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a b s t r a c t
Long-term climate moderation is commonly attributed to chemical weathering; the higher the temperature
and precipitation the faster the weathering rate. Weathering releases divalent cations to the ocean via
riverine transport where they promote the drawdown of CO2 from the atmosphere by the precipitation and
subsequent burial of carbonate minerals. To test this widely-held hypothesis, we performed a ﬁeld study
determining the weathering rates of 8 nearly pristine north-eastern Iceland river catchments with varying
glacial cover over 44 years. The mean annual temperature and annual precipitation of these catchments
varied by 3.2 to 4.5 °C and 80 to 530%, respectively during the study period. Statistically signiﬁcant linear
positive correlations were found between mean annual temperature and chemical weathering in all 8
catchments and between mean annual temperature and both mechanical weathering and runoff in 7 of the 8
catchments. For each degree of temperature increase, the runoff, mechanical weathering ﬂux, and chemical
weathering ﬂuxes in these catchments are found to increase from 6 to 16%, 8 to 30%, and 4 to 14%
respectively, depending on the catchment. In contrast, annual precipitation is less related to the measured
ﬂuxes; statistically signiﬁcant correlations between annual precipitation and runoff, mechanical weathering,
and chemical weathering were found for 3 of the least glaciated catchments. Mechanical and chemical
weathering increased with time in all catchments over the 44 year period. These correlations were
statistically signiﬁcant for only 2 of the 8 catchments due to scatter in corresponding annual runoff and
average annual temperature versus time plots. Taken together, these results 1) demonstrate a signiﬁcant
feedback between climate and Earth surface weathering, and 2) suggest that weathering rates are currently
increasing with time due to global warming.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Atmospheric circulation models indicate that global climate is
intimately linked to the atmospheric CO2 content; increased CO2 leads
to warmer temperatures, changing precipitation patterns, and an
overall increase in runoff (Labat et al., 2004; Gedney et al., 2006; Alley
et al., 2007). Increased CO2 content in the atmosphere, however, has
been limited over geologic time by weathering of silicate rocks
(Walker et al., 1981; Berner et al., 1983; Berner and Kothavala, 2001;
Wallmann, 2001; Berner, 2004). This process stems from the weathering of Calcium–Magnesium silicates, and over the last 100 million
years mainly Ca silicates. For example, the weathering of Ca-rich
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plagioclase, a common silicate mineral, leads to carbonate mineral
precipitation according to the following reactions:
CaAl2 Si2 O8 þ 2CO2 þ 3H2 OY

ð1Þ

Plagioclase
Al2 Si2 O5 ðOHÞ4 þ Ca2þ þ 2HCO3−

ð2Þ

Kaolinite
Ca2þ þ 2HCO3− → CaCO3 þ CO2 þ H2 O

ð3Þ

Calcite
These reactions proceed via the chemical and mechanical weathering of silicates on land coupled to the riverine transport of
suspended matter and aqueous Ca2+ and HCO−3 to the oceans where
they react to form calcite and aragonite (Aller, 1998; Gislason and
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Oelkers, 2003; Stefánsdóttir and Gislason, 2005; Gislason et al., 2006;
Pogge von Strandmann et al., 2008). The feedback between climate
and weathering has been attributed to a number of factors including
the effect of temperature on 1) silicate dissolution rates, 2) runoff, 3)
mechanical weathering, and 4) glacial melting (e.g. Peters, 1984;
Meybeck, 1986; Sverdrup, 1990; Bluth and Kump, 1994; Meybeck,
1994; Gibbs and Kump 1994; White and Blum, 1995; Gislason et al.,
1996; Gaillardet et al., 1999a; Stefánsson and Gislason 2001; Tranter et
al., 2002; Dessert et al., 2003; Millot et al., 2003; West et al., 2005;
Anderson, 2007; Navarra-Sitchler and Brantley, 2007).
This study was initiated to provide direct evidence of the effect
of climate change on chemical and mechanical weathering rates.
This evidence was obtained by focusing on individual catchments
rather than comparing the behaviour of different catchments at
various temperatures and precipitation/runoffs. In this way we
were able to measure directly changes in weathering rates due to

climate change in each catchment, limiting potential ambiguities
associated with relief, rock type, vegetation, and glacier cover, etc.,
which could mask the effects of temperature and precipitation/
runoff on weathering (Edmond et al., 1995).
Chemical and mechanical weathering was quantiﬁed by measuring
the ﬂux of dissolved and suspended materials, respectively, to the
ocean in 8 rivers in north-eastern Iceland. The location of these rivers
and their catchments are shown in Fig. 1; further physical and climatic
characteristics of these catchments are presented in Table 1. The 8
studied rivers are situated on basaltic rocks. The ages of these basalts
generally increase from east to west, the youngest basalts are found in
the Jökulsá á Fjöllum river catchment, and are on average 0.3 million
years of age. The oldest basalts are found in the Fjardará river
catchment and are on average 11.2 million years of age (Moorbath
et al., 1968; Johannesson and Saemundsson, 1998). Five of the eight
river catchments are partially glaciated. Two of the rivers, the

