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Abstract

Unicellular photosynthetic golden-green algae called diatoms are one of the most abundant silicifying organisms. Diatoms take up
silicon and build their frustules, in the form of biogenic silica (BSi), which have high preservation potential, and thus are found in
sediments. Around 27 % of the annual dissolved silicon (DSi) delivery from the land to the ocean is retained in lakes and reservoirs in
the form of BSi. Therefore, diatom production in lakes creates silicon sinks and influences the Si cycle. However, the processes driving
and regulating lacustrine diatom-rich sedimentation are poorly constrained.

This dissertation investigates two lakes in very different settings to evaluate the major factors governing diatom-rich sediment
accumulation. The first study site is a small subarctic, high-latitude lake, Lake 850 in Northern Sweden, and the other study site is in
the hydrothermally active and DSi-rich Yellowstone Lake in Yellowstone National Park, Wyoming, U.S.A.

The study of the recent Si cycle in Lake 850 revealed the importance of groundwater input to the lake’s Si budget. Groundwater
brings 3 times more DSi compared to the stream inlet and thus is the main source of DSi for diatom production. Low sedimentation
rates in the last 150 years are responsible for BSi accumulation as high as 20 dry weight%. The Holocene sedimentary record shows
that the lake had low detrital input throughout the last 7400 years, likely due to low-relief geomorphology and a stable environment in
the lake’s watershed. The stable Si isotopes of fossil diatoms suggest a stable DSi supply for the lake, where only the relative proportion
of stream influx and groundwater influx of DSi are driving isotopic changes. The BSi accumulation in the sediment of Lake 850, as
high as 46 dry weight% throughout the Holocene, is driven by a combination of sufficient DSi supply from groundwater and the
stream inlet, low detrital input and good preservation of diatoms in the sediment.

In Yellowstone Lake the importance of hydrothermal vents bringing DSi into the lake was shown. The impact of hydrothermal
DSi supply is observed in the sedimentary record over the last 9800 years as elevated Ge/Si ratios (up to 37 pmol/mol). Holocene
hydrothermal input is responsible for a long-term stable lake DSi concentration and its Si isotopic signature, reflected in the fossil
diatoms. The high sustained input of DSi masks the effects of the sublacustrine Elliott’s Crater hydrothermal explosion ~8500 years
ago. The relative proportion of the DSi sources from hydrothermal fluids and stream inlets, diatom production and dissolution are
concurrent processes responsible for the variation of the Si isotopic signal. The BSi accumulation is accounted for by low accumulation
rates with limited amounts of detrital input and high diatom preservation, which results in BSi concentrations in the sediment of up
to 52 dry weight%.

On Holocene timescales, neither lake was DSi limited, which resulted from presence of the additional sources of DSi — groundwater
or hydrothermal fluids. The unlimited DSi is partly responsible for BSi accumulation. Additionally, low sediment accumulation rates
due to low detrital input, often driven by changes in climate and hydrology, are factors contributing to high BSi concentration. Finally,
a fine balance between diatom production and dissolution may influence BSi accumulation. These studies suggest that diatom-rich
sediments are likely to accumulate in lakes situated on silicon-rich bedrock and regions influenced by volcanic and hydrothermal activity
if accompanied by low clastic sediment inputs. High-latitude lakes, which may have high groundwater input also are candidates for
high BSi accumulation. Lakes with low-relief watershed morphology and with limited stream input bringing only fine-grained clastic
input have the potential to accumulate BSi.
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“In wilderness I sense the miracle of life, and behind it our scientific accomplishments fade to trivia.”
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Diatom-rich sediment formation in lakes

1 Introduction

The Earth’s crust is composed of large quantities
of silicate minerals, which are chemically weath-
ered once exposed to exogenous processes. Both
macro- and micro-nutrients are released during
the mineral weathering and distributed to the
ecosystem where they are utilized, recycled and
buried. 'Those processes are part of elemental
cycling, which is responsible for the Earth’s evolu-
tion. To understand the distribution of different
elements, biogeochemical models are established
based on observational data. Here we focus on an
essential element for single-cell silicifying algae —
silicon (Si).

