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a b s t r a c t

The Kalix River shows distinct temporal variations in the Sr-isotope ratio in filtered water (0.726e0.732).
During base flow in winter the 87Sr/86Sr ratio is on average 0.730. When discharge increases and peaks
during spring flood the 87Sr/86Sr ratio shows the most radiogenic (0.732) values. The temporal variations
in the 87Sr/86Sr ratio in the Kalix River can be explained by mixing of water from the woodlands and the
mountain areas.

During high water discharge in May the 87Sr/86Sr ratios are more radiogenic in the suspended phase
(1 kDa - 70 mm) compared to the truly dissolved phase (<1 kDa). The difference in 87Sr/86Sr ratio between
the two phases (D 87Sr/86Sr) is linearly correlated with the suspended iron concentration. During spring
flood Sr and Fe derived from an additional source, reach the river. Deep groundwater has a more
radiogenic 87Sr/86Sr isotope ratio than the Kalix River during spring flood and thus, represents a possible
source for the suspended Fe and the associated Sr. Strontium can be coprecipitated with and adsorbed to
different types of Fe aggregates. We propose that the Sr-isotope ratio in the suspended phase reflects the
isotopic composition of the water at the interface between anoxic groundwater and oxic stream water in
the riparian zone, where the Fe aggregates are formed. These particles dominate the suspended phase in
the river and the mixing with mountain waters, poor in Fe, produces the difference in the isotopic
signature.

The different signatures in suspended and truly dissolved fraction indicate that these aggregates are
relatively stable during stream-river transport. As such the 87Sr/86Sr can be used to trace the origin of the
non-detrital suspended phase.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Iron-organic carbon (Fe-OC) aggregates in the colloidal particle
continuum (1e1000 nm) are an important carrier phase for metal
transport in aquatic systems in the boreal landscape (Hamon et al.,
2005). These aggregates are formed at organic rich redox interfaces,
where anoxic water with high dissolved Fe(II) concentrationsmixes
with oxic surface water (Riedel et al., 2013) and Fe(III) precipitates
with organic carbon (OC). Two end-components of Fe-OC rich ag-
gregates have been suggested: (1) Fe-OH representing Fe-
oxyhydroxides with an adsorbed organic carbon coating, and (2)
Fe-OC, Fe with co-precipitated organic carbon (Raiswell and
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Canfield, 2012). It has been shown that a fraction of dissolved Sr
can be coprecipitated with Fe-oxyhydroxides (Andersson et al.,
1994). Aggregates being formed in from bacterial OC have shown
to be especially prone to adsorb Sr (Small et al., 1999; Ferris et al.,
2000). Ferris et al. (2000) found Strontium to be retained by bac-
terial iron oxides from a subterranean environment in Sweden.

It is of interest to know when and where the different aggre-
gates are formed, as they develop different scavenging properties.
Depending on the type of Fe-OC rich aggregates, these may trans-
port different elements due to (1) the surface properties of different
types of aggregates and (2) the availability of scavenged elements at
different sites of formation of aggregates in the river system.

In this studywe discuss the role of deep groundwater as a source
for dissolved Fe(II) during high water discharge, and the possibility
to trace the origin of suspended Fe-rich aggregates in boreal rivers
using Sr-isotopes.
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Materials and methods

2.1. Study area

The Kalix River originates on the slopes of the Kebnekaise
Mountain (2106 m) and flows through the Northern Swedish
lowlands into the Bothnian Bay (Fig. 1). The total drainage area
Fig. 1. Kalix River drainage area in Northern Sweden. The sampling location Kamlunge, sam
Kalix. Samples taken at this location represent a mixture of all different tributaries of the r
covers 23 102 km2 and is characterized by woodland (55%) with
coniferous spruce and pine as well as birch trees. Another 16% are
covered by wetlands (SMHI). The average discharge (based on daily
measurements from 1937 to 2013) is 289 m3/s and it increases by
factor of ten from base flow (~100 m3/s) to peak discharge during
spring flood (>1000 m3/s) (SMHI). The catchment is ice-covered for
up to six months every year. The precipitation is 400e700mm/yr in
pled in 1991/1992 and 2014, lies approximately 36 km inland from the river mouth in
iver.