Fig. 1. Map showing the location of the catchments investigated in this study, the sampling stations, the meteorological stations and the variation in mean annual temperature, ΔT and percent
variation in annual precipitation, ΔP from 1961–2005. The studied rivers from west to east are 1) Jökulsá á Fjöllum at Grímsstadir, 2) Jökulsá á Dal at Brú, 3) Jökulsá á Dal at Hjardarhagi,
4) Jökulsá í Fljótsdal at Hóll, 5) Fellsá, 6) Grímsá, 7) Lagarﬂjót and 8) Fjardará. The word Jökulsá in Icelandic means a glacier-fed river. The names of glacier fed rivers and catchments are shown
in blue letters. The Fellsá, Grímsá, and Fjardará are direct runoff rivers, the Jökulsá á Dal, Jökulsá í Fljótsdal, and Lagarﬂjót are a mixture of glacier and direct runoff, and the Jökulsá á Fjöllum is a
mixture of spring, glacier and direct runoff waters. Water ﬂow of the Lagarﬂjót and Grímsá rivers is inﬂuenced by dams. The catchments of these 8 rivers cover a total of 11,350 km2.
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Table 1
The size of the river catchments, percent glacial cover, area weighted age of the catchments rocks, runoff and ﬂux range, and the annual mean temperature and precipitation range of
closest weather station
River
Catchmenta

Size

Glacier
cover

(km2)
Grímsstadir
Brú
Hjardarhagi
Hóll
Fellsá
Lagarﬂjót
Grímsá
Fjardará
a
b
c
d

5179
2089
3338
560
124
2777
507
56

28%
68%
43%
27%
0%
6%
0%
0%

Rock
ageb

Study peroid

Runoff rangec

Ca2+ ﬂux range

HCO−3 ﬂux range

SIM ﬂux range

(Myr)

(yr)

(m/yr)

(mol/m2/yr)

(mol/m2/yr)

0.299
1.32
1.71
2.14
5.9
5.99
6.45
11.2

1971–2003
1971–2004
1970–2004
1963–2004
1977–2003
1975–2003
1961–1997
1962–2004

0.865 to 1.25
1.14 to 2.47
0.945 to 1.76
1.12 to 2.34
1.25 to 2.77
1.07 to 1.90
0.910 to 2.29
1.30 to 2.54

0.131 to 0.177
0.090 to 0.154
0.094 to 0.142
0.203 to 0.356
0.057 to 0.110
0.136 to 0.233
0.110 to 0.236
0.047 to 0.080

0.772 to 0.968
0.365 to 0.602
0.382 to 0.554
0.593 to 1.035
0.267 to 0.519
0.466 to 0.785
0.350 to 0.761
0.221 to 0.377

Mean annual
temp. range

Annual precip.d
range

(kg/m2/yr)

Nearest
weather
station

(°C)

(mm/yr)

0.614 to 3.95
0.957 to 5.01
0.595 to 3.70
0.294 to 1.202
0.0112 to 0.0287
0.0239 to 0.0429
0.0064 to 0.0219
0.0094 to 0.0233

Grímsstadir
Brú
Brú
Hallormsstadur
Egilsstadir
Egilsstadir
Egilsstadir
Seydisfjördur

−1.8 to 2.5
−1.3 to 3.21
−1.3 to 3.21
1.7 to 5.67
1.2 to 4.68
1.2 to 4.68
1.2 to 4.5
2.1 to 5.3

278 to 444
334 to 820
334 to 820
304 to 1916
476 to 1059
444 to 1059
225 to 1059
1023 to 2495

The 4 glacier covered catchments are denoted by their respective sampling stations, but the others by their rivers (Fig. 1).
Area weighted average rock age.
Runoff range during study period.
Maximum and minimum precipitation.

