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Marine primary production is dominated by diatoms and these are dependent upon the riverine delivery of
silicon (Si) to the ocean. In paleoreconstruction of silicic acid utilisation by diatoms, it is assumed that the
isotopic composition of the Si that is delivered from the continent to the oceans remains constant. In this
study it is shown that glacier-fed Icelandic rivers differ from those directly draining basaltic catchments in
their dissolved Si isotope compositions. Lighter values (δ30Si¼+0.1770.18‰) are associated with the high
physical erosion rates in glacial rivers, and heavier values (δ30Si¼ +0.9770.31‰) are associated with lower
physical erosion rates and enhanced formation of secondary minerals in direct runoff rivers. The Si isotopic
compositions correlate with those of Li and provide evidence of a climatic dependence that is likely to have
led to glacial–interglacial differences. Based on existing δ30Si measurements from diatoms in a sediment
record from the Southern Ocean, the interpretation of changes in Si utilisation between the Last Glacial
Maximum (LGM) and the early Holocene is revisited taking into account changing isotopic compositions of
the river water delivered to the ocean over glacial–interglacial intervals. During the LGM, Si utilisation values
are higher when allowing for changing Si isotope input to the ocean (5975%), than when a constant Si
isotope input is assumed (42–4775%). This reduces but does not eliminate the difference relative to the
Holocene (8875%). Therefore, changes in Si isotope delivery to the ocean need to be taken into account in the
precise reconstruction of ocean Si utilisation and primary productivity over glacial–interglacial timescales.
& 2013 Elsevier B.V. All rights reserved.
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1. Introduction
Silicon (Si) delivered to the oceans is essential for marine diatoms,
which constitute 75% of the primary productivity in seawater (Nelson
et al., 1995) and control the ocean's capacity for CO2 storage (Smetacek,
1999). Some 84% of the silicon delivered to the ocean originates from
the continents (78% from rivers and 6% from groundwater), and 16%
from other inputs (hydrothermal, aeolian, seaﬂoor weathering, reverse
weathering) (Tréguer et al., 1995; Tréguer and De La Rocha, 2013).
Silicon isotopes can be used to monitor Si utilisation and marine
primary production in the ocean (e.g., Cardinal et al., 2005; Reynolds
et al., 2006; Fripiat et al., 2012; Egan et al., 2012). Based on the
preferential incorporation of the light Si isotopes in opaline diatom
frustules (De La Rocha et al., 1997), an isotope fractionation is induced
between the biogenic opal and dissolved Si in seawater. The Si isotope
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composition of biogenic opal from the sediment record can then be
used to reconstruct the Si utilisation by marine primary productivity
over glacial–interglacial periods (De La Rocha et al., 1998; De La Rocha
and Bickle, 2005; Brzezinski et al., 2002; De La Rocha, 2003, 2006;
Beucher et al., 2007; Hendry et al., 2010), which likely contributed to
the control of glacial–interglacial differences in atmospheric CO2
(Archer et al., 2000; Harrison, 2000; Bopp et al., 2003).
Silicon ﬂuxes to the ocean are likely to have changed over
glacial–interglacial timescales (Froelich et al., 1992); however,
reconstruction of paleoproductivity in the oceans appears to be
little affected by changes in Si ﬂuxes (De La Rocha and Bickle,
2005). The continental Si input to the ocean seems more sensitive
to a change in riverine Si isotope composition than a change in
riverine Si ﬂux (Georg et al., 2006a). Nevertheless, it remains
unknown whether the Si isotopic signal of that material delivered
to the ocean has changed over glacial–interglacial cycles, and how
such changes might modify paleoreconstruction based on δ30Si in
sedimentary biogenic opal. The few available Si isotope data for
glacial environments in Iceland indicate a subtle relationship
between glacial cover and riverine isotope compositions, and
suggest an inverse relationship between weathering rates and
the Si isotope signatures in rivers (Georg et al., 2007).
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Over glacial–interglacial intervals, the chemical weathering rate of
continental rocks is likely to be reduced due to cold and dry
conditions, but it may increase under intense physical weathering
and the exposure of continental shelves due to low sea levels (Foster
and Vance, 2006; Anderson et al., 1997). Likewise during glacial
terminations, ﬁnely ground material from below the ice sheets is
likely to be exposed to weathering and the fresh mineral surfaces are
highly susceptible to weathering. Continental chemical weathering
ﬂuxes to the ocean are likely to have changed over the Quaternary
(Vance et al., 2009), but it remains unclear how these changes affected
the delivery of Si to the oceans over glacial–interglacial timescales.
This study uses a natural laboratory in Iceland to compare glacierfed and direct runoff rivers draining catchments with the same
basaltic lithology but characterised by contrasting chemical and
mechanical erosion rates. So far, Si isotope compositions of Icelandic
river waters have been shown to be mainly controlled by secondary
mineral neoformation and water discharge (Georg et al., 2007),
locally affected by diatom productivity in lakes (Opfergelt et al.,
2011), and the Si isotope compositions of soil solutions, potentially
contributing to rivers, are controlled by soil chemical weathering
processes, as shown in West Iceland (Pogge von Strandmann et al.,
2012). In the present study, the aim is to investigate whether
differences in the weathering regimes between glacier-fed and direct
runoff rivers affect the riverine Si isotope signal, and to assess the
impact of a change in the riverine Si isotope input to the ocean over
glacial–interglacial intervals. It is hypothesised that river waters
draining glacial catchments characterised by higher weathering rates
are likely to display lighter Si isotope compositions than those
draining non-glacial catchments typiﬁed by lower weathering rates
(Georg et al., 2007). Given the residence time of Si in the ocean of
about 10,000 yr (Tréguer and De La Rocha, 2013), the implications are
discussed for the Si isotope composition of seawater over glacial–
interglacial intervals, and thus for the interpretation of the Si isotope
record in sedimentary diatoms used as a proxy for the reconstruction
of Si utilisation by the marine primary production over these
timescales.