Fig. 2. The graph combines the Sr-isotope (black diamond, dotted line) Sr concen-
tration (black squares, dashed line), and Rb/Sr ratio (black circles, complete line) with
the discharge (grey area) during 1991 and 1992. Samples were collected in Kamlunge.
The Sr-isotopic composition and the Rb/Sr ratio increase simultaneously with the
discharge, whereas the Sr concentration decreases. The 87Sr/86Sr values are stable over
a period of 27 days (22.05. to 17.06.) in 1991.
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the lowlands and 1000e1500 mm/yr in the mountains (SMHI).
Mica schist, quartzite and amphibolite are the characteristic rock
types in the Caledonian Mountains (400e1000 Ma) (SGU). In the
lowlands granites predominate (Gaal and Gorbatschev, 1987). The
dominating soil is till, showing well developed podzols.

2.2. Sampling

This study comprises data from two sampling campaigns at the
Kalix River mouth, station Kamlunge (Fig. 1): (1) From November
1990 to September 1992, water was collected weekly and filtered
through 0.45 mm membrane filters. This phase (<0.45 mm) is
referred to as “dissolved”. (2) From March until June 2014 water
was sampled monthly, filtered through a 70 mm nylon net and
through 1 kDa ultrafiltration. The permeate (<1 kDa) is referred to
as “truly dissolved”. The retentate, corrected for the remaining
permeate concentration, is the “suspended” phase (1 kDae70 mm),
which includes colloids and larger particles.

Details on the first sampling campaign can be found elsewhere
(Ingri et al., 2005).

In the 2014 study all sampling material was acid cleaned poly-
ethylene (PE) or Teflon®, using ultrapure acids, and all equipment
pre-rinsed with sample water before use. The surface water sam-
ples (top 0.5 m) were filtered through a 70 mm nylon net within 2 h
after sampling, and ultrafiltered within 24 h. The samples were
stored at 4 �C.

The cross-flow ultrafiltration was performed with a 1 kDa Mil-
lipore, PLAC/SCALE e TFF cartridge filter. The retentate to permeate
flow rate was always kept larger than 15 and the concentration
factor was larger than 10. The filtrates and blanks were acidified (1%
HNO3, suprapure).

The major and trace element concentrations were determined
by Inductively Coupled Plasma Sector Field Mass Spectrophotom-
etry (ICP-SFMS) with a precision better than 4%, except for the
suspended Fe concentrations in one case (data from 29th April
2014), where the precision was better than 6%. The details of the
analytical procedure and instrument parameters andmeasurement
conditions can be found elsewhere (Rodushkin et al., 2005).

The Sr isotope analysis on the 2014 samples was performed the
following way. The samples were spiked with an 84Sr enriched
solution and between 30 and 100 ml of sample water was evapo-
rated to dryness and the residue dissolved in 3 M HNO3. Separation
of Rb and Sr was conducted by column chromatography (Delmonte
et al., 2008). About 200e400 ng of the purified sample mixed with
a tantalum activator was loaded on a single rhenium filament and
analyzed on a Thermo Scientific TRITON Thermal Ionization Mass
Spectrometer (TIMS). Measured 87Sr intensities were corrected for
Rb interference using 87Rb/85Rb ¼ 0.38600 and ratios were cor-
rected using the exponential fractionation law and
88Sr/86Sr ¼ 8.375209. The samples were measured on two separate
occasions. Samples collected on: 27th March and 28th May 2014
were measured on 27th August 2014. For these the external pre-
cision for 87Sr/86Sr was determined by analyzing NBS987 standard
during the course of this study, with an 87Sr/86Sr ratio of
0.710217 ± 0.000016 or 22 ppm (2 Std. Dev., n ¼ 12). Samples
collected on: 29th April and 29th June 2014 were measured on 3rd
March 2015. The external precision determined an 87Sr/86Sr ratio of
0.710249 ± 0.000013 or 19 ppm (2 Std. Dev., n¼ 15) for the NBS987
standard during this measurement. Since the measurement of the
NBS987 Standard changed between the two occasions from
0.710217 to 0.710249 and the literature value is 0.710245, the data
from the first occasion was corrected by adding 0.000028 and the
data from the second occasion by subtracting 0.000004, to allow
the comparison of the different data sets.

The separation of Rb and Sr in samples from 1991 to 1992 was
done in a similar way as for the 2014 samples. However, no 84Sr
spike was added and thus the Sr and Rb concentrations were ob-
tained by ICP-MS on the same sample. The 87Sr/86Sr measurements
were done on a five detector FMAT 261 TIMS using about 400 ng Sr
loaded onto a double rhenium filament configuration. The external
precision was obtained from measurements of the NBS 987 stan-
dard during the course of the study with an 87Sr/86Sr of
0.710158 ± 0.000039 (2 Std. Dev., n¼ 36). The external precision for
the NBS 987 standard was used as the error estimate for the
1991e1992 samples. Please note that the NBS values differ between
the FMAT 261 and the Triton by 0.000091 and all data from 1991 to
1992 has thus been corrected to allow a comparison between the
different data sets.
3. Results and discussion