Lagarﬂjót and Grímsá, have been dammed. Critical to demonstrating
the effect of climate on weathering is performing studies over a
sufﬁciently long time period to obtain data exhibiting distinct mean
annual temperature and precipitation changes. To obtain the robust
evidence needed to demonstrate unambiguously the feedback
between climate and weathering, this study covers the years 1961–
2004 corresponding to most of the recent rapid global warming
period (Alley et al., 2007).
The north-east Icelandic rivers were chosen for this study for a
number of reasons. First, these river catchments are sparsely
populated, minimizing the effect of human activity on weathering
rates. Second, the river catchments are comprised of basalts. Due to
their composition and rapid dissolution rates, the weathering
of continental basalts has a far faster weathering rate and CO2
consumption capacity than other major continental silicate rocks
(Meybeck, 1986; Bluth and Kump, 1994; Dessert et al., 2003; WolffBoenisch et al., 2004, 2006). Third, Iceland is a volcanic island
representative of the high-relief, volcanic and tectonically active
islands that contribute over 45% of suspended material to the oceans,
and the suspended material from these islands is reactive in seawater
(Milliman and Syvitski, 1992; Gaillardet et al., 1999b; Stefánsdóttir and
Gislason, 2005; Gislason et al., 2006). Fourth, future warming and
rainfall increase is expected to be greatest over land situated at high
latitudes (Alley et al., 2007). Fifth, the studied rivers consist of 5
glacier-fed and 3 non-glacial rivers, allowing assessment of the role of
glacial melting on weathering rates. Finally, modelling studies have
suggested that the effect of climate on weathering would be greatest
in volcanic rocks (Wallmann, 2001) making this among the best sites
to observe this effect.
2. Materials and methods
2.1. Measurement of discharge
River discharge was measured by the Hydrological Service of the
National Energy Authority at distinct monitoring stations. The
location of each station is shown in Fig. 1. Discharge at each station
was calculated by using a rating curve describing the relationship
between water level and discharge. Water level is continuously
measured throughout the year and recorded at 60 minute intervals.
Discharge measurements are performed several times each year at
each station to validate the rating curve which depends on the
stability of the river bed cross section at the monitoring site. During
the winter, the river water level at the measuring site can be
inﬂuenced by the presence of ice. In such cases, river discharge was
estimated taking account of the air temperature, precipitation, and
discharge of nearby ice-free rivers.

2.2. Determination of dissolved concentrations and ﬂuxes
Each studied river was sampled regularly from the locations shown
in Fig. 1 eight to ten times per year from 1998 to 2003. These river water
samples were ﬁltered on site immediately after sampling through
0.2 µm Millipore cellulose acetate ﬁlters. Alkalinity was determined by
Gran titration (c.f. Stumm and Morgan, 1996) and Cl by ion chromatography. Samples to be analysed by inductively coupled plasma atomic
emission spectrometry (ICP-AES) were acidiﬁed by adding 1 ml of
concentrated suprapure HNO3 to a 90 ml water sample. Total dissolved
Ca and Si were determined by ICP-AES. The relative error of all these
measurements is less than 5%. The Ca concentration was corrected for
dissolved Ca originating from precipitation by assuming all dissolved Cl
present in water samples originated from rainwater and using the Ca/Cl
ratio of Icelandic precipitation (Gislason et al., 1996). Fluxes were
calculated by multiplying corrected Ca concentrations by the measured
discharge at the time of sampling. Resulting ﬂuxes are reported as Ca2+
ﬂuxes since Ca2+ dominated dissolved Ca species in all the water samples
according to speciation calculations using PHREEQC (Parkhurst and
Appelo, 1999). The total dissolved inorganic carbon (DIC) ﬂux was
calculated from the measured alkalinity, pH, temperature, total
dissolved silicon and the discharge at the time of sampling (Gislason
et al., 2004). The DIC concentrations were corrected for the DIC
originating from precipitation by assuming that precipitation was in
equilibrium with air at 0 °C (Gislason et al., 1996). This ﬂux is reported as
HCO−3 ﬂux in the ﬁgures and tables as it dominates the DIC ﬂux and is
consistent with reaction (2).
2.3. Determination of SIM concentration and ﬂuxes
Total suspended inorganic particulate matter (SIM) and particulate
organic matter (POM) were sampled from the main channel of the
rivers, at the sampling stations shown in Fig. 1 using suspended
matter samplers (Guy and Norman, 1970). Two different samplers
were used. All samples from the Fellsá and Fjardará rivers were taken
with a DH48 hand sampler (Guy and Norman, 1970). This sampler was
fastened to a rod that was lowered by hand into the river. Samples
from the other rivers, with few exceptions were taken with a S49
sampler (Guy and Norman, 1970). This sampler was attached to a
winch which lowered and lifted the sampler to and from the river
bottom at a constant rate (Hardardottir et al., 2003).
The concentration of the suspended inorganic particulate matter
(SIM) was measured at the Hydrological Service of the National
Energy Authority. The organic fraction of the suspended sediment was
removed prior to analysis by boiling the sample in hydrogen peroxide
(H2O2, Pálsson and Vigfússon, 1996). The instantaneous SIM ﬂux was
calculated by multiplying measured SIM concentrations by the
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Fig. 2. Measured alkalinity versus discharge (Q) for all rivers of the present study. Note the different scales of the plots. Data from rivers draining the youngest catchment rocks are on
the top and those from rivers draining the oldest rocks are shown near the bottom. All the data were ﬁt with the power law (Eq. (4)). The equation and coefﬁcient of determination (r2)
of the resulting ﬁt are provided in each plot.

discharge at the time of sampling. The chemical composition of the
SIM samples collected from 1998 to 2003 was measured as described
by Eiriksdóttir et al. (2008).
2.4. Mean annual temperature and annual precipitation measurements
There are 6 meteorological stations located within the studied
catchment areas run by the Icelandic Meteorology Ofﬁce (IMO). The
location of these stations is shown in Fig. 1. All stations recorded
precipitation and 5 have recorded temperature since the early 1960s
(The Icelandic Meteorological Ofﬁce, 2007). The IMO reports annual
mean temperature in °C, and integrated annual precipitation is

reported in mm.3 The precipitation is measured by Hellaman-meters
with a wind shield (The Icelandic Meteorological Ofﬁce, 2007). The
precipitation data, however, is much less reliable than the temperature data. This is due to 1) the high wind speed in Iceland, 2) the large
fraction of the precipitation is in the form of snow, 3) local topography
and manmade structures, and 4) the planting of trees in vicinity of the
stations (The Icelandic Meteorological Ofﬁce, 2007).

