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Abstract

We present the first systematic study of the silicon isotope composition in the water column (d30SiSiðOHÞ4 ) and in diatoms
(d30Sidiatom) from the underlying surface sediments in a coastal upwelling region. The surface waters upwelling on the shelf off
Peru are mainly fed by southward flowing subsurface waters along the coast, which show a mean d30SiSiðOHÞ4 of +1.5&. The
concentration of dissolved silicic acid (Si(OH)4) increases towards the south in these waters and with increasing water depth,
suggesting lateral mixing with water masses from the south and intense remineralisation of particulate biogenic silica (bSiO2)
in the water column and in the surface sediments. Surface waters in the realm of the most intense upwelling between 5�S and
15�S have only marginally elevated d30SiSiðOHÞ4 values (d30SiSiðOHÞ4 = +1.7&) with respect to the source Si isotope composition,
whereas further north and south, where upwelling is less pronounced, surface waters are more strongly fractionated
(d30SiSiðOHÞ4 up to +2.8&) due to the stronger utilisation of the smaller amounts of available Si(OH)4. The degree of Si(OH)4

utilisation in the surface waters along the shelf estimated from the Si(OH)4 concentration data ranges from 51% to 93%.
The d30Sidiatom values of hand-picked diatoms in the underlying surface sediments vary from +0.6& to +2.0&, which is

within the range of the expected fractionation between surface waters and diatoms. The fractionation signal in the surface
waters produced during formation of the diatoms is reflected by the d30Sidiatom values in the underlying sediments, with
the lowest d30Sidiatom values in the main upwelling region. The silicon isotope compositions of bSiO2 (d30SibSiO2

) from the same
surface sediment samples are generally much lower than the d30Sidiatom signatures indicating a significant contamination of the
bSiO2 with biogenic siliceous material other than diatoms, such as sponge spicules. This shift towards lighter d30SibSiO2

values
by up to �1.3& compared to d30Sidiatom signatures for the same surface sediment samples potentially biases the interpretation
of d30Si paleorecords from sediments with low bSiO2 concentrations, and thus the reconstruction of past Si(OH)4 utilisation in
surface waters.
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1. INTRODUCTION

The Peruvian coastal upwelling region is characterised
by extremely high rates of primary productivity (Thiede
and Suess, 1983; Berger et al., 1989; Pennington et al.,
2006). Persistent easterly trade and alongshore winds pro-
duce offshore Ekman transport of surface water, which is
replaced by upwelled, nutrient-rich subsurface waters. The
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Fig. 1. Maps showing the (a) generalised circulation pathways of currents influencing the near-coastal areas (after Ayón et al., 2008; Kessler,
2006; Penven et al., 2005; and ADCP data according to Czeschel et al., 2011). Surface currents (solid line): (n)SEC (northern) South
Equatorial Current, PCC Peru–Chile Current, PCoastalC Peru Coastal Current, subsurface currents (dashed line): EUC Equatorial
Undercurrent, pSSCC and sSSCC primary and secondary Southern Subsurface Countercurrent, PCUC Peru–Chile Undercurrent, PCCC
Peru Chile Countercurrent. (b) Location of the CTD-rosette stations (white stars with station numbers) and surface sediment stations (grey
dots). The bathymetry is given for 0 to 5000 m water depth in 1000 m increments.
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main water masses supplying the Peruvian upwelling system
are the southward flowing Peru–Chile Countercurrent
(PCCC) and the Peru–Chile Undercurrent (PCUC) (Brink
et al., 1983; Toggweiler et al., 1991), which prevails between
50 and 150 m water depth, as well as the northward flowing
Peru Coastal Current (PCoastalC) (Huyer et al., 1987; Kar-
stensen and Ulloa, 2008). The PCCC and the PCUC cur-
rents are partly fed by the eastward flowing high salinity
and oxygen enriched waters of the Equatorial Undercurrent
(EUC) (Lukas, 1986; Penven et al., 2005; Kessler, 2006) and
the Southern Subsurface Countercurrents (SSCC) (Fig. 1a).
Upwelling intensity is generally high during most of the
year with its maximum during austral winter (Gunther,
1936; Strub et al., 1998), which results in year-round high
nutrient concentrations in the surface waters (Pennington
et al., 2006). Primary productivity, which is generally dom-
inated by diatoms (Estrada and Blasco, 1985; Bruland
et al., 2005; Abrantes et al., 2007), is most intense during
austral summer (Chavez, 1995). Upwelling and productivity
are usually strongest between 10� and 15�S and decrease to-
wards the north and south, whereas during the sampling
period for this study (see Section 2) they were high between
5�S and 15�S (indicated by lowest sea surface temperatures
(SSTs), highest chlorophyll a and silicic acid (Si(OH)4) in
that area, Fig. 2). The amount of primary productivity off
Peru is so high that the associated decomposition of sinking
organic matter causes one of the most pronounced oxygen
minimum zones (OMZs) of the world’s ocean (e.g. Karsten-
sen et al., 2008; Fuenzalida et al., 2009). In the surface
waters along the shelf region, nutrient concentrations, espe-
cially of nitrate, phosphate and iron, are very high and are
not limiting for blooming diatoms (Bruland et al., 2005;
Franz et al., 2012). Concentrations of Si(OH)4 are lower
where upwelling is weaker along the northern shelf and
are highly depleted only further offshore (Fig. 2c). There-
fore, it can be assumed that the availability of Si(OH)4 is
the dominant nutrient controlling diatom productivity
(Dugdale et al., 1995).

Several studies have proposed that during the last glacial
period unused Si(OH)4 from the Southern Ocean was trans-
ported into the tropical upwelling areas via Subantarctic
Mode Water, where it supposedly promoted enhanced dia-
tom over coccolithophorid productivity (Silicic Acid Leak-
age Hypothesis, e.g. Nozaki and Yamamoto, 2001;
Brzezinski et al., 2002; Matsumoto and Sarmiento, 2008).
From reconstructions based on sedimentary records it has
been inferred that most of the changes in shelf bottom
water oxygen levels under the coastal upwelling system off
Peru have been related to changes in surface water produc-
tivity and nutrient cycling (e.g. De Vries and Schrader,
1981; Schrader, 1992; Rein et al., 2005). However, the
reconstruction of nutrient cycling based on the observed
changes in nitrogen isotopes (d15N) from downcore records
in the Eastern Equatorial Pacific (e.g. Robinson et al., 2009)
can be strongly influenced by factors other than utilisation,
such as for example nitrogen loss during denitrification
and/or anammox processes which occur under suboxic con-
ditions (e.g. Codispoti et al., 2001; Lam et al., 2009). In con-
trast to the complex nitrogen cycle, the silicon cycle is
relatively simple and the isotopic composition of stable sil-
icon (expressed as d30Si) is a powerful tool to investigate
changes of Si(OH)4 utilisation, as well as nutrient dynamics
in the present and past ocean (De La Rocha et al., 1998;
Brzezinski et al., 2002; Reynolds et al., 2008; Fripiat