Fig. 2 shows the 87Sr/86Sr ratio and Sr concentrations in the
dissolved phase (<0.45 mm) of the Kalix River between November
1990 and September 1992. The Sr concentration varies by a factor of
3 with sharp decreases during spring flood (~110 nM) and autumn
rains, and increasing values during summer and winter base flow
conditions (~310 nM). The first discharge peak (spring 1991) in the
Kalix River originates from the woodland, and the second (June to
July 1991) from the mountains (Ingri et al., 2000). The Sr-isotope
signature shows large temporal, and seasonal variations. During
early spring flood (early May) the 87Sr/86Sr ratio increases and re-
mains at an almost constant value for 27 days (Fig. 2). During base
flow in winter the 87Sr/86Sr ratio is on average 0.730. As the
discharge increases and peaks during spring flood the 87Sr/86Sr
shows the most radiogenic (0.732) values. In June the ratio drops
down to 0.727 and increases again during autumn. Seasonal
changes in the Sr-isotope ratio were also reported for the Fraser
River (Voss et al., 2014). Furthermore Bagard et al. (2011) and Ilina
et al. (2013), showed that the Sr-isotope signature differs between
particles, colloids and the truly dissolved phase in the same sample.

Land et al. (2000) determined the 87Sr/86Sr ratio of soil water
from the E-horizon (0.727), C-horizon (0.725), shallow ground-
water (0.727) and deep groundwater (0.761), in the central part of
the Kalix River catchment. Both the soil water and shallow
groundwater are less radiogenic compared to the Kalix River water
(at Kamlunge) during spring flood (Fig. 2). In contrast, the deep
groundwater is much more radiogenic compared with the Kalix
River water. Furthermore, the precipitation in the Kalix River area



Fig. 4. Sr-isotope signatures of the ultrafiltration experiment in 2014. The graph shows
the differences in Sr isotopic composition between the truly dissolved (<1 kDa) and
the suspended (<70 mm) phase, the bar on top displays the total D87Sr/86Sr error.
Throughout the sampling the suspended phase has a more radiogenic signal than the
truly dissolved phase.

Fig. 5. The graph shows the correlation between the D87Sr/86Sr and the suspended Fe
concentration. The error bars represent 2s of the suspended and the truly dissolved
phase.
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has been shown to be less radiogenic 0.713e0.719 (Andersson et al.,
1990). Therefore, a plausible source for the radiogenic Sr signature
during spring is deep groundwater. Inflow of only small amounts of
deep groundwater will have large impact on the isotopic compo-
sition. Therefore much of the temporal variations observed can be
related to variations in deep groundwater input.

The saturated hydraulic conductivities of till soils in glacial
landscapes increase towards the soil surface (Lundin, 1982; Rodhe,
1989). With increasingwater levels the groundwater may hence, be
assumed to flow faster, resulting in larger deep groundwater input
into rivers during spring flood. Deeper groundwater should in-
crease the amount of radiogenic strontium. Fig. 3 displays the
proposed water dynamics due to a strong (tenfold) increase in
discharge. The Rb/Sr ratio rises with increasing discharge during
spring flood from 0.05 to 0.13.

The Rb/Sr ratio in the dissolved phase gives further support for a
deep groundwater component during spring flood. We propose
that the Rb/Sr ratio can be used as a proxy for dissolved litter input
in the river. Potassium is enriched in soil water in spring due to the
breakdown of organic matter in the upper part of the soil profile,
resulting in enhanced export of dissolved K during early spring
flood (SMHI). Since K and Rb have the same uptake kinetics and
compete for transport along concentration gradients in different
compartments of soil and organisms (Rodrı

́

guez-Navarro, 2000) we
use Rb as a proxy for K.

The transient increase of the Rb/Sr ratio during spring discharge
illustrates the “flushing effect” (Hornberger et al., 1994; Pinder and
Jones, 1969; Anderson and Burt, 1982). The leaching of elements
from near-surface layers by a rising water table (Weyman, 1973),
and lateral transport to the river by saturation excess runoff in the
riparian zone is called the “flushing effect”. However, when the
second larger peak in discharge occurs, the Rb/S ratio has decreased
to a ratio of 0.06, while the Sr-isotope ratio remains high and stable
for about four weeks during spring discharge. This demonstrates
that the isotopic signature is not primarily controlled by decom-
position of litter in the upper soil section.

