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A B S T R A C T

Silicon stable isotope ratios (expressed as δ30Si) in biogenic silica have been widely used as a proxy for past and present biogeochemical cycling in both marine and 
lacustrine settings, in particular for nutrient utilization reconstructions. Yet an analysis of publication trends suggests a significant decline in the application of δ30Si 
to Quaternary science questions in the last five years. At the same time as δ30Si proxy applications have decreased, we are learning more about its complexities: an 
expanding body of work is highlighting biases, caveats or complications involved in the application of δ30Si-based approaches to the sediment record. These include 
the demonstration of species-specific silicon isotope fractionation factors (i.e. ‘vital effects’) or the potential for Fe or other trace metals to influence silicon isotope 
fractionation. Others have inferred the potential of biogenic silica dissolution to alter an initial δ30Si value, or questioned the preservation of the initial δ30Si through 
early diagenetic processes more generally. Another challenge receiving more attention is centered around deconvolving a δ30Si-value into a signal reflecting bio
logical productivity and a signal reflecting changes in the δ30Si of dissolved silicon driven by whole-system and/or circulation changes. Finally, a number of studies 
focus on analytical difficulties, especially during sample preparation related to achieving and demonstrating a contaminant free biogenic silica. These challenges lead 
us to posit that the Quaternary science community is moving away from silicon isotope proxies because they are losing confidence in their reliability and usefulness. 
Here, focusing on the diatoms – the dominant biosilicifiers in both lakes and the ocean – we synthesize progress in understanding nuances and caveats of δ30Si-based 
proxies in order to answer whether the fall-off in δ30Si-based Quaternary research is warranted. We suggest that with some simple steps that can be readily 
implemented, and with the closing of key knowledge gaps, there is no reason to believe silicon isotopes do not have a promising future in the Quaternary sciences.

1. Introduction

The biogeochemical cycle of silicon (Si) in the oceans and in many 
lakes is dominated by silicifying organisms. These organisms extract and 
internally concentrate dissolved Si (dSi) from the surrounding water and 
use it to precipitate an amorphous hydrated silica (SiO2.nH20, hereafter 
biogenic silica, bSi) to form their skeletons (Wallace et al., 2012). Di
atoms (siliceous phytoplankton) are the principal producers of bSi in 
both marine and freshwater environments, but are just one of many 
groups with the capacity to produce bSi (Knoll, 2003). The majority of 
bSi is recycled, but some fraction escapes dissolution to become 
permanently buried in sediments (Tréguer et al., 2021). Burial of bSi 
represents an important sink in ocean or lake Si-budgets while simul
taneously creating a biosiliceous archive of past environmental change.

In the oceans, diatoms account for ca. 40% of primary productivity 
(Armbrust, 2009; Nelson et al., 1995), making them a significant 
component of the biological pump – the suite of processes that re
distributes elements from the surface to the deep ocean via the forma
tion and sinking of particulate organic matter and biominerals (De La 

Rocha, 2006). The biological pump is particularly important in deter
mining carbon (C) distribution, meaning that understanding the modern 
Si cycle can shed light on the functioning of the C cycle. On millennial 
timescales, the variations in atmospheric pCO2 as recorded in ice-core 
bubbles across glacial cycles (Augustin et al., 2004) could be related 
to changes in the strength and efficiency of the biological pump 
(Harrison, 2000; Hendry and Brzezinski, 2014). On yet longer time
scales, the evolutionary expansion of silicifying organisms has likely 
altered marine Si, C and iron (Fe) cycling (Armbrust, 2009; Maliva et al., 
1989), global oxygen (O) cycling (Katz et al., 2005) and plankton 
macro-evolutionary trends (Lazarus et al., 2009; van Tol et al., 2012). 
The global rate of bSi burial may even be sought-after proxies for con
tinental silicate-weathering rates (Frings et al., 2016; Renaudie, 2016). 
Similar connections can be made between freshwater Si cycling and 
various research fields. For example, Si availability influences lake food 
web structure (Sommer, 1985; Yamoah et al., 2016), ecosystem re
sponses to eutrophication (Heathcote et al., 2015), reflects climate 
evolution across a range of timescales (Fortin and Gajewski, 2009; 
Johnson et al., 2011), and responds to lake and catchment ontogeny and 
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human perturbations (Conley, 2002; Struyf et al., 2010). Overall, in
tersections of the Si cycle with different research topics provide 
considerable motivation for reconstructing aspects of past Si biogeo
chemistry across a range of timescales.

The stable isotopes of Si (28Si, 29Si and 30Si) are a promising source of 
information about the past and present Si cycle (see Box 1 for a termi
nology glossary). For any given reaction, the ~7% mass difference be
tween the heavier 30Si and the lighter 28Si produces different molecular 
dissociation energies and equilibrium partition coefficients for the iso
topologues involved that translate into fractionations (Box 1) during 
transfers or transformations of Si (Criss, 1999). These subtle variations 
in Si isotope ratios (Box 1) can now be routinely determined by 
mass-spectrometric techniques with relatively high precision (De la 
Rocha, 2002; Oelze et al., 2016). In the past decade, substantial effort 
has been invested in producing and interpreting new δ30Si data for 
marine- and freshwaters (Brzezinski and Jones, 2015; Laukert et al., 
2022), for water column and sediment bSi (e.g. Doering et al., 2016; 
Fripiat et al., 2011b; Grasse et al., 2021a), for ancient cherts 
(Chakrabarti et al., 2012; Tatzel et al., 2015; Ye et al., 2021), and for a 
suite of other pools that interact with bSi cycling (Ehlert et al., 2016; 
Geilert et al., 2023; Pickering et al., 2020). The issues we address in this 
contribution revolve around how confidently we can interpret these 
δ30Si values.

Interpretations of δ30Si in dSi and bSi are underlain by the discrim
ination against the heavier isotopes of Si during biological uptake (see 
details in Section 2). The process of biosilicification by various groups of 
organisms tends to lead to the formation of bSi that has a lower δ30Si 
value than the source dSi (Abelmann et al., 2015; De La Rocha et al., 
1997a; Hendry and Robinson, 2012; Marron et al., 2019). Mass balance 
dictates that the residual dSi tends towards lower [dSi] - where the 
square brackets denote concentrations - and higher δ30Si, a trend that is 
reversed by bSi dissolution as it sinks through the water column. This 
gives rise to the defining characteristic of the Si cycle in the modern 
ocean and deep lakes, namely the gradient from low [dSi], high δ30Si 
surface waters to higher [dSi], lower δ30Si deep waters (Fig. 1a), though 
we note that lake water profiles are much scarcer (Alleman et al., 2005; 
Panizzo et al., 2017). Imprinted on the vertical gradient is the influence 
of overturning circulation, which acts to create lateral and inter-basinal 
[dSi] and δ30Si gradients while also resupplying dSi to the surface ocean 
(Fig. 1b). Physical circulation controls on the distribution of dSi also 
exist for lake systems, though here they tend to be related to the dy
namics of seasonal stratification and mixing. Although not considered in 
detail here, higher plants also discriminate against the heavier isotopes 
of Si during phytolith formation and may also represent palae
oenvironmental archives. The key controls on lake and ocean [dSi] and 
δ30Si distributions are conceptually understood (e.g. de Souza et al., 
2015; Vance et al., 2017), but uncertainties remain that limit our ability 
to find unique explanations for past and present δ30Si variations.

At a fundamental level, one issue with interpreting Si isotope data is 
uncertainty or variability in the suite of parameters that underpin 
quantitative interpretations, for example those that govern the produc
tion and dissolution of bSi or the associated Si isotope fractionations. 
These uncertainties are unavoidable, but how they interact and propa
gate, and how sensitive any given interpretation is to the underlying 
assumptions is rarely addressed. At a more general level, the relative 
importance of many of the fluxes constituting a Si budget are poorly 
constrained. The magnitude and δ30Si of the input fluxes are often very 
imprecisely known, and the output fluxes even more so (Frings et al., 
2016; Rahman and Trower, 2023; Tréguer et al., 2021). This is espe
cially true for freshwater systems, where their diversity and dynamic 
behaviour limit the generalisability of results from elsewhere. The 
quantitative impact of non-diatom groups on modern Si cycling is 
typically assumed to be negligible – although we know this is untrue in 
the modern ocean (Chu et al., 2011; Dutkiewicz et al., 2016) and in some 
lakes (Conley and Schelske, 1993). Understanding radiolarian or sponge 
effects on Si cycling necessarily assumes greater relevance as we seek to 

refine Si and δ30Si budgets (Llopis Monferrer et al., 2020; Maldonado 
et al., 2019), especially in periods of Earth history before the rise of the 
diatoms. The same is true for the inorganic removal pathways of Si 
(Michalopoulos and Aller, 1995), which occurs via poorly understood 
mechanisms in the ocean (section 4) and has an essentially unexplored 
impact on Si cycling in lakes outside of atypical settings (Jones and Weir, 
1983). At steady-state, mean lake or ocean δ30Si should be offset from 
the mean δ30Si of the input Si fluxes by an amount corresponding to the 
net fractionation associated with the formation and burial of biogenic Si. 
But how can we distinguish between δ30Si changes driven by processes 
within the system, and those reflecting a transient adjustment to 
external (i.e. continental/catchment) forcing (Section 5)? Overall, these 
issues mean we lack a firm foundation for confidently ascribing in
terpretations to δ30Si variations in both the recent and geological past.

1.1. Are silicon isotopes going out of fashion?

The so-called ‘Elderfield proxy curve’ (Chase et al., 2018; Elderfield, 
2002) provides an irreverent view of the evolution of confidence in a 
given palaeoproxy. It recognizes three phases: an initial period of opti
mism with simple relationships between environmental driver and 
proxy response, a crash into pessimism as the complexities of the proxies 
become clearer, and a final plateau of realism where the nuances and 
caveats of proxy application are better understood. Fig. 2 shows an 
analysis of publication trends (limited to marine environments due to 
the larger number of papers) over the past two decades that suggests we 
might be deep in the valley of pessimism regarding the application of Si 
isotopes to Quaternary science questions. The first impactful application 
of Si isotopes to Quaternary science questions was the seminal work of 
De La Rocha and colleagues towards the end of the 1990’s (De La Rocha 
et al., 1996, 1997b, 1998, 2000). With the increased availability of 
multi-collector ICP-MS from the early 2000’s, an average of 2.8 Qua
ternary focused papers per year were published with Si isotopes as a 
central focus. In the years 2018–2023, to the best of our knowledge, 
there have been only five Quaternary-focused applications of δ30Si to the 
marine realm in total (i.e., Dumont et al., 2020; Hendry et al., 2021; 
Pichevin et al., 2020; Snelling et al., 2022; Worne et al., 2022). The 
freshwater realm tells a similar story: Street-Perrott and colleagues 
pioneered lacustrine applications of Si isotopes (Street-Perrott and 
Barker, 2008; Street-Perrott et al., 2008), but with notable exceptions 
(Xiang et al., 2023) there has been a drop-off in palaeolimnological 
applications in recent years. In contrast to the decline in 
palaeo-applications, the number of papers exploring the complexities of 
modern-day Si cycling is accelerating. These papers touch on topics 
including fractionation (Doering et al., 2021; Grasse et al., 2021b), 
diagenesis (Luo et al., 2022; Ward et al., 2022a), and ocean or lake Si 
budgets (Hatton et al., 2023; Rahman and Trower, 2023; Zahajská et al., 
2021). Is there a link between these two contrasting publication trends? 
In other words, as we learn more about the complexities of modern-day 
Si (isotope) cycling, do we become more pessimistic about 
palaeo-applications?

The purpose of this contribution is to review the processes and pa
rameters that introduce uncertainty to reconstructions in order to assess 
whether the pessimism is reasonable. With this completed, we identify 
pathways towards more realistic and well-grounded applications of Si 
isotopes to questions in the Quaternary and deeper times. Throughout, 
we draw on literature for both marine and lacustrine records, high
lighting similarities and differences where necessary. Our goal is not to 
recapitulate all previous work – which is already reviewed to various 
extents elsewhere (Farmer et al., 2021; Sutton et al., 2018a; Tréguer 
et al., 2021). Instead, we explore what may be driving the decline in 
δ30Si-based Quaternary research (Fig. 2), question whether the decline is 
warranted, and provide recommendations for future work.
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Box 1
Glossary of relevant terminology

Isotope ratio notation.

R: The isotope ratio is the fundamental quantity in isotope (bio)geochemistry and is the dimensionless number obtained when the number of 
atoms of one isotope in a given phase is divided by the number of atoms of another isotope of the same element in the same phase. For example, a 
silicon isotope ratio in phase A may be defined as R = N(30Si)A/N(28Si)A, where N is the number atoms of the 30Si or 28Si isotope.

α (‘alpha’): alpha notation is a dimensionless quantity used for an isotope fractionation factor, defined as a ratio of ratios. For example, α30/ 

28SiA/B = R(30Si/28Si)A/R(30Si/28Si)B encapsulates the change in ratio expected.

δ (‘delta’): delta is a dimensionless number used to express a relative isotope-ratio difference, i.e. the deviation in a given ratio (e.g. 30Si/28Si) 
in one phase relative to another. For Si, delta values are almost exclusively given as the deviation of a sample ratio from the same ratio in the 
internationally accepted zero-point of the silicon isotope scale, i.e. NBS28 quartz sand (NIST SRM 8546). A δ-value for phase A is thus defined as 
δ30/28SiA/NBS28 = R(30Si/28Si)A/R(30Si/28Si)NBS28 -1, where similar formulations can be written for the ratios 29Si/28Si or even 30Si/29Si (by 
convention the heavier isotope is in the numerator). For simplicity, the subscripts and denominator isotope are typically omitted, leaving just 
δ30Si or δ29Si as the reported notation. Expressions defining δ-values including a factor of 1000 are commonly found in the literature and are 
strictly incorrect, since the permil symbol (‰) already implies a factor of 1000.