2. Environmental setting
River waters were collected from two regions of Iceland, in the
south-east (SE) and west (W) of Iceland (Fig. 1). Iceland is
characterised by an oceanic boreal/temperate maritime climate,
with three times less average annual precipitation in W Iceland
(1017 mm yr−1 over 30 yr; station Hvanneyri) than in SE Iceland
(3496 mm yr−1 over 30 yr; station Kvisker, Iceland Meteorological
Ofﬁce, IMO). The average annual temperature in Iceland is 4 1C,
with a cold season extending over 7–9 months, and a short
growing season over 3–5 months from the beginning of May until
the end of August (Guicharnaud, 2009).
The geology of Iceland is dominated by basalts with increasing
age from the centre of Iceland towards the western and eastern
sides of the island, on both sides of the Atlantic ridge oriented
SW–NE. Basalts from W Iceland in the Borgarfjörður catchment are
Tertiary (older than 3.1 Myr; Hardarson et al., 2008), whereas
basalts in the SE of Iceland were formed by Quaternary to recent
volcanic activity close to the active zone of the ridge (Gislason
et al., 1996). The extent of cover by vegetation is greater on the
older basalts in W Iceland, and the extent of glacial cover is higher
in SE Iceland. Chemical and mechanical erosion rates are larger in
SE Iceland than in W Iceland (Louvat et al., 2008).
Rivers in SE Iceland are glacial and sourced mainly from the
Vatnajökull glacier. By contrast, rivers from W Iceland are dominantly fed by direct runoff (non-glacial tributaries), but do include
Hvita river fed by the Langjökull glacier, and Grimsa river partially
fed by Ok and Thorisjökull glaciers and partially non-glacial.

Fig. 1. Sample location for rivers, hydrothermal water (B4) and groundwater (G1)
in W Iceland (a) and SE Iceland (b).
Adapted from Pogge von Strandmann et al. (2008).

This range of samples provides a contrasting range of glacial and
non-glacial rivers all located on basaltic terrains.

3. Materials and methods
3.1. Sampling
This study is based on 18 river water samples, 1 groundwater
sample and 1 hydrothermal water sample. These samples were
collected in September 2003 and August 2005 (Pogge von
Strandmann et al., 2006), with 13 rivers samples from W Iceland
(samples with the preﬁx A), 5 river samples from SE Iceland (samples
with the preﬁx E), a groundwater sample (G1) from Hraunfossar falls,
and a hot spring sample (B4) from Deildartunguhver (Fig. 1). Water
was collected in pre-cleaned polypropylene bottles from the centre of
the ﬂow, and ﬁltered within 24 h through 0.2 μm cellulose acetate
ﬁlters. The same samples were previously used to investigate the
inﬂuence of weathering processes on U and Li isotopes (Pogge von
Strandmann et al., 2006), Mg isotopes (Pogge von Strandmann et al.,
2008), and Mo isotopes (Pearce et al., 2010).
3.2. Characterisation of rivers
The ﬁeld measurements of water from each site (temperature,
pH, total dissolved solids (TDS), total suspended sediment (TSS);
Table 1) and elemental concentrations are reported elsewhere
(Pogge von Strandmann et al., 2006, 2008). Glacial rivers are
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characterised by lower temperatures and higher pH values than
non-glacial rivers. The average temperature at the time of sampling was 3.4 1C and the maximum pH value was 9.7 in the glacial
rivers but 10.6 1C and maximum pH of 8.44 in the direct-runoff
rivers. Glacial rivers carry 3.4 times more total suspended sediment than non-glacial rivers (1749 mg/l against 515 mg/l). The
dissolved elemental concentration is on average two times higher
in non-glacial rivers relative to glacial rivers for base cations. The
dissolved Si concentration is also higher in non-glacial rivers
(215 μM) relative to glacial rivers (107 μM), and only a low Si input
is expected from precipitation.
3.3. Si isotope analysis
Silicon isotope compositions were measured in the dissolved
phase of rivers from SE and W Iceland, hydrothermal water and
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groundwater. Water samples were puriﬁed for Si isotopic measurements through cation exchange resin (BioRad AG50W-X12;
Georg et al., 2006b). Silicon isotope compositions were determined on a Nu Plasma HR-MC-ICP-MS (Nu Instruments, Wrexham,
UK) at the Department of Earth Sciences, University of Oxford
(UK), in dry plasma mode using a desolvating system Cetac
AridusII, in pseudo-high (“medium”) resolution mode. The instrumental mass bias was corrected for by the sample-standard
bracketing technique, and data are expressed in relative deviations
of 30Si/28Si ratios from NBS-28 silica sand standard using the
common δ-notation (‰): where δ30Si¼ [(30Si/28Si)sample/(30Si/
28
Si)NBS28−1]  1000. Quality control of mass bias was assessed
by conﬁrming that the measured isotopic values lie on a massdependent fractionation curve in δ29Si vs. δ30Si space. Each sample
was analysed 9 times, where each single δ-value (n) represents one
sample run and two bracketed standard runs. Accuracy and