3
These average annual data are available directly from the IMO website: http://
andvari.vedur.is/vedurfar/yﬁrlit/medaltalstoﬂur/Arsgildi.html.
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3. Results and discussion
3.1. Climate and rivers of north-eastern Iceland

Fig. 3. Fluxes measured at the Hóll station on the River Jökulsá í Fljótsdal: a) suspended
inorganic material (SIM) ﬂux versus discharge (bottom) and runoff (top) at the time of
sampling for the period 1963 to 2004; b) and c) dissolved Ca2+ and HCO−3 ﬂuxes as a
function of discharge (bottom) and runoff (top) for the period 1998 to 2003. Ca2+
dominated dissolved Ca species in all the waters. The symbols correspond to
instantaneous ﬂuxes and the lines result from a linear regression of the data. Equations
of each regression are provided on the ﬁgure where Q represents discharge in units of
m3/s and r2 the coefﬁcient of determination.

The range in the mean annual temperature and annual precipitation of each weather station present in the study area is provided in
Table 1. The mean annual temperature and annual precipitation at the
meteorological stations varied by 3.2 to 4.5 °C and 80 to 530% over the
study period. There is an overall temperature increase at all
meteorological stations during the past 40 years but precipitation
increased or decreased depending on the meteorological station (The
Icelandic Meteorological Ofﬁce, 2007).
The discharge and concentration of the suspended inorganic
material (SIM) of all 8 studied rivers have been monitored for 30–
44 years depending on the river. The chemical composition of the
suspended material and the concentration of dissolved elements were
measured eight to ten times per year from 1998 to 2003. The
suspended inorganic material from the rivers is basaltic and the
chemical composition of this suspended material in each catchment
was close to constant (Gislason et al., 2006; Eiriksdottir, et al., 2008).
The contribution of carbonate dissolution to the dissolved load of
these rivers is negligible as demonstrated by the strong correlation
between alkalinity and silica concentrations shown in Fig. 1 of the
supplementary material. Alkalinity is relatively high in the rivers
draining young rocks. The relationship between Si and alkalinity in
Jökulsá á Fjöllum at Grímsstadir is less clear than other young glacial
fed rivers because a considerable fraction of its discharge comes from
groundwaters and there is some geothermal component in the river
waters (Eiriksdottir et al., 2008). The range in alkalinity and dissolved
silicon concentration is diminished by the presence of dams and
reservoirs in the Lagarﬂjót and Grímsá rivers. Note that the rivers
Jökulsá í Fljótsdal, Fellsá and Grímsá are all tributaries to Lagarﬂjót.
Particulate organic carbon concentration was low in all rivers, never
exceeding 3% of the total suspended matter.
3.2. River ﬂuxes
Many authors (e.g. Walling and Webb, 1986; Gislason et al., 2006)
have shown that river water concentrations change with water
discharge according to a power law

2.5. Statistical analysis
The statistical signiﬁcance of linear relationships (p) between
mean annual temperature and annual precipitation versus annual
runoff, mechanical weathering ﬂuxes, and chemical weathering ﬂuxes
were determined by calculating the statistical signiﬁcance of these
correlations using STATISTICA 7.0 (STATISTICA, 2004). A correlation is
assumed to be signiﬁcant if the calculated statistical signiﬁcance, p, is
less than 0.05. Linear least squares regressions of these relations,
correlation coefﬁcients (r), coefﬁcient of determinations (r2) and
standard errors were also determined using STASTICIA 7.0 (STATISTICA, 2004).

C = aQ b

ð4Þ

where C represents concentration, a refers to a constant, Q denotes
river discharge, and b stands for a constant describing the power
dependence of river concentration with discharge. If b is equal to zero,
the concentration is independent of discharge. If b is equal to −1, the
river water concentrations may be controlled by its dilution by pure
water. Previous studies (e. g. Walling and Webb, 1986; Gislason et al.,
2006) have shown that b is greater than zero for river suspended
inorganic matter (SIM) and b is between 0 and −1 for dissolved

Table 2
Fit equations and coefﬁcients of determination describing the logarithm of river ﬂuxes as a function of the logarithm of discharge (Q)
Catchment a