Δ (‘big-delta’): big delta notation is used to express an isotope difference, i.e. the numerical difference between two δ-values for phases A and 
B. For example, Δ30/28SiA/B = δ30/28SiA - δ30/28SiB. Note that Δ is used in other communities to refer to deviation from a reference line in three- 
isotope space.

ε (‘epsilon’): epsilon is defined as α – 1 and is commonly reported in permil. It is commonly referred to as an isotope fractionation or an 
isotope enrichment factor, with the first term being preferred. Note that ε is used in other communities analogously to a δ-value, but in parts 
per 10000 rather than parts per thousand (i.e. permil).

The alpha, delta and epsilon notations are in principle interchangeable.

Fractionation: A discrimination of one isotope relative to another during a biological, chemical or physical process. Most fractionations are 
mass-dependent, i.e. the discrimination is due to subtle differences in biogeochemical behaviour induced by differences in isotope mass. This 
means that δ30Si and δ29Si values are readily convertible to each other, convenient for early work that did not report 30Si/28Si ratios.

Kinetic isotope effect: a partitioning of isotopes during a unidirectional or irreversible process due to the effect of an isotope substitution on a 
rate constant or diffusion constant. Kinetic isotope effects almost always favour the transfer of the lighter isotopes to the product. Kinetic isotope 
effects can be primary if the isotope substitution involves bond creation or breaking during a reaction, or secondary if the isotope substitution 
is elsewhere on the isotopologue.

Equilibrium isotope effect: a partitioning of isotopes between two co-existing phases at chemical equilibrium that reflects the effect of isotope 
substitution on an equilibrium constant. Equilibrium isotope effects tend to favour the heavier isotopes partitioning into the stronger bonds, 
which is not always trivial to assess.

Silicon biogeochemistry terminology.

Diatoms: Unicellular autotrophic algae of class Bacillariophyceae found in all aquatic environments. Diatoms form a cell wall comprised of 
amorphous silica known as a frustule and today represent the most important biological component of the marine and most freshwater silicon 
cycles. They have their evolutionary roots in the Mesozoic, though molecular clock and fossil evidence yield inconsistent timings of emergence.

Radiolarians: Unicellular heterotrophic (occasionally with symbionts) protozoa found throughout the entire water column of the ocean. They 
belong to supergroup Rhizaria– making them a sister lineage to the calcifying protozoa foraminifera – and taxa within class Polycistinea produce 
intricate siliceous skeletons termed tests. Radiolarians expanded in the Cambrian and Ordovician, and often function as important biostrati
graphic marker fossils.

Sponges: Benthic organisms belonging to the phylum Porifera. Four classes of sponges are recognized, of which three (Hexactinellida, 
Demospongiae and Homoscleromorpha) produce siliceous skeletons predominantly comprised of needle-like structures known as spicules. 
Demospongiae includes both marine and freshwater taxa, though marine spcies are much more diverse and well-studied. Sponges have their 
roots in the late Precambrian, likely making them the first ecologically important biosilicifiers.

Dissolved Si (dSi): dSi refers to silicon present as a solute. In most Earth surface environments, dSi is found as the undissociated monomeric 
silicic acid H4SiO4, though at higher pH the deprotonated forms H3SiO4

− and H2SiO4
2− species are also found (at 25 ◦C, pKa1 ≈ 9.84; pKa2 ≈ 13.2). 

At higher concentrations, polymeric Si species can occur. Here, we use square brackets (i.e. [dSi]) to indicate a molar concentration. dSi 
concentrations in the literature are also reported in mass units for both elemental Si (MR = 28.086 g mol− 1) and molecular SiO2 (MR = 60.084 g 
mol− 1).

Biogenic silica (bSi): The form of solid silica produced by diatoms, radiolarians, sponges and other biosilicifiers that have the capacity to take 
dSi from the surrounding water, concentrate it and guide it’s deposition into often incredibly intricate structures. bSi (also called opal in the 
literature) is an X-ray amorphous, hydrated silica with similar properties to inorganic amorphous silica/opal.

Diagenesis: The suite of processes that govern the preservation of a solid, and can modify its structural or chemical composition, after its 
deposition in lake or ocean sediments, often driven by changes in physical (e.g. temperature or pressure) and biogeochemical (e.g. porewater 
solute composition, microbial activity) conditions in the sediments.

P.J. Frings et al.                                                                                                                                                                                                                                 Quaternary Science Reviews 344 (2024) 108966 

3 



2. Silicon isotopes in diatoms as palaeoproxies: the principles

The first – and still most widely applied – use of diatom δ30Si was as a 
proxy for primary production. This is underpinned by the observation 
that diatoms (and other biosilicifiers) fractionate Si isotopes during 
biosilicification (De La Rocha et al., 1997a; Sutton et al., 2018a). The 
fundamental principle is encapsulated in simple mass-balance models of 
the kind shown in Fig. 3 (Varela et al., 2004). In brief, as diatoms pro
gressively deplete the available dSi, both their frustules and the residual 
dSi trend towards higher δ30Si signatures (Fig. 3a and b). At close to zero 
utilization of the available dSi, diatom δ30Si will be offset by one frac
tionation from the source dSi δ30Si, while at 100% utilization of the 
available dSi, mass-balance requires that diatom δ30Si is equivalent to 
the source dSi. Diatom δ30Si is therefore related to relative utilization of 
the available dSi, rather than primary productivity in an absolute sense. 
In principle, this conceptual framework yields a potential range of 
diatom δ30Si equivalent in magnitude to the fractionation associated 
with diatom biosilicification. Two endmember models are commonly 
employed, though the terminology is often inconsistent. The first - which 
we call the ‘steady state’ model - relates diatom δ30Si to the relative 
utilization of dSi as (solid lines in Fig. 3b): 

δ30Sidiatom = δ30Sisource +
(
1 − fSi

)
ε30

diatom Eqn. 1 

And the δ30Si of the residual water as: 

δ30Siresidual = δ30Sisource − fSiε30
diatom Eqn. 2 

Where ε30
diatom is the fractionation (in permil; see Box 1) associated with 

diatom growth, and fSi is the fractional utilization of dSi for diatom 
growth (i.e. fSi = 0 implies no dSi uptake, and fSi = 1 implies total 
conversion of dSi to bSi). Implicit in the steady state model is the idea 
that the system under consideration is open with respect to ‘new’ dSi 
(typically invoked as upwelling) and that diatom growth converts a 
consistent fraction (i.e. fSi) of this to bSi.

The second endmember model – a Rayleigh distillation model – re
lates δ30Sidiatom to fSi as (dotted line in Fig. 3b): 

δ30Sidiatom = δ30Sisource − ε30
diatom •

((
1 − fSi

)
ln
(
1 − fSi

)

fSi

)

Eqn. 3 

And the residual dSi as (dashed line in Fig. 3b): 

δ30Siresidual = δ30Sisource + ε30
diatom • ln

(
1 − fSi

)
Eqn. 4 

Implicit in the Rayleigh model is the assumption that the source pool 

of dSi is isolated from new supply that is progressively depleted over the 
course of a bloom or growing season (i.e. fSi increases monotonically), 
and that there is no significant back-reaction (i.e. dissolution). Eqn. (3)
provides an estimate of the accumulated diatom pool, i.e. integrated over 
the progression from fSi = 0 to the final fSi value before growth ends or 
new dSi supply begins; the instantaneous diatom δ30Si produced at some 
timepoint is simply the residual dSi δ30Si (Eqn. (4)) plus a fractionation 
ε30

diatom. The progressive depletion yields the characteristically curved 
lines in Fig. 3b and provides a mechanism to achieve high residual dSi 
δ30Si values, such as those of up to +4.4‰ seen in dSi-deplete regions of 
the Pacific (Grasse et al., 2013, 2020), otherwise unattainable with a 
‘steady-state’ model. Despite the differences in predictions for how the 
residual dSi should evolve as a function of fSi, the two frameworks are 
fairly similar in their prediction of mean diatom δ30Si (Fig. 3b), which is 
fortuitous for palaeo-applications.

Both the steady-state and Rayleigh models are oversimplifications, 
but even from the mass-balances given in Eqns (1)–(4) we can identify 
two parameters that must be known if diatom δ30Si is to be interpreted in 
terms of relative productivity, i.e. fSi. The first is ε30

diatom, i.e. the silicon 
isotope fractionation associated with diatom growth: implicit in most 
applications of diatom δ30Si as a palaeoproductivity proxy is the 
assumption that the fractionation associated with silicification is con
stant (discussed in Section 3). The second parameter is the δ30Sisource 
term: both the steady-state and Rayleigh model assume this is known, 
and constant (discussed in Section 5). An implicit assumption not 
directly captured in Eqns (1)–(4) is the requirement that once set, 
diatom δ30Si is not changed during sinking and burial (discussed in 
Section 4). A final interpretative choice relates to the decision between 
applying a steady-state (Eqns (1) and (2)), Rayleigh (Eqns (3) and (4)) or 
another framework. Overall, several assumptions need to be valid for 
these Si isotope proxies to work. These assumptions are not necessarily 
trivial to validate in the modern world and become correspondingly 
more uncertain in the past (Fripiat et al., 2012). In this contribution we 
synthesize mechanistic understanding of the processes that may affect 
these assumptions.

2.1. Other biosiliceous archives of marine and lacustrine 
palaeoenvironments

Other major groups of biosilicifiers (sponges and radiolarians; see 
Box 1) are also increasingly being used for palaeoenvironmental in
ferences but are less firmly established. We only briefly summarize the 
basics of their interpretation here. In the case of the sponges, their 

Fig. 1. Key vertical and lateral gradients in the modern ocean Si cycle. A: Vertical profiles in Si concentrations (black lines) and dissolved Si δ30Si (red lines) from the 
Equatorial Atlantic (diamonds), North Pacific (circles) and Lake Baikal (filled squares) exhibit typical ‘nutrient-like’ distributions, i.e. controlled by the production of 
biomass in the euphotic zone and its progressive dissolution during sinking. Data from de Souza et al. (2012b) and Reynolds et al. (2006) for the Atlantic and Pacific 
profiles, respectively, and from Panizzo et al. (2017) for Lake Baikal. B: Ocean bottom water dissolved Si concentrations, with low North Atlantic [dSi] and higher 
North Pacific [dSi], following the general trend of water mass age. Symbols correspond to the location of data in panel A. Data from the WOCE Global Hydrographic 
Climatology (Gouretski and Koltermann, 2004).
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application of Si isotope geochemistry is underpinned by the observa
tion that Si isotope fractionation during sponge silicification is not 
constant, but instead dependent on ambient dSi concentrations (Fig. 3C; 
Cassarino et al., 2018; De La Rocha, 2003; Hendry and Robinson, 2012; 
Wille et al., 2010b). A relationship observed in living and core-top 
samples across a range of marine environments (Cassarino et al., 
2018; Hendry et al., 2019; Hendry and Robinson, 2012) demonstrates 
that at low (<10 μM) dSi concentrations sponge Si isotope fractionation 
is ca. − 1‰, plateauing to a value of ca. − 6‰ at higher concentrations 
(>150 μM) (Fig. 3c). This makes sponges recorders of palaeo-dSi, and by 
extension gives them utility as water-mass tracers and circulation 
proxies (cf. Fig. 1B). The third major group of biosilicifers in the modern 
ocean – radiolarians – produce siliceous tests with a δ30Si value that is 
offset from seawater dSi by a small magnitude fractionation that might 
be weakly dependent on dSi concentration (Doering et al., 2021). Here, 
the interpretative framework is less developed but the general principle 
is that they are not sufficiently productive to change seawater dSi 

concentration or δ30Si, and as such their δ30Si values passively record 
that of the depth in the water column where they obtain their dSi.

Given the less developed state of sponge- and radiolarian-based 
proxies, we focus in this contribution on the diatoms, but note that 
many issues we discuss below (variability in fractionation factors; Sec
tion 3), post depositional alteration (Section 4), uncertainty in source 
pool dSi composition (Section 5) and practical analytical issues (Section 
6) are not unique to the diatoms, but applicable to all siliceous 
organisms.

3. The influence of variable silicon isotope fractionation by 
diatoms

As described above, diatoms take up Si from their surrounding water 
during the formation of their silica frustules and a kinetic isotope frac
tionation (Box 1) occurs because the different Si isotopes have slightly 
different rate constants during dissolved Si uptake and polymerization 
(Cassarino et al., 2021). This isotope fractionation can potentially be 
influenced by the specific transport proteins and enzymes involved in Si 
uptake by diatoms and temperature of the surrounding water (Sutton 
et al., 2018a). Intracellular processes, including the polymerization of 
silica, silica deposition, and any dSi efflux, will also contribute to the net 
Si isotope fractionation (Milligan et al., 2004), though these are difficult 
to isolate (Cassarino et al., 2021). The first quantification of diatom Si 
isotope fractionation (De La Rocha et al., 1997a) yielded a fractionation 
(ε30

diatom) of − 1.1 ± 0.4‰, a value that continues to be cited today. Since 
then, several studies (including both in vitro and in situ experiments and 
observation-based approaches) have examined the potential factors 
influencing the variability in diatom Si isotope fractionation and its 
potential impact on palaeo-interpretations. Fig. 4 shows a compilation of 
the various determinations of diatom Si isotope fractionation from 
published studies that are discussed in the sections below.