Fig. 2. Austral summer (Jan–Feb) surface water distribution of (a) SST (�C), (b) chlorophyll a concentration (mg/m3), and (c) Si(OH)4

concentration (lmol/kg, from cruises M77/3 and M77/4, small dots indicate surface water sampling locations, large dots indicate the water
column stations as in Fig. 1b). Satellite data in panels (a and b) were obtained from NASA Giovanni (http://disc.sci.gsfc.nasa.gov/giovanni/
overview/index.html). The bracket marks the area of the strongest upwelling between 5�S to 15�S.
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et al., 2011a; de Souza et al., 2012a). Diatoms take up dis-
solved Si(OH)4 to form their opaline frustules (Tréguer
et al., 1995), a process that is associated with the fraction-
ation of Si isotopes. The lighter isotopes are preferentially
incorporated into the diatom frustules and leave the resid-
ual Si(OH)4 in surface waters enriched in the heavier iso-
topes. The fractionation factor between seawater and
diatoms is about �1.1& (De La Rocha et al., 1997; Milli-
gan et al., 2004; Varela et al., 2004; Reynolds et al., 2006;
Beucher et al., 2008). In areas of strong upwelling the de-
gree of utilisation and therefore the dissolved d30SiSiðOHÞ4
in the surface water is expected to be low due to continuous
supply of large amounts of less fractionated Si(OH)4 from
subsurface waters. In contrast, in areas of weak upwelling
the Si(OH)4 in the surface waters will be almost completely
utilised, which means that d30SiSiðOHÞ4 will correspondingly
be very high. The d30SiSiðOHÞ4 distribution in surface waters
should therefore likely reflect the degree of Si(OH)4 utilisa-
tion from the available pool (Varela et al., 2004; Cardinal
et al., 2005; Reynolds et al., 2006). Changes in Si(OH)4 util-
isation by diatoms due to variations in Si(OH)4 supply and
upwelling intensity are therefore expected to be reflected by
the Si isotope composition of surface waters (d30SiSiðOHÞ4 )
and correspondingly that of the diatoms growing in them,
which are deposited in the surface sediments below
(d30SibSiO2

for biogenic silica (bSiO2) and d30Sidiatom for
hand-picked diatoms extracted from the surface sediments).

In this study, we present for the first time water column
profiles of the Si isotope composition of dissolved Si(OH)4

for eight shallow water stations, together with isotopic
analyses of different diatom fractions extracted from the
underlying surface sediments along the Peruvian shelf be-
tween the equator and 17.5�S (Fig. 1). This range covers
the major gradients of coastal upwelling intensity (Fig. 2).
The goal of this study is to determine the main factors con-
trolling the d30Si of Si(OH)4 in the surface waters and how
these signatures are recorded by the corresponding sedi-
mentary diatoms as a function of lateral and vertical mixing
and/or upwelling intensity and diatom productivity and
ecology.
2. MATERIAL AND METHODS

All samples were collected during cruises M77/1 to M77/
4 with the German RV Meteor between October 2008 and
February 2009 within the framework of the Collaborative
Research Centre (SFB) 754: Climate – Biogeochemistry
Interactions in the Tropical Ocean. All sampling stations
are located on the Ecuadorian and Peruvian shelf between
the equator and 17.5�S (Fig. 1b, Tables 1 and 2).

The water samples for the whole water column, includ-
ing bottom water, were collected using a rosette with 24 Ni-
skin bottles (10 L each) equipped with a SeaBird CTD.
Subsamples for Si(OH)4 concentration measurements were
frozen onboard immediately after sampling and were mea-
sured later at the Max-Planck Institute (MPI) for Marine
Microbiology in Bremen, Germany. Si(OH)4 concentra-
tions of frozen samples were compared to selected filtered
and acidified (non-frozen) seawater samples from the same
Niskin bottles. The reproducibility between the data of the
two methods was within 5–10% (n = 28) with no systematic
variations. Oxygen concentrations were determined with
the O2-sensor of the CTD and were later calibrated against
bottle data obtained by Winkler titration (Winkler, 1888).

Seawater samples for d30SiSiOH4
analysis (500 to 2000 ml)

were immediately filtered on board through nitrocellulose
acetate filters (0.45 lm pore size), acidified to pH 2 with
concentrated Teflon-distilled HCl (1 mL HCl per litre of
seawater), and stored in acid cleaned polyethylene bottles.
In the clean laboratory of GEOMAR Si was separated
from the water samples using a brucite–coprecipitation
method (following Reynolds et al. (2006), after Karl and
Tien (1992)). Given that incomplete precipitation would
lead to isotopic fractionation of the Si in the sample, recov-
ery was checked for every sample, and only those with
>97% yield were used for isotopic measurements. Depend-
ing on the Si(OH)4 concentration of the samples, between
10 and 300 mL of previously neutralized seawater was pre-
cipitated at pH 10 by adding 1 M NaOH (10 ll/ml). The
precipitate was dissolved in 6 M HCl resulting in a pH of
2–3. Water samples with concentrations of less than
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Table 1
Seawater oxygen and Si(OH)4 concentrations and d30SiSiðOHÞ4 data from the RV Meteor cruises M77/3 and M77/4, collected in January and
February 2009. 2rsd represents the external reproducibilities of repeated sample measurements.

Station Location Water depth (m) Oxygen (lmol/kg) Silicate (lmol/kg) d30Si (&) 2rsd

120 3�35.40S 2.4 227.86 2.80 2.61 0.28
80�57.00W 4.7 227.77 2.87
219 m depth 10.1 221.53 2.99

20.5 185.57 12.40
30.1 116.71 14.95 1.75 0.15
40.2 35.13 16.62
49.9 46.38 15.60
59.6 59.16 15.54 1.58 0.07
80.4 58.31 15.54 1.76 0.11

101.6 54.49 15.93 1.32 0.33
120.7 35.87 18.98
151.2 47.16 18.37
151.6 48.93 18.39
160.3 51.28 18.29
170.3 50.32 18.79
180.4 46.76 19.18
217.4 20.29 22.43 1.49 0.29

122 6�00.00S 1.9 118.82 8.97 1.86 0.09
81�15.60W 5.7 113.89 10.62
208 m depth 10.5 46.24 14.26 1.87 0.19

19.9 5.11 16.82 1.38 0.18
30.2 5.11 17.21
40.8 7.09 17.80 1.36 0.24
51.7 7.18 18.00
60.6 6.23 18.88
69.7 5.94 20.36
80.2 4.90 21.15 1.48 0.14
90.5 4.64 21.15

100.4 4.37 21.44
125.5 3.13 21.93
150.0 3.17 22.81
174.5 3.12 25.18 1.30 0.18
198.1 3.13 26.36
203.2 3.20 26.16

806 8�00.00S 1.5 212.83 6.25 2.03 0.22
79�50.40W 9.7 155.43 6.95
146 m depth 20.8 10.72 12.16

30.2 6.10 14.24 1.64 0.28
41.0 8.73 16.68
50.2 10.56 17.37
60.4 10.59 17.72 1.67 0.20
70.6 10.43 17.72
81.2 9.09 18.41
90.2 8.39 18.76 1.62 0.28

100.2 6.70 18.07
110.3 5.85 19.80
120.0 3.59 24.67 1.49 0.21
129.7 2.02 30.23
141.0 2.12 30.92 1.58 0.35

807 10�00.00S 2.0 65.53 9.73 1.96 0.11
78�22.80W 10.8 6.00 16.68
111 m depth 20.5 1.84 18.76

29.8 1.90 20.85 1.52 0.20
39.9 1.89 23.28
49.6 1.91 26.06
60.2 1.97 26.06 1.26 0.18
70.9 1.96 30.58
79.7 1.96 31.97
90.1 2.03 32.31 1.18 0.16
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Table 1 (continued)

Station Location Water depth (m) Oxygen (lmol/kg) Silicate (lmol/kg) d30Si (&) 2rsd

99.5 2.05 32.31
110.0 2.00 32.66 1.11 0.16

19 12�21.60S 2.3 191.39 17.72 1.83 0.23
77�00.00W 2.7 184.47 21.20
100 m depth 10.4 2.08 23.50 1.63 0.20