Table 1
Dissolved silicon isotope variations in Icelandic rivers and riverine parameters used for the interpretation: temperature, pH, total dissolved solids (TDS), total suspended
sediment (TSS), chemical erosion and dissolved lithium isotope compositions (δ7Li).
Locality

Name

A1
A2
A3
A4
A6
A7
A8
A9
A10
A11
A12
A13
A16

Exit of Skorradalsvatn
Grímsá river
Grímsá river
Hvítá river at Ferjukot
Norðurá river (Strekkur)
Þverá river
Hvítá river at Kláfoss
Tributary to Hvítá
Tributary to Hvítá
Upper Norðurá river
Hvítá river
Norðlingaﬂjót river
Top of Grimsá river

E1
E4
E5
E6
E7

Skeiðará river
Virkisá river
Skaftafellsá river
Sandgígjukvísl river
Skaftá river

G1
B4

Hraunfossar groundwater
Hydrothermal spring Deildartunguhver

Temp.a
(1C)

pHa

14.9
13.5
12.4
9
8.8
10
5.6
13.8
11.6
12.5
6.4
12.9
6.6

7.8
8.1
8.1
7.9
8.0
8.0
8.6
8.1
7.8
8.0
9.3
8.4
9.5

33.8
32.3
40.4
34.7
33.9
44.8
26
58
20.8
33.1
25.9
60.5
23.1

1.9
1.4
1.9
5.5
6.5

9.1
7.7
9.7
8.0
8.3

22.1
6.85
18.4
15.2
61.6

4
100

9.9
9.0

TDSa
(mg/l)

TSSa
(mg/l)

Sia
(μM)

359
569
522
612
525
558
635
679
427
362
675
406
364

114
170
226
219
168
198
205
285
225
226
235
242
278

1890
1650
2790
1570
845

22.9
1600

70.4
59.6
45.7
74.9
282

Chemical erosion
(t/km2/yr)

47b
31.5c
39b

78d

278
2120

δ7Li a
(‰)

δ30Si
(‰)

2 SD

n

43.7
25.4
34.5
21.1
36.8
26.2
21.5
18.7
33.6
28.2
18.5
23.7
–

0.94
1.07
0.98
0.30
1.32
1.33
0.14
0.83
0.53
1.22
0.09
0.49
0.11

0.13
0.05
0.11
0.07
0.15
0.08
0.09
0.12
0.16
0.05
0.15
0.14
0.10

9
9
9
9
9
9
9
9
6
3
9
9
9

21.0
18.5
23.1
17.0
16.3

0.01
0.23
0.21
−0.10
0.52

0.13
0.10
0.09
0.10
0.15

9
9
9
9
9

22.9
10.9

0.02
−0.20

0.15
0.06

9
9

a

Data from Pogge von Strandmann et al. (2006).
Data from Gislason et al. (1996).
c
Average from values available from Gislason et al. (1996) and from Louvat et al. (2008).
d
Data from Louvat et al. (2008).
b

Direct runoff rivers (West Iceland)
Glacial rivers (West Iceland)
Glacial rivers (South East Iceland)
Icelandic rivers [1]
Icelandic lake [2]
Icelandic soil solutions [3]
Rivers draining basaltic bedrock [4]
Rivers draining crustal bedrock [5]
G1
Groundwaters [6]
B4
Icelandic hot springs [2]
Continental hot springs [7]
Oceanic hydrothermal waters [8]

Fig. 2. Comparison of Si isotope data (‰) from this study with data from the literature: direct-runoff rivers (full diamond), glacial rivers from W Iceland (full dot), glacial
rivers from SE Iceland (full square), groundwater G1 (open triangle) and hydrothermal water B4 (open dot). The vertical line represents the basaltic composition (Georg et al.,
2007). [1] Georg et al. (2007), [2] Opfergelt et al. (2011), [3] Pogge von Strandmann et al. (2012), [4] Georg et al. (2007), Opfergelt et al. (2009), Ziegler et al. (2005), [5]
Alleman et al. (2005), Cardinal et al. (2010), De La Rocha et al. (2000), Ding et al. (2004, 2011), Engström et al. (2010), Georg et al. (2006a, 2006b, 2009b), Hughes et al. (2011)
(cross: respective bedrock composition); [6] Georg et al. (2009a, 2009b), [7] Douthitt (1982), Ding et al. (1996), and [8] De La Rocha et al. (2000).
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reproducibility (δ30Si) were conﬁrmed over a period of 12 months
through the measurements of the following reference materials:
diatomite (+1.25 70.09‰, 2 SD, n ¼132), Quartz Merck
(−0.05 70.06‰, 2 SD, n ¼45) and USGS rock standard BHVO-2
(−0.26 70.09‰, 2 SD, n ¼ 124), yielding isotope compositions that
are indistinguishable from previously published values (e.g.,
Reynolds et al., 2007; Abraham et al., 2008).

