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systems draining the strongly eroded granitic
Seychelles (Mahé) with an extraordinary high share
of NatCl-, resulting from ion exchange in the soil
as well as from seaside winds. The rate is most
important (of the crystalline areas) in Southeast
Nigeria, obviously due to influences given by the
dense rain forest vegetation and the soil in the
lowlands.

Characteristic for these crystalline watersheds
seems accordance of relative and absolute increase-
ment of Mgtt, also Gatt, HCOy ions in downstream
direction, while Nat, K+, Cl-, are diminuted.

The tendencies of the relative ion abundancies
are similar, as well in profile of the rivers (upper
courses down to the lower courses) as in the
differencies between windward and leeward water-
sheds.

A clear tendency in the abundance of Nat (less
of Mgtt or Ga*t) and Cl- (mostly still predominated
by HGOj;) can be recognized. Highly weathered
and decomposed porous volcanic rocks with an
important rate of soil erosion (Anjouan, Comoro Is.)
or even eruptive peridotites, have an all over
predominance of Mgtt, HGCO,, except the sub-
terraneous drains.

6. SUMMARY

This study deals with comparative hydrochemical
investigations made on running water-systems of
tectonic islands within the humid tropical belts
of the Indo-Pacific and a few regions in western
Africa, southern and central America. Concerning
the frequent volcanic islands, studies were made
on the Gomoro Archipelago (Anjouan) and Masca-
renes (Réunion, Mauritius) and similar catchments
on different river-systems of volcanic or tertiary
ridges of some other Indo-Pacific islands.

Detailed hydrochemical investigations on water-
sheds dominated by old crystalline gneisses and
granites were made in southwestern Ceylon, on the
Seychelles, partially in Madagascar, western Africa,
Fidschi and the north of New Caledonia, where the
southern peridotite regions had been intensively
studied.

The main facts for the origin of the actual
hydrochemical conditions are discussed, as are the
decomposition of rocks (physical weathering and
hydrolization) and the importance of ion exchange
(most effective are humic acids, also clay minerals).
Cation exchange (mostly Cat**Nat) can be distingui-
shed from anion exchange causing the enrichment
of Cl~. Extraordinary efficiency of ion exchange
can be stated when the exchange layers (humic
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soil) are regenerated by NatCl- enriched seaside
winds (Seychelles, Mauritius’ highlands).

The totals of ions of the studied water-systems
vary from 21-60 p.p.m. in crystalline gneisses and
granites areas, frora 59-98 p.p.m. on shistes and
grauwacken of tertiary ridges, but in extraordinary
wide ranges on weathered watersheds of volcanic
formations (only 32 p.p.m. in the highland rivers
of the old volecanic island of Mauritius, up to
183 p.p.m. and even 291 p.p.m. on the younger
weathered volcanic superficies of Anjouan, La
Réunion or Guadalcanal.

The studied water systems can be arranged
corresponding with the actual abundant ions (rela-
tive equivalent 9%,) into main water types.

The tendency of main ion abundancies in direction
of a decline of the ion totals and a progressive
growth of humic acid contents in the studied waters,
goes from a predominance of calcium to magnesium
and at least sodium. Within this different types
of cationie abundancies is, as concerning anions,
bicarbonate replaced by chloride, when the totals
of ions diminish (Tabl. I). The enrichment of chloride
was most important in the drains of oceanic islands
with an already advanced stage of soil leaching
and erosion, as well on crystalline — as on old
volcanic rocks (Seychelles, Mauritius). The existence
of a very effective ion exchange in the acidic
highland soil and possibly a regeneration of this
system by NatCl- transporting seaside wind is
suggested (Fig. 2 et b)

The dominating water type, mainly influenced
by the primary weathering and the chemical
decomposition of rocks accelerated by vegetation
and soil activities (COy-enrichment), is the calcium-
bicarbonate water. It is widely distributed, also in
the humid tropics, especially in areas with calcium-
enriched voleanic rocks (magmatites 36200 mg
Ca/kg), but also in soft water draining old crystalline
massifs highly leached and less influenced by humic
acids (central highlands in southwest Ceylon and
Madagascar) (Tabl. II).

Magnesium-bicarbonate water dominates in areas
with high soil erosion and a far advanced weathering
decomposition of the watershed superficies (Anjouan,
Mauritius). The geochernical frequency of magnesium
is lower than of calcium (magmatites 17 600 mg
Mg/kg), the magnesium-carbonates, but especially
the magnesium-chlorides and — sulphates are less
soluable.