3.1. In vitro experiments

To our knowledge, in vitro studies have focused almost exclusively on 
marine diatom species, with Sun et al. (2014) presenting an exception 
for two estuarine taxa. Under optimized growing conditions and in a 
controlled laboratory environment, species-dependent Si isotope frac
tionation (occasionally termed ‘vital effects’ and denoted as ε30

diatom; see 
Box 1), by marine diatoms was observed by Sutton et al. (2013). Moving 
beyond earlier work that inferred or assumed an invariant ε30

diatom (De La 
Rocha et al., 1997b; Milligan et al., 2004), they demonstrated a range of 
ε30

diatom between at least − 2.09‰ to − 0.53‰, leading Sutton et al. (2013)
to recommend that reconstructions using the δ30Si of diatoms as a Si 
utilization proxy should also determine the species composition of the 
samples analysed. The experiments of Sutton et al. (2013) did not yield 
conclusive results regarding the factors controlling ε30

diatom, but they 
suggested it may be influenced by temperature, [dSi], or other variables 
influencing the processes of, and balance between, Si uptake and poly
merization, but any phylogenetic, morphological, physiological or 
environmental conditions (e.g. strain, temperature, growth, Si deposi
tion) influencing diatom Si isotope fractionation have been challenging 
to identify. Cassarino et al. (2021) presented an experiment designed to 
reproduce diatom intracellular silica precipitation, and show that bio
mimetic molecules had little influence on the magnitude of fraction
ation, implying the parameters that govern the magnitude of Si isotope 
fractionation in abiotic systems (see section 4.4) may also apply to 
biosilicification. Across the range of all studies on marine taxa in Fig. 4, 
there is no significant relationship between [dSI] and the magnitude of 
fractionation (r2 = 0.01, p > 0.05, n = 112). Meyerink et al. (2017) were 
able to demonstrate decreased Fe bioavailability increases the magni
tude of ε30

diatom (towards more negative values) for Proboscia inermis and 
Eucampia antarctica by ca. 0.2‰ in culture experiments, sparking in
terest in understanding the mechanisms affecting ε30

diatom in these 
organisms.

Fig. 2. Quaternary applications of Si isotopes appear to follow the ‘Elderfield 
Curve’ of proxy scientific maturation (Chase et al., 2018; Elderfield, 2002) 
where initial optimism is broken by a period of despair, before a more nuanced 
– and realistic – understanding of proxy behaviour is obtained. A: Number of 
publications with a Quaternary and marine focus per year, from 1997 to 2024. 
B: Cumulative publication rate of papers with a Quaternary focus (green circles, 
total = 47) or a modern marine focus (purple diamonds, total = 120): modern 
papers that improve understanding of, or add complexity to, marine Si cycling 
are accelerating in publication rate while palaeo-applications have stalled. 
Paper counts are based on a Web of Science query in February 2024 (search 
query: ALL=(“silicon isotop*” OR “Si isotop*” OR “d30Si” OR “δ30Si” OR 
“delta(30)Si” OR “delta(30) Si” OR “delta Si-30”), returning 1087 records that 
were subsequently manually classified). Given the larger sample size, this 
analysis is restricted to papers with a marine focus.
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Pichevin et al. (2014) demonstrated that elevated export of bSi 
relative to organic C, and a higher rate of bSi burial in some ocean up
welling zones were linked to Fe limitation. This follows from a 
well-documented increase in diatom silicification and Si/NO3

− uptake 
stoichiometry under Fe limiting conditions (Takeda, 1998), an obser
vation that underpins the ‘Silicic Acid Leakage Hypothesis’ (SALH). 
Pichevin et al. (2014) suggested that the lower δ30Si signature of di
atoms during glacial stage Heinrich events supported the idea that the 
organisms had a lower requirement for dSi due to it coinciding with 
more Fe replete conditions driven by enhanced glacial dust delivery in 
stadials (Matsumoto et al., 2002). This argument was supported by the 
application of the closed Rayleigh isotope model (Section 2; De La Rocha 
et al., 1997a). However, the data from Meyerink et al. (2017) complicate 
this interpretation, given that the δ30Si values of diatoms from the lab
oratory cultures were lower under Fe-deplete conditions. Devi (2023)
also suggested that other trace elements, such as cobalt (Co), can in
fluence the ε30

diatom of diatoms. However, it is important to highlight that 
research on the interactions between trace elements such as Co and Si 
isotope fractionation in diatoms is a relatively emerging field, and more 
studies are needed to elucidate the specific mechanisms involved. 
Clearly, more work is needed to understand the mechanisms and pro
cesses influencing the differences that are observed in vitro.

Other silicifying organisms, including the sponges (Fig. 3c), poly
cystine radiolarians, and choanoflagellates typically have lower δ30Si 
signatures compared to diatoms (Egan et al., 2012; Hendry et al., 2010; 
Marron et al., 2019; Wille et al., 2010a), supporting the suggestion that 
different silicification mechanisms can be a governing factor in the 
observed differences in ε30

diatom (Cassarino et al., 2018; Doering et al., 
2021). In addition, diatoms from the genus Chaetoceros, which produces 
long siliceous seteae after cell division, were shown to have a signifi
cantly larger magnitude ε30

diatom (i.e. − 1‰ to − 2‰) than the other species 
grown under laboratory-controlled conditions, suggesting that their 
two-step biomineralization process may influence their δ30Si (Devi, 
2023; Sutton et al., 2013). No data are yet available regarding the δ30Si 
of resting spores of Chaetoceros, or any other species, but given their 

abundance in the palaeorecord their presence may bias the δ30Si in bulk 
diatom samples (see Section 6 for more details).

3.2. In situ observations

The Si isotope fractionation (here sometimes denoted as ε30
diatom and 

sometimes described as Δ30Si; Box 1), observed in modern field studies 
does not appear to vary solely as a function of species composition 
(Fig. 4). The field observations highlight that other factors besides 
species composition influence ε30

diatom. In the Southern Ocean, where 
most marine studies have been conducted, the δ30Si of diatoms show 
latitudinal differences (Closset et al., 2015; Fripiat et al., 2012; Varela 
et al., 2004). Part of this range is likely due to the changes in the δ30Si of 
the source waters and relative Si utilization by diatoms. The extent to 
which differences in the species assemblage compositions play a role is 
unclear because most studies do not report the assemblage composition. 
A recent study approximating the Si isotope fractionation of freshwater 
diatoms as the Si isotope difference between bSi from plankton tows or 
surface scrape, and contemporaneous dSi samples, does appear to be 
influenced by species assemblage composition (Schmidtbauer et al., 
2022). The authors speculated that the largest magnitude fractionation 
they observed (Δ30Si = − 3.9‰ for a Fragilaria dominated assemblage) 
might reflect trace-metal abundance in the hydrothermally influenced 
systems studied. In contrast, ε30

diatom derived for the Stephanodiscus 
dominated Yellowstone Lake (Zahajská et al., 2023) – also hydrother
mally influenced – seemed to be closer to the canonical − 1.1‰ value of 
(De La Rocha et al., 1997a). Other environmental factors may also play a 
role but are not yet fully understood (Alleman et al., 2005; Panizzo et al., 
2017; Sun et al., 2013, 2018).

Ultimately, the question of whether diatom Si isotope fractionation is 
intrinsically different between species (or even strains), or whether the 
observed differences reflect poorly understood environmental controls 
remains to be adequately answered. What is clear is that − 1.1‰ (De La 
Rocha et al., 1997a) remains a remarkably good approximation of 
average ε30

diatom (Fig. 4), although we cannot assume that ε30
diatom is 

Fig. 3. The empirical underpinnings of Si isotope proxies. A: Compilation of published ocean dSi δ30Si data with emphasis on euphotic zone (<100 m depth; coloured 
symbols) showing the general negative relationship between [dSi] and δ30Si reflecting the Si isotope fractionation associated with removal of dSi by the diatoms and 
other biosilicifiers B: Data from Closset et al. (2016) (all samples from the KEOPS-1 cruise in the upper 100 m) and lines showing the predictions of the ‘steady-state’ 
(Eqns (1) and (2)) and ‘Rayleigh’ (Eqns (3) and (4)) models with δ30Sisource = 1.71 and ε30

diatom = -1.2‰. C: Compilation of sponge Si isotope fractionation, expressed 
as Δ30Si = δ30SidSi − δ30Sisponge (see Box 1), as a function of ambient dissolved Si concentrations. Data from (Cassarino et al., 2018; Hendry et al., 2010; Hendry and 
Robinson, 2012; Wille et al., 2010a) with a best-fit line and 95% prediction intervals of the form Δ30Si = a + b/(c+[dSi]) shown following e.g. Hendry and Robinson 
(2012 and discussion therein). ‘Fused’ spicules (i.e. those assigned a category of F2-F5) from Cassarino et al. (2018) and data from the hypersilicified, carnivorous 
sponge Asbestopluma from Hendry et al. (2015) are shown for comparison but excluded from the fit, analogous to how certain diatom taxa exhibit unusual Si isotope 
fractionations (see section 3). Pan el A data from (Beucher et al., 2008, 2011; Cao et al., 2012; Cardinal et al., 2005; Closset et al., 2016; Coffineau et al., 2014; De La 
Rocha et al., 2000; de Souza et al., 2012a, 2012b; Debyser et al., 2022; Ehlert et al., 2012; Fripiat et al., 2011b; Grasse et al., 2013, 2021a; Laukert et al., 2022; Singh 
et al., 2015; Sutton et al., 2018b; Varela et al., 2004, 2016).
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invariant. Indeed, many studies have demonstrated that diatom Si 
isotope fractionation varies between species (Fig. 4), implying the need 
to evaluate the species composition of the studied samples (Beucher 
et al., 2008; Closset et al., 2015; De La Rocha et al., 1998; Egan et al., 
2012; Ehlert et al., 2012; Etourneau et al., 2012; Schmidtbauer et al., 
2022; Sutton et al., 2013; Varela et al., 2004). Complicating matters is 
the observation that diatom assemblage composition in sediments does 
not necessarily represent the abundance nor species composition present 
in the water column in the past due to potential taxa-specific preserva
tion biases (Pike et al., 2008; see also Section 4). Interpretation of 
diatom δ30Si variability in terms of past conditions should be undertaken 
cautiously, particularly when comparing records between geographi
cally distinct sites given that the environmental context and δ30Si of 
source waters (preformed and regenerated) has a governing role in the 
δ30Si of diatoms.

4. The influence of diagenesis on the preserved Si isotope signal

Using diatoms as an archive depends on their availability in sedi
ments, and that their geochemical composition is unchanged. (Sea) 
water is generally undersaturated with respect to bSi (e.g. Hurd, 1973) 
with the implication being that diatom bSi should progressively dissolve 
in the water column before reaching the bottom. Yet we still observe 
diatom bSi in sediments, implying the dissolution is incomplete. For 
example, Jansen and van der Gaast (1988) found a downcore decrease in 

bSi of only 5% in 100,000 years. At face value, this creates a conundrum 
leading to the conclusion that multiple processes must influence the 
dissolution/preservation behaviour of diatom bSi. One or more can act 
simultaneously, affecting not only the preservation of bSi in general, but 
potentially also the Si isotope composition of the preserved diatoms. In 
the following, we first outline how and why the dissolution process does 
not treat all diatom bSi equally, and then explore the implications for the 
preservation of a δ30Si value during burial and diagenesis.

4.1. Biogenic opal dissolution processes

Diatom bSi consists of a random packing of [SiO4]-units. Silica par
ticles carry a surface negative charge that will interact with the 
biogeochemical environment. The tetrahedrally bonded > Si–O–Si<
(siloxane) is surrounded by a less dense hydrous layer consisting of 
-Si–OH groups (silanols) (Gendron-Badou et al., 2003). Dissolution of 
silica in aqueous solutions is mainly due to hydrolysis and breaking of 
the >Si–O–Si < bonds (Dove and Crerar, 1990; Loucaides et al., 2010a; 
Sjöberg, 1996). The dissolution rate is therefore variable (Fig. 5) and 
depends on the structure of the bSi and degree of disequilibrium be
tween the solid silica and the surrounding solution. At 25 ◦C and 1 bar, 
reported solubilities of diatom silica in seawater vary anywhere from 
200 to >1600 μM (Fig. 5; Hurd, 1972; Loucaides et al., 2012a; Loucaides 
et al., 2012b; Loucaides et al., 2008; Van Bennekom et al., 1991; Van 
Beueskom et al., 1997). The highest values generally correspond to fresh 
diatom frustules grown in open ocean seawater. Dissolution is not 
necessarily homogenously distributed over the diatom bSi, but rather 
localized and centered on surface defects, e.g. small pores or composi
tional defects (Van Cappellen and Qiu, 1997a).

Solubility of diatom bSi increases with increasing temperature, 
whereby a typical temperature gradient between the ocean surface and 
the deep-sea of ~20 ◦C leads to a decrease in solubility by nearly 50% 
(Hurd, 1972, 1973; Kamatani, 1982; Lewin, 1961). Pressure changes, on 
the other hand, have only a relatively minor influence on solubility 
(Loucaides et al., 2012b). Changes in salinity and pH, for example 
during the freshwater-seawater transition in near-coastal environments, 
strongly influence bSi solubility and dissolution rate constants. 
Increasing pH in seawater leads to the deprotonation and breaking of the 
silica surface –Si–OH groups, which may be promoted by adsorbed alkali 
cations like Na+ and Mg2+ increasing solubility and dissolution rates 
(Dove, 1994; Dove and Elston, 1992). Other adsorbed cations like Al3+

work in the opposite direction reducing solubility and dissolution rates 
(see also below; Iler, 1979).