21.7 1.84 33.70
32.0 1.84 33.36
39.9 2.01 40.65 1.16 0.20
51.7 1.87 39.26
60.2 1.98 37.53 1.42 0.19
72.1 1.97 38.91
79.5 2.02 38.91 1.47 0.16
92.0 2.02 40.65
97.5 2.04 41.69 1.06 0.17

77 14�00.00S 2.0 83.46 17.54 1.71 0.31
76�30.60W 10.0 12.00 17.54 1.84 0.26
199 m depth 19.2 2.64 23.92 1.57 0.29

51.2 2.72 38.28 1.36 0.34
150.4 2.91 32.70 1.68 0.29
196.7 2.97 29.55 1.71 0.29

34 16�00.00S 2.1 165.82 3.82 2.66 0.48
74�10.80W 11.1 158.44 4.52
124 m depth 20.0 132.15 7.30 1.90 0.30

29.9 58.64 12.51
40.1 38.72 15.29 1.69 0.40
50.1 25.27 20.85
60.2 7.72 23.98 1.75 0.22
70.6 2.53 25.37
80.1 2.42 26.76 1.63 0.18
90.4 2.12 27.80

100.1 2.16 29.88
116.9 2.35 31.62 1.26 0.22
117.3 2.32 31.97

43 17�18.00S 3.9 238.46 2.14 2.81 0.33
71�54.00W 9.9 234.36 2.60
126 m depth 20.8 149.15 5.27 2.40 0.16

30.1 81.91 10.36
40.0 15.15 19.33 1.49 0.18
50.0 8.54 22.57
60.7 3.21 26.74 1.30 0.28
70.3 2.17 31.01
80.5 2.14 32.40
90.3 2.15 23.07
97.8 2.18 30.80

121.0 2.28 31.23
121.3 2.23 31.05 1.36 0.25
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�10 lmol/kg Si(OH)4 were preconcentrated through addi-
tional precipitation steps applying the same method (see
also Reynolds et al., 2006) to ensure that �70 nmol Si were
processed through ion-exchange chromatography.

The sediment samples were collected using a multicorer.
For this study only the uppermost centimetre of each core
was used. The content of bSiO2 was measured following
DeMaster (1981) and Müller and Schneider (1993). The
extraction of diatoms from the sediment samples for Si iso-
tope analyses followed the procedure by Morley et al.
(2004). Approximately 300 lg of freeze-dried sediment
was treated with concentrated H2O2 and HCl to remove or-
ganic matter and carbonates and subsequently wet-sieved
to extract the 11–32 lm fraction. BSiO2 was separated from
detrital material in multiple steps using a sodium polytung-
state solution with a density of 2.1–2.2 g/mL. The cleaned
bSiO2 samples were checked under a light microscope for
residual detrital material or radiolarian remains. For disso-
lution of the diatom frustules the method of Reynolds et al.
(2008) was applied. The samples were transferred into Tef-
lon vials and dissolved in 1 mL 0.1 M NaOH at 130 �C for
ca. 12 hours. After cooling the samples were centrifuged to
separate any residual material and the supernatant was
transferred into a new Teflon vial. Two hundred microlitre



Table 2
BSiO2 concentration, Al/Si and Ti/Si ratios and d30Si data for bSiO2 and hand-picked diatoms from surface samples from the Peruvian shelf
taken during cruises M77/1 and M77/2. 2rsd represents the external reproducibilities of repeated sample measurements.

Station Latitude Longitude Depth
(m)

SiO2
(wt%)

d30SibSiO2
2rsd Al/Si

(mmol/
mol)

Ti/Si
(lmol/
mol)

d
30

Sidiatom 2rsd Al/Si
(mmol/
mol)

Ti/Si
(lmol/
mol)

M772-076 00�5.50N 80�33.40W 290 2.81 0.75 0.29 1.77 0.10
M772-067 01�45.10S 82�37.50W 2075 7.15 0.57 0.09 11.0 65.3
M772-062 02�30.00S 81�14.70W 1678 5.11 1.23 0.21
M772-071 02�50.00S 80�50.70W 100 2.39 �0.43 0.29 184.5 58.9
M772-070 03�07.00S 80�38.80W 59 0.24 �0.10 0.13 234.6 124.6
M772-060 03�51.10S 81�15.50W 701 4.28 0.53 0.22 91.9 60.2 1.82 0.40
M772-053 05�28.90S 81�34.00W 2607 11.52 0.89 0.21 24.2 31.3
M772-052 05�29.00S 81�27.00W 1252 8.58 0.76 0.10 80.4 83.8 1.44 0.14
M772-047 07�52.00S 80�31.40W 625 3.85 0.28 0.19 61.2 59.1
M772-050 08�01.00S 80�30.10W 1013 7.44 0.78 0.25 35.8 87.6 1.61 0.17
M772-028 09�17.70S 79�53.90W 1105 5.01 0.30 0.10 31.2 41.5
M772-029 09�17.70S 79�37.10W 437 4.64 0.65 0.28 45.3 40.1
M772-026 10�45.10S 78�28.40W 424 3.62 0.10 0.14 44.1 43.9
M772-022 10�53.20S 78�46.40W 1923 4.66 0.45 0.25 44.6 33.2
M771-450 11�00.00S 78�10.00W 319 13.86 0.90 0.17 9.9 41.5
M771-543 11�00.00S 77�47.40W 77 12.88 0.85 0.15 7.9 32.7
M771-462 11�00.00S 78�44.70W 2020 1.42 0.34
M771-460 11�00.00S 78�35.20W 1245 1.50 �0.10 0.29 43.9 38.1
M771-469 11�00.10S 77�56.60W 145 17.62 1.03 0.15 22.4 55.4 1.05 0.38 8.0 107.2
M772-005 12�05.70S 77�40.1‘W 214 10.94 0.95 0.10 1.1 96.0 1.76 0.31
M771-620 12�18.60S 77�19.20W 150 17.65 0.92 0.18 2.3 44.8
M771-623 12�38.20S 77�34.60W 1085 5.85 0.61 0.13 15.1 59.3
M772-002 15�04.80S 75�44.0‘W 290 20.55 1.18 0.18 10.0 47.3 0.99 0.15 6.6 103.5
M771-420 15�11.40S 75�34.90W 516 17.31 1.07 0.13 23.7 40.7
M771-403 17�26.00S 71�51.40W 296 2.39 �0.98 0.21 45.4 84.3
M771-396 17�26.00S 71�51.40W 299 6.06 0.95 0.29 27.8 102.7
M771-407 17�34.40S 71�56.00W 788 2.75 0.17 0.15 40.7 77.8
M771-411 17�47.20S 72�44.70W 2167 5.39 0.27 0.28 55.5 64.2 0.58 0.25 18.5 159.6
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concentrated H2O2 (Suprapur) was added to each sample,
which was then dried and redissolved in 1 mL 0.1 M NaOH
at 130 �C for a few hours. Tests demonstrated that this
additional step for oxidation of remaining organic matter
does not affect the Si isotope results but significantly in-
creases the stability of the beam during mass spectrometry
and improves the reproducibility of the measurements. The
sample solution was then diluted with 4 mL MQ water and
neutralised with 0.1 mL 1 M HCl. The Si concentrations of
both seawater and diatom samples were measured colori-
metrically using a photospectrometer (Hansen and Koro-
leff, 1999).

From selected samples large diatoms were hand-picked
to obtain a pure diatom d30Sidiatom value not influenced
by any other potentially present bSiO2 phases. These sam-
ples were wet sieved through a 63 lm sieve, dried and sieved
into different size fractions. Between 100 and 200 individual
diatom specimens (non species-specific) were hand-picked
from the 125–250 lm fraction, which resulted in concentra-
tions of about 100–150 lmol/kg Si after dissolution in
2.5 mL of solution performed with the same method as
for the bulk bSiO2.

