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The upwelling area off Peru is characterized by exceptionally high rates of primary
productivity, mainly dominated by diatoms, which require dissolved silicic acid (dSi)
to construct their frustules. The silicon isotope compositions of dissolved silicic acid
(δ30SidSi) and biogenic silica (δ30SibSi) in the ocean carry information about dSi
utilization, dissolution, and water mass mixing. Diatoms are preserved in the underlying
sediments and can serve as archives for past nutrient conditions. However, the factors
influencing the Si isotope fractionation between diatoms and seawater are not fully
understood. More δ30SibSi data in today’s ocean are required to validate and improve
the understanding of paleo records. Here, we present the first δ30SibSi data (together
with δ30SidSi) from the water column in the Peruvian Upwelling region. Samples were
taken under strong upwelling conditions and the bSi collected from seawater consisted
of more than 98% diatoms. The δ30SidSi signatures in the surface waters were higher
(+1.7h to +3.0h) than δ30SibSi (+1.0h to +2h) with offsets between diatoms and
seawater (130Si) ranging from −0.4h to −1.0h. In contrast, δ30SidSi and δ30SibSi

signatures were similar in the subsurface waters of the oxygen minimum zone (OMZ) as a
consequence of a decrease in δ30SidSi. A strong relationship between δ30SibSi and [dSi]
in surface water samples supports that dSi utilization of the available pool (70 and 98%)
is the main driver controlling δ30SibSi. A comparison of δ30SibSi samples from the water
column and from underlying core-top sediments (δ30SibSi_sed.) in the central upwelling
region off Peru (10◦S and 15◦S) showed good agreement (δ30SibSi_sed. = +0.9h to
+1.7h), although we observed small differences in δ30SibSi depending on the diatom
size fraction and diatom assemblage. A detailed analysis of the diatom assemblages
highlights apparent variability in fractionation among taxa that has to be taken into
account when using δ30SibSi data as a paleo proxy for the reconstruction of dSi utilization
in the region.

Keywords: biogenic silica, plankton – taxonomic group/assemblage, silicon cycle, upwelling region, oxygen
minimum zone, core-top calibration, paleo proxies
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INTRODUCTION

Exceptionally high rates of primary productivity characterize the
upwelling area off Peru, as upwelling of silicic acid (Si(OH)4),
hereafter referred to as dSi, orthophosphate (PO4

3−), nitrate
(NO3

−) and total dissolved iron (dFe) stimulate phytoplankton
growth (Bruland et al., 2005). During austral summer, the
Peruvian upwelling zone is dominated by diatoms, which require
dSi that they deposit in their cell walls forming opaline shells
called frustules (e.g., Paasche, 1973). The contribution of diatoms
to global primary productivity links the marine silicon (Si) cycle
to the carbon (C) cycle and exerts a strong control on C export
from the atmosphere thereby directly impacting present and
past climate (e.g., Tréguer et al., 2018). Off Peru, the export of
plankton and its decomposition at depth produces one of the
largest subsurface oxygen minimum zones (OMZs) in the global
ocean (Pennington et al., 2006; Karstensen et al., 2008).

Dissolved silicon (Si) isotopes (δ30SidSi) are a powerful tool for
understanding biogeochemical processes such as the utilization of
dSi as well as intermediate and deep-water mass mixing in today’s
ocean (e.g., de Souza et al., 2012; Grasse et al., 2013). During
utilization of dSi, diatoms preferentially incorporate the lighter
28Si isotope leaving the seawater enriched in heavier isotopes of
Si, 30Si and 29Si (e.g., De La Rocha et al., 1997). The isotopic signal
preserved in diatom frustules (δ30SibSi_sed.) in the underlying
sediments can therefore serve as a proxy to reconstruct the
utilization of dSi in surface waters in the past (e.g., De La Rocha
et al., 1998; Ehlert et al., 2013, 2015; Doering et al., 2019).

Despite the potential of the diatom δ30SibSi_sed. paleo proxy,
only a few data sets for δ30SibSi in the world’s ocean are available
and most are from the Southern Ocean. Overall, the δ30SibSi
in the upper 50 m of the world’s ocean shows a broad range
of signatures between −0.2h and +3.42h (Varela et al., 2004,
2016; Cardinal et al., 2007; Cavagna et al., 2011; Fripiat et al.,
2011, 2012; Cao et al., 2012; Closset et al., 2016). The δ30SibSi
values are typically inversely related to the dSi concentration
([dSi]), reflecting fractionation during nutrient utilization. While
the lowest δ30SibSi values have been observed in the East China
Sea (Cao et al., 2012) as a consequence of the influence of
riverine and lithogenic inputs, the highest values so far have been
reported from the Canada Basin of the Arctic Ocean, possibly
reflecting the contribution of isotopically heavy sea ice diatoms
(Varela et al., 2016).

The range of δ30SibSi in surface waters can depend both
on the isotopic value of the dSi source and on any taxon-
specific variation in the fractionation factor between seawater
and diatoms (30ε). Culture studies have revealed variations in
30ε between diatom species (Sutton et al., 2013). In addition,
environmental and physiological factors can play a role. While
two Southern Ocean diatom species (Eucampia antarctica
and Proboscia inermis) exhibited significant variation of 30ε
under Fe-replete and Fe-limiting conditions, this effect was not
observed in Thalassiosira pseudonana (Meyerink et al., 2017).
In contrast, the fractionation factor seems to be independent
of temperature (3–22◦C; De La Rocha et al., 1997; Sun et al.,
2014), pCO2 concentration (Milligan et al., 2004) and growth rate
(Sun et al., 2014).