Diatom bSi formation is highly dynamic, with certain frustule parts 
being formed after each other (Hildebrand et al., 2018 and references 
therein). Si content and the degree of interconnections between SiO4 
units thereby varies both between species and within specimens. Tesson 
et al. (2009) identified two types of Si at diatom surfaces: in Thalassiosira 
pseudonana the majority of Si was associated with the condensed silica, 
whereas in Phaeodactylum tricornutum Si was predominantly found in a 
weakly polymerized form. In addition, environmental growth condi
tions, including nutrient and trace element availability, influence the 
degree of silicification of the frustule (as well as its Si isotope fraction
ation; see Section 3) (Baines et al., 2010; Leynaert et al., 2004, 2018; 
Marchetti and Cassar, 2009; Martin-Jezequel et al., 2000; Meyerink 
et al., 2017). Accordingly, diatom bSi solubility varies between different 
species and different parts of diatoms (Fig. 5b). This means dissolution 
of bSi frustules can be a multistep process when the frustule consists of 
different biomineral phases with differing dissolution behaviour due to 
e.g. different chemical properties or because they are associated to more 
or less refractory pools of organic material (Boutorh et al., 2016; Galli
nari et al., 2002; Moriceau et al., 2009). In general, frustule or parts of 
frustules with high specific surface area or delicate structures of the bSi 
skeletons dissolve faster, which leads to the loss of surface area during 
sinking and burial (Fig. 5c) and the preferential sediment burial of more 
heavily silicified diatom species or parts of diatom frustules (Battarbee 

Fig. 4. Compilation of published estimates of Si isotope fractionation associ
ated with diatom silicification across freshwater, estuarine and marine envi
ronments, plotted as a function of dSi concentrations. Fractionation estimates 
include those derived from both experiments and interpretations of field data 
using either a steady-state model (Eqns (1) and (2)) or a Rayleigh model (Eqns. 
(3) and (4)), resulting in an estimate of ε30

diatom. Where deriving the term ‘fSi’ is 
not possible, fractionation estimates are simply an isotope difference (i.e. Δ30Si, 
see Box 1) between diatom δ30Si and dSi δ30Si. Dashed line and grey shading 
show the canonical estimate of − 1.1 ± 0.4‰ from (De La Rocha et al., 1997a) 
for cultures of three marine taxa. Data (converted from δ29Si to δ30Si where 
appropriate) are from: (Alleman et al., 2005; Annett et al., 2017; Beucher et al., 
2008, 2011; Cao et al., 2012, 2015; Cassarino et al., 2017; Cavagna et al., 2011; 
Closset et al., 2015, 2019; Coffineau et al., 2014; De La Rocha et al., 1997a; 
Doering et al., 2016; Egan et al., 2012; Ehlert et al., 2012; Fripiat et al., 2007, 
2011a, 2012; Grasse et al., 2021b; Meyerink et al., 2017, 2019; Milligan et al., 
2004; Opfergelt et al., 2011; Panizzo et al., 2017; Reynolds et al., 2006; 
Schmidtbauer et al., 2022; Sun et al., 2013, 2014, 2018; Sutton et al., 2013; 
Varela et al., 2004, 2016; Weiss et al., 2015; Zhang et al., 2015, 2020).
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et al., 2005; Dixit et al., 2001; Hurd, 1973; Van Cappellen and Qiu, 
1997a).

In living diatom cells, the bSi skeleton is protected from dissolution 
through an outer organic layer, which is disrupted as soon as they die 
(Bidle and Azam, 1999; Hecky et al., 1973; Lewin, 1961). The dissolu
tion rate of diatom frustules free from organic coatings is directly pro
portional to the surface area of the interface between the bSi and the 
surrounding water (Loucaides et al., 2012a). Afterwards, metal ions 
from natural water like Mg, Fe, and Al adsorb to the bSi surface, forming 
coatings (see also below) to reduce either dissolution rate and/or the 
solubility (Lewin, 1961). Al is one of the most effective elements in 
combining with bSi because the hydrated Al3+ cation reacts with the 
hydroxyl groups at the bSi surface, therefore decreasing dissolution 
(Hurd, 1973; Iler, 1979). Both organic and cation layers determine the 
diffusion of dSi to and from the interface between the dissolving bSi 
skeletons and the solution, and therefore control the dissolution rate 
(Kamatani et al., 1988).

4.2. Modification of the Si isotope signal during (partial) dissolution

As mentioned above in Section 3, Si isotope fractionation by diatoms 
is not constant but instead reflects multiple factors that likely include 
external (micro)nutrient availability and internal cellular processes such 
that the frustule archives may record information in addition to dSi 
utilization (Cassarino et al., 2021). Although this process is not yet un
derstood in detail, it might have significant effects on the preservation of 
a “pristine” surface water Si isotope signal in diatoms: if Si isotope 
fractionation differs during uptake and precipitation, then variable 
timing of precipitation of different parts of the frustule, and subsequent 
partial dissolution of the frustule, might influence the reconstructed Si 
isotope composition of the remaining frustule parts.

Demarest et al. (2009) investigated the dissolution of fresh diatom 
bSi in the laboratory (corresponding to water column processes) and 
reported Si isotope fractionation, whereby lighter isotopes were pref
erentially released with an enrichment factor ε30

DSi–BSi of − 0.55‰, which 
was independent of species or temperature. A similar finding was 

reported by Sun et al. (2014) for natural samples from the Baltic Sea. In 
contrast, other laboratory (Wetzel et al., 2014) and field studies (Closset 
et al., 2022; Panizzo et al., 2016) did not find any evidence of resolvable 
Si isotope fractionation during bSi dissolution. However, Sun et al. 
(2014) also stated that the isotope effect was just observed in the solu
tion and not the residual bSi fraction. Similarly, Demarest et al. (2009)
noted that the effect could only be observed at certain dissolution rates 
and that the inferred maximum possible change in δ30Sidiatom of +0.55‰ 
would likely not be significant in natural sediments due to high mean 
percentage of dissolution including complete loss of the more soluble 
members of the diatom assemblage. Similarly, Wetzel et al. (2014)
calculated that at least 25% partial dissolution would be required to 
produce an isotope shift outside the typical measurement uncertainties. 
This implies that the observed fractionation during dissolution in the 
studies of Demarest et al. (2009) and Sun et al. (2014) most likely is an 
apparent fractionation reflecting e.g. the partial loss of isotopically light 
diatoms from the community rather than the actual release of the lighter 
isotopes from the bulk bSi. This means in nature, with largely complete 
dissolution of less silicified diatom material and complete preservation 
of the most robust, generally well-preserved frustules, fractionation 
during dissolution does not play a significant role, and the Si isotope 
composition of diatom bSi appears to be robust against dissolution in the 
deep-sea sedimentary environment (Wetzel et al., 2014).

In addition to the experimental and empirical evidence that suggests 
[true] fractionation during dissolution does not introduce bias to diatom 
δ30Si records, there are also strong theoretical arguments as to why this 
should be the case. Paradoxically, this starts by acknowledging that as a 
process that involves the net transfer of Si from one phase (bSi) to 
another (dSi), there will almost certainly be an isotope effect, whether 
kinetic or equilibrium (Box 1). However, this argument also acknowl
edges that dissolution is by definition a surface process that proceeds 
inwards. The implication is that during the very first stages of dissolu
tion, any isotope fractionation that results in the preferential transfer of 
the lighter isotopes to the dissolved phase will, by mass balance, require 
that a surface layer remains that is enriched in the heavier isotopes. 
Therefore, over the timescales it takes for the surface layer to develop 

Fig. 5. Compilation of published dissolution rate constants (day− 1; panel A) and apparent solubilities (μM; panel B) and specific surface area (m2 g− 1; panel C) for 
‘fresh’, sediment-trap, and ‘sedimentary’ material. Fresh material includes e.g. plankton tows and diatom cultures, while sedimentary material includes samples 
ranging from modern core tops to pre-Quaternary. Data from in-situ field experiments are presented as open symbols, and laboratory determinations as closed 
symbols. Most, though not all, experiments were carried out in 0.7 M NaCl amended with Tris solution, and not all were carried out at 100% undersaturation. 
Estimates of bSi solubility from asymptote values of dissolved Si concentrations in panel B are from (Frings, 2017). In (A), all the data have been rescaled to a 
common temperature of 20 ◦C assuming the temperature dependence can be expressed as an Arrhenius law with an activation energy of 60 kJ mol− 1 (see Rickert 
et al. (2002) for details). In (B), all data have also been rescaled to 20 ◦C usin g eqn. (11) of Rickert et al. (2002) that captures the gradient of temperature-solubility 
relationship empirically determined elsewhere. The in-situ temperature for the porewater asymptote data is taken from the WOCE global hydrographic climatology 
Gouretski and Koltermann (2004). Only data representing chemically untreated material (i.e. not acid or H2O2 washed) is included in this compilation. Data from: 
Van Cappellen et al. (2002), Cheng et al. (2009), Rickert et al. (2002), Nelson et al. (1976), Kamatani (1982), Tréguer et al. (1989), Wu et al. (2015), Gallinari et al. 
(2002), Van Cappellen and Qiu (1997a, 1997b), Bidle et al. (2003), Ehrenhauss et al. (2004), Nelson and Gordon (1982) and Nelson and Goering (1977).
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and progress inwards, the net effect is the congruent (i.e. complete) 
dissolution of the frustule. This is most clearly seen in the mineral 
dissolution literature for a range of isotope systems, including Si (Ziegler 
et al., 2005), but also Fe (Kiczka et al., 2010), Mg (Pokharel et al., 2019) 
and Zn (Weiss et al., 2014), among others. If the same is true for diatom 
bSi, it is only the early stages of dissolution that will induce a fraction
ation. Importantly, this will very likely be unresolvable in the bulk 
remaining solid.

Further arguing against dissolution substantially biasing the pre
served bSi δ30Si record are multiple core top and sediment trap studies 
that show that the diatom Si isotope composition faithfully record the 
δ30Si of exported bSi, both in seawater and freshwater environments 
(Egan et al., 2012; Ehlert et al., 2012; Grasse et al., 2021a; Panizzo et al., 
2016). If dissolution were to play a significant role, then this should not 
be the case in such vastly different environments with variable bSi 
content and preservation.

In summary, partial dissolution of diatom bSi in the water column 
and in sediments leads to preferential loss of less silicified frustule 
structures – at the scale of individual frustules, but also at the assem
blage scale. This can, under certain circumstances, lead to an apparent Si 
isotope fractionation with the remaining bSi appearing isotopically 
distinct relative to the initial bSi. The available empirical studies so far 
indicate that this process is largely negligible in natural systems. How
ever, during the extraction of the bSi from the sediments, monitoring the 
condition of the bSi is advisable, and samples with diatom frustules with 
poor preservation should be avoided or at least interpreted carefully (see 
also Section 6).

4.3. Exchange processes between biogenic opal and the environment

In addition to protecting surface layers on the outside of the diatom 
bSi, exchange reactions with other components from seawater and/or 
sediment strongly influence dissolution/preservation rates. Over the 
years multiple studies have shown that trace elements, especially Al, can 
replace Si in the bSi (Liu et al., 2024). They are incorporated structurally 
and distributed homogenously into the silica skeleton during production 
both from seawater (Dixit et al., 2001; Gehlen and Van Raaphorst, 2002; 
Iler, 1979; Liu et al., 2024; Tian et al., 2022; Van Bennekom et al., 1991; 
van Bennekom et al., 1989) and freshwater (Liu et al., 2019), whereby 
the amount of trace elements in the bSi correlates with the amount of 
trace elements in the growth medium (Van Bennekom et al., 1991; van 
Bennekom et al., 1989). Naturally occurring variations of Al/Si ratios in 
water, and therefore in the diatom bSi, consequently have a marked 
influence on the recycling of bSi in different regions. In the water col
umn, dSi and Al are taken up by the diatoms during primary production. 
During dissolution, however, the Si is removed, whereas the Al is 
retained, leading to an increase in the Al/Si-ratio in the diatom silica 
during sinking, deposition and burial in the sediments (Bishop and 
Biscaye, 1982; Rickert et al., 2002), favouring preservation of the bSi. 
Interestingly, availability of other trace elements like Fe during primary 
production influences the Al uptake, with increasing Fe concentrations 
leading to decreasing Al uptake, which might result in higher solubility 
of the diatom bSi (see also Section 3) (e.g. Tian et al., 2023).

In sediments, the dissolution kinetics of bSi is assumed to be quite 
different from seawater because of interactions with coexisting clay 
minerals and silicates (Kamatani et al., 1988). Generally, deposited bSi 
will undergo dissolution during its progressive burial, driven by ther
modynamic instability, which is reflected by an asymptotic increase in 
pore water dSi concentrations. However, pore water dSi concentrations 
vary considerably between regions (Fig. 5b) (Frings, 2017; McManus 
et al., 1995; Rabouille et al., 1997) and maximum concentrations are 
often much lower than the expected solubility of pure bio
genic/amorphous silica, or even crystalline silica phases (Rimstidt and 
Barnes, 1980). bSi solubility and dissolution rates decrease significantly 
with depth due to a progressive reduction of the defect density of the bSi 
surfaces, through dissolution and reprecipitation of Si (Van Cappellen 

and Qiu, 1997a, 1997b).
At the sediment-water interface, detrital minerals dissolve leading to 

increased Al concentrations in the pore waters. The Al content of the 
deposited bSi increases with increasing time of exposure, whereby initial 
Al uptake is rapid (days to weeks) (Koning et al., 2007; Loucaides et al., 
2010b). This Al incorporation is associated with structural changes to
wards e.g. smaller pores, and textural changes consistent with the for
mation of authigenic Al-silicate phases on e.g. the surface of the diatom 
bSi and reduction in bSi solubility (Koning et al., 2007; Mackin and 
Aller, 1984). Both laboratory experiments (Charlet and Manceau, 1994) 
and natural samples (Van Cappellen and Qiu, 1997a, 1997b) indicate 
that a continuum exists from unaltered bSi, to partially dissolved bSi, to 
bSi with adsorbed cations on the surface, to incorporation of cations into 
the bSi structure, to the formation of surface precipitates with true 
authigenic clay mineral structure and composition (Loucaides et al., 
2010b; Michalopoulos and Aller, 1995, 2004; Michalopoulos et al., 
2000).