The Si cycle is characterized by two sub-cycles:
the continental cycle and the oceanic cycle. These
sub-cycles are connected through rivers, which
transport the silicon from land to oceans. Dia-
toms are the most prevalent silicifying organism
in aquatic environments (Battarbee et all, 2oo2;
Opfergelt et all, po11), and marine diatom pro-
duction accounts for one quarter of the world’s
entire net primary productivity (Armbrust, 2009,
Simpson and Volcani, 1981) and one fifth of world
oxygen production. Oceanic diatom production is
fully dependent on dissolved silicon delivery from
the continental cycle. However, processes in the
continental cycle — such as diatom production and
accumulation — affect the Si delivery to the oceans
as shown by several Si mass-balance studies (Frings
et all, Ro16, poi4b; Sutton et all, po18; [Iréguer
and De La Rocha, 2o13). These studies identified
knowledge gaps in the Si cycle, particularly the
need to better constrain sinks and sources in the
continental cycle to better understand Si delivery
to the ocean. An example of those sinks or sources
is the lacustrine diatom-rich sediments, which can
retain silicon on long timescales, but they can also
release the silicon if conditions change.

This PhD project aims to investigate the pro-
cesses governing diatom-rich sediment formation

in lakes in order to enhance our understanding of
the functioning of continental silicon sinks.

2 Aims of the thesis

The aim of this thesis is to improve current un-
derstanding of retention of Si in lakes and factors
governing diatom-rich sediment formation during
the Holocene. Its main research questions are as
follows:

¢ What nomenclature should be used to name
diatom-rich sediment?

* What are the processes responsible for high
diatom accumulation in high-latitude lakes?

* How do hydrothermal inputs affect sedi-
ment accumulation of diatoms ?

* Do hydrothermal processes during the Ho-
locene affect diatom accumulation in Yel-
lowstone Lake?

* What are the general processes responsible

for Holocene diatom-rich sedimentation in
lakes?

3 Background

3.1 What is diatom-rich sediment?

Diatom-rich sediment is mainly composed of
diatom frustules and accumulates worldwide. Di-
atoms are single-cell golden algae, with an external
skeleton made of biogenic silica (BSi), known as
a frustule.
lakes, rivers, oceans, but also soils, host conditions
for diatom growth. Accumulation of diatoms

All aquatic environments, such as

in sediment is known in all aquatic environ-
ments including wetlands, lakes, and the oceans
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(Clarke, poo3). Furthermore, diatom sensitivity
to changes in water temperature, pH, dissolved
oxygen, nitrogen, phosphorus, and other nutrients
make diatoms often used as a proxy in pale-
oenvironmental reconstructions (Battarbee et all,
2002)). Dissolved silicon (DSi) concentrations in
the environment are essential for diatoms to grow,
as diatoms take up DSi to build their frustules.
Therefore, to investigate factors driving freshwater
diatom production and then accumulation, we
need to understand what is driving changes in DSi
concentrations. Essential understanding of silicon
behavior, coupled with constraining the processes
affecting DSi concentration in the environment, is
part of global Si cycle studies.

3.2 Silicon behavior

In natural waters, only small amounts of silicon
are found in the form of orthosilicic acid (H,SiO,),
which acts as a weak acid. Orthosilicic acid does
not dissociate below pH 9, and Si is soluble at
basic pH ranges (Oelzd, 2ois). Silica solubility
in hydrous fluids and soils increases with pH and
temperature (Albaredd, 20oo9g). The highest silica
solubility occurs under alkaline conditions at a
pH higher than 9 (Oelzd, po1s). Additionally,
formation of silicate complexes with Fe and Al
hydroxides decreases solubility of silicates in sed-
iment and decreases silicate solubility in waters at
pH > 7 (Wetzel, 1979). Thus, the presence of
clay minerals rich in Al and Fe can influence silica

solubility.

3.3 'The global Si cycle

The biogeochemical cycle of Si occurs in both
terrestrial and aquatic environments. A simplified
model of the Si cycle shows how DSi released by
weathering directly enters the fluvial system via
surficial run-off or groundwater (Figure [f). The
DSi delivered by rivers into the ocean accounts

for 80 % of the total annual DSi delivery to the
ocean (Frings et all, ho1d; Sutton et all, 2o18§).
Therefore, processes in the watershed are studied
to understand the DSi fluxes. Several sinks and
sources of DSi, such as soils, lakes and reservoirs
(e.g., damming), were identified as important in
regulating DSi delivery (Frings et all, 2016).

Dissolved silicon is delivered from weathered
bedrock. The Earth’s crust is composed primarily
of Si, Al and O in the form of aluminosilicates.
Silicon occurs as 1. a crystalline form of /ithogenic
silica in soils, minerals and rocks (LSi), 2. poorly
ordered crystalline amorphous silica (ASi), which
includes biogenic silica (BSi) produced by organ-
isms, and 3. dissolved silicon (DSi) available in wa-
ters (McKeague and Cling, [963). Quartz, feldspar
and chalcedony are the predominant forms of
crystalline lithogenic silica that are weathered and
supply the system with DSi (McKeague and Cliné,

1963).