The actual mechanism of Si isotope fractionation by diatoms
is not well understood. Most biological fractionation processes
(e.g., C, N) are enzymatically driven (e.g., Fry, 1996; Needoba
et al., 2004) but enzymes are not known to be involved in the
biological polymerization of Si. However, studies of Si uptake by
various diatom species revealed that silicon transport proteins
(SITs) mediate the transport of dSi into the cell, especially at
low [dSi] (<30 µmol L−1; Thamatrakoln and Hildebrand, 2008).
In contrast, Si uptake can be diffusion-controlled at high [dSi]
(Hildebrand et al., 1997; Thamatrakoln and Hildebrand, 2008).
Efflux of dSi from diatom cells also occurs and may be mediated
by efflux proteins (Shrestha et al., 2012) although this process
does not seem to contribute to fractionation (Milligan et al.,
2004). So far, it is unclear whether the discriminatory step
causing isotopic fractionation is the transport of dSi across the
membrane or the polymerization process within the cell that
converts dSi into amorphous SiO2 within the silicon deposition
vesicle (SDV; Milligan et al., 2004; Hildebrand, 2008; Brunner
et al., 2009). The latter mechanism would require that the heavier
isotopes that are discriminated against during polymerization
leave the cell. Laboratory studies on abiotic Si polymerization
found that the fractionation between amorphous and dissolved
Si (130Siamorphous−dissolved) phases are strongly dependent on
pH, temperature and salinity (Stamm et al., 2019; Zheng et al.,
2019). These experiments revealed a positive offset of the
amorphous Si isotope composition from the dissolved phase
(+0.5h) at seawater pH (pH 8, 23–25◦C) assuming equilibrium
fractionation. However, it is unclear whether these results can be
applied to polymerization within the diatom cell.

In seawater, the evolution of δ30SidSi and δ30SibSi and the
corresponding fractionation factors (30ε) during diatom growth
are commonly estimated using two conceptual models: a steady-
state model (open system) and a Rayleigh-type model (closed
system). Previous studies in the Pacific have shown a broad
range in 30ε (−0.6h and −2.7h) depending on the applied
model (Reynolds et al., 2006; Ehlert et al., 2012; Grasse et al.,
2016; Varela et al., 2016). The applicability of each model
depends on the nature of the dSi supply. In eutrophic offshore
regions of the Pacific outside the zone of active upwelling,
the Rayleigh-type model is more applicable, whereas, in the
zone of active upwelling, the open system model is appropriate.
Both models can describe the evolution of δ30SidSi in the
upwelling area off Peru, depending on the timing of the upwelling
(Ehlert et al., 2012).

In this study, we present δ30SidSi and δ30SibSi data from the
upper 350 m of the water column in the upwelling area off
Peru together with the taxonomic composition of the diatom
assemblages obtained from surface water samples to investigate
the main controls on δ30SidSi and δ30SibSi. Previous studies in
the Eastern Tropical South Pacific (ETSP) have only investigated
δ30SidSi in the water column (Ehlert et al., 2012; Grasse et al., 2013,
2016, 2020) and δ30SibSi in the sediments (δ30SibSi_sed.; Doering
et al., 2016a; Doering et al., 2016b; Ehlert et al., 2012) and until
recently no δ30SibSi from diatoms in seawater in this region have
been available. Our study provides the first δ30SibSi data from
the Peruvian water column, which are compared to previously
published δ30SibSi_sed. signatures from surface sediments to

Frontiers in Marine Science | www.frontiersin.org 2 July 2021 | Volume 8 | Article 697400

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-697400 July 19, 2021 Time: 21:9 # 3

Grasse et al. Silicon Isotope Composition of Diatoms

evaluate the applicability of δ30SibSi_sed. as a paleo proxy in the
complex environment of the Peruvian coastal upwelling system.

MATERIALS AND METHODS

Samples were taken at nine stations, between 12.87◦S and
13.99◦S, with a maximum distance of approximately 38 nautical
miles (70 km) from the Peruvian coast in February 2013
(RV Meteor, Cruise M93; Figure 1). Seawater samples for
diatom assemblages, as well as [dSi], [bSi], δ30SidSi, δ30SibSi,
salinity, temperature, and oxygen were collected using a Seabird
conductivity-temperature-depth (CTD) Rosette System equipped
with Niskin water samplers and oxygen sensors. Oxygen
concentrations measured by the O2-sensor on the CTD were
calibrated against water samples for O2 determination by Winkler
titration (Winkler, 1988). Nutrient concentrations were directly
measured on board with an autoanalyzer (TRAACS 800, Bran &
Lubbe, Hamburg, Germany) according to Grasshoff et al. (1999).
In total, 3–5 L of seawater were collected per depth to ensure that
sufficient sample material was available for all parameters.

Diatom Cell Counts
Diatom cell counts were determined in 50 mL subsamples from
surface waters. The samples were acidified with 5 µL HCL (30%)
to stop grazing processes and further utilization of dSi. This
procedure was chosen as no conventional chemicals (e.g., Lugol’s
solution) used for cell preservation were available onboard. The
low pH (∼ 2) dissolved calcareous organisms and only silicon or
chitin-bearing skeletons remained. For identification, individuals
were analyzed to species or genus level and counted under an
inverse light microscope (Zeiss with a 250-fold magnification,
25x= 5µm; Ocular: 10×) according to Utermöhl (1958). Relative
abundances were obtained as the ratio of total cell counts of
(i) siliceous organisms (diatoms, diatom resting spores (RS),
radiolaria, silicoflagellates, and sponges) and (ii) all diatoms
versus the respective group (i) or taxa (ii).

dSi and bSi Sampling and Chemical
Preparation
For analysis of δ30SidSi, 500 mL seawater was filtered through
nitrocellulose acetate filters (MERCK, 0.45 µm pore size,
142 mm) and stored without a preservative in acid clean
polypropylene bottles in the dark. At GEOMAR, the pH of
samples was raised with NaOH to precipitate Mg(OH)2 together
with dSi from seawater (MAGIC; Reynolds et al., 2006) after
Karl and Tien (1992). Only samples with [dSi] yields > 97%
were accepted for isotopic measurements, given that incomplete
precipitation can lead to isotopic fractionation of the samples.

For δ30SibSi collection up to 5 L of seawater was filtered
through polycarbonate filters (Whatman R©, 0.65 µm pore size,
47 mm), and the filter containing the collected particles dried
overnight at 40◦C. The bSi concentrations were measured
using a 1 step sodium hydroxide digestion method described
in Brzezinski and Nelson (1989) and Varela et al. (2016).
Preparations of filters and concentration measurements were
conducted at the University of California, Santa Barbara (UCSB).