4. Results
The Si isotope compositions of rivers, hydrothermal water and
groundwater are presented in Table 1 and Fig. 2. Overall, river
waters display δ30Si signatures ranging from −0.1‰ to +1.33‰,
which are heavier than the basaltic composition of −0.35‰ (Georg
et al., 2007; Fig. 2). This range of Si isotope compositions
corresponds to that reported for major Icelandic rivers (Georg
et al., 2007) and for Icelandic soil solutions (Pogge
von Strandmann et al., 2012), and more generally to that reported
for rivers draining basaltic catchments (Georg et al., 2007;
Opfergelt et al., 2009; Ziegler et al., 2005; Fig. 2). The Si isotope
compositions in direct runoff rivers are in the same range as those
reported at the outlet of lake Myvatn in Iceland (Fig. 2; Opfergelt
et al., 2011). By comparison, larger Si isotope variations are
reported for rivers draining crustal bedrocks (Alleman et al.,
2005; Cardinal et al., 2010; De La Rocha et al., 2000; Ding et al.,
2004, 2011; Engström et al., 2010; Georg et al., 2006, 2009b;
Hughes et al., 2011), contributing to the larger range reported for
world rivers and lakes (−0.1‰ to +3.4‰; compiled in Opfergelt
and Delmelle, 2012; Fig. 2).
More precisely, the average Si isotope composition of nonglacial rivers from W Iceland (excluding glacial rivers from W
Iceland Hvita and the upper part of Grimsa) is 0.97 7 0.31‰.
By comparison, glacial rivers possess signiﬁcantly lighter Si isotope
compositions (average δ30Si for glacial rivers ¼0.17 70.18‰,
including SE rivers, Hvita and the upper part of Grimsa). Exceptions in W Iceland are the glacier-fed Hvita river (samples A12, A8,
and A4) and the upper reaches of Grimsa river (sample A16)
characterised by lower δ30Si values (Fig. 2). The average δ30Si for
Hvita river is 0.18 70.11‰, which is close to the signature of the

groundwater sample located higher in the Hvita river catchment
(G1 ¼0.02 70.15‰; Fig. 2).
The groundwater sample G1 possesses a signature within the
range of the few existing Si isotope values for groundwater, from
India (−1.43‰ to +0.43‰; Georg et al., 2009a, 2009b; Fig. 2).
Located in the upper catchment of the Hvita river (Fig. 1), the G1
groundwater may contribute the lighter Si isotope composition of
the samples along Hvita river relative to the average value for the
western catchment, in addition to the contribution from the
glacier (average for A12, A8, A4 ¼+0.187 0.11‰).
The hydrothermal water sample from Deildartunguhver
(B4 ¼−0.20 70.16‰) displays a lighter Si isotope composition
than both the river waters and the groundwater (Fig. 2). This is
lighter than the Si isotope composition reported for Icelandic hot
springs from Lake Myvatn (+0.55‰; Opfergelt et al., 2011).
Compared to the few existing Si isotope data on hydrothermal
water, this is in the range of that reported for continental hot
springs (−0.45‰ to +0.55‰; Douthitt, 1982; Ding et al., 1996;
Opfergelt et al., 2011), and similar to values reported for oceanic
hydrothermal waters (De La Rocha et al., 2000; Fig. 2).

5. Discussion
5.1. Silicon isotope variations in glacial and non-glacial rivers
The dissolved Si isotope composition of non-glacial rivers from
W Iceland (0.97 70.31‰) is signiﬁcantly heavier than the one
measured in glacial rivers (0.177 0.18‰). Glacial and non-glacial
rivers possess distinct temperature, TDS, pH and TSS values (Pogge
von Strandmann et al., 2006, 2008; see Section 3.2), and also
distinct Si isotope compositions. Overall, the riverine δ30Si
decreases with decreasing riverine temperature and TDS (Fig. 3a
and b), and with increasing pH and TSS (Fig. 3c and d).
The dissolved Si concentration is lower in rivers from SE
Iceland relative to W Iceland (107 μM against 215 μM in SE and
W, respectively; Table 1; Pogge von Strandmann et al., 2006).
This reﬂects a glacial contribution to the rivers in the SE sourced
from surface or subsurface melting of the ice sheet (Tranter, 2003).
Since the water–rock contact time is generally shorter in glacier

Fig. 3. Silicon isotope compositions (‰) of rivers, hydrothermal water and groundwater from Iceland as a function of temperature (a), total dissolved solids (TDS) (b), pH (c),
and total suspended sediment (TSS) (d) (parameters from Pogge von Strandmann et al. (2006)). Error bars on δ30Si (2 SD) included in the symbols.
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covered catchments than in glacier free catchments (Anderson
et al., 1997), glacial river waters are most often relatively dilute
(Fig. 4; Pogge von Strandmann et al., 2006; Wimpenny et al., 2011)
when compared to the global riverine average (Gaillardet et al.,
1999a, 1999b). In addition to the contribution from the melting of
ice sheet, hydrothermal spring and groundwater represent additional contributors to rivers. From Fig. 4, it appears that groundwater may contribute the lighter Si isotope composition of the
samples along Hvita river, and that hydrothermal springs may also
contribute but are not likely to be the main control on the
dissolved riverine Si isotope variations.
At the scale of Iceland, Si isotope variations in rivers have been
attributed to an isotope fractionation associated to basalt weathering following two weathering regimes (Georg et al., 2007),
considering a homogeneous basaltic Si isotope composition
(−0.35‰; Georg et al., 2007). The ﬁrst weathering regime (transport-limited) is characterised by a limited Si supply, which
corresponds to a closed system, and can be modelled using a
Rayleigh model. This explains the heavier Si isotope composition
of dissolved Si in rivers as a result of the preferential incorporation
of light Si isotopes in secondary minerals (Georg et al., 2007).
The second weathering regime (weathering-limited) is not limited
by Si supply, which corresponds to an open system, and can be
modelled by a steady state model. This accounts for the lighter Si
isotope compositions in rivers as a result of the preferential
incorporation of light Si isotopes in secondary minerals combined
with a contribution from the dissolution of poorly weathered
material occurring at high discharge (Georg et al., 2007).
In the present study, the heavier Si isotope compositions of
non-glacial rivers from W Iceland (0.97 70.31‰) are consistent
with a transport-limited regime, in the range of Icelandic δ30Si
signatures of rivers described following a Rayleigh model (from