Al/Si and Ti/Si ratios were measured on aliquots of
most of the dissolved bSiO2 and on selected hand-picked
diatom samples prepared for Si isotope analyses using an
Agillent 7500 Series quadrupole ICPMS at GEOMAR in
Kiel to check for potential remaining contamination by
clays (Table 2). The reproducibility was better than 10%
for Al/Si and better than 12% for Ti/Si ratio determination
based on repeated sample measurements.

For Si isotope measurements, all samples were chro-
matographically purified following the method of Georg
et al. (2006) as modified by de Souza et al. (2012a). Si iso-
tope ratios were measured on a NuPlasma HR MC-ICPMS
(Nu Instruments) at GEOMAR, which is equipped with an
adjustable source-defining slit set to medium resolution to
ensure separation of the 30Si peak from molecular interfer-
ences. Measurements were carried out with a standard-sam-
ple bracketing method (Albarède et al., 2004). All solutions
were measured at a Si concentration of 14–21 lmol/kg
depending on the performance of the instrument and were
introduced into the plasma via a Cetac Aridus II desolvator
equipped with a PFA nebulizer at a 60 to 80 lL/min uptake
rate. Si isotope compositions are reported in the d30Si nota-
tion of deviations of the measured 30Si/28Si from the inter-
national Si standard NBS28 in parts per thousand (&):

d30Si ¼
30Si=28Sisample

30Si=28Sistandard

� 1

� �
� 1000

Repeated measurements of the reference materials
IRMM018 and Big Batch gave average d30Si values of
�1.55 ± 0.28& (2rsd, n = 38) and �10.80 ± 0.22& (2rsd,
n = 38), respectively, which are in good agreement with val-
ues obtained by other laboratories (Reynolds et al., 2007).



134 C. Ehlert et al. / Geochimica et Cosmochimica Acta 99 (2012) 128–145
Samples were measured three to five times during a daily
session, which generally resulted in uncertainties between
0.07& and 0.40& (2rsd), with one sample having a 2rsd

of 0.48& (Tables 1 and 2). Replicate measurements of in-
house matrix standards for both seawater and diatom sam-
ples over a time period of one year gave a reproducibility of
0.25& (2rsd, n = 12 for a water sample and n = 22 for a
sedimentary diatom sample, respectively), which corre-
sponds to all error bars of the Si isotope compositions pro-
vided in the figures.
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3. RESULTS

3.1. Water stations

3.1.1. Subsurface and bottom waters

The water column profiles (Fig. 3, Table 1) show a gen-
eral increase in Si(OH)4 concentrations with water depth.
Only at St. 77 the highest concentration (40 lmol/kg) was
found at 50 m depth and then decreased again to
30 lmol/kg near the bottom of the profile. Subsurface
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water d30SiSiðOHÞ4 signatures and Si(OH)4 concentrations
show no distinct correlation (Fig. 4b). The subsurface
waters flow southward along the shelf at 50–150 m water
depth (Czeschel et al., 2011). In the northernmost St. 120,
the concentration is influenced by the incoming EUC,
which has a Si(OH)4 concentration of 15 lmol/kg (red
dashed line in Fig. 3). Towards the south the Si(OH)4 con-
centration in this water depth range increases. The highest
subsurface Si(OH)4 concentrations are found at St. 19
and St. 77 between 12�S and 14�S (�40 lmol/kg). Further
to the south concentrations decrease again (�30 lmol/kg).
The patterns of the d30SiSiðOHÞ4 profiles of all water column
stations mirror those of the Si(OH)4 concentrations in that
the d30SiSiðOHÞ4 values decrease with increasing water depth
and Si(OH)4 concentration. The mean d30SiSiðOHÞ4 between
50 and 150 m water depth, which corresponds to the source
depth of the upwelling waters, is +1.5 ± 0.1& (2rsem,
n = 21) (marked by the red solid line in Fig. 3). At most
of the stations the deepest samples represent bottom waters
(see Fig. 3, Table 1) and their d30SiSiðOHÞ4 was also found to
be near +1.5&. Only at St. 807 and St. 19 between 10�S and
12�S the d30SiSiðOHÞ4 of the bottom waters is somewhat light-
er at values of +1.1&.

3.1.2. Surface waters

In the surface waters the concentration of Si(OH)4 varies
widely with latitude and upwelling intensity. The highest
concentrations of Si(OH)4 (17.72 lmol/kg, Fig. 3, Table 1)
are found close to the coast around 12� to 14�S, where the
upwelling is very intense as evidenced by pronouncedly low
SSTs (Fig. 2a). To the north and south of this area, the con-
centrations of Si(OH)4 are lower, with minimum values
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reaching 2.14 lmol/kg. The surface waters show higher
d30SiSiðOHÞ4 values than the subsurface waters in all profiles,
ranging from +1.7& to +2.8& (Fig. 3). The highest
d30SiSiðOHÞ4 values between +2.6& and +2.8& were found
at the northernmost station (St. 120, 4�S) and at the sta-
tions south of 15�S (St. 34, St. 43). Low d30SiSiðOHÞ4 values
in surface waters ranging between +1.7& and +2.0& were
found along the shelf at St. 122, 806, 807, 19 and St. 77 (be-
tween 6�S and 15�S), with the latter showing the minimum
value. The d30SiSiðOHÞ4 values of the surface waters show a
clear negative correlation with Si(OH)4 concentration
(Fig. 4a, see Table 1).

3.2. Surface sediments

The highest bSiO2 concentrations in the sediment, up to
21 wt%, are found close to the coast between 10� and 15�S
(Fig. 5b). North and south of this area the fraction of bSiO2

in the shelf sediments is much lower and reaches values as
low as 0.24 wt% at 3�S. The d30SibSiO2

values range between
�1.0& and +1.1&, with the highest values found at 15�S
(Fig. 5c, Table 2). Along the shelf between 5� and 10�S,
where bSiO2 concentrations are lower, the values range be-
tween +0.3& and +0.8&. The lowest values of �1.0& and
�0.4& are found at 17�S and 2�N, respectively. The
d30Sidiatom values of the hand-picked diatoms are generally
significantly higher than those of the bSiO2 in the same
samples with d30Sidiatom ranging between +0.6& and
+2.0& (Fig. 5c, Table 2). Al/Si and Ti/Si ratios of hand-
picked diatoms and bSiO2-samples range from 1 to
235 mmol/mol and 31 to 160 lmol/mol, respectively
(Fig. 6b, Table 2).
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4. DISCUSSION