The optimal leaching time was assessed via test filters from the
Peruvian Upwelling. Tests were conducted for a maximum of
140 min. During the first 35 min a steep increase in [bSi] was
observed given that bSi dissolves faster than lithogenic material.
No significant increase in [bSi] was detectable thereafter (3%).
The bSi samples were accordingly leached for 35 min with 4 mL
0.2 N NaOH in a 95◦C water bath (for details, see Varela et al.
(2016). Although Ragueneau and Tréguer (1994) pointed out that
up to 15% of lithogenic silicate (lSi) can dissolve during sodium
hydroxide digestion, our own measurements provide evidence
that lSi dissolution in our samples is much lower (3%). Assuming
that the samples contained up to 15% of lSi, the reported
δ30SibSi values may be underestimated by 0.2h assuming a mean
of −1.07h for clay minerals (lithogenic primary minerals are
heavier−0.2h and thus result in an offset of 0.03h; Sutton et al.,
2018), which is within analytical error. The digested bSi samples
were analyzed for their Al content using an Agilent 7500 series
quadrupole ICPMS at GEOMAR to gain additional information
about potential lithogenic contamination of the separated bSi
fraction (Shemesh et al., 1988).

Samples for δ30SidSi and δ30SibSi measurements were
chromatographically purified using AG 50W-X8 cation resin
following the method of Georg et al. (2006) as modified by de
Souza et al. (2012).

δ30SidSi and δ30SibSi Measurements
The δ30SidSi and δ30SibSi were measured on a NuPlasma MC-
ICPMS (Nu InstrumentsTM, Wrexham, United Kingdom) at
GEOMAR. For a detailed description of the method, see Ehlert
et al. (2012). Si isotope compositions are reported in the
δ-notation representing the deviations of the isotope ratios of the
samples from that of the reference standard NBS28 in parts per
thousand (δ30Si = ([Rsample/RNBS28] −1) × 1000). R represents
the heavy-to-light isotope ratio (30Si/28Si) of the samples and the
NBS28 standard, respectively.

The analysis of individual samples was repeated two to
six times in different analytical sessions (n = analytical
replicate) with a few exceptions that were only measured once
(Supplementary Table 1). More than 50% of the samples were
full replicates, including the MAGIC co-precipitation step for dSi
samples and column chemistry for both dSi and bSi samples.
Sample reproducibility (2 s.d.) generally ranged between 0.01
to 0.2h, except for six samples for which only 0.3h (2
s.d.) were achieved.

The accuracy of the measurements was checked daily
using solid reference standards (BB, Diatomite, IRMM18)
and resulted in a mean δ30Si of −10.71 ± 0.20h (2
s.d., n = 28), +1.22 ± 0.14h (2 s.d., n = 14) and
−1.50 ± 0.22h (2 s.d., n = 14), which are in good agreement
to consensus values reported by Reynolds et al. (2007). The
inter-calibration standards ALOHA1000 and ALOHA300 resulted
in +1.26 ± 0.22h (Mean, 2 s.d.; Median: +1.26, n = 8) and
+1.69 ± 0.16h (Mean, 2 s.d.; Median: 1.69, n = 5), which
is in very good agreement to the mean value obtained by the
GEOTRACES inter-calibration study from Grasse et al. (2017;
+1.24± 0.20h;+1.68± 0.35h, Mean, 2 s.d.).
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FIGURE 1 | Sampling locations with station numbers off Peru (R/V Meteor cruise M93, February 2013). Color shading indicates [dSi] (in µmol L−1) in surface waters.
Bottom depth at sampling locations ranges between 60 and 760 m. The maximum distance of stations from the coast is approximately 70 km. Data were plotted
using ODV 4.6.2 (Schlitzer, 2020).

The isotope fractionation of Si is mass-dependent resulting
in a linear relationship between δ30Si and δ29Si that depends on
the fractionation process (equilibrium vs. kinetic fractionation;
Supplementary Figure 1). The slope of the resulting correlation
is thus an indicator for the quality of δ30Si measurements, as
any polyatomic interferences during MC-ICP-MS measurements
would lead to an offset from the predicted fractionation line.
As shown in Supplementary Figure 1, the least-squares linear
regression between δ30Si and δ29Si is in excellent agreement.
It produces a slope of 0.509 ± 0.02 (r2

= 0.99), which is
indistinguishable from the theoretical values of equilibrium and
kinetic fractionations (0.518 and 0.505, respectively; Young et al.,
2002).

Calculation of the Apparent and Modeled
Fractionation Factors
The offset between seawater and diatoms is often expressed as an
apparent fractionation factor (130Si)

130Si = δ30SibSi − δ30SidSi

For 130Si the propagated error is provided, which is defined by
the square root of the sum of the squares of the 2 s.d. (2σ) error
(
√

2σbSi
2 + 2σdSi

2). However, this value only represents sampling
and analytical uncertainties and does not take into water mass
mixing into account, the effect of water mass age, the utilization

of [dSi] and other factors in the environment that can alter the
effect of biological fractionation alone.

The temporal evolution of δ30SidSi and δ30SibSi can be
described using two conceptual models: a Rayleigh-type model
(closed) or a steady-state model (open) system which includes
the utilized fraction (f = dSiobs./dSiinit.) of the available dSi pool.
To obtain dSiobs, we used the average [dSi] between 50 to 150 m
from each station.

Rayleigh-type model (Closed):

δ30SidSi_obs. = δ30SidSi_initial −
30 ε∗(ln f )

δ30SibSi_inst. = δ30Siobs. +
30 ε

δ30SibSi_acc. = δ30SidSi_initial −
30 ε∗(f ln f )/(1− f )

Steady-state model (Open):

δ30SidSi_obs. = δ30SidSi_initial −
30 ε∗(1−f)

δ30SibSi_inst. = δ30SidSi_obs. +
30 ε

where δ30SidSi_init . represents δ30SidSi defined as the source
of dSi, δ30SidSi_obs is the Si isotope composition measured in
surface waters, ε30Si is the fractionation factor between the
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[dSi] and the diatoms produced, δ30SibSi_inst. is the Si isotope
composition of the instantaneously produced diatoms at each
point in time and δ30SibSi_acc. is the silicon isotope composition
of the accumulated diatoms integrated over time. Both models
assume a constant 30ε, which is given by the slope of the linear
regression between δ30SidSi_obs and ln f for the Rayleigh-type
system model and δ30SidSi_obs and f for the steady-state model.
Both models were applied for the mixed layer (ML, defined as
oxygenated euphotic zone, upper 40 m, see also Figure 4 and
Supplementary Table 1) and included data from Ehlert et al.
(2012) and Grasse et al. (2016).