Fig. 4. Silicon isotope compositions (‰) of rivers, hydrothermal water and groundwater from Iceland as a function of the silicon content (dissolved Si concentrations
from Pogge von Strandmann et al. (2006)). Error bars on δ30Si (2 SD) included in
the symbols.
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0.78‰ to 1.46‰; Georg et al., 2007). Clay-forming processes are
enhanced in W Iceland, corresponding to a Si limited system on
older Tertiary basalts. The data provide evidence that the incorporation of Si into (or onto) secondary phases likely controls the
heavier Si isotope signatures of the non-glacial rivers from W
Iceland. This results from the preferential incorporation of light Si
isotopes in secondary minerals derived from basalt weathering
(e.g., Ziegler et al., 2005; Georg et al., 2007; Opfergelt et al., 2010).
By contrast, the lighter δ30Si values of glacial rivers (from SE
Iceland, and Hvita and Grimsa; 0.177 0.18‰) are consistent with a
weathering-limited regime, in the range of the δ30Si of rivers
described following a steady state model (−0.08‰ to 0.77‰;
Georg et al., 2007). The non-limited Si supply in these glacial
rivers mainly results from basaltic glass dissolution from the
younger basaltic bedrock in SE Iceland enhanced by the higher
pH in glacial waters (Fig. 3c). This provides an Si supply with a
basaltic Si isotope composition (−0.35‰; Georg et al., 2007). This
is favoured by the higher water discharge of glacial rivers (Louvat
et al., 2008) and by the limited secondary mineral formation at
higher discharge (Georg et al., 2007).
5.2. Silicon isotope variations in rivers with chemical and
mechanical erosion processes
The chemical erosion rate in Iceland (16–111 t/km2/yr; Louvat
et al., 2008) is in the range of other basaltic watersheds (between
12 t/km2/yr in Massif Central and 342 t/km2/yr in Java; Dessert
et al., 2003), and is higher than the global riverine average (24
t/km2/yr; Gaillardet et al., 1999a). The chemical erosion rate is also
two times higher in SE Iceland than in W Iceland (78 against 39 t/
km2/yr; Table 1; Gislason et al., 1996; Louvat et al., 2008), and the
mechanical erosion rate is ﬁve times higher in SE Iceland than in
W Iceland (average values for SE Iceland and W Iceland rivers,
respectively¼9164 against 1893 t/km2/yr; Louvat et al., 2008).
Since silicon isotopes are fractionated by weathering processes
and secondary mineral formation (e.g., Ziegler et al., 2005; Georg
et al., 2007; Opfergelt et al., 2010), their response to chemical and
mechanical erosion rates in Iceland is evaluated based on available
Icelandic data (Fig. 5). The general trend is that higher chemical
(R2 ¼0.43) and mechanical (R2 ¼0.38) erosion rates in SE Iceland
correspond to the lighter Si isotope compositions in rivers. Glacial
rivers with lighter Si isotope compositions mainly correspond to
higher chemical and physical erosion rates (Fig. 5). This suggests
that enhanced physical weathering by glaciers also enhances
chemical weathering rates by providing greater surface area for
chemical reactions. Indeed, a large proportion of the surfaces are
unweathered at high physical weathering rates (Gaillardet et al.,
1999a, 1999b; West et al., 2005; Gislason et al., 2009; Eiriksdottir

Fig. 5. Silicon isotope compositions (‰) of glacial (dots) and direct-runoff (diamonds) rivers as a function of chemical erosion rates (a) and mechanical erosion rates (b). Si
isotope data from this study (open symbols) are compared with that from Georg et al. (2007) (full symbols). Chemical and mechanical erosion rates are from Gislason et al.
(1996) and from Louvat et al. (2008) for rivers from this study (see Table 1), and from Vigier et al. (2006) for data from Georg et al. (2007). Error bars on δ30Si (2 SD) included
in the symbols.
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et al., 2008). This is in good agreement with data from all Iceland
rivers, that display lighter δ30Si in rivers from areas with higher Si
dissolution rates (Georg et al., 2007).
To use Si isotopes as a proxy for chemical and mechanical
erosion, the inﬂuence of biological fractionation has to be minimal.
Comparison of Si isotopes with available lithium (Li) isotope
compositions in the same rivers (Pogge von Strandmann et al.,
2006) allows an evaluation of whether biological fractionation has
occurred. Indeed, lithium and Si isotopes are both fractionated by
weathering with the preferential incorporation of the light isotopes into secondary minerals, but only Si isotopes are fractionated
by biological processes, since Li is not taken up by plants or
diatoms (Lemarchand et al., 2010). There is a positive correlation
between Si and Li isotopes in rivers from W and SE Iceland (Fig. 6),
which is also veriﬁed with rivers from all of Iceland (Georg et al.,
2007; Vigier et al., 2009), and for soil solutions (Pogge von
Strandmann et al., 2012). Glacial rivers display signiﬁcantly different δ30Si and δ7Li signatures than non-glacial rivers (Fig. 6). Since
Li isotopes are only fractionated by weathering processes, this
suggests that the Si isotope compositions in W and SE Iceland
mainly reﬂect weathering processes, and are little affected by
biological fractionation (Georg et al., 2007). This indicates that Si
isotopes in glacial and non-glacial rivers from Iceland are potentially a useful proxy to trace the contribution from continental
weathering to the ocean over glacial–interglacial intervals.
5.3. Implications for the Si isotope delivery to the ocean over
glacial–interglacial periods
5.3.1. Estimates of the silicon isotope delivery to the ocean
The dissolved Si concentration in the ocean varies as a function
of the productivity of opal producing organisms. Thus far, variations in the Si isotope composition of biogenic opal in sediment
records over glacial–interglacial cycles have been interpreted to
result from changes in the Si utilisation in the ocean (e.g., De La
Rocha et al., 1998; Brzezinski et al., 2002; De La Rocha, 2003, 2006;
De La Rocha and Bickle, 2005; Beucher et al., 2007; Hendry et al.,
2010), using δ30Si as a proxy for ocean productivity (e.g., Cardinal
et al., 2005; Reynolds et al., 2006; Fripiat et al., 2012; Egan et al.,
2012). This approach generally assumes a constant preservation of
diatoms in sediment (preservation efﬁciency of 3.5% on average;
De La Rocha et al., 1998), and a constant Si isotope composition of
the initial continental input to the ocean (De La Rocha et al., 1998).
It has been shown that changes in Si ﬂuxes to the ocean over time
(Froelich et al., 1992) have limited impact on the Si isotope record
in sediments (De La Rocha and Bickle, 2005). The impact of
changes in the δ30Siinitial on the sediment Si isotope record has
long been considered as negligible, but this assumption was based