4.1. Silicon isotope distribution in the water column

4.1.1. Subsurface and bottom waters

Upwelling along the Peruvian shelf is sourced from the
southward flowing subsurface waters of the PCUC and
the PCCC (Fig. 1), which mainly originate from the EUC
and SSCC (Brink et al., 1983; Penven et al., 2005; Kessler,
2006). During January and February 2009, when the sam-
ples were taken, the PCUC was clearly detectable by ADCP
along the shelf between 50 and 150 m water depth at 6�S,
where station 122 is located. At 14�S (St. 77) the southward
directed PCCC joined the PCUC and they were no longer
distinguishable (Czeschel et al., 2011). Subsurface waters
between 50 and 150 m, reflecting the main source for the
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upwelling (Huyer et al., 1987; Karstensen and Ulloa, 2009;
Czeschel et al., 2011), are characterized by a mean
d30SiSiðOHÞ4 signature of +1.5& ± 0.1& (2rsem). The
Si(OH)4 concentration of the incoming subsurface waters
at the northerly stations is around 15 lmol/kg (Fig. 3).
The subsurface waters (characterised by Si(OH)4 concentra-
tions between 15 and 40 lmol/kg, Fig. 4b) display no signif-
icant correlation between the (southward increasing)
Si(OH)4 concentration and the d30SiSiðOHÞ4 , which shows
that the subsurface water masses of the PCCC, the PCUC,
and the northward flowing PCoastalC are not clearly distin-
guishable in their Si isotope composition. Previous studies
found that subsurface water masses in the EEP have rela-
tively homogenous d30SiSiðOHÞ4 signatures around +1.5&,
but varying Si(OH)4 concentrations (Beucher et al., 2008,
2011; de Souza et al., 2012b). Therefore, the significant in-
crease in Si(OH)4 concentrations within the subsurface
waters from 15 to 40 lmol/kg along their southward flow-
path, which is accompanied by essentially invariant
d30SiSiðOHÞ4 signatures most likely indicating lateral water
mass mixing. However, there is also clear evidence for
extensive remineralisation processes occurring both in the
water column and from the shelf sediments (Franz et al.,
2012). In upwelling areas like off Peru or California the
preservation of bSiO2 from blooming events is very high,
as reflected by dissolution:production ratios around 0.1
(Nelson et al., 1981; Brzezinski et al., 2003), i.e. 90% of
the produced bSiO2 from the mixed layer is not dissolved
and re-cycled but is exported below the mixed layer. In con-
trast, during non-blooming conditions the recycling is much
stronger. Dissolution of bSiO2 is expected to lead to lower
d30SiSiðOHÞ4 signatures in the water column, an effect that
may be enhanced by the fractionation of Si isotopes during
dissolution of bSiO2 of �0.55& (Demarest et al., 2009).
Analyses of shelf bottom waters showed very high concen-
trations of dissolved Si(OH)4 which were most likely re-
leased from the sediments due to dissolution processes
(Franz et al., 2012). However, it is only in two bottom
water samples close to the sediment–water interface (St.
807, 19) where direct indications for an influence of dissolu-
tion on seawater d30SiSiðOHÞ4 values are found (d30SiSiðOHÞ4
shows a slight shift to values as low as +1.1&, Fig. 3).

4.1.2. Surface waters

The surface waters along the Peruvian shelf can be sep-
arated into different latitudinal sectors (0–5�S, 5–10�S, 10–
15�S, 15–20�S) according to their different physical (SST)
and biological (chlorophyll a concentration) properties
(Fig. 2). Due to variability in upwelling intensity, surface
productivity is not homogenously distributed. The stron-
gest upwelling occurs between 5�S and 15�S, which is also
the area of the most intense OMZ. The highest chlorophyll
a concentrations in that area are derived from diatom
blooms (Bruland et al., 2005; Franz et al., 2012), which cor-
roborates that primary productivity is driven by diatoms.
Diatom growth is largely driven by the supply of Si(OH)4

(Franz et al., 2012), which is strongest within the main
upwelling region between 5�S and 15�S (Fig. 2c, 5a) and de-
creases towards the north (0�N to 5�S), the south (15�S to
20�S) and further offshore. Si(OH)4 concentrations in sur-
face waters of the coastal upwelling area off Peru are high
where strong upwelling promotes continuous supply of dee-
per waters feeding the surface water pool. Conversely, they
are lower in those areas where the delivery through upwell-
ing is not as strong and primary productivity utilises the
nutrients in the surface water more completely. The
d30SiSiðOHÞ4 difference between the subsurface source waters
and the surface waters above, which directly reflects the
utilisation of Si(OH)4, amounts to only about 0.2–0.3& be-
tween 10�S and 15�S and around 0.5& between 5�S and
10�S (Fig. 3) within the main upwelling zone. Along the
northern and southern areas of the shelf between 0�N and
5�S and south of 15�S, where upwelling is far less intense
(areas of higher SSTs in Figs. 2a and 5a), the differences
reach up to 1.1& and 1.3&, respectively. The surface water
d30SiSiðOHÞ4 values thus directly reflect the availability of
Si(OH)4 in the euphotic zone (Fig. 2c, 5a and c): higher
Si(OH)4 concentrations in the surface water are associated
with higher primary productivity (as supported by the sur-
face water chlorophyll a concentration, Fig. 2b and c) (Bru-
land et al., 2005), but lower d30SiSiðOHÞ4 values (Fig. 5a and
c). Thus in the surface waters outside the upwelling region
there is a higher degree of utilisation of Si(OH)4 due to phy-
toplankton productivity, but at the same time bSiO2 pro-
ductivity is lower (Fig. 5a, c). The maximum difference
between surface and subsurface Si isotope composition of
1.2& is even higher, and the d30SiSiðOHÞ4 gradient sharper,
than in areas of highly depleted surface Si(OH)4 concentra-
tions, such as the subtropical gyres (Reynolds et al., 2006).
However, even within the main upwelling region, nearly
continuous re-supply of Si(OH)4 to the surface cannot pre-
vent at least a slight Si isotope fractionation of the Si(OH)4

in the surface waters.

4.1.3. Silicon isotope fractionation models

The Si isotope fractionation factor for the formation of
diatom silica from seawater assessed by culture experiments
is �1.1& in d30Si (De La Rocha et al., 1997). Two different
models can approximate the evolution of the d30Si compo-
sition of surface waters during biologically induced frac-
tionation from a reservoir with a given concentration and
isotopic composition: a steady-state model (Fig. 7a), where-
in a continuous supply and partial consumption of nutri-
ents causes a dynamic equilibrium of the Si(OH)4 content
and the produced bSiO2, and a Rayleigh-type model
(Fig. 7b), in which after a single input no additional nutri-
ents are newly supplied to the system (Mariotti et al., 1981;
De La Rocha et al., 1997; Cardinal et al., 2005; Reynolds
et al., 2006). The two models can be described by simple
equations:

Steady-state system

d30SiSiðOHÞ4obs ¼ d30SiSiðOHÞ4source � 30e�ð1� f Þ
f ¼ SiðOHÞ4obs

=SiðOHÞ4source

d30Sidiatom ¼ d30SiSiðOHÞ4obs þ 30e

where d30SiSiðOHÞ4obs is the Si isotope composition measured
in the surface water after utilisation, d30SiSiðOHÞ4source is the
source Si isotope composition of the water, f is the deple-
tion factor describing the fraction of the initial Si(OH)4
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concentration that remains, 30e is the fractionation factor
associated with diatom uptake of Si(OH)4 and d30Sidiatom

is the Si isotope composition of the produced diatoms. Un-
der assumed steady state conditions the supply of Si(OH)4

equals the effective net bSiO2 export (e.g. during one year)
plus the residual Si(OH)4 (e.g. Fripiat et al., 2011b).

Rayleigh-type system:

d30SiSiðOHÞ4obs ¼ d30SiSiðOHÞ4init � 30e � ðln f Þ

d30Sidiatom inst ¼ d30SiSiðOHÞ4obs þ 30e

d30Sidiatom acc ¼ d30SiSiðOHÞ4init � 30e � ðf ln f =1� f Þ

where d30SiSiðOHÞ4init is the Si isotope composition of Si(OH)4

in the surface water before biological utilisation starts to
fractionate the Si isotopes, d30Sidiatom inst is the Si isotope
composition of the instantaneously produced diatoms at
each time and d30Sidiatom acc is the Si isotope composition
of the accumulated diatoms which integrate the fraction-
ation over time. Both models assume a constant fraction-
ation factor. The value of 30e is given by the slope of the
linear regression between d30SiSiðOHÞ4obs and f for the stea-
dy-state model and between d30SiSiðOHÞ4obs and lnf for the
Rayleigh-type system model (Fig. 7).