RESULTS

Diatom Assemblages in Surface Waters
Microscopic analysis of the nine surface water samples
showed that diatoms (dominating species: Cerataulina pelagica,
Thalassiosira spp., Chaetoceros spp.) numerically dominated the
siliceous plankton in most samples (98–100%, Figure 2). The
observed diatom valves were mainly vegetative cells, but at
stations 338, 368, and 436 diatom resting spores (RS) were
present with relative abundances ranging from 1 to 6%. Other

siliceous plankton were only observed at stations 354, 368, 420
and 436 (1% radiolaria) and St. 368 (2% silicoflagellates). St. 368
contained 2% sponge spicules (Figure 2A and Supplementary
Table 2). This information is crucial given that organisms such as
radiolaria, silicoflagellates, choanoflagellates, or sponge spicules
would have been dissolved along with diatoms in the NaOH
leach potentially impacting the δ30SibSi signatures because their
fractionation factors are either unknown or larger than those of
diatoms (up to−5h and−7h in sponges and choanoflagellates,
respectively, compared to−1.1h in diatoms (Hendry et al., 2012;
Sutton et al., 2018; Marron et al., 2019).

The diatom community comprised 22 taxa (see
Supplementary Table 3 for a complete list). Total diatom
abundances ranged between 0.02 and 6333 × 103 cells L−1

between sampling stations. St. 367 had the lowest diatom cell
count only containing a single specimen (Coscinodiscus spp.)
and mainly consisted of filamentous cyanobacteria (species
unknown). The highest counts were found at stations 422 and
441, dominated by the centric diatom C. pelagica with relative
abundances of 99 to 100%. At stations 436 and 420 C. pelagica
dominated the diatom assemblage with approximately 50%. The
genus Chaetoceros spp. and the species Corethron criophilum
were most abundant at stations 338 with 44 and 34%. The centric

FIGURE 2 | Relative abundances of (A) siliceous organisms including diatoms, resting spores, radiolaria, silicoflagellates, and sponges in surface waters and of
(B) diatom taxa (in %) reaching abundances >5%. For a list of all diatom taxa, see Supplementary Table 3. Please note that the diatoms of St. 367 only consisted
of one specimen of Coscinodiscus spp. and primarily filamentous cyanobacteria were observed.
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diatom Thalassiosira spp. revealed highest abundances reaching
51% at station 354 (Figure 2B).

Al/Si Ratios in Particulate Silica
The limited amount of sample material did not allow Al/Si
measurements of all samples (Supplementary Table 1). Surface
samples generally had low Al/Si ratios between 2 and 25 mM
M−1 (Median: 21 mM M−1), with one exception of Station 367
(20 m), for which the highest Al/Si ratios of 188 mM M−1 were
determined (Figure 3A and Supplementary Table 1). Samples
within the OMZ and the oxycline ranged between 0 and 147 mM
M−1 (Median: 25.1 mM M−1).

Living diatoms can have Al/Si ratios as low as 2 mM M−1 and
generally do not exceed 8 mM M−1 (Koning et al., 2007; Köhler
et al., 2017), which is comparable to, or lower than, observations
in the ML of the Peruvian Upwelling. However, this ratio can
change depending on the Al concentration of the surrounding
water (up to 70 mM M−1; Köhler et al., 2017; Machill et al.,
2013). Unfortunately, the Al concentrations in seawater were not
measured during the cruise and there are hardly any published
data from the Peruvian margin (Barraqueta et al., 2020). A study
by Ho et al. (2019) along the GEOTRACES transect (GP16) from
Peru to Tahiti found overall low Al concentration between 1 and
2 nmol kg−1 further away the Peruvian coast (for comparison
Atlantic surface water Al is close to 20 nmol kg−1; Barraqueta
et al., 2020). However, the Ho et al. (2019) open ocean data
are most likely not representative for Al concentrations on the
shelf. It is more likely that high Al/Si ratios in the OMZ/oxycline
and in one surface sample (St. 367), during the sampling of
which a cyanobacteria bloom occurred, are the result of post-
mortem adsorption of Al to the diatom frustules as previously
observed by Koning et al. (2007).

The Al/Si ratios in biogenic samples thus strongly depend on
external factors and the conditions of the diatom cells (living vs.
dead) and do not necessarily exclusively indicate contamination
with lithogenic material. This complicates the reliable application
of the Al/Si correction proposed by Ragueneau et al. (2005).

Given that no clear difference in δ30SibSi was observed for
samples with high and low Al/Si ratios and due to the reasons
mentioned above (Figure 3B), we included all δ30SibSi in our
analyses. Still, we highlight samples with Al/Si ratios above
50 mM M−1 and bSi < 0.5 µmol L−1 without Al/Si ratios
in Figures 4, 5, which had been adopted as a threshold for
lithogenic contamination in a previous study in the region
by Ehlert et al. (2012).

Dissolved and Particulate Silicon Isotope
Signatures and the Apparent
Fractionation Factor
Mixed Layer and Oxyline
In surface waters, a large range in [dSi] (0.9 to 12 µmol L−1)
and δ30SidSi (+1.7h +3.0h) was observed (Figures 4, 5)
with the highest [dSi] occurring close to the coast (Sts.
354; 420) accompanied by low δ30SidSi (+1.7h and +2.5h;
Figures 1, 3A). In contrast, the lowest surface [DSi] at stations
436 and 441 (1 µmol L−1) correspond to high δ30SidSi values

(+2.7h; +3.0h). δ30SidSi samples from the ML as well as the
OMZ have a strong linear relationship with the natural logarithm
of [dSi] (r2

= 0.8; Figure 5A).
[bSi] in surface waters was between 0.13 to 5.8 µmol L−1

with the highest [bSi] occurring in the ML and decreasing values
with depth (Figures 4G,H,I). δ30SibSi (+1.0h to +2.0h) did
not change with depth. δ30SibSi in the ML was always lower
than δ30SidSi with an offset of 130Si (see Section “Calculation of
the Apparent and Modeled Fractionation Factors” for definition)
between−1.0h to−0.4h (Figure 5B).

