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ABSTRACT. Compared to the global average, the chemical weather-
ing rates of basalt in southwest Iceland are high and rather variable.
This can be attributed to soluble rock type (basalt) and mechanical
weathering, variation in runoff and age of rocks, and variable vegetative/
glacial cover. The average temperature of the catchments in this study
1s near constant, 5°C. Chemical weathering of the basalt is incongruent.
Some of the primary minerals do not dissolve, and secondary minerals
form, resulting in the fact that fluxes of all elements increase with
runoff, and there is an enormous variation in the relative mobility of
elements in the basalt during weathering. The relative mobility, in de-
creasing order, is: S > F > Na > K > Ca > Si > Mg > P > Sr >> Mn >
Al > Ti > Fe. Relative to Na, close to 90 percent of Mg and Ca in the
original rocks is left behind at the weathering site. The runoff depen-
dence of fluxes and the variation in relative mobility is less in old rocks
than in young ones. In old rocks the number of saturated minerals with
respect to soil solutions has decreased because of lesser amount of
soluble basaltic glass and an increased vegetative cover on old rocks.
The saturation state of basaltic minerals is the most important variable
for the dissolution and precipitation rate of minerals during weather-
ing in southwest Iceland am}J is dictated by the pH of the weathering
solutions.

The overall rate of chemical denudation rate in southwest Iceland
is independent of vegetative cover. However, fluxes of Ca, Mg, and Sr
increase with increasing vegetative cover at constant runoff, whereas
fluxes of Na and K decrease. With a continuous vegetative cover the pH
of the soil solutions tends to be low (<7), and glass, olivine, pyroxene,
and plagioclase are unstable, but the solutions are decreasingly satu-
rated or more undersaturated with respect to zeolites and smectite, thus
increasing the relative mobility and fluxes of Ca, Mg, and Sr. Since the
weathering of Ca-Mg silicate rocks is the principal process by which
CO, is removed from the atmosphere on a geological time scale (Berner,
1992), the spread of vascular plants on the continents during the
mid-Paleozoic may have resulted in a drop in CO;, not necessarily
because of greatly enhanced bulk chemical weathering, as suggested by
Trendall (1966) and Berner (1993), but rather due to the enhanced
relative mobility and fluxes of Ca and Mg.
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Glacial cover slows down the overall chemical denudation rates in
southwest Iceland. It increases the probability of high pH weathering
solutions by excluding direct and indirect routes for the CO, from the
atmosphere to the weathering site and by continuously exposing fresh
rocks to the incoming solutions. A high pH (8-10) makes the primary Ca
silicates stable and the Mg silicates stable or less unstable, and the high
PH increases the probability of deposition of zeolites and smectites.
Thus, the relative mobility and fluxes of Ca and Mg slow down during
glacial cover and therefore retard the permanent long-term consump-
tion of atmospheric CO,. This process supports the theory of a negative
feedback mechanism for the long-term stabilization of the Earth’s
surface temperature (Walker, Hays, and Kasting, 1981).

Transient consumption of atmospheric CO, by chemical weather-
ing in Iceland is greater than CO, degassing from the Icelandic mantle
plume. However, long-term consumption by weathering of Ca-Mg sili-
cates and precipitation of Ca-Mg carbonates in the ocean is smaller than
the CO; degassing.

The relative mobility of the least mobile elements during weather-
ing in southwest Iceland is similar to that observed elsewhere in the
world under remarkably variable climatic conditions. Thus we agree
with Nesbitt and Wilson (1992) and Taylor and others (1992) that
laterites and bauxites are not necessarily representative of a tropical
climate, but rather the ratio of mechanical versus chemical denudation
rates.