The key factors driving sedimentary early diagenesis of bSi seem to 
be the ratio between detrital material and bSi in the sediment, and the 
type of detrital material (Presti and Michalopoulos, 2008; van Benne
kom et al., 1989; Van Cappellen and Qiu, 1997a). In detrital-poor sed
iments, the bSi solubility is dominantly influenced by structural 
incorporation of Al into the bSi structure (Dixit et al., 2001). With 
increasing detrital content, however, solubility and dissolution kinetics 
of the detrital minerals exert control over the solubility of the bSi (Dixit 
et al., 2001; Gallinari et al., 2002; Van Cappellen and Qiu, 1997a). 
Therefore, in sediments with detrital clay minerals with high Al content 
and dissolution rates, like kaolinite or gibbsite, preservation of bSi is 
better than in sediments characterized by Al-poor clay minerals like 
smectites, illite or chlorite (Griffin et al., 1968; Johnson, 1976; van 
Bennekom et al., 1989; Wollast, 1974).

4.4. Modification of the Si isotope signal during exchange processes

The supply of dSi to pore waters from dissolving bSi is typically 
counterbalanced by the removal of dSi via precipitation of authigenic 
silicate phases, even in significantly undersaturated conditions, sug
gesting that adsorption is an integral part of the dissolution reaction 
(Fig. 6) (Truesdale et al., 2005). Indeed, field investigations using Si 
isotopes indicate a dynamic balance between the dissolution of bSi or 
reactive lithogenic silica phases, and silica re-precipitation, where the 
relative importance of each process differs significantly between re
gions. Simultaneous bSi dissolution and formation of authigenic silica 
has been observed in e.g. tropical deltas (Pickering et al., 2020; Rahman 
et al., 2017), in glacially-influenced coastal regions (Ng et al., 2020, 
2022) as well as in open ocean shallow shelf areas to deep hadal trench 
settings (Closset et al., 2022; Ehlert et al., 2016; Geilert et al., 2020, 
2023; Huang et al., 2023; Luo et al., 2022; Ward et al., 2022a,2022b). 
Although the exact compositions of the authigenic precipitates are often 
unknown, they are suggested to be enriched in the lighter Si isotopes 
compared to the source. Estimated Si isotope fractionations ε30

authigenesis 
generally range between − 2‰ and − 3‰ (Ehlert et al., 2016; Geilert 
et al., 2023; Pickering et al., 2020; Ward et al., 2022a, 2022b). In natural 
settings, those fractionations probably reflect a net effect of multiple 
processes and authigenic phases, depending on the sediment and pore 
water composition. The values are, however, in general agreement with 
laboratory and modeling studies.

The magnitude of the kinetic isotope effect for Si isotopes during 
laboratory precipitation of pure amorphous silica from a (over-)satu
rated dSi solution has been shown to vary with temperature and pre
cipitation rate, ranging between Δ30Sisolid-fluid of − 3.5‰ (Roerdink 
et al., 2015) or − 2.1‰ at 10 ◦C (Geilert et al., 2014) and − 0.4‰ to − 1‰ 
at room temperature (Li et al., 1995). During precipitation with and 
without addition of dissolved Al, pure amorphous silica without Al 
shows no Si isotope fractionation, whereas in in high-Al conditions the 
silica precipitate is up to 5‰ lower δ30Si than the source (Oelze et al., 
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2015b). Similarly, adsorption of dSi onto solid Al hydroxides, precursor 
phases of clay minerals, produces Si isotope enrichment between − 1.8‰ 
to − 3‰, with higher fractionation with increasing initial dSi concen
tration and higher adsorption rates (Oelze et al., 2014). Adsorption of 
dSi onto Fe oxides produces Si isotope enrichment between − 0.54 and 
− 0.81‰ (Delstanche et al., 2009; Opfergelt et al., 2009). Actual clay 
separates with a predominant smectite composition were found to be 
0.4‰ lower δ30Si compared to their feldspar source (Georg et al., 2009a, 
2009b), and larger magnitude fractionations (as large as − 3.4‰) are 
observed for clays with kaolinite-like composition (Frings et al., 2021). 
This implies that the chemical composition and pathway of formation of 
the precipitating silicate should have a strong influence on the Si isotope 
fractionation. An apparent Si isotope enrichment of − 2‰ to − 3‰ – 
typically inferred from an inversion of pore water δ30SidSi profiles 
(Ehlert et al., 2016) – in natural sediments is consistent with the for
mation of multiple authigenic Si-containing phases during early 
diagenesis in sediments. Using sequential acidic and alkaline leaching, 
Pickering et al. (2020) indeed identified isotopically distinct pools: 
metal-Si hydroxides with a very light Si isotope composition, as well as 
authigenically altered and unaltered bSi with heavier Si isotope com
positions. Interestingly, dissolution of bSi followed by re-precipitation of 
Al-silicates (often termed “altered bSi” in the literature, mostly equiv
alent to authigenic Al-silicate phases) should lead to the altered fraction 
being isotopically lighter than the bSi source itself if the kinetic isotope 
effects discussed above dominate. Pickering et al. (2020), however, 
calculated that the Si isotope composition of the authigenic silicate 
fraction was, on average, 0.56‰ heavier than the bSi. This is corrobo
rated by a recent inverse modelling study assuming isotopic mass bal
ance between marine Si sources and sinks, which shows that the global 
average Si isotope composition of authigenic Al-silicate phases in marine 
sediments (+1.31 ± 2.96‰) is slightly higher but does not differ 
strongly from global average bSi of diatoms (+1.00 ± 0.74‰) (Rahman 
and Trower, 2023). The estimated distribution of the Si isotope 

composition of authigenic phases, however, encompasses a greater 
range than that of diatoms (Rahman and Trower, 2023). This probably 
reflects differences in the sediment geochemical composition and 
consequently variety of authigenic phases that can form.

Adsorption of dSi and/or precipitation of authigenic Al-silicates is 
dominated by unidirectional kinetic isotope fractionation (Dupuis et al., 
2015; Oelze et al., 2015a). The subsequent dissolution/precipitation 
reactions and interaction between bSi and other sedimentary solid and 
liquid phases gradually shift the composition towards a steady-state 
characterized more by equilibrium isotope fractionation (Box 1) 
(Fernandez et al., 2019; Oelze et al., 2014). In principle, this is a 
mechanism to modify the δ30Si of bSi without any obvious structural or 
geochemical fingerprint through isotope exchange reactions between 
the bSi, pore water dSi and/or precipitated authigenic Si. Isotope 
exchange/equilibrium isotope fractionation is generally slower than 
kinetic isotope fractionation. However, Oelze et al. (2014) showed 
adjusted isotope equilibrium between dSi and Si adsorbed onto amor
phous Al hydroxides is attained within approximately two months. 
Similarly, experiments between Fe-Si gel and solution (Zheng et al., 
2016) and between amorphous silica and solution (Zheng et al., 2019) 
showed up to 90% Si isotope exchange within less than 126 days. The 
magnitude of isotope fractionation during exchange is still under 
investigation. Oelze et al. (2014) reported an enrichment factor close to 
0‰, although it is unclear whether their experimental design actually 
reflected equilibrium fractionation conditions. Stamm et al. (2019)
found that isotope exchange between amorphous silica and solution is 
temperature- and pH-dependent. At pH 6 and 25 ◦C the equilibrium 
isotope fractionation was 0.45 ± 0.2‰ with the lighter isotopes 
enriched in the fluid, whereas at pH > 9 the fractionation was 1.63 ±
0.23‰. Isotope enrichment decreased with increasing temperature 
(Stamm et al., 2019). To complicate matters, there is likely multiple Si 
isotope exchange processes that occur with different exchange rates and 
fractionation factors (Zheng et al., 2016, 2019) (Fig. 6d). A dominant, 

Fig. 6. Schematic of processes occurring during bSi diagenesis in sediments and their influence on the preserved diatom Si isotope composition. a) Typical bulk 
sediment containing a mixture of e.g. bSi (diatom frustules), silicate minerals (e.g., quartz, feldspars), pedogenic clays and various metal (e.g. Al, Fe) (oxyhydr) 
oxides. b) Dissolution of any of those phases leads to increase in dSi and other elements, and a decrease in dSi δ30Si in the pore water with no isotope fractionation 
associated to the dissolution process (Section 4.2). Porewater becomes isotopically lower δ30Si because the dissolving sediment components are typically isotopically 
lighter than the original pore water (see Section 4.2 for details). c) Due to increased dissolved element concentrations, adsorption/precipitation of secondary 
amorphous silica and authigenic clay phases binds dSi and other elements like Al and Fe in solid phases. This is dominated by kinetic isotope fractionation and tends 
to lead to an enrichment of lighter isotopes in the secondary phases (i.e. lower δ30Si, see Section 4.4 for details). The insert d) highlights structural Si isotope exchange 
(dominated by equilibrium isotope fractionation) between (i) dSi and diatom surfaces and (ii) between surface and interior diatom frustule. Zheng et al. (2019) e.g. 
showed enrichment of lighter isotopes in the diatom surface compared to the surrounding water (faster exchange rate K1) but enrichment of heavier isotopes within 
the interior compared to the surface (slower exchange rate K2) (see Section 4.4 for details).
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faster exchange is associated with surface sites with a best estimate of 
equilibrium Si isotope enrichment between bulk amorphous solid silica 
and aqueous dSi in seawater at pH 7.3, 23 ◦C of − 0.52‰ (Zheng et al., 
2019). Slower exchange occurs between exterior and interior Si atoms of 
the solid, with no fractionation factor estimated (Zheng et al., 2019). In 
other words, exchange with surface sites tends to partition the heavier Si 
isotopes in the aqueous phase relative to the solid surface, counter to the 
findings of Stamm et al. (2019), whereas exchange between surface and 
interior sites in the solid tends to enrich heavy Si isotopes in the interior 
(Fig. 6d) (Zheng et al., 2019). Thereby, higher surface area of the solid 
corresponded to faster and more extensive Si isotope exchange 
(Fernandez et al., 2019), which is enhanced by higher ionic-strength in 
the solution because it promotes the breakage and formation of new 
-Si-O bonds (Fernandez et al., 2019; Zheng et al., 2019). This would 
indicate that equilibrium isotope fractionation could alter the preserved 
Si isotope composition of diatoms in sediments through exchange be
tween bSi, pore water dSi and/or surface precipitates of authigenic sil
icates. Here, the isotope composition of the authigenic precipitate (e.g. 
very light Si isotope composition of metal (hydr)oxides or a more 
diatom-like composition of Al-silicate phases, see above) may affect the 
extent of isotope exchange as well as the δ30Si of the porewater dSi. 
However, low surface areas, which are attained quickly within sedi
ments, seem to protect or preserve solid phase isotopic signatures 
(Fernandez et al., 2019). The extent and direction of this Si isotope 
alteration, however, still warrant further investigation.

Diatom bSi-bound δ18O provide additional insight into possible ex
change reactions and their impact on the preserved isotope signal in the 
sedimentary record. Oxygen in bSi is also found in the two main types of 
bonds: >Si–O–Si< and -Si–OH. The -Si–OH bonds are less stable and 
may experience oxygen isotope exchange (Leclerc and Labeyrie, 1987) 
whereas > Si–O–Si < bonds, once formed, are unlikely to undergo iso
topic exchange until a phase change occurs (Murata et al., 1977), which 
is relevant for both oxygen and Si isotopes (see also Section 4.5). Indeed, 
for δ18O, most significant changes were observed with an initial dehy
droxylation/reduction in the structural OH- abundance in the bSi (Dodd 
et al., 2017; Menicucci et al., 2017). Incubation experiments with 
18O-enriched seawater, representing conditions during sinking through 
the water column and initial deposition at the sediment-water interface, 
show that significant 18O-exchange at both external and internal groups 
occurs throughout diatom frustules for both fresh and fossil specimens 
over very short timescales (of days to weeks) (Akse et al., 2020). 
Although conventional sample handling protocols for analysing 
bSi-bound δ18O involve, for example, a step-wise fluorination to remove 
altered surface OH-bonded 18O, post-mortem changes in δ18O are still 
observed (Dodd et al., 2017; Tyler et al., 2017). This indicates that the 
final measured δ18O in bSi most likely represents a mixture of signals 
from the original growing stage, water-column settling, and sediment 
pore waters, and the δ18O signal may be dominated by early diagenetic 
conditions (Akse et al., 2020; Dodd et al., 2017). In addition, the 
availability of Al influences δ18O exchange, whereby increasing struc
tural incorporation of Al into the bSi leads to a significant decrease in 
oxygen isotope exchange (Akse et al., 2022). A similar behaviour may be 
expected for Si isotope exchange, although to the best of our knowledge 
no study has yet presented robust proof. While Al present as surface 
contaminants (clays or other Al-silicates) had no such inhibitory role on 
the oxygen isotope exchange (Akse et al., 2022), the formation of 
Al-silicates can, however, result in a negative charge which repels the 
hydroxyl ions responsible for silica dissolution (Iler, 1979).