The mean Si(OH)4 concentration for the depth between
50 and 150 m (or bottom water where the water depth is
shallower), is employed as the initial concentration of the
upwelling source waters at each station (Huyer et al.,
1987; Karstensen and Ulloa, 2009) (Table 1). These waters
show a relatively uniform d30Si of +1.5& ± 0.1& (2rsem,
n = 21), which is consequently defined as the source water
signature (Fig. 7). Both models were applied for surface
waters only (shallowest samples at each station, usually be-
tween 2 and 4 m water depth, see Table 1) although utilisa-
tion might also occur below. However, given that Franz
et al. (2012) have shown that the highest abundance of dia-
toms along the Peruvian shelf is primarily restricted to the
upper 10 m (and less abundant up to 20 m water depth) of
the water column our approach of defining the surface
waters is justified. The fractionation factors 30e calculated
for all 8 stations range between �2.7& (steady state) and
�0.6& (Rayleigh) (Fig. 7), and thus deviate significantly
from the experimentally determined 30e of �1.1& (De La
Rocha et al., 1997). These discrepancies in the calculated
fractionation factors are not surprising and arise from the
fact that the estimation of the fractionation factor is easily
biased by extensive mixing (Reynolds et al., 2006; Fripiat
et al., 2011b). The calculated fractionation factor is very
sensitive to the large contrast between the surface
d30SiSiðOHÞ4 values at stations influenced by stronger upwell-
ing and those influenced by weaker upwelling. Calculating
the fractionation factor for the upwelling-influenced sta-
tions only (between 5�S and 15�S) results in a fractionation
factor for steady state-type conditions of �1.3& (Fig. 7a),
which is indistinguishable from the experimentally derived
30e of �1.1& (De La Rocha et al., 1997). With the assumed
source d30SiSiðOHÞ4 signature of +1.5&, and considering the
error bars of the measurements, the data points only fit the
theoretical surface water fractionation line (black solid line)
of the steady state model (Fig. 7a), and not that the Ray-
leigh model (Fig. 7b). Here all data points lie below the the-
oretical curve. This is a reasonable result for the upwelling
area, which, like most other areas of the ocean (De La Ro-
cha et al., 2011), is not expected to be a Rayleigh-type sys-
tem due to the continuous re-supply of upwelled nutrients.
In the northern and southern sectors characterised by
weaker upwelling, however, there is additional lateral trans-
port of water masses with depleteded Si(OH)4. Even though
here, the surface water evolution follows a Rayleigh-like
trend (away from the main upwelling, as indicated by the
surface water fractionation curve in Fig. 7b) which is dis-
rupted by more irregularly occurring upwelling events.
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The calculated utilisation of available Si(OH)4 in surface
waters on the shelf ranges from about 51% in the main
upwelling region to up to 93% further south (utilisation
[%] = (1 � f) � 100).

Usually, the models are used to estimate the fraction-
ation factor 30e between the Si(OH)4 and the bSiO2 during
diatom formation (e.g. Varela et al., 2004; De La Rocha
et al., 2011; Fripiat et al., 2011b) or to validate the assumed
initial source conditions (e.g. Reynolds et al., 2006; Cao
et al., 2012). However, along the Peruvian shelf region the
initial conditions are rather well constrained. The question
is, which model can be applied in which region along the
shelf, whether the fractionation conditions during bSiO2

formation are reflected in the sediments and, reciprocally,
whether they can be used to reconstruct past upwelling
conditions.

4.2. Surface sediments

The distribution of bSiO2 concentration in surface sedi-
ments agrees well with primary productivity in the surface
waters in that the highest concentrations are found at those
locations where the upwelling is most intense between 5�S
and 15�S (and most pronounced between 10�S and 15�S)
(Fig. 5a, b). This is also where the d30SiSiðOHÞ4 of the surface
water indicates the lowest fractionation with respect to the
source signal (Fig. 5c). Correspondingly, diatoms deposited
in the underlying surface sediments should also have the
lowest d30Si values between 5�S and 15�S. In fact, however,
along the entire shelf off Peru, the d30SibSiO2

values show no
distinct variability (Fig. 5c). Overall, the highest d30SibSiO2

values are even found in the area of the strongest upwelling.
Calculation of the difference between the mean Si iso-

tope signatures of surface waters and the bSiO2

(Dd30SiSiðOHÞ4-bSiO2
) in the different sectors along the shelf

(Fig. 5d) indicates that the offset along the central shelf
(5�S to 15�S) is around 1.1–1.3&. In contrast, in the north-
ern (0�N to 5�S) and southern (15�S to 20�S) sectors the off-
set is much larger at 2.0& and 2.4&, respectively. Under
assumed steady state conditions, the expected difference be-
tween seawater and sedimentary diatoms is 1.1& (De La
Rocha et al., 1997). Along the central shelf region, where
upwelling is strong, both sedimentary d30SibSiO2

and surface
water d30SiSiðOHÞ4 seem to support the assumption that
Si(OH)4 utilisation in this region can be best characterised
by the steady state model. However, as shown by the frac-
tionation models (Fig. 7) and the large offset between water
and sediment, the areas north and south of the upwelling
region do not seem to fit the steady state model assump-
tions (or the fractionation factor must be higher than
�1.1&).

In addition, along the whole shelf region some bSiO2

samples display very light d30SibSiO2
values of up to

�1.0& (Fig. 5c). Fig. 6a indicates that these light Si isotope
signatures are mostly associated with samples having extre-
mely low bSiO2 concentrations, whereas samples having
higher bSiO2 concentrations also have higher d30SibSiO2

val-
ues. This is opposite to the expected trends in an upwelling
area: high bSiO2 concentrations are expected to prevail
where the highest delivery of nutrients occurs and where
correspondingly only weak Si isotope fractionation occurs
(as shown by the surface waters). Instead, the measured
d30SibSiO2

may not reflect diatoms only but may be due to
the presence of silicates of other biogenic or lithogenic
origin.

4.2.1. Possible clay contamination

The most obvious possibility for such other sources
would be a contamination with clay minerals. Along the
Peruvian shelf region, clay minerals are highly abundant
in the sediments, with contributions of the <4 lm clay-size
fraction of 40% to more than 60%, and originate both from
riverine and aeolian input (Krissek et al., 1980; Scheidegger
and Krissek, 1982). Clay minerals were found to have light
d30Si values between�2.5& and 0& (Douthitt, 1982; Georg
et al., 2009). Thus, if the cleaning process of the diatoms was
not sufficiently rigorous, remaining and (partially) dissolved
clay minerals in the sample solution would shift the mea-
sured d30SibSiO2