Fig. 6. Silicon isotope compositions (‰) of rivers, hydrothermal water and groundwater from Iceland as a function of lithium isotope composition (δ7Li, ‰)
(Li isotope composition from Pogge von Strandmann et al. (2008)). Available data
for soil solutions and rivers from all of Iceland (in black) are shown for comparison
(soil solutions from Pogge von Strandmann et al. (2012); rivers from Iceland
described following Rayleigh or steady state models (see Section 5.1) from Georg
et al. (2007) and Vigier et al. (2009)).

on a narrow range of available Si isotope data for rivers (De La
Rocha et al., 2000; De La Rocha and Bickle, 2005). Model calculations, however, suggest that the continental Si input to the ocean is
much more sensitive to a change in riverine Si isotope composition
than a change in riverine Si ﬂux (Georg et al., 2006a).
The Si isotope signature of the initial continental input to the
ocean can be calculated based on the Si budget to the ocean. So far,
it has been considered to possess a value of +0.8‰ (De La Rocha
et al., 1998) using the following equation:
δ30 Siinitial ¼ ½0:85nδ30 Sirivers  þ ½0:15nδ30 Siother inputs :

ð1Þ

This was based on a previous estimate of the Si budget to the
ocean that considered that 85% Si delivered to the ocean originated from rivers and 15% from other inputs (aeolian, hydrothermal, seaﬂoor weathering) (Tréguer et al., 1995), and assuming an
isotopic signature of +1‰ for river waters and −0.3‰ for other
inputs (De La Rocha et al., 1998).
The Si budget to the ocean has been recently revisited and it is
now taken that 78% Si delivered to the ocean originates from
rivers, 6% from groundwater, and 16% from other inputs (aeolian,
hydrothermal, seaﬂoor weathering, reverse weathering) (Tréguer
and De La Rocha, 2013). Eq. (1) can then be adapted accordingly:
δ30 Siinitial ¼ ½0:78nδ30 Sirivers  þ ½0:06nδ30 Sigroundwater 
þ½0:16nδ30 Siother inputs 

ð2Þ

Based on Eq. (2), the estimate of δ30Siinitial is +0.69‰ assuming
an isotopic signature of +1‰ for river waters (De La Rocha et al.,
1998), +0.54‰ for groundwater (Georg et al., 2009a, 2009b), and
−0.3‰ for other inputs (De La Rocha et al., 1998). Among other
inputs, a constant Si supply from hydrothermal waters is assumed
with a Si isotope signature of −0.3‰ (De La Rocha et al., 2000),
which is in the same range as the Si isotope composition of hydrothermal water measured in this study (B4, δ30Si¼ −0.20 70.16‰).
From the present study, it appears that in basaltic catchments
glacial rivers display signiﬁcantly lighter Si isotope compositions
than non-glacial rivers (Δ30Si ¼0.80‰). This difference can then be
used to investigate the impact of changing the Si isotope composition of the continental Si delivery to the ocean over glacial–
interglacial periods. This study based on basalt weathering is
hypothesised to represent a good approximation of the contribution from other silicate rocks. The comparison between available Si
isotope data for non-glacial rivers draining bedrock with basaltic
composition (Georg et al., 2007; Opfergelt et al., 2009; Ziegler
et al., 2005) and crustal composition (Alleman et al., 2005;
Cardinal et al., 2010; De La Rocha et al., 2000; Ding et al., 2004,
2011; Engström et al., 2010; Georg et al., 2006a, 2009b; Hughes
et al., 2011) indicates that the average riverine δ30Si associated
with a basaltic bedrock is +0.74 70.38‰ (n ¼29), and that
associated with a crustal bedrock is +1.13 70.55‰ (n ¼179)
(Fig. 2). These data suggest that the Si isotope variability among
non-glacial rivers due to different silicate lithologies
(Δ30Si¼ 0.39‰) is in the same range as the difference between
mantle and crustal Si isotope compositions (Δ30Si ¼∼0.34‰;
Savage et al., 2010, 2012; Fig. 2), and more importantly, is smaller
than the difference between glacial and non-glacial rivers draining
basaltic catchments from this study (Δ30Si¼ 0.80‰).
Consequently, the Si isotope measurements from glacial and
non-glacial rivers measured in this study can be used to provide
new estimates of the δ30Siinitial from Eq. (2). The Si isotope
composition of non-glacial rivers is assumed to be representative
of the δ30Sirivers during interglacial periods (and during the
buildup of glaciers at the beginning of a glacial period; Georg
et al., 2007), and the δ30Siinitial during these periods is calculated to
be +0.67‰ from Eq. (2) (Table 2). For the Si delivery to the ocean
during periods dominated by glaciers (and during the retreat of
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Table 2
Impact of the Si isotope composition of the continental Si input to the ocean
(δ30Siinit) on the interpretation of the percentage of Si utilisation by diatoms over
glacial–interglacial time intervals, using the diatom Si isotope composition
(δ30SiBSi) from a sediment record in the Southern Ocean from De La Rocha et al.
(DLR 1998). The different parameters (30ε, δ30SiDSi, and f) are derived from
Eqs. (3) and (4) (see Section 5.3 for details).
δ30SiBSi