SIM

r2

(kg/s)
Grímsstadir
Brú
Hjardarhagi
Hóll
Fellsá
Lagarﬂjót
Grímsá
Fjardará

log
log
log
log
log
log
log
log

SIM = 3.11 log Q − 4.93
SIM = 2.21 log Q − 2.82
SIM = 2.68 log Q − 4.15
SIM = 1.99 log Q − 2.24
SIM = 1.18 log Q − 2.25
SIM = 1.00 log Q − 1.65
SIM = 1.32 log Q − 2.60
SIM = 1.45 log Q − 2.49

log Ca2+

r2

(mol/s)
0.742
0.939
0.887
0.849
0.849
0.695
0.757
0.827

log
log
log
log
log
log
log
log

Ca2+ = 0.858 log
Ca2+ = 0.675 log
Ca2+ = 0.659 log
Ca2+ = 0.698 log
Ca2+ = 0.781 log
Ca2+ = 0.937 log
Ca2+ = 0.821 log
Ca2+ = 0.789 log

DIC

r2

(mol/s)
Q − 0.510
Q − 0.425
Q − 0.259
Q − 0.296
Q − 1.11
Q − 0.760
Q −0.686
Q − 1.31

0.788
0.983
0.961
0.974
0.942
0.990
0.970
0.910

Log DIC = 0.675 log Q + 0.659
Log DIC = 0.626 log Q + 0.282
Log DIC = 0.589 log Q + 0.496
Log DIC = 0.689 log Q + 0.184
Log DIC = 0.792 log Q − 0.446
Log DIC = 0.911 log Q − 0.171
Log DIC = 0.838 log Q − 0.206
log DIC = 0.789 log Q − 0.642

0.786
0.986
0.937
0.977
0.963
0.987
0.978
0.954

a
The ﬁrst four glacier covered catchments are denoted by their respective sampling stations, but the others by their rivers (Fig. 1). The ﬁt equations are the logarithmic of Eq. (5).
Note that the linear correlations listed in this table are all strong correlations with p b 0.01.
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constituents, with majority of rivers falling in the range 0 to −0.4 with
an overall mean of −0.17 (Walling and Webb, 1986). Such behaviour
suggests that increased river discharge increases SIM but dissolved
concentrations decrease, but less than if they were diluted with pure
water. Measured alkalinity for all the rivers of the present study is
plotted as a function of discharge at the time of sampling in Fig. 2. A ﬁt
of these data with the power law (Eq. (4)) is superimposed on each
plot together with the corresponding square of the coefﬁcient of
determination (r2). The power dependence of these regression ﬁts (b)
is greater than −1, suggesting an increased dissolution of minerals and
glasses with increasing discharge. Note that the high alkalinity–low
discharge samples in Fig. 2. are from the winter whereas the low
alkalinity concentration–high discharge samples are from the summer, underscoring the effect of climate on mineral dissolution and
riverine transport of dissolved material (c.f. Eiriksdottir and Gislason,
submitted for publication). Note the power dependence (b) is lowest
for the Lagarﬂjót and Grímsá rivers which are dammed.
The instantaneous ﬂux of dissolved and suspended constituents
can be calculated by multiplying the river water concentrations by
discharge at the time of sampling (e.g. Gislason et al., 2006), increasing
the power in Eq. (4) by 1;
F = C Q = a Qb + 1

ð5Þ

where F designates the river ﬂux. The logarithm of Eq. (5) yields a
simple linear equation with intercept equal to log a and slope of b + 1.
The logarithm of the variation of the instantaneous SIM ﬂux versus
the logarithm of discharge and runoff (Eq. (6)) at the time of sampling
for the Jökulsá í Fljótsdal River at the Hóll station from 1963 to 2003 is
shown in Fig. 3a. Runoff was calculated according to the following
equation;
runoff = Q 3:15 × 107 =A

ð6Þ

The units for runoff are m/yr, discharge Q is in m3/s and A is the
catchment area in m2 (see Table 1). The corresponding measured
dissolved Ca2+ and HCO−3 ﬂuxes as a function of discharge and runoff
for the period 1998 to 2003 are shown in Fig. 3b and c. The results
shown in Fig. 3 are representative of the studied rivers. Linear
regressions of these data are provided in this ﬁgure. Corresponding
regressions of the ﬂuxes of all rivers investigated in this study are
provided in Table 2. All ﬂuxes increase with runoff but SIM ﬂux