Icelandic precipitation shows a normal distribution around a mean
pH of 5.4. Na/Cl, K/Cl, Mg/Cl, and Sr/Cl ratios in the precipitation are
close to oceanic ratios, indicating that they are solely of marine origin.
The concentrations of Ca, SO4, NO;, and NH, are higher than predicted
by an unfractionated marine contribution. The pH of spring-fed rivers
in southwest Iceland is high, and they are relatively poor in total
dissolved inorganic carbon, calcium, and magnesium. The pH of other
rivers ranges from 7.15 to 7.94, which is typical for waters with access to
atmospheric CO; during or after water-rock interaction. The water in
the main channels of the rivers has enough time for significant heat
exchange with its surroundings and significant gas exchange with the
atmosphere, but the water-rock interactions are insignificant.

The airborne dissolved or soluble solids contribution to the total
dissolved solids in rivers in southwest Iceland (only carbon dissolved
in rain is considered) ranges from 14 to 38 percent for those catchment
areas closest to the coast. Most of the airborne contribution is of marine
source and the airborne contribution is, in descending order; Cl, NO;,
and NH, (=100 percent) > Sr (44 percent) = SO, (42 percent) > Na (33
percent) > Mg (23 percent) = K (21 percent) > Ca, PO4 (13 percent) >>
SiO,, F, Al, Fe, Mn, Ti (0 percent). The dissolved carbon in the rivers is
primarily, directly, or indirectly derived from the atmosphere. The
average total dissolved inorganic N content of Icelandic precipitation
is 124 pg/1 N, but the discharge weighted average of the total inorganic
N concentration of Icelandic rivers is 62 pg/l N. Thus there is a
nitrogen sink in Icelandic catchment areas, caused by primary produc-
tion of progressive vegetation and biota.
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INTRODUCTION

Chemical weathering of the Mg—Ca silicates is the primary process in
removing CO, from the atmosphere on a geological time scale. Weather-
ing of Mg-Ca silicates on land results in the transport of Mg and Ca by
rivers to the ocean, where it eventually precipitates as carbonates, making
the ocean capable of absorbing more CO; from the atmosphere and
bicarbonate from rivers (Urey, 1952; Holland, 1978; Berner, 1992).
Regions dominated by exposed reactive Mg-Ca silicate rocks, high rain-
fall, and high relief are the most important long term CO, sinks on land.

Iceland provides an opportunity to study the weathering of Mg-Ca
silicates under uniform lithology, at a constant average temperature,
variable rainfall and rock age, high relief, and variable glacial/vegetative
cover. More than 90 percent of the island is of basaltic composition. The
primary Mg-Ca silicates of the basalt being weathered are: olivine,
pyroxene, plagioclase, basaltic glass, and interstitial glass of rhyolitic
composition. However, in order to understand the transport of Mg and
Ca from the weathering site to the ocean, it is also necessary to consider
the formation of Mg-Ca silicate weathering products, such as smectites,
zeolites, and serpentine, that constrain the transport of Mg and Ca.

The objective of this paper is to define and interpret the chemistry of
rivers in southwest Iceland and to establish the source of dissolved
constituents, the relative mobility of the elements, the rate of chemical
denudation, the effect of runoff, age, and glacial/vegetative cover on the
chemical weathering of basalt and the implication of the findings.

Chemical weathering rates are complex functions of runoff and
lithology (Garrels and Mackenzie, 1971; Meybeck, 1979; Bricker and
Rice, 1989; Bluth and Kump, 1994), temperature (Brady, 1991; Velbel,
1993, Gwiazda and Broecker, 1994; White and Blum, 1995), organic
activity and therefore vegetative cover (Cawley, Burruss, and Holland,
1969; Volk, 1987; Schwartzman and Volk, 1989; Berner, 1992; Cochran
and Berner, 1992; Drever 1994; Brady and Carroll, 1994), tectonics and
therefore exposure and elevation (Stallard and Edmond, 1983; Raymo
and Ruddiman, 1992; Drever and Zobrist, 1992; Edmond and others,
1995), and glacial cover and the abundance of mechanically strained
glacier sediments (Gislason, Arnérsson, and Armannsson, 1994; Kump
and Alley, 1995; Meybeck, 1995; Sharp and others, 1995).