30

(‰)

(‰) (‰)

(‰)

ε

δ30SiDSi δ30Siinit ln f

f

Si
utilisation
(%) (%)

DLR 1998a

Interglacial 1.9
Glacial
0.3

−1.1 3
−1.1 1.4

0.80
0.80

−2.0 14 86
−0.5 58 42

DLR 1998b

Interglacial 1.9
Glacial
0.3

−1.1 3
−1.1 1.4

0.69
0.69

−2.1 12 88
−0.6 53 47

This studyc Interglacial 1.9
Glacial
0.3

−1.1 3
−1.1 1.4

0.67
0.41

−2.1 12 88
−0.9 41 59

a
Interpretation of DLR 1998 using the Si budget to the ocean (Tréguer et al.,
1995).
b
Re-interpretation of DLR 1998 using the revisited Si budget to the ocean
(Tréguer and De La Rocha, 2013).
c
Re-interpretation of DLR 1998 using the revisited Si budget to the ocean
(Tréguer and De La Rocha, 2013) and changing the Si isotope input to the ocean
over glacial–interglacial periods.

glaciers at the beginning of an interglacial period; Georg et al.,
2007), a weighted δ30Sirivers is calculated to be +0.75‰, which
provides a δ30Siinitial during these periods at +0.41‰ using Eq. (2)
(Table 2). The weighted δ30Sirivers of +0.75‰ was calculated from
the Si isotope composition of glacial and non-glacial rivers taking
into account that (i) ∼25% of the continental land mass was
covered by ice sheets during glacial periods (e.g. Kump and
Alley, 1994), (ii) the water discharge is 1.1 times higher in glacial
than in non-glacial Icelandic rivers (average annual discharge
calculated for glacial rivers in SE Iceland, Skafta and Hverﬁsﬂjot¼ 1.90 km3/yr, and for non-glacial rivers in W Iceland, Hvita and
Nordura¼ 1.69 km3/yr; Louvat et al., 2008), and (iii) the dissolved
Si concentration is a factor of 0.5 lower in glacial than in nonglacial Icelandic rivers (average Si concentration for glacial
and non-glacial rivers ¼107 μM against 215 μM, respectively;
Pogge von Strandmann et al., 2006).
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calculated as follows:
Si utilisation ¼ 1−f

ð5Þ

In a sediment record from the Southern Ocean, changes in the Si
isotope composition in diatoms (δ30SiBSi) from +0.3‰ to +1.9‰ were
measured between the Last Glacial Maximum (LGM) and the early
Holocene, respectively (De La Rocha et al., 1998). These δ30SiBSi
variations can be used to reconstruct the Si isotope composition of
seawater (δ30SiDSi from Eq. (4)), using the fractionation factor 30ε
of −1.1‰ for diatoms (De La Rocha et al., 1997). Then the δ30Si of
seawater (δ30SiDSi) is used in Eq. (3) to retrieve the fraction of Si
remaining in the reservoir (f), assuming a constant δ30Si value for the
Si input to the ocean (δ30Siinitial). Finally, Si utilisation is calculated
using f following Eq. (5) (Table 2). Using the δ30Siinitial from Eq. (1) at
+0.8‰ (Section 5.3.1), these δ30SiBSi variations were interpreted as a
change in the utilisation of silicic acid, increasing from average values
of 42% during the LGM to 86% during the early Holocene (Table 2;
De La Rocha et al., 1998).
Based on the revisited Si budget to the ocean (Tréguer and
De La Rocha, 2013), an updated value of the δ30Siinitial was
calculated at +0.69‰ (Eq. (2); Section 5.3.1). Accounting for this
value as a constant Si isotope delivery to the ocean, the measurements on diatoms from the sediment core from the Southern
ocean can be re-interpreted (De La Rocha et al., 1998), leading to
values of Si utilisation changing from 47% during the LGM to 88%
during the early Holocene (Table 2; Fig. 7). This is in the same
range as the values obtained by De La Rocha et al. (1998), taking
into account a 75% error on these values. The error was calculated
from the propagation of errors in Eqs. (3) and (4), considering an
error of 0.1‰ on δ30SiBSi (De La Rocha et al., 1998) and of 0.41‰ on
30
ε (De La Rocha et al., 1997).
Based on the present study, it appears that the Si isotope signal
delivered to the ocean may have varied over glacial–interglacial
intervals, from values of δ30Siinitial of +0.41‰ during periods
dominated by glaciers, to values of +0.67‰ during interglacial
periods (Table 2; Section 5.3.1). Based on these values, the impact
of changing the Si isotope composition of the Si input to the ocean
(δ30Siinitial) on the interpretation of the sediment record from the
Southern ocean (De La Rocha et al., 1998), and on the calculated