In summary, there are multiple processes affecting the preservation 
of bSi and possibly its Si isotope composition. Dissolution of bSi (with 
limited associated Si isotope fractionation, see Section 4.2) is typically 
accompanied by authigenic Si precipitation forming surface layers on 
sediment particles or replacing the bSi over time completely. Precipi
tation of Si with metal (hydr)oxides produces new solids with a very low 
δ30Si, whereas Al-silicate precipitates tend to have an δ30Si similar to 
that of the bSi. In both cases, the occurrence of such authigenic phases 

could affect the reconstructed Si isotope composition of the bSi. How
ever, the techniques commonly used to separate bSi from sediments for 
Si isotope ratio determination should remove metal (hydr)oxides via e.g. 
acid leaching (see Section 6 below). This also applies for Al-silicates, 
although probably to a lesser extent as the removal of those phases is 
more complicated. Consequently, the direct influence of authigenic 
precipitates on the preserved Si isotope composition of bSi is expected to 
be small.

The actual extent of isotope exchange between bSi, (pore) water dSi 
and any precipitate layer, and its potential effects on the δ30Si of the 
preserved bSi, is much less clear. In the water column, equilibrium Si 
isotope exchange reaction rates are probably rather slow in comparison 
to sinking of the bSi. In combination with low dSi concentrations in 
seawater, this implies that the initial Si isotope signals locked in diatoms 
by upper-ocean processes are resistant to re-equilibration during sinking 
in the water column. In sediments, although dSi concentrations are 
much higher, decreasing diatom surface area and increasing Al content 
may lead to slower or even ceasing Si isotope exchange rates, which 
should facilitate long-term preservation of the original Si isotope sig
natures in diatom bSi.

4.5. Longer-term re-crystallisation

Over longer timescales, bSi produced by biosilicifiers undergoes 
diagenetic alteration to reach the thermodynamically more stable silica 
polymorph quartz. The pathway of this alteration is well studied 
(Williams and Crerar, 1985; Williams et al., 1985), and in most cases 
proceeds as a series of transformations from opal-A via opal-CT (a mix of 
cristobalite and tridymite) to microcyrstalline quartz. Each successive 
phase is structurally distinct and has a higher degree of crystallinity than 
the preceding phases, which is classically seen in XRD spectra (Liesegang 
and Tomaschek, 2020; Pisciotto, 1981), and more recently explored via 
FTIR and Raman spectroscopy (Stamm et al., submitted). Opal-A is hy
drated (ca. 10% H2O content) and amorphous while opal-CT comprises a 
much less-hydrated disordered layering of tetragonal (⍺-cristobalite) 
and orthorhombic (⍺-tridymite) polymorphs. Opal-CT is typically found 
as lepispheres - nm to μm-scale spherical aggregates. Microcrystalline 
quartz comprises tetrahedrally coordinated SiO2 and is the most stable 
form under seawater or sediment conditions. The relevance for appli
cation of bSi-based geochemical proxies is that the transformations are 
well established to happen by dissolution-reprecipitation mechanisms. 
The strongest line of evidence for this comes from δ18O in bSi, where 
stepwise changes are observed both in exposed terrestrial sections (e.g. 
Monterery Bay formation, California) and also downcore in IODP holes 
(Ibarra et al., 2022; Yanchilina et al., 2020, 2021). The interpretation is 
that the oxygen isotopes ratios are reset to values in equilibrium with 
local pore water, which typically will be at a higher temperature than 
the overlying seawater due to the geothermal gradient. The higher 
temperature implies a smaller fractionation (Sharp et al., 2016). For a 
‘sediment buffered’ system like Si (i.e. Si in solid phase ≫ dSi in pore 
fluids, per unit sediment volume) mass-balance dictates that the δ30Si of 
the sediment as a whole should be retained over some spatial smoothing 
scale, but the extent of this scale is unclear: it may range from individual 
microfossils to multiple meters. The implication is that if bSi is recrys
tallized towards an opal-CT or quartz structure, then interpreting δ30Si 
values or other geochemical proxies as pristine must be done with 
extreme caution. In the Quaternary, recrystallized bSi is rare because 
neither time nor temperature have been sufficient to induce the trans
formation (Tatzel et al., 2022) – although rare localities are known 
(Tatzel et al., 2015). For older material, it remains an outstanding 
challenge to be addressed.

5. Influence of dissolved Si source composition on diatom δ30Si

A key term in all diatom δ30Si based interpretations of palae
oproductivity is the δ30Si of source dSi (i.e. Eqns (1)–(4)), which in 
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marine environments is often implicitly taken to be constant. A change 
in δ30Si of source dSi can fundamentally be accomplished by two 
mechanisms. The first is by changing δ30Si of the whole system (whether 
lake or ocean) by changing the magnitude and/or δ30Si of the various 
input fluxes. The second – less applicable to smaller lakes – is by altering 
regional circulation, such that a given locality receives dSi from a 
different source and thus with potentially different δ30Si.

5.1. Changing δ30Si of dSi at the scale of the whole ocean

An assumption of constant ocean δ30SidSi over Quaternary timescales 
is often justified by invoking the long residence time of dSi in the ocean 
such that it is insensitive to changing external input flux magnitudes or 
isotope compositions. This may not be a reasonable assumption for all 
Quaternary timescale δ30Si applications. Simple frameworks imply that 
residence time is the key metric determining the timescales over which 
external forcings must be considered (Mokadem et al., 2015; Richter and 
Turekian, 1993). In short, the geochemical response to a changing flux 
will be strongly related to the relative magnitude of the change on 
timescales equivalent to or greater than the residence time, and atten
uated on timescales shorter than this. Recent estimates of residence time 
for dSi in the ocean cluster around 10 ka (see discussion in Tréguer et al., 
2021). Residence times of dSi in lakes are hugely variable, from days to 
millennia (Frings et al., 2014a)). Thus, even for the ocean and large 
lakes, we cannot neglect the possibility that changing δ30Si and/or 
changing balance of dSi sources are modifying the whole-system dSi 
δ30Si over timescales relevant for many Quaternary applications (Frings 
et al., 2016; Georg et al., 2009a; Opfergelt et al., 2013; Sutton et al., 
2018a). The implication is that we should not directly interpret Si 
isotope records without first deconvolving any whole-system change.

There is reasonably strong evidence for whole-system change in dSi 
δ30Si. In the oceans, where most work has focused, an indication lies in 
the apparent synchrony of most published δ30Si records – across groups 
of biosilicifiers and between ocean basins – from the last glacial 
maximum towards the Holocene (Frings et al., 2016; see Fig. 2 in Sutton 
et al., 2018a). This pattern of low glacial δ30Si, higher interglacial δ30Si 
also repeats itself in other Quaternary glacial cycles (Griffiths et al., 
2013; Kim and Khim, 2017). The conventional interpretative framework 
would see this as evidence for biosiliceous productivity increasing 
globally during interglacials, which is hard to justify. Given our under
standing on the continental Si cycle and the controls on the flux and 
δ30Si of dSi flux delivered to the ocean, there are also qualitative reasons 
to expect the input fluxes of dSi to be lower in δ30Si during glacials 
(Frings et al., 2016; Georg et al., 2009a; Opfergelt et al., 2013; Sutton 
et al., 2018a). For example, glacial erosion and subglacial weathering is 
known to provide a source of low-δ30Si dSi (Hatton et al., 2019, 2023). 
Together with a suite of other mechanisms (outlined in Frings et al., 
2016), dSi delivered to the ocean could have been substantially lower in 
δ30Si than present during peak glacial conditions.

A final line of evidence comes from changes in diatom δ30Si during 
the transition from glacial to Holocene conditions that are strictly too 
big to attribute to productivity alone. In the common mass-balance 
frameworks (cf. Eqns. (1)–(4)) the maximum range should be one frac
tionation, canonically placed at − 1.1‰ (but see Section 3 and Fig. 4). 
Yet many records approach or exceed this range. For example, Southern 
Ocean core RC13-259 (Brzezinski et al., 2002) encompasses diatom 
δ30Si from 0.15‰ to 1.57‰, implying a physically meaningless change 
in dSi utilization of >100% assuming constant ocean dSi δ30Si. Overall, 
if the questions addressed by Si isotope geochemistry span longer 
timescales than lake or ocean residence times, we cannot ignore the 
possibility for the whole system to be responding to external (i.e. 
catchment or continental) forcings.

5.2. Circulation changes

A second mechanism to change the δ30Si of dSi utilized by diatoms is 

via overturning circulation changes. As well as the interbasin pattern in 
[dSi] shown in Fig. 1b, there is a similar trend in δ30Si (Holzer and 
Brzezinski, 2015). In broad terms, this pattern emerges from the inter
action of surface biogeochemistry (governed preformed dSi), water 
column dissolution (governing regenerated dSi) and ocean overturning 
circulation. A change in one or more of these could change the δ30Si 
and/or [dSi] of upwelling waters elsewhere in the ocean. This might be 
particularly relevant for sediment cores located near water mass fronts, 
especially around the Southern Ocean: diatom δ30Si shows latitudinal 
differences (Cardinal et al., 2007; Closset et al., 2015; Varela et al., 
2004), which is likely due to the changes in the δ30Si of the source 
waters. It may also be that the circulation patterns have remained 
consistent, but biogeochemistry of the source region has changed, 
altering the composition and balance between preformed and regener
ated dSi in a given water mass (a similar mechanism is part of the 
original formulation of the silicic acid leakage hypothesis (Matsumoto 
et al., 2002)). Attributing a change in diatom δ30Si to dSi-utilization 
rather than overturning circulation is therefore not necessarily 
straightforward, and requires that consideration is given to other lines of 
evidence about water mass source and the biogeochemistry of potential 
source regions. The growing body of work that demonstrates the sponge 
spicule δ30Si-[dSi] relationship (Fig. 3C) can be interpreted as a 
water-mass tracer (e.g. Fontorbe et al., 2017; Hendry et al., 2016; 
Hendry et al., 2012) are particularly promising in this regard.

5.3. Specific challenges of palaeoproductivity reconstructions from 
lacustrine systems

In contrast to most ocean records, lake diatom δ30Si records are more 
frequently interpreted in terms of catchment processes (Nantke et al., 
2021; Street-Perrott et al., 2008; Zahajská et al., 2023) rather than 
within-lake productivity (Panizzo et al., 2016). The first Quaternary 
application of δ30Si to lacustrine environments was pioneered for 
reconstructing catchment biogeochemical cycling over orbital (glacia
l-interglacial) timescales at Lake Rutundu, Kenya (Street-Perrott et al., 
2008). Next, Swann et al. (2010)examined the availability of nutrient 
supply to lake surface waters over the late Quaternary, as an indicator of 
catchment weathering. This was followed by Cockerton et al. (2015), 
reinforcing Street-Perrott et al. (2008) that lower mid-Holocene diatom 
δ30Si values in East African lakes reflect increased weathering rates and 
mirrored the regional post glacial vegetation expansion driven by 
increasing insolation led rainfall. With late Holocene regional aridity 
occurring after c. 5000 years BP, higher diatom δ30Si values are inter
preted as reflecting a lower supply of catchment derived dSi. More 
recent assessments have also been documented for the Altai region of 
North Central China, where diatom δ30Si is similarly thought to record a 
contrasting mid-Holocene climate and therefore supply of dSi to lakes 
from their catchments (Xiang et al., 2023).

These studies were pivotal in promoting the application of diatom 
δ30Si as a climate proxy, and in developing understanding of late Qua
ternary terrestrial biogeochemical cycling. Nevertheless, they were un
able to fully disentangle the role of autochthonous (within-lake cycling) 
and allochthonous (catchment) dSi sources over time: the same dilemma 
identified above for the marine realm. This question of productivity vs. 
input forcing motivated the development of modern-day, process-based 
studies to develop site-specific mechanistic understanding of how 
catchments and lake processes are recorded in lake sediment. Alleman 
et al. (2005) paved the way with one of the first assessments of modern 
day lacustrine δ30Si (as δ29Si) signatures for Lake Tanganyika and its 
dominant tributaries. However, this was not accompanied by diatom 
δ30Si, most likely due to the challenge of sampling sufficient material for 
Si isotopic analysis. To bridge this gap, sediment trap studies were 
developed to better underpin within-lake, seasonal biogeochemical 
cycling (Panizzo et al., 2016) and to reinforce to what degree δ30Si from 
lake sediment archives can act as a palaeoproductivity indicator 
(Panizzo et al., 2017) versus a catchment weathering record (Panizzo 
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et al., 2018b). Currently, the available data is limited in both temporal 
and spatial coverage. Overall, this body of work reinforces the need to 
better underpin lacustrine allochthonous and autochthonous drivers of 
diatom and dSi δ30Si in modern day systems. In turn, it will also be 
subject to a discussion on species specific fractionation factors, diatom 
habitat (benthic versus pelagic) and seasonality of blooms (Section 3). 
Together, this will improve our ability to disentangle the role of wider 
catchment sources to lakes, nutrient cycling via thermal stratification 
and wind driven mixing, as well as the role of seasonal nutrient limi
tation. These investigations will also be site specific, with smaller lakes 
and catchments responding on much faster timescales compared to lakes 
with much larger residence times. Where possible, mass balance ap
proaches could be adopted to model Si budgets (Opfergelt et al., 2011; 
Zahajská et al., 2021).