Numerous studies have been carried out on the weathering of basalt
on land (Sigvaldason, 1959; Craig and Loughnan, 1964; Tardy, 1969;
Cawley, Burruss, and Holland, 1969; Hay and Jones, 1972; Jakobsson,
1978; Chesworth, Dejou, and Larroque 1981; Colman, 1982; Furnes,
1984; Gislason and Eugster, 1987b; Eggleton, Foudoulis, and Farkevis-
ser, 1987; Smith, Milnes, and Eggleton, 1987; Crovisier, ms; Noack and
others 1990; Veldkamp and Jongmans, 1990; White and Hochella, 1992;
Crovisier and others, 1992; Cochran and Berner 1992 Nesbitt and
Wilson, 1992; Taylor and others, 1992; Gislason and Arnérsson, 1993;
Bluth and Kump, 1994; Benedetti and others, 1994; Daux and others,
1994; Dorn and Brady, 1995) that define the changes in rock chemistry
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and mineralogy during weathering, the chemistry of the water involved
in the weathering process, the relative mobility of the elements, chemical
fluxes, and the effect of vegetation on weathering rates. Experimental
studies on weathering and/or alteration of basalt and basaltic glass have
underscored the importance of pH, water composition, temperature,
glass content, and the presence of bacteria on the rate of weathering
(Hoppe, 1940; Furnes, 1975; Gislason and Eugster, 1987a; Crovisier, ms;
Guy and Schott, 1989; Gislason, Veblen, and Livi, 1993; Berger and
others, 1994; and Thorséth, Furnes, and Tumyr, 1995).

Studies of the chemistry of surface and groundwaters in Iceland
have increased in number during the last two decades. Most of the data
on river water composition are from the southern and western parts of
the country (Armannsson 1970, 1971; Armannsson and others, 1973;
Rist, 1974, 1986; Sigbjarnarson, 1972). The data base set up by Rist,
Armannsson, and coworkers is extensive, reporting the monitoring of
chemistry, suspended load, and discharge of 20 rivers in south and west
Iceland on a monthly basis for up to 2 yrs. Cawley, Burruss, and Holland
(1969) studied the carbonate concentration and the partial pressure of
COy in the Skjalfandafljét River in northern Iceland. They concluded
that the harsh climate in central Tceland does not result in abnormally
low rates of chemical weathering, and they found the chemical weather-
ing rates to be two to three times higher in areas with plant cover than in
barren areas. With the aid of deuterium isotopes, Arnason (1976) defined
the flow paths and the age of ground waters in Iceland. The chemistry of
several lakes and of the Laxa River in northeast Iceland has been studied
by Olafsson (1979, 19805 1992), Stetansson (1950), Stetdnsson and Jéhan-
nesson (1987), Sveinbjornsdéttir and Johnsen (1992), and Petersen,
Gislason, and Vought (1995). The effects of geothermal and volcanic
activity and glacier burst on river water chemistry have been described by
Sigvaldason (1963, 1965), Steinthérsson and Oskarsson (1983), Bjorns-
son and Kristmannsdéttir (1984), Agustsdéttir and others (1992), Brant-
ley, Agustsdottlr and Rowe (1993), Agustsdéttir and Brantley (1994)
and Lawler, Bjoérnsson, and Dolan (1996) The solute acquisition in
glacier melt waters from the Fjallsjokull in southeast Iceland has been
studied by Raiswell and Thomas (1984). Airo (1982) analyzed surface and
spring waters in the rift zone south of the Langjokull Glacier. Sigurdsson
(1990) studied the chemistry of groundwaters of glacier origin in Iceland.
The processes governing the chemistry of precipitation, surface, ground,
and geothermal waters in the rift zone north of the Vatnajokull Glacier
were defined and interpreted with the aid of laboratory experiments
(Gislason, ms; Gislason and Rettig, 1986; Gislason and Eugster 1987a, b;
Gislason, Veblen, and Livi, 1993). The chemistry of rivers in Iceland and
the rate of chemical denudation have been interpreted by Gislason and
Arnérsson (1988, 1993) and Gislason, Arnérsson, and Armannsson (1990).
The rate of water-air interactions in rivers has been described and
interpreted (Gislason, 1989) as well as the contamination of surface
waters by the Hekla volcanic eruption of 1991 (Gislason and others,
1992).
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CLIMATE, GEOLOGY, HYDROLOGY, AND VEGETATION