OMZ
Below the upper oxycline (10 to 70 m; Figures 4A–C),
subsurface [dSi] increased but varied between stations (24 to
40 µmol L−1). Shallow stations (Sts. 354, 420, 436; 50 m to
135 m) showed approximately 40% higher [dSi] (mean: 38
µmol L−1; mean δ30SidSi: +1.4 ± 0.1h, 1 s.d.) compared
to all other stations (mean: 24 µmol L−1; mean δ30SidSi:
+1.6h± 0.1h, 1 s.d.; Figure 4 and Supplementary Table 1). At
the shallow locations, the Equatorial Subsurface Water (ESSW;
Supplementary Figure 2) dominated, a southward flowing water
mass, which is transported via the Peru Chile Undercurrent
(PCUC; e.g., Montes et al., 2010). Subsurface waters at Sts.
367, 368, and 369 showed influence of the Eastern South
Pacific Intermediate Water (ESPIW, Supplementary Figure 2),
a northward flowing water mass, that originates off Southern
Chile (Schneider et al., 2003; Thomsen et al., 2016). Most δ30SibSi
samples within the OMZ (oxygen concentration < 5 µmol L−1),
below the euphotic zone are not distinguishable from δ30SidSi,
which is reflected in mean 130Si close to +0.1h considering an
external error of 0.2h (2 s.d.; Figures 5A,B).

DISCUSSION

Mechanisms Controlling δ30SidSi in
Surface Waters: Upwelling and
Utilization of dSi
The Peruvian upwelling is one of the most productive marine
ecosystems (e.g., Chavez and Messié, 2009). Phytoplankton
production is fueled by upwelling of nutrient-rich subsurface
waters and high incident light at the sea surface and is generally
highest in austral summer (Jan.-March; our study was conducted
in February 2013; e.g., Echevin et al., 2008). Upwelling of dSi-
rich subsurface waters (up to 40 µmol L−1) drives diatom blooms
in coastal surface waters, which leads to bSi concentration of
up to 6 µmol L−1 (this study; Franz et al., 2012; Bach et al.,
2020). The Si isotope signature of the dSi in upwelled waters,
mainly the PCUC, is well characterized and relatively constant
along with the Peruvian Shelf (+1.5 ± 0.2h, mean ± 1 s.d.).
However, depending on bottom depth, production in surface
waters, subsequent dissolution of sinking biogenic silica, and
high Si fluxes from the sediments (up to 3,300 mmol m−2

y−1; Dale et al., 2021), δ30SidSi between +1.1h and +1.9h
has been observed (this study; Ehlert et al., 2012; Grasse
et al., 2016, for a compilation of δ30SidSi data off Peru see
Doering et al., 2021). Shallow stations showed approximately
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FIGURE 3 | Al/Si (mM M−1) versus [bSi] (A) and δ30SibSi (B) The Inlet figure in (A) shows Al/Si ratios for samples in the OMZ/and the oxycline and the ML. Open
symbols indicate samples with [bSi] ≤ 0.5 µmol L−1. Closed black symbols indicate samples with [bSi] > 0.5 µmol L−1. The gray shaded area indicates negligible
Al (Al/Si < 50 mM M−1) contamination, according to Ehlert et al. (2012).

40% higher [dSi] than deeper stations corresponding to lighter
δ30SidSi, due to both dissolution of bSi in the water column
and supply from the reactive upper sediment layer. Simple
mixing calculation as well as modeling results (Ehlert et al.,
2016; Grasse et al., 2016) demonstrated that Si fluxes from the
sediment have a light isotopic signature (+0.8h). Using the
dSi source signature of subsurface waters from different stations
(mean: 30 µmol L−1), we were able to make two estimates
of the biologically-driven fractionation factor (30ε) in the ML
using different conceptual models: 1) a Rayleigh-type model
(Closed Model; Figure 6A), in which after a single input no
additional nutrients are supplied to the system and 2) a steady-
state model (Open Model; Figure 6B), where a continuous
supply and partial consumption of nutrients causes a dynamic
equilibrium of the dSi and the produced bSi (for details see
method; Mariotti et al., 1981).

In this study, we observed utilization rates of up to 70% of the
available dSi pool in the surface waters (Figure 6). Significantly
lower utilization rates (55%) were observed shortly after a recent
upwelling event in February 2009 (Ehlert et al., 2012; Figure 6).
High dSi utilization of up to 96% and 97% in surface waters can be
observed at stations 436 and 441, resulting in high δ30SidSi values
(+2.7h and +3.0h, respectively). The data can be best fitted
to a Rayleigh-type model (r2

= 0.79; Figure 6A) and a predicted
δ30SidSi of the source dSi of +1.5h. The source is significantly
underestimated (+0.2h) by the steady-state model, which has a
lower goodness of fit (r2

= 0.70).
The modeled fractionation factors are given by the slope of

the best fit equations (see Section “Calculation of the Apparent
and Modeled Fractionation Factors,” first line of each equation)
between δ30SidSi and δ30SibSi versus the utilization rate. They
differ significantly between models with 30ε for δ30SidSi (30εdSi)
estimated at −0.4h in the (closed) Rayleigh Model and −2.6h
for the (open) steady-state model (Figure 6). Both values differ

strongly from the experimentally determined 30ε of −1.1h
(De La Rocha et al., 1997; Milligan et al., 2004; Sutton et al.,
2013; Sun et al., 2014). The challenges of using these simple
models to estimate the fractionation factor from field data
have been discussed in previous studies (e.g., Grasse et al.,
2013, 2016; Closset et al., 2016; Cassarino et al., 2017). Two
main problems have been identified 1) the silicate fractionation
in seawater is not represented correctly by such idealized,
simplified models and 2) identification and characterization of
source waters can be difficult. Both issues are valid for the
Peruvian Upwelling. Although it can be argued that the Peruvian
Upwelling region is better represented by an open system with
constant nutrient supply, a decrease in wind stress can lead to
increased stratification and continuous nutrients depletion in the
ML thereby following a closed system behavior. A factor further
complicating a simple one- or two-dimensional analysis is the
lateral supply of dSi. The main lateral contribution to surface and
subsurface waters is via currents or (anti-)cyclonic eddies (e.g.,
Montes et al., 2014; Grasse et al., 2016; Thomsen et al., 2016).
Further sources from land like submarine groundwater discharge
or riverine input are either unknown or neglectable, as the study
area is bordered by the Atacama Desert (e.g., Hutchins et al.,
2002; Santos et al., 2021).