increase more rapidly than dissolved ﬂuxes with increasing runoff, as
demonstrated by the slope of the ﬁt equations provided in Table 2.
These ﬁt equations were used together with daily discharge
measurements to calculate the daily SIM and dissolved Ca2+ and
HCO−3 ﬂuxes; these daily ﬂuxes were then integrated to generate
corresponding annual ﬂuxes. Note that the annual dissolved ﬂuxes,
estimated for a ∼ 44 year period, are based on Ca2+ and HCO−3
concentrations measured during 1998 to 2003. An inherent assumption of this estimation is therefore that the dissolved ﬂuxes versus
discharge curves shown in Fig. 3b and c varied insigniﬁcantly during
the 44 year study period. The high coefﬁcients of correlation of the
dissolved ﬂuxes versus discharge ﬁts shown in Table 2 support
strongly this assumption. In contrast, the annual SIM ﬂuxes were
generated from SIM concentrations measured over the whole
∼40 year study period.
3.3. Correlations between river ﬂuxes and climate
The effect of runoff on mechanical weathering rates depends
strongly on the identity of the catchment despite the fact that the 8
catchments have the same lithology and are adjacent to each other.
This effect is exempliﬁed by the slope of the ﬁt equations presented in
Table 2. The effect of runoff on mechanical weathering rates is
inﬂuenced by glacial cover, catchment rock age, and the presence of
dams (e.g. Tómasson, 1990; Hardardottir and Snorrason, 2003;
Gislason et al., 2006). The mechanical weathering rate dependence
on runoff increases due to the presence of glaciers because of grinding,
decreases with catchment rock age because older rocks contain a
higher proportion of ﬁner grained particles, and decreases by the
presence of dams because of coarse suspended material trapping. As a
consequence, the mechanical weathering rate dependence on runoff
is greatest for pristine glacier catchments containing young rocks as
evidenced by the ﬁt equations in Table 2. An order of magnitude
increase in runoff in the Jökulsá á Fjöllum river at Grímsstadir, which
drains a pristine, glaciated catchment containing young rocks, leads to
a 3.11 order of magnitude increase in SIM ﬂux. In contrast, an order of
magnitude increase in runoff in Fjardará River, which drains a nonglaciated catchment containing the oldest rocks, leads to only a 1.45
order of magnitude increase in SIM ﬂux.
The effect of runoff on chemical weathering rates is less than that
of mechanical weathering rates. In contrast to the SIM ﬂux ﬁt
equations, the slopes for chemical weathering ﬂux versus discharge

Table 3
Correlation coefﬁcients (r) and statistical signiﬁcance (p) of linear correlations among annual runoff, mechanical weathering ﬂuxes, and chemical weathering ﬂuxes versus average
temperature and rainfall

Shaded correlations are not statistically signiﬁcant.
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been shown to range from 25–35 kJ/mol (Gislason and Eugster, 1987;
Gislason and Oelkers, 2003). Models of climate–chemical weathering
feedback, taking account of such experimental data, suggest a 2 to 10%
increase in chemical weathering rates for each degree of temperature
increase (Berner and Kothavala, 2001; Wallmann, 2001). These model
results are tested in the present study by calculating the correlation
matrix between annual runoff, mechanical weathering ﬂuxes, and
chemical weathering ﬂuxes and the mean annual temperature of the
closest weather station. Runoff was used in this correlation matrix
rather than precipitation because the measurements are more
accurate and because of the large contribution of glacial melt water
in these systems. The result of this statistical analysis is presented in
Table 3. Signiﬁcant positive linear correlations (p b 0.05) are found
between mean annual temperature and annual chemical weathering
ﬂuxes in all 8 catchments. Signiﬁcant positive linear correlations are
found between mean annual temperature and runoff and between
mechanical weathering (SIM ﬂux) and temperature for all but the
non-glacial Fjardará River. The correlations between the annual mean
air temperature at the Hallormsstadur meteorological station and
annual runoff, mechanical weathering ﬂuxes, and chemical weathering ﬂuxes of the Hóll catchment is shown in Fig. 4. The slope of the
regression lines in Fig. 4 yields a 16% increase in runoff, a 21% increase
in SIM ﬂux, and a 14% increase in Ca2+ and HCO−3 chemical weathering
ﬂuxes per degree temperature increase. This chemical weathering ﬂux
change corresponds to apparent activation energy of 86 kJ/mol. The
corresponding ﬂux versus temperature ﬁts for all studied rivers is
Table 4
Fit equations and coefﬁcients of determinations of annual river ﬂuxes as a function of
annual mean air temperature (°C) at the respective meteorological stations, percent
change in the respective ﬂuxes per one degree C change in temperature and the
apparent activation energy

Fig. 4. Annual river ﬂuxes from the Jökulsá í Fljótsdal at Hóll versus the annual mean air
temperature at the Hallormsstadur station: a) annual runoff in m/yr, b) annual
suspended inorganic material (SIM) ﬂux in kg/m2/yr, c) annual dissolved Ca2+ ﬂux in
mol/m2/yr, d) annual dissolved HCO−3 ﬂux in mol/m2/yr. The symbols correspond to
measured ﬂuxes but the line represents a least squares ﬁt of the data. The equation and
coefﬁcient of determination (r2) of the ﬁt are provided in each plot.