The climate in Iceland is oceanic boreal with rather cool summers
and relatively warm winters. It is characterized by alternating invasions
of polar air from the north and warm or transitional air masses from the
Atlantic (Eythérsson and Sigtryggsson, 1971). The mean temperature of
the inhabited part of the country, the coastal areas, and the lowlands is
around 4°C, and the annual precipitation ranges from less than 400 mm
to more than 4000 mm (Eythérsson and Sigtryggsson, 1971; Einarsson,
1991). The central region of Iceland consists of a 500 to 700 m high
plateau, stretching 300 km west to east and about 100 km from north to
south. Numerous snowcapped mountains and glaciers protrude from
this plateau up to 1500 to 2000 m above sealevel. Mountain ranges
radiate in all directions from the central plateau toward the coast,
separating the inhabited valleys and dividing the coastal lowlands (fig. 1).
The size of the island is about 103,000 km?. This is about 0.1 percent of
the global land area drained to the oceans (Meybeck, 1988). A little less
than 24,000 km? are vegetated, wasteland accounts for just over 64,000
km?, glaciers take up about 12,000 km?, and lakes somewhat less than
3000 km? (The Statistical Bureau of Iceland, 1984). Iceland was mostly
covered with ice during the Pleistocene, but the ice caps reached their
present size about 8000 yrs ago (Einarsson, 1985).

Iceland is built of volcanic rocks which are predominantly (80-85
percent) of basaltic composition, the remainder being intermediate and
silicic volcanics and clastic sediments of volcanic origin (fig. 1; Saemunds-
son, 1979). The oldest rocks exposed are about 13 my (Moorbath,
Sigurdsson, and Goodwin, 1968; McDougall and others, 1977). Recent
and Upper Quaternary volcanics are largely confined to the active
volcanic zones (fig. 1). Generally the age of the rocks increases with
distance from the volcanic zones as a result of crustal accretion (Oskarsson,
Sigvaldason, and Steinthérsson, 1982).

Permeability, both primary and tectonic, is higher within the young
volcanic zones than in older rocks outside them. The post-glacial lavas of
the young volcanic zones have extremely high permeability, 1-10-2
cm?®/cm? sec (Sigurdsson and Ingimarsson, 1990) and have for that
reason no surface streams. Compaction and sealing by secondary miner-
alization reduces the permeability as the rocks drift out of the volcanic
zones. The permeability of the Quaternary and Tertiary formations lies
in the range of 5 X 107° to 10~7 cm3/cm? sec (Sigurdsson and Ingimars-
son, 1990). As a result, runoff dominates in the Quaternary and Tertiary
formations. On the other hand, a large part of the precipitation that falls
on ice-free land in the volcanic zones infiltrates and may discharge
directly as groundwater into the ocean or emerge as springs to form
spring-fed streams and rivers.

The total annual discharge of the rivers in Iceland is 170 km3 (Rist,
1956), about 0.45 percent of the global river discharge to the ocean
(Baumgartner and Reichel, 1975). The total annual discharge in Iceland
translates to 1.65 X 105 m*/km?/yr or about 55 1/sec km? runoff com-
pared to the exorheic world average drainage of 11.8 1/sec km? (Rist,