The deviation from the assumed fractionation factor of
−1.1h can be additionally affected by the dissolution of bSi
in the euphotic zone, possibly driving δ30SidSi to lower values
(30εDiss ranging from 0h to +0.9h; Demarest et al., 2009; Sun
et al., 2014; Wetzel et al., 2014). In productive coastal zones
approximately 15% of the produced silica is dissolved within
the euphotic zone (Nelson et al., 1995; Nelson and Brzezinski,
1997; Brzezinski et al., 2003). However, low 30ε derived from
the closed model, might even indicate higher dissolution in
the euphotic zone. Overall, we find that the commonly used
fractionation models (Rayleigh-type vs. steady state) for the
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FIGURE 4 | (A–C) Oxygen concentration (in µmol L−1) versus depth (m). (D–I) δ30SidSi and corresponding [dSi] versus depth (m). (G–L) δ30SibSi and [bSi] versus
depth (M). Individual error bars indicate the reproducibility of analytical replicates (2 s.d.). (F,G,M–O) The error bars give the long-term reproducibility of the
inter-calibration standard ALOHA1000 (0.2h; 2 s.d.). Open symbols indicate samples with high Al/Si ratios (>50 mM M−1) or low [bSi] (<0.5 µmol L−1) without Al/Si
measurements (M–O).

temporal evolution of δ30SidSi are oversimplified and need to
include other processes such as admixture with additional sources
(vertical and horizontal nutrient supply, as well as multiple
intrusion of nutrients) and should integrate dissolution processes
in order to properly reconstruct dSi utilization in the present.

This is especially important, when these models are used to
reconstruct dSi utilization in the past (e.g., Doering et al.,
2019). The deviation from the assumed fractionation factor
of −1.1h in highly productive areas might have to be taken
into account in regard to Si modeling studies. Global models
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FIGURE 5 | (A) δ30SidSi (closed gray circles) and δ30SibSi from the mixed layer (ML; green circles) as well as the OMZ (blue squares; <5 µmol O2 L−1) versus the
natural logarithms of dSi (ln [dSi]). The dotted lines represent the minimum and maximum range of δ30SibSi . The dashed line was fitted for δ30SidSi (black; r2

= 0.8)
and δ30SibSi (green; r2

= 0.5) for samples from the mixed layer. Samples with Al/Si ≥ 50 mM M−1or bSi < 0.5 µmol L−1 are indicated with open circles (ML) and
open squares (OMZ). For clarity, the 2 s.d. error (0.2h) is given in figure (A). (B) Offset between δ30SibSi and δ30SidSi (130Si) against [dSi]. In panel (B) samples from
the ML are divided into uppermost surface samples (dark green) and surface samples below (light green circles). For 130Si the propagated error is given (see Section
“Calculation of the Apparent and Modeled Fractionation Factors”).

FIGURE 6 | (A) Closed system (Rayleigh-type) and (B) open system (steady state) showing δ30SidSi (δ30SidSi_obs.) in the ML from Ehlert et al. (2012; open diamonds),
Grasse et al. (2016; open squares) and this study (open black circles) as well as δ30SibSi (black circles, this study) against the dSi utilization in % of the available dSi
pool (derived from the utilized fraction). Only data from the Peruvian shelf are displayed. Theoretical fractionation curve/line for δ30SidSi (solid red line), the
instantaneous δ30SibSi (δ30SibSi_inst.; dashed red line), and the accumulated product (δ30SibSi_acc; dotted red line). Fractionation curve/line fitted for δ30SidSi and
δ30SibSi are indicated in gray. Estimated fractionation, derived from the equations for both models is given for the dSi (30εdSi ) and the bSi data (30εbSi ). For model and
equation details see method description “Calculation of the Apparent and Modeled Fractionation Factors.”

generally assume fractionation during production of −1.1h
and a temperature dependent dissolution of exported opal (with
or without fractionation). These models reproduce δ30SidSi in
offshore regions extremely well, but do poorly in coastal areas,

if they are included (Wischmeyer et al., 2003; Holzer and
Brzezinski, 2015; Gao et al., 2016).

Besides the reasons mentioned above, it must be questioned
whether we can really assume a constant fractionation factor
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or if it changes with nutrient availability or phytoplankton
community. In the following, we will elaborate on the different
aspects that can influence δ30SibSi and the fractionation factor on
a regional as well as global scale.

What Controls δ30SibSi in Surface Waters
δ30SibSi in the ML is consistently lower than δ30SidSi (Figure 5), as
expected due to preferential uptake of 28Si, leaving the seawater
enriched in heavy 29Si and 30Si (e.g., De La Rocha et al., 1997;
Sutton et al., 2013). δ30SibSi values in the upper water column
increase with decreasing [dSi] due to the net depletion of the
available pool. Overall, we observe a systematic pattern, where
high δ30SibSi shows a close relationship with [dSi]. This pattern
is observed in the Peruvian Upwelling and the Southern Ocean
(Figure 7A, δ30SibSi influenced by heavy sea-ice diatoms is
excluded, see S4). However, the magnitude and range in δ30SibSi
values appears highly dependent on the regional setting and the
source signal, as documented by δ30SibSi values off Peru that
are partly 0.5h lower compared to samples from the Southern
Ocean (Fripiat et al., 2011, 2012; Closset et al., 2016) at similarly
low [dSi] (<10 µmol L−1). These differences can either be
explained by the δ30SidSi source signal and the degree of dSi
utilization or a combination of these factors (Fripiat et al., 2012;
Closset et al., 2016). Still, it is intriguing that global δ30SibSi
shows such a close relationship with [dSi] in that high δ30SibSi
corresponds to low [dSi] and vice versa.