ﬁt functions are less than one as shown in Table 2. As a consequence,
changes in chemical weathering ﬂuxes are smaller than the
corresponding change in runoff. In addition the combined effects of
glacial cover, rock age, and the presence of dams has much smaller
effect on the chemical weathering ﬂux dependence on runoff than the
SIM ﬂux dependence on runoff. Note, however, that in contrast to
other rivers, where increases in chemical weathering ﬂuxes could
potentially be attributable to land use changes (e.g. Raymond and
Cole, 2003), the rivers of north-eastern Iceland are sparsely populated
and land use has changed negligibly over the study period.
A number of studies have proposed a direct link between
temperature and chemical weathering (e.g. White and Blum, 1995;
Millot et al., 2003; West et al., 2005). This link stems, at least in part,
from the variation of mineral and glass dissolution rates with
temperature (c.f. Oelkers and Schott, 1995; 2001; Oelkers 2001). The
activation energy for basaltic glass dissolution in the laboratory has

a

Standard errors are provided in parentheses.
Shaded results are not statistically signiﬁcant.
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(c.f. Oelkers and Schott, 2001; Oelkers and Gislason, 2001), 3) increasing
undersaturation of primary minerals, 4) decreasing degree of supersaturation of secondary minerals, and 5) increasing the reactive surface
area between rock and water.
An additional factor that could be contributing to the observation
that measured ﬁeld weathering rates have higher apparent activation
energy than laboratory studies is increasing atmospheric CO2
concentrations. Over the past 4 decades, atmospheric pCO2 has
risen, presumably in close tandem with the temperature increases
observed for the ﬁeld site in Iceland. Higher atmospheric CO2 content

Fig. 5. The temporal evolution of annual suspended and dissolved ﬂuxes of the Jökulsá í
Fljótsdal at the Hóll station: a) the suspended inorganic matter (SIM) ﬂux, b) dissolved Ca2+
ﬂux, and c) dissolved HCO−3 ﬂux. All ﬂuxes were generated by combining the regression
equations provided in Table 2 with the continuous discharge records to estimate the total SIM
and chemical weathering ﬂuxes for each day during the study period. The daily ﬂuxes were
then numerically integrated to generate annual ﬂuxes. The symbols correspond to annual
ﬂuxes and the lines result from a linear regression of the data. Equations of each regression are
provided on the ﬁgure where t represents time in calendar years and r2 corresponds to the
coefﬁcient of determination.

presented in Table 4. These ﬁt equations indicate a 6 to 16% increase in
runoff, a 5 to 29% increase in SIM ﬂux, and a 4 to 14% increase in Ca2+
and HCO−3 chemical weathering ﬂuxes for each degree temperature
increase. These chemical weathering ﬂux increases correspond to
apparent activation energy of 24–86 kJ/mol. The apparent activation
energy is largest in catchments where runoff increases fastest with
temperature.
The apparent activation energy generated from for this ﬁeld study
stems from both 1) the direct effect of temperature on dissolution rates
of glasses and minerals and 2) the inﬂuence of temperature on a)
increasing runoff, b) enhancing primary production by vegetation and c)
decomposition of organic matter in soil that in turn all could affect the
dissolution rate and saturation state of minerals and glasses in soil and
river waters. Experimentally measured, solution composition independent, activation energy for the dissolution rate of basaltic glass at high
undersaturation is 25.5 kJ/mol (Gislason and Oelkers, 2003) and for
other natural glasses range from 27 to 57 kJ/mol (Wolff-Boenisch et al.,
2004). These activation energies are on average lower than that deduced
from this ﬁeld study, suggesting that other factors inﬂuenced by
temperature tend to enhance weathering rates. One of these factors is
increased runoff. Higher temperatures lead to increased runoff (c.f.
Fig. 4) which leads to increased dissolution rates for a number of reasons
including 1) the lowering of pH where the concentration of organic acids
is low, 2) a decrease in the concentration of total dissolved Al, and Mg