The difference in the 87Sr/86Sr ratio between the truly dissolved
and the suspended phase, is defined as D87Sr/86Sr ¼ 87Sr/86Srsusp. -
87Sr/86Srtruly diss. (Fig. 4). Deep groundwater input may be the
reason for the difference in the Sr-isotope signatures (D87Sr/86Sr)
between suspended matter and dissolved fraction during spring
flood (Figs. 4 and 5).

Fig. 5 shows a positive linear correlation (R2¼ 0.97) between the
Fe concentration in the suspended phase and the D87Sr/86Sr.
Detailed information on the Regression Model can be found in
Table 1. At high Fe concentrations, the suspended phase is more
radiogenic, compared to the truly dissolved fraction. The observa-
tion that the D87Sr/86Sr increases with increasing amount of
Fig. 3. Schematic Figure displaying the ground- and soil water dynamics in th
suspended Fe in the river water suggests that these particles and
colloids are formed in environments with a 87Sr/86Sr signature
different from that of river water. Deep groundwater is often anoxic
and rich in dissolved Fe(II). At the oxic-anoxic interface, Fe(II) is
oxidized to Fe(III) and forms Fe rich colloids and particles. When
the dissolved Fe(II) precipitates during mixing of anoxic and oxic
water, Ca2þ and Sr2þ co-precipitate (Ingri and Widerlund, 1994;
Gunnars et al., 2002). Hence, the Fe-OC suspended phase formed,
should retain the Sr-isotope signature of the environment of
e subsurface during winter (low discharge) and spring (high discharge).



Table 1
Output of the regression model.

Model 1: OLS, using observations 1-4

Dependent variable: D 87Sr/86Sr

Heteroskedasticity-robust standard errors, variant HC1

Coefficient Std. Error t-ratio p-value

const �3.79512e-05 4,90E-01 �7.7424 0.0163**
Suspended Fe 6,22E-04 4,40E-05 141.363 0.0050***
Mean dependent var 0.000044 S.D. dependent var 0.000035
Sum squared resid 1.02e-10 S.E. of regression 7.15e-06
R-squared 0.972132 Adjusted R-squared 0.958199
F(1, 2) 1.998.339 P-value(F) 0.004967
Log-likelihood 4.310.146 Akaike criterion �82.20293
Schwarz criterion �83.43034 Hannan-Quinn �84.89639

*** indicates a statistical significance at the 1 percent level (p-value below 0.01).
** indicates a statistical significance between 1 and 5 percent (p-value between 0.01 and 0.05).
* indicates a statistical significance between the 5 and 10 percent levels (p-value between 0.05 and 0.1).
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formation during transport to the river mouth. Colloids and larger
particles formed from deep groundwater would then display a
more radiogenic 87Sr/86Sr ratio compared to the river. This
groundwater derived Fe-rich phase may hence, be the Fe-rich
suspended phase causing the difference in 87Sr/86Sr ratio be-
tween the truly dissolved and the suspended phase during spring
flood. This suspended phase dominates the suspended phase in the
river. Hence, the mixing with mountain waters, poor in Fe, causes
the difference in the isotopic signature.

The different signatures in the suspended and truly dissolved
fraction indicate that these aggregates are relatively stable during
stream-river transport.

The presence of this suspended phase indicates, that it is
possible that deep groundwater, with a more radiogenic Sr isotope
ratio reaches the stream during storm events.

Indirectly, incongruent weathering causes the observed differ-
ence in the Sr-isotopic signature between the truly dissolved and
suspended phase. The largely granitic base rock (Gaal and
Gorbatschev, 1987) in the catchment is composed mostly of mica,
feldspar and quartz. Of these, mica is most easily weathered, has
the highest Rb/Sr ratio and as 87Rb decays to 87Sr, the most radio-
genic 87Sr/86Sr ratio (Blum et al., 1993). With the weathered Sr
being adsorbed and coprecipitated in aggregates, these aggregates
should be more radiogenic, when coming from deeper down in the
ground, where fresh rock (still containing mica) is weathered.
Water coming from the surface, were all mica has been weathered
away already has a less radiogenic Sr isotope signature. Incon-
gruent weathering of the granitic base rock is hence not an alter-
native, but the reason for the more radiogenic 87Sr/86Sr isotope
ratio in the groundwater, which in turn causes the more radiogenic
Sr-isotope signatures in the Kalix River during spring flood.

4. Conclusions

Weathering studies, including mass balance calculations, in
boreal catchments must consider deep groundwater input. Deep
groundwater input will otherwise lead to overestimation of
weathering rates. Strontium isotopes appear to trace input of deep
groundwater in boreal streams.
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