5.3.2. Implication for the reconstruction of Si utilisation by marine
primary production over glacial–interglacial periods
Silicon is an essential nutrient for diatoms, which account for
75% of the primary production in seawater (Nelson et al., 1995).
The Si utilisation by diatoms, and associated Si isotope fractionation, in the oceans can be calculated following a Rayleigh model
assuming a ﬁnite Si reservoir (De La Rocha et al., 1997).
The evolution of the isotope signatures of the dissolved Si (DSi)
in seawater (δ30SiDSi) and the biogenic silica (BSi) forming the
diatoms (δ30SiBSi) can then be described as follows (Sigman et al.,
1999; Varela et al., 2004):
δ30 SiDSi ¼ δ30 Siinitial þ30 εðln ƒÞ

ð3Þ

δ30 SiBSi ¼ δ30 SiDSi þ30 ε

ð4Þ

The δ30Siinitial is the Si isotope composition of the initial Si input
to the ocean, ƒ is the fraction of dissolved Si remaining in the Si
reservoir (f¼[Si]/[Si]initial), and 30ε is the fractionation factor
between DSi and BSi (−1.1‰ for diatoms in vitro, De La Rocha
et al., 1997; conﬁrmed in situ, Fripiat et al., 2011). Since f is the DSi
remaining in the oceanic reservoir, then the Si utilisation can be

Fig. 7. Impact of the Si isotope composition of the continental Si input to the ocean
over glacial–interglacial time intervals on the values of Si utilisation by diatoms
calculated from a diatom sediment record from the Southern Ocean (De La Rocha
et al., 1998). Dark grey: for a constant δ30Si of the continental input at 0.8‰ (as
calculated in De La Rocha et al. (1998) using the Si budget to the ocean from
Tréguer et al. (1995); see footnote ‘a’ in Table 2); Medium grey: for a constant δ30Si
of the continental input at 0.69‰ (using the Si budget to the ocean from Tréguer
and De La Rocha (2013); see footnote ‘b’ in Table 2); Light grey: for a δ30Si of the
continental input changing from 0.67‰ to 0.41‰ between interglacial and glacial
time intervals (see footnote ‘c’ in Table 2).
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Si utilisation can be evaluated. Revised values of Si utilisation
suggest a change from 59% utilisation during the LGM to 88%
utilisation during the early Holocene (Table 2; Fig. 7). Accounting
for a 75% error on the values (calculated as above), this conﬁrms
that the percentage utilisation of silicic acid by diatoms in the
Southern Ocean during the last glacial period was strongly
reduced relative to the present interglacial. This is in good
agreement with the general decrease of the marine primary
production during the LGM, as supported by other tracers (e.g.,
Mortlock et al., 1991; Shemesh et al., 1993). However, our results
suggest that the Si utilisation during periods dominated by glaciers
may not have been as limited as previously suggested (59% Si
utilisation calculated here against 42% calculated from De La Rocha
et al., 1998; Fig. 7). These results indicate that potential changes in
the Si isotope signal delivered to the ocean over glacial–interglacial intervals need to be taken into account in the reconstruction of Si utilisation in the ocean, as this would affect estimates of
the marine primary production over these timescales.
Crucially, it appears from this study that regionally, the Si
isotope composition of diatoms from sediment records could serve
as a proxy for changing Si isotope signal delivered to the ocean
over glacial–interglacial timescales, as a response to changing
continental weathering regime and changing controls on riverine
Si isotope compositions. This would require the identiﬁcation of
areas of well constrained Si utilisation by marine diatoms, and a
constant preservation efﬁciency of diatoms taking into account
processes controlling Si isotope variations in mixed layer in the
ocean water column (Fripiat et al., 2012).

6. Conclusions
This study indicates that Icelandic rivers draining glaciated
catchments deliver a lighter Si isotope composition to the ocean
than rivers draining non-glaciated catchments (Δ300Si ¼0.80‰).
Heavier Si isotope compositions in non-glacial rivers reﬂect
enhanced secondary mineral formation from old basalts, whereas
light Si isotope compositions in glacial rivers reﬂect lower secondary mineral formation and basaltic glass dissolution under
high physical erosion rates, in good agreement with other river
data from Iceland (Georg et al., 2007). This differing Si isotope
signal from glacial and non-glacial rivers suggests that the Si
isotope signal to the oceans is likely to have changed over glacial–
interglacial periods. Including these changes in the interpretation
of a diatom sediment record from the Southern Ocean
(De La Rocha et al., 1998) demonstrates that these variations must
be considered in paleooceanographic reconstructions of Si utilisation by the marine primary production.
This study suggests that regionally, in a well constrained area
for Si utilisation by diatoms, the Si isotope composition of diatoms
from sediment records could serve as a proxy for changing
continental weathering regime and associated Si isotope input to
the ocean over glacial–interglacial timescales.
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