Fig. 6. Annual percent change in a) runoff, b) suspended inorganic matter (SIM) ﬂux, c)
dissolved Ca2+ ﬂux, and d) dissolved HCO−3 ﬂux in all of the studied rivers from 1964 to
2004. The glacier fed rivers are denoted by their respective sampling stations. Error bars
represent 95% conﬁdence levels. Rivers are presented in order from west to east,
corresponding to an increase in average rock age from 0.3 to 11.2 million years. Glaciers
are present in the four westernmost rivers and the Lagarﬂjót River. Results were
generated from the linear regression of annual ﬂuxes versus time as shown in Fig. 5.
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may accelerate chemical weathering rates, as weathering is partly
driven by carbonic acid. In addition, increased atmospheric CO2
content could increase primary production and thus biological
production of organic acids. Such acids have been shown to increase
signiﬁcantly mineral and glass dissolution rates in the laboratory and
in the ﬁeld (Oelkers and Schott, 1998; Moulton et al., 2000; Oelkers
and Gislason 2001; Sigfusson et al., 2008).
In contrast to the signiﬁcant correlations found between weathering
and annual mean temperature calculations summarized in Table 3,
calculations indicate signiﬁcant positive correlations between the
annual precipitation at the nearest weather station and annual runoff,
between the annual precipitation and mechanical weathering ﬂuxes,
and between the annual precipitation and chemical weathering ﬂuxes
only in the Jökulsá í Fljótsdal at Hóll, Grímsá River, and Fjardará River
(Table 3). The poor connection between precipitation and weathering in
the studied catchments result likely from 1) the large inﬂuence of glacial
melting on runoff in the studied catchments, 2) the effect of local
topography on precipitation and 3) uncertainties associated with the
precipitation measurements as discussed in Section 2.4.
3.4. Weathering rates and climate change from 1964 to 2004
This study has focussed on the variation of weathering rates in 8
Icelandic river catchments over the past 40 years. This 40 year period
also corresponds to the most rapid recent global warming period
(Alley et al., 2007). As is the case with much of the Earth, temperatures
have been increasing in north-eastern Iceland. Although there is
important scatter, the average annual temperature has increased at all
meteorological stations shown in Fig. 1 (The Icelandic Meteorological
Ofﬁce http://andvari.vedur.is/vedurfar/yﬁrlit/medaltalstoﬂur/Arsgildi.
html). A relevant question is, therefore, can an increase in weathering
rates with time be observed in the 8 studied Icelandic catchments? To
assess this possibility, the total annual mechanical and chemical
weathering ﬂuxes of the studied rivers have been plotted as a function
of time. The clearest connection between these ﬂuxes and time was
observed in the River Jökulsá í Fljótsdal at the Hóll monitoring station.
These results are shown in Fig. 5. A summary of the changes in annual
suspended and dissolved ﬂuxes in all 8 studied rivers over this time
period is shown in Fig. 6. The annual mechanical and chemical
weathering ﬂuxes of all eight catchments have increased since 1964,
but the 95% conﬁdence limits of 6 of the 8 studied catchments
encompass zero change. In contrast, the mechanical and chemical
weathering ﬂuxes of the Rivers Jökulsá á Fjöllum at Grímsstadir and
Jökulsá í Fljótsdal at Hóll show a statistically signiﬁcant positive
correlation with time during the 40 year study period.
Some additional insight into the effect of climate on weathering can
be seen in Fig. 6. The Jökulsá í Fljótsdal at Hóll and Fellsá catchments
experienced the greatest increase in runoff, more than double the
increase experienced by any other studied river. As a result these rivers
experienced the greatest increase in chemical weathering rates.
Mechanical weathering rates, however, increased fastest in the Jökulsá
á Fjöllum catchment, the catchment which contains the youngest rocks.
This observation is consistent with previous conclusions that the
mechanical weathering rate dependence on runoff is greatest for
catchments containing young rocks (e.g. Gislason et al., 2006).
3.5. The effect of glaciers on weathering rates
This study provides insight into the role of glacial melting on the
feedback between climate change and weathering. Four of the studied
catchments (Jökulsá á Fjöllum at Grímsstadir, Jökulsá á Dal at Brú,
Jökulsá á Dal at Hjardarhagi, and Jökulsá í Fljótsdal at Hóll) have
signiﬁcant glacial cover, and four are essentially glacier-free (Fellsá,
Grímsá, Lagarﬂjót and Fjardará). Results in Table 4 show that the effect of
temperature on mechanical weathering is greater in glacial catchments;
SIM ﬂux increases by 17 to 30% for each degree C in the glaciated
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catchments, but by only 5 to 16% in the non-glaciated catchments. This
observation may stem from the input to the rivers of newly exposed ﬁne
sediments as the glaciers melt. In contrast, the presence of glaciers
apparently has a smaller effect on chemical weathering. The dissolved Ca
ﬂux increases by 5.6 to 14.0%/°C in the glaciated catchments and 5.7 to
13.6%/°C in the non-glaciated catchments.
The present study focused on the variation of chemical and
physical weathering rates over a ∼ 40 year time span. The degree to
which the climate/weathering ﬂux relations obtained from this study
are invariant and could thus be extrapolated over the longer term is
untested. Such relations could be inﬂuenced by a large number of
factors including changes in 1) catchment hydrology, 2) anthropogenic inputs, 3) glacial cover, and 4) quantities of sediments present,
each of which could vary over the long term in the study area. It is
anticipated that future studies may illuminate in detail the role of each
of these factors on climate/weathering ﬂux relations.
4. Conclusions
This study shows, by direct measurement, that chemical and
mechanical weathering ﬂuxes depend on climate via changing
temperature and runoff. The measured feedback between weathering,
temperature, and runoff is consistent with both the results of previous
postulated models and laboratory measured dissolution rates. This
coherence of evidence adds considerable conﬁdence to our ability to
predict long-term climate changes stemming from atmospheric CO2
variations across geological timescales. Further analysis shows that
both mechanical and chemical weathering ﬂuxes have increased with
time over the past 40 years, though due to scatter in annual runoff
versus time these correlations are only statistically signiﬁcant for 2 of
the 8 studied catchments.
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