A global comparison of 130Si indicates a large range
from −0.4h to −2.0h, where high [dSi] (>30 µmol
L−1) are generally associated with a large negative signal
(130Si > −1.5h). Overall, the relationship between δ30SibSi and
130Si with [dSi] shows a less confined non-linear (hyperbolic)
relationship than observed for sponge spicules (Hendry et al.,
2012). Remarkably, the Peruvian data show the opposite trend
and a large fractionation (130Si = −1h) is associated with the
lowest [dSi] values (Figure 7B, violet circles). Whereas the Si
isotope signature in bSi can integrate over a longer time period
and even reflect different succession stages of a bloom, newly
supplied dSi would decrease the 130Si. Such an effect may have
been observed at stations 422 and 441. Both stations show a
monospecific diatom assemblage dominated by C. pelagica, a
species that is often found during relaxation of the upwelling
(Delgado and Chang, 2010), but the 130Si differed by 0.5h
between stations with −0.4h (St. 422) and −0.9h (St. 441).
At station 422 a recent upwelling event of anoxic subsurface
waters has occurred prior to sampling as indicated by low
oxygen concentrations of the surface waters (50 µmol L−1;

Supplementary Table 1 and Supplementary Figure 3). A similar
dependence between 130Si and oxygen concentration (ranging
from 50 to 280 µmol L−1) has been observed at most stations, and
recent upwelling events most likely can explain low 130Si values.

Missing information on fractionation factors of the majority
of diatom species investigated here and the fact that most of the
diatoms in this study could not be identified down to the species
level (due to microscopic limitations) render identification of
species-dependent fractionation effects difficult. In addition,
recent upwelling events have the effect of lowering 130Si values,
as discussed above.

Furthermore, it remains unclear what the exact controlling
mechanisms for the fractionation factors are. Several processes
influencing 30ε have been discussed: uptake kinetics, growth rate,
polymerization, the influx to efflux ratio, as well as potential
phylogenetic and morphological effects (Milligan et al., 2004;
Sutton et al., 2013; Hendry et al., 2018; Marron et al., 2019).
Milligan et al. (2004) suggested that Si isotopic discrimination
occurs during dSi uptake and that polymerization and efflux
are negligible. In addition, ambient nutrient concentrations may
influence 30ε. First results on the effects of iron (Fe) availability on
the fractionation factor were somewhat inconclusive (Meyerink
et al., 2017) given that insignificantly lower 30ε values were
observed in two out of three species under Fe-limiting conditions.
However, so far, no study has tested the influence of dSi
availability and if the fractionation factor may change under high
and low ambient [dSi] levels. At low ambient [dSi], uptake is
mainly an “active” process (≤10 µmol L−1) and is facilitated by
dSi transporters (SITs) that are localized in the cell membrane
(Shrestha and Hildebrand, 2014). In contrast, diffusional uptake
dominates Si acquisition under high dSi conditions, with SITs
playing more of a regulatory role (Thamatrakoln and Hildebrand,
2008; Shrestha and Hildebrand, 2014).

Overall, our data indicate that specific diatoms taxa only have a
minor effect on δ30SibSi signatures and the apparent fractionation
factor in seawater. Instead, variations in the fractionation factor
appear to be strongly driven by upwelling and the ambient [dSi].
However, further investigations may be necessary to investigate
the influence of these factors on δ30SibSi in the water column in
this and other areas including a careful examination of the species
composition and macro- and micronutrient availability.

Comparison Between δ30SibSi From the
Water Column and From Core-Top
Sediments: Implications for the
Application of δ30SibSi as a Paleo Proxy
Several studies in the ETSP have reported δ30SibSi data from
sediment cores in the Peruvian upwelling zone and the equatorial
Pacific (Pichevin et al., 2009; Ehlert et al., 2015; Doering et al.,
2016a,b) but no corresponding data on the δ30SibSi of diatoms
from the water column have so far been available.

Here, we compare δ30SibSi data from the water column
(ML and OMZ) with δ30SibSi from core-top sediments along
the Peruvian shelf (Figure 8), separated into bSimixed (various
diatoms from an 11–32 µm fraction) and handpicked diatoms
(mainly Coscinodiscus spp.; δ30SibSi_Coscino; Ehlert et al., 2012;
Doering et al., 2016a). The similarity of δ30SibSi values in the ML
and δ30SibSi from the subsurface/OMZ (Figure 5) supports that
bSi dissolution does not measurably affect δ30SibSi. Therefore,
dissolution is not expected to complicate the interpretation of
δ30SibSi from sediment cores. This is in agreement with the
conclusions from a sediment trap study and box model results
from Varela et al. (2004) and Closset et al. (2015, 2019) in
the Southern Ocean.

Sedimentary δ30SibSi shows a large range between+0.3h and
+1.8h (Figure 8A), including samples collected at locations
outside of the main upwelling or at greater distance from the
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FIGURE 7 | (A) Overview of published δ30SibSi versus [dSi] from the Southern Ocean [(S. O.; open symbols from Varela et al. (2004), Cardinal et al. (2007), Fripiat
et al. (2011), Fripiat et al. (2012), Cavagna et al. (2011), Closset et al. (2016) and from this study (violet circles)]. Only δ30SibSi data from the ML is plotted. Available
δ30SibSi influenced by riverine or lithogenic material and the presence of isotopically heavier sea ice diatoms are excluded (Fripiat et al., 2007; Cao et al., 2012; Varela
et al., 2016). (B) Apparent fractionation factor (130Si) versus [dSi]. For a detailed description, see supplement text and Supplementary Table 5.