Overall, the community should continue to advance Si isotope 
research on freshwater environments, and should especially compare 
systems of differing catchment sizes and residence times. The role of 
higher plants (macrophytes) in lake Si cycling is notably under- 
constrained, but future work could build on a body of literature 
focusing on wetlands (e.g. Frings et al., 2014b; Struyf and Conley, 2009). 
The application of systematic sampling and end member analysis for 
modern-day systems would be worthwhile to better constrain the role of 
autochthonous and allochthonous forcings on lake Si cycling, and thus 
improve our capacity to reconstruct past environments. Improved 
modern-day system characterisation could be used to better constrain in 
vivo diatom species-specific fractionation factors in the lacustrine realm, 
where there is a conspicuous paucity of data (cf. Fig. 4).

6. Practical issues

6.1. Biogenic silica cleaning and contamination screening

The focus of studies developing protocols to clean biogenic silica 
prior to geochemical analyses has been on diatoms, but the issues and 
approaches are common to all biosilicifiers. The application of diatom 
assemblage analyses to palaeolimnological and palaeoeanographic 
studies has a history spanning decades (e.g. Battarbee and Digerfeldt, 
1976), with frustule cleaning methodologies initially developed simply 
to aid species level identification for palaeoecological-based re
constructions. With the advent of geochemical palaeoproxies, in 
particular isotopic analyses of bSi, diatom frustule cleaning methods 
became more rigorous to address issues of contamination (e.g. minerals 
such as occluded clays) that would otherwise bias measurements (rele
vant here for δ30Si, but also demonstrated for the C, O and N isotope 
systems). One of the first methodological papers to demonstrate the 
impacts of clay and silt grain contamination on δ18O signatures and to 
propose a standardised cleaning protocol, particularly for lake sedi
ments, was Morley et al. (2004). They acknowledged and built on prior 
sediment cleaning methods (e.g. Juillet-Leclerc, 1986; Leclerc and 
Labeyrie, 1987; Shemesh et al., 1988) and while this protocol is still 
widely utilized, it continues to be refined and updated (Swann and 
Snelling, 2023).

The various published methods for lacustrine and oceanic studies are 
often adapted to specific sample requirements, but commonalities can 
be found. Diatom frustule cleaning typically begins with the removal of 
organic matter, usually with a hydrogen peroxide (30% H2O2) leach in a 
water bath (up to 90 ◦C) which, depending on the organic matter 
abundance and composition, could last a period of hours to days. This is 
often preceded or followed by a 5% HCl leach, usually overnight, with 
the aim of removing carbonates and any adsorbed authigenic pre
cipitates on the surface of diatoms (especially metal (hydr)oxide layers) 
and also Al-silicates (see Section 4). These steps often prove effective at 
removing organic and carbonate content from samples, and so form the 
basis of diatom sample preparation for ecological identification. Others 
have employed more aggressive oxidative steps, with a short 1:1 nitric 
acid:perchloric acid leach (Panizzo et al., 2014; Shemesh et al., 1995).

Difficulties can arise due to the presence of clays and other fine 
minerals which can often become occluded in, share similar properties 
of, or replace parts of, diatom frustules or other bSi (Fig. 7a; Section 4). It 
has been found that for Al-bearing trace minerals, they remain stub
bornly adhered and are challenging to fully remove (Liu et al., 2024). 
The chemical leaches above may loosen their adhesion to the frustule so 
that they are easier to separate via later sieving or heavy liquid sepa
ration. Various separation methods have been explored, with heavy 
liquid density separation (normally sodium polytungstate) the most 
common approach to isolate frustules (at settling densities between 2.3 
and 1.9 g ml− 1), sometimes after disaggregation in a sodium hexame
taphosphate solution. Further challenges arise when samples contain a 
high proportion of small diatom valves (particularly <20 μm), 
concomitant with high abundances of silt- or clay-size particles. This is 
often the case when isolating diatom frustules from lacustrine sediments 
as freshwater species are often smaller than their marine counterparts, 
making it harder to remove occluded material. Lacustrine systems are 
also likely to have a high proportion of detrital lithogenic particles 
(Fig. 7a). To overcome this, the heavy liquid density separation can 
involve multiple steps, incrementally reducing the settling density to 
better target the finer clays and their removal (Panizzo et al., 2016; 
Swann and Snelling, 2023).

A key step in bSi cleaning and species separation is the adoption of 
more physical cleaning methods. This includes wet sieving at mesh sizes 
specific to the range of species frustule sizes present in individual sam
ples. Morley et al. (2004) propose a range beginning at >75 μm, and 
finishing at 10 μm. Others have tailored this to include a sub-division of 
32 μm mesh size, to remove larger non-diatom bSi including sponge 
spicules and radiolarians (Fig. 7B,C; Panizzo et al., 2014) thereby 
minimizing contamination of the cleaned diatom bSi to be analysed (see 
also Sections 3 and 4). In general, sieving should be tailored to the size of 
the taxa to be targeted. However, breakage of valves can occur via these 
physical sieving and disaggregation methods including ultrasonication 
(Studer et al., 2013), which has knock on implications for the subse
quent cleaning steps, particularly differential sieving and/or heavy 
liquid density separation.

Bulk diatom bSi samples for isotopic analysis can be compromised 
due to inter-species differences in Si isotope fractionation factor, habitat, 
seasonal growing period and life stage (e.g. resting spores of the marine 
species Chaetocerous) (discussed in Section 3). While various studies 
have aimed to quantify the possible impacts of these processes on diatom 
δ30Si values, the full implications are hard to quantify. To circumvent 
these issues as far as possible, δ30Si records should be generated from 
mono-specific samples. In rare cases, one species dominates the assem
blage (e.g. Zahajská et al., 2023), meaning the cleaning steps outlined 
above should suffice. Elsewhere, effort must be devoted to separation of 
individual taxa. Picking of larger taxa (e.g. Coscinodiscus, Ethmodiscus) as 
well as most radiolarians and sponge spicules is relatively straightfor
ward with conventional micropaleontological techniques (Doering 
et al., 2016; Hendry et al., 2014). Snelling et al. (2013) demonstrated the 
potential to physically extract individual diatom frustules from a bulk 
sample assemblage via micro-manipulation, building on the earlier work 
of Stoll and Shimizu (2009). Others have demonstrated that even small 
taxa can be hand-picked following standard micropaleontological 
techniques (Nantke et al., 2019, 2021). An advantage of manual selec
tion of is that diatom frustules with a higher proportion of contamina
tion and/or dissolution can also be excluded from the final assemblage, 
such that the method actively discriminates against contaminant min
erals in the sample, acting as a further purification step (Fig. 7d). 
Micro-manipulation can favour the extraction of centric valves as 
pennate frustules can rotate sideways and obstruct the capillary tube 
(Snelling et al., 2013). Both micro-manipulation and hand-picking can 
be time consuming, depending on the species richness, composition, 
level of contamination and volume of material needed for analysis. A 
further option is gravitational split-flow thin fractionation (SPLITT) 
where laminar flows are used to separate species based on the density of 
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individual taxa (Rings et al., 2004). Wet sieving has sometimes also been 
applied to try and achieve mono-specific samples (e.g. Swann et al., 
2013). Nevertheless, these cleaning approaches are not guaranteed to 
yield a mono-specific sample.

Visual inspection via light microscopy and/or SEM of final samples is 
key to ensure that the diatom composition corresponds to what is 
desired (e.g. monospecific, as in Snelling et al. (2013), or representative 
of seasonal assemblage as in Swann et al. (2016) and Panizzo et al. 
(2016)) and that the abundance of minerogenic contaminants and other 
bSi (e.g., sponge spicules, cryophyte cysts) is minimal. Other approaches 
to characterise the cleanliness of samples ahead of δ30Si analysis involve 
quantifying the abundance of various elements in the bSi matrix. This 
can be conducted via XRF analysis (Panizzo et al., 2018a), SEM-EDS, 
XRD or microprobe (Pichevin et al., 2014), or ICP-OES/ICP-MS anal
ysis after Na2CO3 dissolution (Ellwood and Hunter, 1999) or HCl-HNO3 
dissolution (Andersen et al., 2011). Panizzo et al. (2018a) employed a 
threshold Al2O3/SiO2 of <0.01, but in general there is no consensus on 
what element/Si ratio constitutes evidence of a contaminant free bSi 
sample. When the contaminating mineral is also relatively pure SiO2 (e. 
g. quartz) then elemental ratios become less useful and spectroscopic 
approaches (e.g. FTIR; Swann and Patwardhan, 2011) may be more 
appropriate. Where contaminants cannot be removed in totality, 
geochemical mass-balance corrections can still be employed if their 
δ30Si and contribution of Si to the sample is known.

In summary, we emphasise the importance of rigorous bSi 

purification and species compositional analysis prior to Si isotope 
analysis, as well as the value of understanding the bSi preservation state 
(e.g. level of dissolution). The effectiveness of these methods should also 
be fully disclosed by authors as a means for the palaeo-community to 
understand the challenges and better mitigate them via method 
advancement. Not all samples will be challenging: it hinges on the form 
of bSi of interest (e.g. diatoms versus sponge spicules), the range in sizes 
of the species present and the composition and grain size of sediments. 
Indeed, the cleaning methods adopted and a good knowledge of site- 
specific species ecology additionally permits the ability isolate diatom 
species indicative of seasonal cyclicity and/or specific habitats yielding 
even greater knowledge of nutrient availability and utilization. Quali
tative (visual) and quantitative assessments should always form a key 
component of any study and images and an appropriate bulk sample 
screening (geochemical or spectroscopic; see above) should be pub
lished to corroborate the effectiveness of cleaning. These recommen
dations do not act as deterrence for the application of stable Si isotopes 
but may help account for the recent decline in the application in Qua
ternary science. As a community, we hope that these challenges can be 
addressed and the potential for this application continues to grow, with 
particular focus in lacustrine environments where there remains a 
paucity in recently published data.

6.1.1. Increasing analytical confidence in δ30Si determinations
The δ30Si analysis of diatom bSi is routinely carried out via MC-ICP- 

Fig. 7. Light Microscopy and Scanning Electron Microscopy images of the different cleaning stages for diatom bSi stable isotope analysis. A: SEM image of freshwater 
diatom species from Lake Arachlei, south east Siberia, demonstrating how high clay content in samples can compound diatom valve separation and can occlude 
surface valve punctate, striations and the interior of valves. B: Photomicrograph to demonstrate the effects of wet sieving marine diatom species at >32 μm, as one of 
the diatom cleaning stages. Sieving at this size means that the larger diatom centric valves are separated from the final diatom composition in an attempt to remove 
sponge spicules from the final biogenic opal composition. C: SEM image to demonstrate the effectiveness of cleaning stages for freshwater diatom species from Lake 
Baikal, although also highlighting that diatom valve dissolution could still have taken place and some small chrysophytes may be present. D: example of a near- 
monospecific final purified sample from Lake El’gygytgyn prepared using the micro-manipulation methods of Swann and Snelling (2023).

P.J. Frings et al.                                                                                                                                                                                                                                 Quaternary Science Reviews 344 (2024) 108966 

14 



MS, instead of the more hazardous fluorination lines connected to a gas- 
source IRMS of early work. Indeed, the analysis of purified diatom opal 
via MC-ICP-MS is generally perceived to be analytically straightforward, 
especially when compared to e.g. marine, estuarine and freshwater dSi 
samples, due to the absence of complex matrix effects that are not 
readily removed with the common cation-exchange column chroma
tography methods (Gaspard et al., 2021; Georg et al., 2006; Hughes 
et al., 2011). Of more pressing consideration with regards to sample 
preparation and analysis is the availability of shared inter-laboratory 
calibration standards, building on the work of Reynolds et al. (2007)
(and continued by Delvigne et al. (2021), and by Grasse et al. (2017) for 
seawater dSi samples). Indeed, there is a shortage of a previously 
circulated community reference material for diatom δ30Si, i.e. “Diato
mite”, a natural marine diatomite. This implies the need to conduct 
further interlaboratory-calibration exercises. Other labs may also have 
their own in-house standards, the sharing of which would provide 
greater confidence in our ability to draw comparisons between matrices, 
and sample preparation and analytical approaches. It is clear that a 
discussion is needed within the community to ensure a consensus on the 
future of (secondary) reference materials.

7. Synthesis and recommendations for future applications of 
δ30Si

We believe that diatom δ30Si is a valuable tool to decipher changes in 
past and present biogeochemical cycling across various space- and 
timescales. This is clearly not a universal belief: there has been a recent 
decline in publication rates in recent years (Fig. 2). One explanation for 
the decline is that workers are actively deterred from applying Si isotope 
geochemistry by a perception – whether justified or not – that δ30Si is a 
difficult, problematic or unreliable proxy. As the field has made progress 
in probing the diatom δ30Si proxy, it has inevitably highlighted chal
lenges for the application of silicon isotope geochemistry to Quaternary 
research questions. Our motivation for reviewing those challenges is to 
question whether the scepticism is warranted, and to identify pathways 
towards alleviating the scepticism. We have identified four overarching 
challenges.

1. Variable silicon isotope fractionation factors (Section 3): We 
observe a range in fractionation for different diatom taxa, but do not 
know what the dominant control on this variability is. Past changes 
in diatom δ30Si could therefore be influenced by changes in the 
diatom community, and/or environmental factors like micro- 
nutrient availability that modify diatom Si isotope fractionation.

2. Diagenetic modification of diatom δ30Si (Section 4): Multiple 
processes like dissolution and exchange reactions have potential to 
alter the original δ30Si, either directly by adding or removing Si with 
a different δ30Si, or indirectly by dissolving only specific parts of the 
bSi. Past changes in diatom δ30Si might therefore not reflect a pris
tine signal.