towards lower values (Ding et al., 1996; De
La Rocha et al., 2000; Georg et al., 2009). In order to ex-
clude the possibility of significant contributions from litho-
genic clay mineral sources, Al/Si and Ti/Si ratios were thus
measured for most of the dissolved bSiO2 samples (Fig. 6,
Table 2). The ratios in these samples are between 1 and
235 mmol/mol for Al/Si ratios and between 31 and
160 lmol/mol for Ti/Si ratios (Fig. 6b). Both elements are
generally present as trace elements in diatom frustules (Ell-
wood and Hunter, 1999) but, more importantly, are major
elements in clay minerals at much higher concentrations
(Al/Si ratios in clays are �1000 mmol/mol). It is very diffi-
cult to demonstrate complete removal of all clay minerals
from the diatoms (Shemesh et al., 1988). The Al content
of living planktonic diatoms is generally very low at Al/Si
ratios between 0.1 and 10 mmol/mol (Lewin, 1961; Shemesh
et al., 1988; van Bennekom et al., 1989, 1991; Dixit et al.,
2001), whereas sedimentary diatoms were found to have
Al/Si ratios of up to 1600 mmol/mol (van Bennekom
et al., 1989; Dixit et al., 2001). The concentration of trace
elements in the bSiO2 depends on the concentration of the
medium they grew from (Ellwood and Hunter, 1999), i.e.
higher concentration in the water leads to higher concentra-
tion in the bSiO2. Aluminium can be passively incorporated
in bSiO2 immediately after deposition due to the formation
of authigenic aluminosilicate minerals on the bSiO2-surface
at the sediment–water interface (van Cappellen and Qiu,
1997; Dixit et al., 2001; Ragueneau et al., 2005). This leads
to an enrichment of Al in the bSiO2, such that the amount
of Al in the bSiO2 increases with exposure time to bottom
waters (Koning et al., 2007), complicating the interpretation
of trace element measurements. Nevertheless, typical Al/Si
ratios of clean diatoms in sediments should be below
50 mmol/mol (Hurd, 1973; van Bennekom et al., 1988),
which is one order of magnitude lower than corresponding
Al/Si ratios in silicate minerals (Ragueneau et al., 2005).

Most of the checked bSiO2 samples in this study had Al/
Si ratios <50 mmol/mol but were usually much lower
(Fig. 6b, Table 2). Only six samples had Al/Si ratios
>50 mmol/mol (Fig. 6b, called ‘high-Al samples’), which
have relatively high Ti/Si ratios. These relatively high trace
element concentrations occur mostly in samples having low
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bSiO2 concentrations, with more pronounced Al than Ti
contents (Fig. 6d, e). These samples are potentially contam-
inated with clay mineral-derived silicate, and the respective
samples and d30SibSiO2

values are excluded from the further
interpretation.

There are several samples which were considered to be
clean (Al/Si <50 mmol/mol) and which do not show ele-
vated Ti/Si ratios, but still reveal very low d30SibSiO2

values
up to �1.0& (Figs. 5d, 6c and e). These are mostly samples
which coincide with low bSiO2 concentrations (Fig. 6a, d
and f). Consequently, the reason for these exceptionally
low d30SibSiO2

values must be another contaminant biogenic
silica source. For example, siliceous sponge spicules have
very low d30Si values of about �3& (Douthitt, 1982; De
La Rocha, 2003; Hendry et al., 2010). The fact that the low-
est d30SibSiO2

values occur in those sediments containing the
lowest amounts of bSiO2 (Fig. 6a) supports this hypothesis:
in samples with low diatom concentrations, any remaining
spicule will have a much larger impact than in samples with
higher diatom concentrations. A bias to more negative
d30SibSiO2

ratios due to a contamination with non diatom
bSiO2 is thus a likely explanation.

4.2.2. Comparison with hand-picked diatoms

A separation of diatoms from other bSiO2 materials is
not possible with the applied heavy liquid separation meth-
od, and sponge spicules and diatoms do not show a differ-
ence in resistivity to dissolution processes during the
preparation for Si isotope analyses. In order to avoid spic-
ules in the dissolved samples, large diatoms (125–250 lm
size fraction) were hand-picked from the same sediment
samples. The two different size fractions represent two dif-
ferent diatom assemblages and upwelling seasons/condi-
tions. The bSiO2-fraction consists mostly of specimens of
Chaetoceros (which makes up to 40% of all specimens),
Thalassionema nitzschioides, Actinoptychus spp., and other
species (Abrantes et al., 2007) that are indicative of strong
upwelling conditions and spring blooming events (Rojas
de Mendiola, 1981; Schrader and Sorknes, 1991; Abrantes
et al., 2007). The coarse fraction from which the large dia-
toms were picked mostly contained specimens of Coscino-

discus. These are large centric diatoms which are
especially abundant in the northern part of the study area
in more tropical-oceanic (low-nutrient) waters, or when
upwelling is weaker during austral summer (De Vries and
Schrader, 1981; Brodie and Kemp, 1994). Although the dif-
ferent size fractions consist of different diatom assemblages,
a species-dependent effect on the fractionation factor be-
tween surface water and diatoms can be neglected (De La
Rocha et al., 1997; Milligan et al., 2004; Alleman et al.,
2005). The d30Sidiatom data obtained from the hand-picked
diatoms are significantly different from d30SibSiO2

and show
generally higher isotope values ranging from +0.6& to
+2.0& (Fig. 5c, Table 2). The minimum values were found
at the southernmost station, whereas the northernmost sta-
tions have the highest values. Trace element ratios of the
picked diatoms could unfortunately only be measured on
three specimens. These have low Al/Si ratios below
20 mmol/mol, but high Ti/Si ratios compared to most of
the bSiO2 samples, above 100 lmol/mol (Fig. 6b).
The difference between the mean d30Sidiatom and
d30SibSiO2

(Dd30Sidiatom-bSiO2, Fig. 5d) is lowest (and within
uncertainty of the measurements) in the southernmost area
of the shelf, whereas it increases towards the north, with
maximum differences of up to 1.0&. A reason for this
might be the different growing seasons of the diatom assem-
blages. The hand-picked diatoms represent the diatom
growth and surface Si(OH)4 utilisation during weaker
upwelling in austral summer, explaining the heavier Si iso-
topic composition. This is also the time period when the
water samples were collected. It might therefore not be sur-
prising that the hand-picked diatoms represent these sur-
face waters, i.e. the season where the available pool of
Si(OH)4 is depleted.

The high d30Sidiatom in the north are somewhat surpris-
ing, because they are higher than the assumed source signal
of +1.5&, which is only possible when they represent late-
growing diatoms whose source signal is influenced by a pre-
fractionated surface water Si(OH)4 pool. In the following,
the fractionation models will be used to estimate the
Si(OH)4 utilisation from the Si isotope values of sedimen-
tary bSiO2 and picked diatoms at the time of their forma-
tion. These utilisations will be compared to the actual
measured ones.

4.2.3. Calculation of utilisation from the sedimentary d30Si

From the surface water data it can be concluded that the
central shelf region (5�S to 15�S) can be characterised by
the steady state model. Therefore, the bSiO2 and the picked
diatoms from the underlying sediments can be directly used
to reconstruct the Si isotope composition of the surface
water at the time of their formation and the utilisation of
available Si(OH)4 at that time (Fig. 8a). The canonical frac-
tionation factor 30e between the seawater and the diatoms is
�1.1& (De La Rocha et al., 1997). By adding this value to
the mean measured d30SibSiO2

and d30Sidiatom in that area of
+0.7& and +1.3 to +1.5&, respectively, the calculated the-
oretical surface water d30SiSiðOHÞ4 values are +1.8& and
+2.4 to +2.6&. These values correspond to Si(OH)4 utilisa-
tion of 25% and 90% (Fig. 8a) for bSiO2 and picked dia-
toms respectively, considering the core top sediment
isotope values from the main upwelling region. From the
surface waters, the measured utilisation in that area ranges
between 50% and 70%. The bSiO2 samples thus underesti-
mate this utilisation during summer upwelling conditions,
which might be due to the fact that they grow earlier in
the season when upwelling and nutrient supply is stronger.
In contrast, the main picked diatom species, Coscinodiscus,
grows later during austral summer and the calculated util-
isation is close to the measured value.