FIGURE 8 | (A) Boxplots of a comparison between seawater (SW) diatoms (δ30SibSi ) from the ML and oxycline (green: strong upwelling, indicated by low SST and
[dSi]; gray: all samples) and the OMZ (blue) versus sediment data from core-top sediments. δ30SibSi_mixed (11 to 32 µm fraction) and δ30SibSi_Coscino. for handpicked
diatoms (mainly Coscinodiscus spp.). Core top sediment data were obtained by Ehlert et al. (2012) and Doering et al. (2016a). The sediment data are divided into
samples collected in the central upwelling region (10◦S and 15◦S, violet) and in areas at higher or lower latitudes or from greater depth (gray). The relative abundance
of diatom species from the water column (B) and core- top sediments δ30SibSi_mixed (C) along the Peruvian coast between 10 to 15◦S. Only diatom taxa with
abundances >5% are displayed. Taxa only present in seawater are indicated in green, diatoms present in seawater and sediments in gray, and diatoms only
observed in sediments in violet. Note that C. pelagica is excluded for clarity, as it would dominate the relative distribution in seawater diatoms up to with 98%. This
taxon was not found in the sediment.

coast (Ehlert et al., 2012; Doering et al., 2016a). In the main
upwelling area off Peru (10◦S to 15◦S), δ30SibSi_mixed signatures
range between +0.9h and +1.2h and are lower than δ30SibSi
values (+1.1h to +2.0h) from the water column (Figure 6),

whereas δ30SibSi_Coscino is within a similar range (+1.1h to
+1.8h). A possible explanation for the relatively large offset
between δ30SibSi_mixed and δ30SibSi_Coscino suggested by Doering
et al. (2016a) is that δ30SibSi_mixed reflects the early succession
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stages of the upwelling bloom (low utilization). In contrast,
Coscinodiscus spp. represents later succession stages in the
evolution of blooms and thus more stratified waters with higher
dSi utilization rates (Tarazona et al., 2003).

Different assemblages may explain the difference between
δ30SibSi_mixed and δ30SibSi in the water column. A variety
of species are observed in the water column as well as in
the sediment, including typical upwelling (e.g., Thalassionema)
and non-upwelling species (Coscinodiscus spp.) (Figures 6A,B;
Schuette, 1980; Doering et al., 2016a). However, small, lightly
silicified, fast-growing and chain-forming diatoms (for example,
Chaetoceros vegetative cells, Pseudo-nitzschia, C. pelagica) are
either not preserved or to a much smaller extent (e.g., Tréguer
et al., 2018). In contrast, many Chaetoceros resting spores (on
average 45%) are observed in the sediment and not a single
specimen has been found in surface waters (Figures 8B,C and
Supplementary Table 4). A similar observation has been made
during a bloom experiment in the sub-polar North Atlantic,
where no resting spores were detected in surface waters, even
though they largely contributed to the particulate organic matter
flux and had the highest relative abundance in sediment traps
(Rynearson et al., 2013). Interestingly, Rynearson et al. (2013)
observed a steady increase of resting spores with depth and
speculated that the spore formation may have occurred below
the ML. This could explain lower δ30SibSi_mixed values, as
dSi with a lower δ30SidSi signal (∼ +1.5h) is incorporated
into the resting spores. So far, the δ30Si signal in resting
spores has not been investigated in detail. There are many
uncertainties, including the 1) exact formation mechanism of
resting spore, which can form under nutrient depletion or
viral attack (Oku and Kamatani, 1997; Pelusi et al., 2020) and
2) the question if the fractionation factor is comparable to
vegetative cell formation.

In addition, the isotopic signal in seawater diatoms obtained
from sediments integrates over different time scales than those
present in the water column. While sedimentary diatoms (upper
cm) show a [dSi] surface signal reflecting different seasons
over a time period of 7 to 300 years (Schuette, 1980), bSi
in the water column only integrates over a few days or
weeks. Overall, very positive δ30SibSi surface values represent
very little biomass as dSi is almost diminished when frustules
with high δ30SibSi are formed. In contrast, lower δ30SibSi_sed.

could be explained, as these frustules integrated the δ30SidSi
across over the entire dSi depletion cycle and represent a
high biomass standing stock, compared to frustules formed late
during a bloom.

Despite the mentioned differences between samples collected
in seawater and from core-top sediments, the δ30SibSi data
are within similar range. However, we recommend a careful
examination of the diatom size fractions and taxonomy in paleo
records, not only to exclude contamination with other siliceous
organisms (Egan et al., 2012), but also to detect potential biases
in δ30SibSi from diatom assemblage shifts.

A better understanding of processes and dynamics in the
modern water column together with detailed information on
sediment cores including the identification of diatoms on a
species or genus level (Snelling et al., 2012), the size fraction

(Egan et al., 2012; Studer et al., 2013), possible shape separation
(pennate and centric; Studer et al., 2015) could significantly
improve the interpretation of past records. In addition, more
information is needed on the formation of diatom resting
spores, which can dominate the diatom assemblage retrieved
from sediment cores.

CONCLUSION

Our study provides the first δ30SibSi data from the water
column off Peru. We directly compared δ30SibSi (>98% diatoms)
to δ30SidSi and the diatom assemblage. δ30SidSi in surface
waters strongly depend on dSi utilization, whereby the highest
δ30SidSi values are associated with almost complete uptake of
dSi. δ30SibSi signatures are consistently lower than δ30SidSi, as
expected from the preferential uptake of light 28Si and show
a strong dependence on ambient [dSi]. Upwelling strength
has a pronounced effect on the apparent fractionation factor
between seawater and diatoms (130Si), and recent upwelling
events can lower 130Si. Comparison with the diatom assemblage
data does not indicate taxon-specific fractionation in the
water column.

The δ30SibSi obtained from seawater samples agrees well with
δ30SibSi_sed. from core-top sediments from the main upwelling
region, especially if considering that δ30SibSi from the water
column and δ30SibSi_sed. integrate the dSi signal over different
time scales. However, small offsets between the water column and
sediment δ30SibSi_sed. signatures can be explained by differences
in the diatom assemblages, representing different succession
stages. Our study demonstrates the importance of the inclusion of
taxonomic information when interpreting stable silicon isotope
compositions of sedimentary diatoms.
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