Strongly selective cation exchange with complex
calcium-humic acid binding can be suggested
(OHLE, 1955, 1963), while in mineral clays the
exchange binding capacity toward magnesium can be
supposed to be more solid than toward calcium
(MaTTHESS, 1977). Both processes could be presumed
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to be antagonistic, that calcium is at an early stage
of the hydrochemical decomposition of the volcanic
rocks easily washed out, while magnesium is enriched
in the mineral clays of the subsoil by ion exchange.
During a more advanced stage of leaching and
weathering of the watersheds and an increasement
of humic substances in the soil, the selective ion
exchange of caleiuin by the humate-complexes
might become more important again, causing a
relative enrichment of magnesium in the water
drains.

Concerning these developments, the high contents
of magnesium in the rocks (partially olivine basalts)
might be noticed. Highly enriched in magnesium
are peridotites (New Caledonia}, same are the waters
originating from this region (WeningEr, 1968)
(Tabl. III).

The discharge of water systems draining the
watersheds of the extraordinary porous rather
young voleanic rocks, are either completely {Grand
Comore) or partially subterraneous (Anjouan). The
water of this subterraneous drains contains higher
concentrations of ions, dominating are again calcium-
bicarbonate. The lower subsoil drains are therefore
still mainly influenced by the primary hydrochemical
decomposition of the rocks which may possibly
be intensivated by carbondioxide-enriched mineral
springs from the depth. Old volcanic islands
{Mauritius) have already mainly a superficial water
discharge and important subterraneous drains seem
to be absent. Accordingly to this fact, they were
lacking the calcium-bicarbonate water (Tabl. VIII,
IX).

In survey of the results, magnesium-bicarbonate
water occurs mainly in humid areas with rather
strongly marked seasonal rainfalls, but without
permanent leaching of the weathered superficies.
This causes on already advanced weathered water-
sheds, the hydrochemical decomposition down to
deep subsoil layers and the displace in the abundan-
cies of dissolved ions (Tabl. XV).

Sodium-bicarbonate waters are dominating all
watersheds of the humid tropics, where the drains
are permanently leached by climatical reasons
causing mostly extraordinary low concentrations
of ions. This water type seems in general predomi-
nant on the weatherside flanks as well on crystalline
as on resistant volcanic rocks, that are in some
cases overlying easierly weathered older formations
{Réunion) (Tabl. TV, VII).

Very typical are these sodium dominated soft
waters in the drains of acidic soil (old volcanic
highlands in Mauritius, granitic or gneissic massifs
in the Seychelles or Ceylon), which are more enriched
in humic acids. Like mentioned, are these waters
enriched in chloride, more effective than humic
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water with calcium — or magnesium predominance
and low contents of ions (Tabl. IX, XIV, Fig. 5, 6).
Intensivated ion-exchange is suggested. Obviously
a final stage concerning the extreme influences
by humid substances, was registrated in waters
draining large rain forest areas (western Adfrica,
Tabl, XVI), with extraordinary high contents
of ammonia and iron in complex bindings. This
type seems to be a characteristical lowland type,
while the greater part of the investigated running
waters on the islands has mainly extended upper
courses, followed by a short mouth. Higher contents
of humic acids occur only in the headwater region
of the highlands.

The wvarieties of specific water types increase
accordingly with the variety of geology and climate.

In general view, alkalinity states correspondence
with conductivity of a saturated calcium-bicarbonate
solution.

Extraordinarily high alkalinities were registrated
in drains from highly decomposed leeward volcanic
or tertiary watersheds (rivers in Réunion, Anjouan,
Java, New Caledonia), while water systems from
old volcanic plateaux bearing humic acidic soil
or those from crystalline watersheds have enlowered
alkalinities (compared with the particular conducti-
vities of the Ca |HCO,], solution). This is reasoned
by the enrichment of sodium ions due to ion
exchange.

The survey of the Ca: Mg ratios states low values
on water from old volcanie watersheds or peridotites
(0,04-0,75). Concerning the ratio [Ca 4 Mg]/[Na -+
K] a bigger share of {Ca + Mg] is visible toward
the lowlands or toward the less leached leeward
regions, while little values were in Seychelles’ and
Mauritius’ water systems (0,20-0,61).

Silicates are of high importance in tropical
freshwater. The contents vary wide ranged due
to the inhomogeneous weathering and leaching
especially of young volcanic watersheds. Another
ratio — conductivity/silicates — is proposed. It is
low (< b) in drains from erystalline rocks.