Along the northern shelf region the surface water data
have shown that the steady state model does not represent
the data fully. We assume that the diatoms in that region
are rather formed under more Rayleigh-type conditions
(Fig. 8b). The diatoms, especially Coscinodiscus, represent
here blooming events (Bruland et al., 2005) (i.e. they repre-
sent d30Sidiatom inst in the model). Therefore, the fraction-
ation factor of �1.1& (or �0.6& calculated from all
surface stations, see Fig. 7b) to calculate the surface water
from which they were formed can also be used here. The
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mean d30Sidiatom value of +1.6& for picked diatoms corre-
sponds to surface water values of up to +2.7& and surface
water Si(OH)4 utilisation of up to 75% (Fig. 8b). The mea-
sured utilisation in that area is of the same order, ca. 80%.
In contrast, the bSiO2 samples, with a mean d30SibSiO2

of
+0.7&, correspond to surface water d30SiSiðOHÞ4 values of
up to +1.8& and a Si(OH)4 utilisation at the time of their
formation of maximum only 40%. This is a very low value,
comparable to those measured in the main upwelling re-
gion, even though the northerly region does not generally
experience such conditions of strong upwelling and nutrient
supply (Karstensen and Ulloa, 2009). This is the area of the
lowest bSiO2 concentrations in the sediment (Fig. 5b), and
most likely the light d30SibSiO2

values are affected by a con-
taminating biogenic silica source with a lighter Si isotope
signature.

Another interesting feature are the low d30Si values in
both bSiO2 and in the picked diatoms south of 15�S, which,
except for one bSiO2 sample, do not differ significantly from
a value of about +0.6& to +0.7&, excluding the sample
with the lowest d30SibSiO2

of �1.0&. In contrast, the surface
waters in that area have high d30SiSiðOHÞ4 values of about
+2.7&. The offset between both bSiO2 and picked diatoms
to the surface water is almost identical at around 2.3&

(Fig. 5d). The most likely explanation for this contradictory
picture is a southward transport of the diatoms within the
subsurface currents. The diatoms have almost the same
d30Si signatures as those in the main upwelling region
(Fig. 5c). Due to the much lower upwelling conditions in
the southern sector the productivity of diatoms in the sur-
face water is much lower than further to the north
(Fig. 2). Here, the shelf is much narrower, the supply of
nutrients is weaker and the relative amount of diatoms on
the total primary productivity is lower (Bruland et al.,
2005; DiTullio et al., 2005). Therefore, it is likely that the
majority of the diatoms were not formed in the surface
waters south of 15�S, which have much higher d30SiSiðOHÞ4
values, but originate from the more northerly surface
waters from within the main upwelling region.

Overall, the d30Sidiatom signatures of the hand picked
diatoms seem to preserve the utilisation signal much better
and more reliably than the d30SibSiO2

values. Within the
northern and central shelf sectors, the d30Sidiatom data show
a similar distribution pattern to the d30SiSiðOHÞ4 in the sur-
face waters. They are low in the main upwelling region,
and show much higher values along the northern part of
the shelf between 5�S and 10�S. Although the actual values
indicate a transfer of the surface water signal into the sed-
iment, the picked diatoms from the surface sediments inte-
grate the surface water signal over the late austral summer
season of many years. Other factors such as (partial) disso-
lution would leave diatoms with a higher than initial d30Si
signature. Ignoring this fractionation effect may result in
an overestimation of the level of past Si(OH)4 utilisation
in surface waters and an underestimating of the calculated
fractionation factor between seawater and diatoms. Finally,
fundamentally different conditions during single years (e.g.
El Nino events) are very likely to influence the deposited
signature, which has to be taken into account for interpre-
tations of past upwelling conditions. For example, a change
in the source signal and a higher fractionation of Si(OH)4 in
the surface water during El Nino conditions due to dimin-
ished upwelling (Feldman et al., 1984; Fiedler, 2002) will
most likely influence the signal preserved in the sediments.

The general assumption for all paleo-studies using Si
isotopes as a proxy for Si(OH)4 utilisation is that the major
fraction of the bSiO2 in the sediment consists of diatoms
(De La Rocha et al., 1998; Brzezinski et al., 2002; Beucher
et al., 2007; Reynolds et al., 2008). This is probably justified
for studies of the Southern Ocean or the subpolar North
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Pacific where bSiO2 concentrations are usually higher than
10–20 wt%. However, the surface sediment distribution of
bSiO2 off Peru today (Fig. 5b) shows strong latitudinal gra-
dients between high and low silica concentrations due to
differences in upwelling intensity and nutrient supply. In
the past, during times of overall low upwelling, the concen-
tration of bSiO2 might have also been low in areas where it
is high today, e.g. in the Subantarctic Zone (Brzezinski
et al., 2002; Bradtmiller et al., 2009). In this case, a signifi-
cant influence of non-diatom bSiO2 cannot be excluded, un-
less all samples are hand-picked to avoid contamination.

5. CONCLUSIONS

This study investigates the factors controlling the silicon
isotope composition of dissolved silicic acid d30SiSiðOHÞ4 in
the water column and of the diatoms that grew in the sur-
face waters (d30SibSiO2

, d30Sidiatom) of the Peruvian upwelling
area.

Subsurface waters feeding the coastal upwelling off Peru
display a mean d30SiSiðOHÞ4 signature of +1.5& ± 0.1&

(2rsem) all along the Peruvian shelf, whereas the Si(OH)4

concentration increases with latitude towards the south as
a function of water mass mixing and remineralisation of
bSiO2 in the water column and in the sediments, as indi-
cated by significant increases in Si(OH)4 concentrations in
the bottom waters above the shelf. The d30SiSiðOHÞ4 distribu-
tion in the surface waters along the Peruvian shelf is mainly
controlled by upwelling intensity. In the area of the stron-
gest upwelling and re-supply of Si(OH)4, where the degree
of utilisation of Si(OH)4 is overall low (about 50%), the dif-
ference between surface water d30SiSiðOHÞ4 and the subsur-
face source waters caused by silicate utilisation amounts
to only 0.2–0.3&. Higher degrees of Si(OH)4 utilisation
(up to 93%) in surface waters outside the main upwelling
area result in higher d30SiSiðOHÞ4 values of up to 2.8&, cor-
responding to a difference of up to 1.3& from the source
water.

The calculation of the fractionation factor 30e based on
our surface water d30SiSiðOHÞ4 data gives values between
�0.5& and �2.7& for Rayleigh-type and steady-state sys-
tem conditions, respectively. This is a large deviation from
the experimentally derived value of �1.1&, which is caused
by the strong influence of water mass mixing in this highly
dynamic environment. However, d30SiSiðOHÞ4 values in the
main upwelling region reveal a fractionation factor of
�1.3& for steady state conditions. Comparison of d30Sidia-

tom compositions obtained from hand-picked diatoms from
the underlying sediments, which range from +0.6& to
+2.0&, shows the same overall distribution as that of
d30SiSiðOHÞ4 . The biogenic silicate of these diatoms exhibits
lower d30Sidiatom values in the main upwelling region, where
productivity is highest. Along the northern shelf between 0
and 5�S, where upwelling and productivity are lower, the
Si(OH)4 utilisation and d30Sidiatom values are significantly
higher.

A comparison between d30SibSiO2
signatures obtained

from bulk bSiO2 in the sediment, which was extracted
applying commonly used methods, and d30Sidiatom from
hand-picked diatoms indicates that in samples with low
bSiO2 concentrations a contamination with isotopically
lighter biogenic siliceous material, such as sponge spicules
or radiolarians, occurs. This observation has important
implications for the general interpretation of paleo-d30Si re-
cords at locations with low bSiO2 content and suggests that
for sediments containing such low amounts of bSiO2 signif-
icant biases of the d30Si records can only be excluded if it
can be demonstrated that a pure diatom fraction was
extracted.
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