3. Variable δ30Si of source dSi (Section 5): If the relative balance of 
dSi inputs into a system or their δ30Si values have changed in the 
past, then the dSi that diatoms use to form their frustules will also 
change. Past changes in diatom δ30Si could therefore reflect the 
system’s Si budget. These challenges are particularly evident for 
terrestrial systems which typically have short residence times.

4. Difficulties in isolating a pure bSi component from sediments 
(Section 6): Si-bearing contaminants physically adhered to, chemi
cally incorporated into, or not separated from, the bSi might intro
duce bias into δ30Si measurements. Cleaning of bSi is a challenge that 
is not unique to the Si isotope community. Past changes in diatom 
δ30Si could simply reflect the incorporation of variable amounts of 
‘contamination’ Si into the analysis.

As outlined in the preceding sections, there are several steps that can 
already be taken to mitigate against these challenges. These are mostly 

steps that are standard elsewhere in the palaeosciences (e.g. for fora
miniferal proxies) and are not prohibitive with regards to effort or 
expenditure.

1. As far as possible, isolate and analyse single species, and report 
species assemblage changes to mitigate against e.g. seasonal, depth- 
habitat or species specific fractionation factors. If possible, analyse 
multiple taxa and/or radiolarians and sponges to (i) corroborate 
interpretations and (ii) demonstrate the absence of diagenetic 
alteration if intra-specific differences remain constant.

2. Perform a contaminant screening, e.g. analyse and report the trace- 
element composition of bSi or use appropriate imaging or spectro
scopic techniques, to help identify diagenetic alteration and/or 
cleaning protocol efficacy. Document and report the cleaning steps to 
verify the successful exclusion of all non-bSi phases, and all un
wanted bSi phases (e.g. sponge spicules, chrysophytes, etc.). If 
possible use δ18O to screen for recrystallisation of bSi towards opal- 
CT.

3. As far as possible, take a multi-proxy approach that uses other 
palaeoproductivity proxies (e.g. diatom-bound δ15N), other 
geochemical tools (e.g. diatom Ge/Si, radiolarian δ30Si), or quanti
tative palaeoecological techniques to increase confidence in 
interpretations.

4. If relevant, interpret records in the context of changes in regional 
gradients or inter-site differences in order to minimise the effects of 
whole system changes (cf. Dumont et al., 2020; Pichevin et al., 
2020).

Beyond these easily implementable steps, there are also key knowl
edge gaps that need to be closed. One important question relates to what 
controls Si isotope fractionation by diatoms. Are the key controls bio
logical, ecological, physical or geochemical? For this, we need both 
dedicated laboratory studies, and observations from both lacustrine and 
marine environments. A better underpinning of the fractionation pro
cess will not only help us understand the driving mechanisms, but will 
also open up new applications for diatom δ30Si for palaeo- 
reconstructions. In addition, a better understanding of the processes 
that influence the preservation of diatoms, and the extent, kinetics and 
controls of Si isotope exchange between bSi and other sediment/pore
water phases is required. Again, this will need both laboratory and field- 
based approaches. As suggested above, it may be prudent to look at the 
water column holistically, for example using multiproxy approaches 
and/or a combination of Si isotope proxies representing different water 
column levels (i.e. benthic environment – sponges, water column - ra
diolarians, surface – diatoms).

This review has explored the many potential factors that could 
explain a decline in diatom δ30Si-based Quaternary research. Given our 
optimism concerning the use of diatom δ30Si in marine and lacustrine 
environments, we wonder if the publication trends in Fig. 2 reflect 
another reason why the community has moved away from using diatom 
δ30Si. While we cannot rule out societal explanations, in particular those 
related to COVID-19 and associated laboratory shutdowns, we note the 
decline in publication rates predates the pandemic, implying an expla
nation rooted in scientific priorities is the key driver of the publication 
trends. In other words, do the publication metrics imply a loss of con
fidence in diatom δ30Si as a palaeo-productivity proxy, or do they 
instead reflect a shift in research focus? As detailed in Section 2, diatom 
δ30Si was conventionally used as a palaeoproductivity proxy for evalu
ating surface ocean dSi utilization. An outstanding problem in palae
oclimate research at the beginning of the 21st century revolved around 
understanding the ca. 100 ppmv increase in atmospheric pCO2 from 
glacials into interglacials (Archer et al., 2000; Pedersen et al., 2003; 
Sigman and Boyle, 2000), potentially driven by changes in the strength 
of the biological pump or in the organic-to-inorganic carbon ratio of the 
export flux (Archer and Maier-Reimer, 1994). Diatom δ30Si was there
fore well suited to explore how these mechanisms may have functioned 
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during glacial periods. They found specific use to test the so-called ‘Si
licic Acid Leakage Hypothesis’ (Brzezinski et al., 2002; Nozaki and 
Yamamoto, 2001) and subsequent refinements (Hendry and Brzezinski, 
2014; Matsumoto and Sarmiento, 2008). Ultimately, the diatom-based 
productivity reconstructions were equivocal about these hypotheses 
(Bradtmiller et al., 2006; Kienast et al., 2006). More generally, a body of 
work that invokes deep-sea ventilation changes driven by circulation, 
upwelling, stratification, or atmospheric circulation patterns seems to be 
rising in prominence (e.g. Gray et al., 2023). This implies that an 
alternative explanation for the decline in palaeo-applications of diatom 
δ30Si in recent years (Fig. 2) might simply reflect that the field perceives 
that changing diatom productivity is not relevant to understanding 
glacial-interglacial carbon cycle changes.

We cannot easily distinguish between the two explanations for the 
recent decline in δ30Si applications (i.e. distrust of the proxy sensu lato 
vs. perception that the proxy is not relevant for today’s research foci). 
Yet we suggest that neither is a valid reason for its reduced or dis
continued use. In the first case, we have outlined above concrete steps 
that can already be taken to improve the robustness of Si isotope based 
reconstructions, and outlined knowledge gaps that can be easily filled in 
the coming years. In the second case, it has been convincingly argued 
elsewhere that the biological pump remains central to understanding 
CO2 cycling during glacials (Galbraith and Skinner, 2020). Beyond this, 
we emphasise that δ30Si has utility beyond palaeoproductivity re
constructions. The development of sponge δ30Si-based [dSi] re
constructions is an excellent example of an emerging application 
(Fig. 3C; Hendry and Robinson, 2012). Other under-explored research 
directions include those that have (in)directly emerged from the 
extensive work trying to understand the diatom δ30Si proxy. For 
example, silicon isotopes have great potential to shine light on the 
process of silica diagenesis in general (Tatzel et al., 2024), and specif
ically the topic of ‘reverse weathering’, and thus the long-term carbon 
cycle (Geilert et al., 2023). Another exciting direction may lie in inter
preting lake and ocean δ30Si records holistically as archives of catch
ment or continental weathering rather than ocean productivity (Frings 
et al., 2016). There will also be new, hard-to-predict research avenues 
that emerge as a result of ongoing methodological and theoretical 
development, including from in-situ microscale Si isotope analysis 
(Jochum et al., 2017), sample requirement miniaturisation, cosmogenic 
32Si analyses (Rahman et al., 2017), Si isotopes as a (palaeo-)pH proxy 
(Fujii et al., 2015), or ‘triple’ Si isotopes to distinguish between kinetic 
and equilibrium isotope effects (Box 1; Pack et al., 2023; Sun et al., 
2023). Overall, we envisage a bright future for Si isotope analysis in 
Quaternary research and look forward to seeing the field transition to
wards a realistic, well-grounded understanding of the diversity of 
applications.
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isotopic fractionation in Antarctic sea ice. J. Geophys. Res.: Biogeosciences 112.

Fripiat, F., Cavagna, A.-J., Dehairs, F., De Brauwere, A., André, L., Cardinal, D., 2012. 
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Sutton, J.N., De Souza, G.F., García-Ibáñez, M.I., De La Rocha, C.L., 2018b. The silicon 
stable isotope distribution along the GEOVIDE section (GEOTRACES GA-01) of the 
North Atlantic Ocean. Biogeosciences 15, 5663–5676.

Sutton, J.N., Varela, D.E., Brzezinski, M.A., Beucher, C.P., 2013. Species-dependent 
silicon isotope fractionation by marine diatoms. Geochem. Cosmochim. Acta 104, 
300–309.

Swann, G.E., Snelling, A.M., 2023. Isotope sample preparation of diatoms for 
paleoenvironmental research. PLoS One 18, e0281511.

Swann, G.E.A., Leng, M.J., Juschus, O., Melles, M., Brigham-Grette, J., Sloane, H.J., 
2010. A combined oxygen and silicon diatom isotope record of Late Quaternary 
change in Lake El’gygytgyn, North East Siberia. Quat. Sci. Rev. 29, 774–786.

Swann, G.E.A., Patwardhan, S.V., 2011. Application of Fourier Transform Infrared 
Spectroscopy (FTIR) for assessing biogenic silica sample purity in geochemical 
analyses and palaeoenvironmental research. Clim. Past 7, 65–74.

Swann, G.E.A., Pike, J., Snelling, A.M., Leng, M.J., Williams, M.C., 2013. Seasonally 
resolved diatom δ18O records from the West Antarctic Peninsula over the last 
deglaciation. Earth Planet Sci. Lett. 364, 12–23.

Swann, G.E.A., Snelling, A.M., Pike, J., 2016. Biogeochemical cycling in the bering sea 
over the onset of major northern hemisphere glaciation. Paleoceanography 31, 
1261–1269.

Takeda, S., 1998. Influence of iron availability on nutrient consumption ratio of diatoms 
in oceanic waters. Nature 393, 774–777.

Tatzel, M., Frings, P.J., Oelze, M., Herwartz, D., Lünsdorf, N.K., Wiedenbeck, M., 2022. 
Chert Oxygen Isotope Ratios Are Driven by Earth’s Thermal Evolution, vol. 119. 
Proceedings of the National Academy of Sciences, e2213076119.

P.J. Frings et al.                                                                                                                                                                                                                                 Quaternary Science Reviews 344 (2024) 108966 

20 

http://refhub.elsevier.com/S0277-3791(24)00467-0/sref200
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref200
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref200
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref200
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref201
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref201
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref201
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref202
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref202
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref202
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref203
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref203
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref203
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref204
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref204
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref204
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref204
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref205
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref205
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref205
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref206
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref206
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref206
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref207
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref207
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref207
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref207
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref208
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref208
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref208
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref209
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref209
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref210
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref210
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref210
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref211
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref211
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref211
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref212
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref212
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref213
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref213
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref213
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref214
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref214
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref214
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref215
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref215
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref215
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref216
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref216
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref216
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref217
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref217
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref218
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref218
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref219
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref219
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref219
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref219
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref219
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref220
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref220
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref221
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref221
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref222
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref222
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref223
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref223
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref224
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref224
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref225
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref225
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref225
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref226
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref226
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref226
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref227
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref227
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref227
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref227
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref228
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref228
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref228
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref229
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref229
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref229
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref230
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref230
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref231
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref231
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref231
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref232
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref233
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref233
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref233
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref234
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref234
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref234
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref234
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref235
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref235
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref237
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref237
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref237
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref237
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref238
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref238
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref239
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref239
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref239
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref240
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref240
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref240
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref240
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref241
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref241
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref242
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref242
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref242
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref242
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref243
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref243
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref243
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref244
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref244
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref244
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref245
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref245
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref245
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref246
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref246
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref246
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref246
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref247
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref247
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref247
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref248
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref248
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref248
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref248
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref248
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref249
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref249
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref249
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref250
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref250
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref250
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref251
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref251
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref252
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref252
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref252
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref253
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref253
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref253
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref254
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref254
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref254
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref255
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref255
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref255
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref256
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref256
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref257
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref257
http://refhub.elsevier.com/S0277-3791(24)00467-0/sref257


Tatzel, M., Oelze, M., Frick, D.A., Di Rocco, T., Liesegang, M., Stuff, M., Wiedenbeck, M., 
2024. Silicon and oxygen isotope fractionation in a silicified carbonate rock. Chem. 
Geol. 122120.

Tatzel, M., von Blanckenburg, F., Oelze, M., Schuessler, J.A., Bohrmann, G., 2015. The 
silicon isotope record of early silica diagenesis. Earth Planet Sci. Lett. 428, 293–303.

Tesson, B., Genet, M.J., Fernandez, V., Degand, S., Rouxhet, P.G., Martin-Jézéquel, V., 
2009. Surface chemical composition of diatoms. Chembiochem 10, 2011–2024.

Tian, Q., Liu, D., Li, M., Yuan, P., Zhou, J., Guo, H., 2023. Increasing iron concentration 
inhibits the Al-incorporation into the diatom biogenic silica: from laboratory 
simulation of ocean iron fertilization. Chem. Geol. 639, 121713.

Tian, Q., Liu, D., Yuan, P., Li, M., Yang, W., Zhou, J., Wei, H., Zhou, J., Guo, H., 2022. 
Occurrence of structural aluminium (Al) in marine diatom biological silica: visible 
evidence from microscopic analysis. Ocean Sci. 18, 321–329.
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