The downstream increasement of conductivities,
in survey of the investigated running water-systems,
is lowest in the main drains of crystalline areas
like Ceylon and Seychelles (4 0,7 until + 1,4 uS/
100 m), already higher on partially leeward water-
sheds of the same crystalline regions (4 15 pS/
100 m). In drains from volcanic watersheds a rather
inhomogeneous enrichment of ions can be stated
and the ranges of conductivities are extraordinary
wide, especially in deep eroded amphitheatric
valleys in Réunion { — 1,6 p.S/100 m until + 2,4 pS/
100 m).

The flows from old volcanic watersheds show
still an important downstream increasement of
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conductivities, but it grows homogeneously like
in the drains from crystalline areas (Mauritius:
-4 13 until 4 17 p8/100 m, connected with falling
altitude of the catchments.

The downstream fluctuations of the ion frequencies
(relative and absolute) were compared (Fig. 3, 4, 5, 6).
From samplements before and after heavy rainfalls
resulted either growing or falling concentrations
of ions due to differencies in the structure of the
watersheds (Anjouan or Seychelles).

The survey of complete running water systems
shows, that the total changements of the ion
abundances are combined from a number of regional
tendencies, which are mostly antagonistic and are
diminishing the complete final fluctuations as a whole.
This proves by chance at the “inverse diminution”
of ions (except Nat, Cl) in the discharge drains
of deep eroded amphitheatric valleys on volcanic
islands due to the strong inflow of surface draining
affluents coming from the steep flanks (cascades).
In surface draining less eroded valleys of younger
volcanic islands (also Réunion) increased other-
wards the relative shares of Ca**, Nat+ and Cl- in
downstream direction, while these of Mg++ and
HGO4 diminish. The latter both grow larger in
the drains of weathered and porous voleanic rocks
(Anjouan, Luzon, Cebu).

In the heavily eroded and weathered windward
systems in Anjouan (Comoro Islands) resulted
a relative increasement of Catt in the upper courses
of the rivers while downstreams Mg+, Nat, HCO4
were enriched.

Less eroded valleys in Réunion have similar
ion fluctuations in the profile of hydrochemistry,
the share of Ga** ions grows homogeneously, losses
of HCO, are partially compensated by Cl-. Stagnant
pools from volcanic massifs contain more Nat (K+)
and Cl- ions, influenced by seaside winds and
reactivated ion exchange.

The ion fluctuations in water flows draining the
porous basaltic rocks of the Comoro Islands, were
to the greater part without wvisible connection
concerning the different locations of catchments
in profile of the rivers.

The effective diminution of Cat+ (Mg™) and
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HCOy ions in the headwaters of old, highly leached
volcanic highland plateaux (Mauritius), is compen-
sated by the relative enrichment of Nat and Cl-
ions, similar to crystalline watersheds. This seems
to be caused by intensive ion exchange that is
reactivated by seaside winds. The middle — and
lower courses of the Mauritius' rivers are otherwise
already enriched in Mg+t (Catt) and HCO, ions
due to the reinforced leach and eluation of the
subsoils in the lower peneplains. The main rivers
are mostly homogeneous in their hydrochemical
profile and show less ion fluctuations, especially
in old crystalline areas,

The majority of running water systems from
old wvoleanic islands (Mauritius), effusive rocks
(New Caledonia), tertiary ridges (Andaman Islands)
and old crystalline gneissic and granite massifs
{Ceylon, Seychelles, partially West Africa), are mostly
superficial draining flows and their conductivities
accumulate homogeneously downstreams (Fig. 7).
They are characterized by the increasement of
Cat*, Mg+t and HCO,4 but respectively the decline
of Na*, K+ and Cl- (Fig. 5, 6). This situation seems
typical for stabilized old weathering — and leaching
systems.

The survey states an increasement of Nat ions
as a result of windward exposure as well on volcanic
as on crystalline watersheds. Only in cases of highly
decomposed and weathered volcanic rocks (Anjouan)
or of a very specific geology (New Caledonia,
peridotites), a predominance of Mgt+ ions was
visible in windward exposure of the watersheds.
Water flowing from more or less leeward flanks
contains usually predominantly Mg+t ions as well
on old volcanic basalts {(Anjouan, Mauritius), eruptive
peridotites (New Caledonia) as limited to restricted
areas also on gneissic rocks (southern Ceylon).
The relative top share of Cat* were restricted to the
deep eroded amphitheatric valleys (Réunion) or
to subterraneous drains (Anjouan) as well as to
crystalline highlands (Ceylon) (Tabl. XVTII).

Manuscrit accepté par le Comité de Rédaction le 28 mai 1985
et regu au Service des Editions le 6 juin 1985
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