The silicon release to the environment by chemical
weathering of igneous silicate rocks and minerals
is accompanied by CO, consumption (Sommet
et all, ooG):

CaAl,Si,Og +2CO, + 8H,0 ——
Ca’*™ 4+ 2AI(OH); + 2 H4SiO4 + 2HCO;3 ™ (1)

Silicate weathering produces orthosilicic acid
(H,SiO,), also reported as dissolved silicon (DSi),
which is transported by rivers to the ocean. The
global mean of DSi concentration in natural
waters is 9.5 mg SiO, I7! (~160 uM) (Diirr et al,
2o11). The highest DSi concentrations (up to
125 mg SiO, I™!) occur in groundwaters and hy-
drothermal fluids (580 mgSiO,1™") that are in
contact with volcanic rock (Fowler et all, 2o19b;
Georg et all, boog; Schopka and Derry, ro12
Wetzel, 1979).
associated with plutonic rocks, sediments con-

Intermediate concentrations are

taining feldspar, and volcanic rock fragments.
Carbonates and marine sandstones are generally
associated with a lower amount of DSi (Wetzel,
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Figure 1: Schematic figure of the modern day global Si cycle by Frings et al] (2016). Values shows the magnitudes
of the fluxes (in molyr~!) and also §°°Si values (in %o). The values of fractionation (g, %o) showed in the inset
panels are associated with BSi production and clay minerals.

1979). On its pathway to the ocean, DSi cycles
through continental filters, such as soils, lakes and
reservoirs, which can efficiently remove DSi from

the water and retain it for a long time (Frings et all,

20148).

3.3.1 Terrestrial Si filters

Most of the DSi passes through a terrestrial filter
before it is exported into river systems (Derry etall,
2005; Struyf et all, 2oog). In many terrestrial
ecosystems the soil-plant ASi pool stores more
Si than the DSi released annually by weathering;

therefore, the soil-plant system acts as a filter

(Clymans et al), 2o11; Frings et all, 2o16; Struyt
et all, bo1id). Soils can retain DSi as it is taken

up by vascular plants to build supportive siliceous

structures — phytoliths (Pipernd, poor). Those silica

bodies are precipitated in roots, stems, branches,
leaves or needles as biogenic silica (BSi) and can
be recycled in litterfall after the plant dies.

The phytolith BSi can be structurally or chemically
altered by dissolution and precipitation processes
in soils (Barao et all, 2o14; Cornelis et all, bor;
Sommer et all, pood), forming pedogenic silica.
Due to loss of water during dissolution and pre-
cipitation processes, the pedogenic silica can gain
more structural order, and thus its solubility and

reactivity decreases compared to the original BSi
and ASi (Saccone et all, poo7). Under acidic
conditions in soils, the ASi and pedogenic silica are
lost slowly, because they are insoluble (McKeague

and Clind, [963). Hence, soils can store large
Si stocks, but they are particularly susceptible to

human perturbation connected to changes in pH
(Clymans et all, pori).
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3.3.2 Lacustrine continental Si sink

Not only soils, but also lakes and reservoirs
(damming) can store silicon. Lakes are considered
to store 21-27 % of the annual global DSi delivery
to the ocean in lake sediments (Frings et all,
oig4b)). Diatoms act as a silicon sink, as they grow
in all aquatic environments and take up DSi to
build their frustules, which are deposited in the
sediment in the form of biogenic silica (BSi) after
their death. The BSi accumulation depends on
several factors:

1. Favorable conditions for diatoms to grow,
such as light and nutrients. Diatoms are
limited by the DSi concentration in the
environment. Therefore, continuous DSi

supply or Si recycling in the water column

are crucial for sustaining diatom produc-

tion and thus BSi accumulation (Ragueneay
erall, 5006).

2. The DSi supply must be higher than the DSi
removal by an outlet in order to accumulate
BSi. An excessive supply of DSi or fast

sedimentation rates prevent diatom dissolu-
tion in the water column and diatom-rich
sediments are formed.

3. Lakeswith low detrital input (Conget, 1942)
have the potential to accumulate BSi in the
sediment.

4. Volcanic and hydrothermal lakes enriched

in DSi may accumulate BSi (Conley, 1998).

A conceptual model was created to illustrate all the
above mentioned factors influencing diatom-rich
sediment formation in volcanic and non-volcanic
settings, which were both studied for their silicon
cycle (Figure ).

3.4 Stable Si isotopes

Stable silicon isotopes have previously been used as
a tool to constrain different biological and chemi-
cal processes influencing DSi concentrations in the
global Si cycle. Silicon has three stable isotopes,
which have different relative abundances in nature:
Si (92.18 %), *Si (4.71 %), and *Si (3.12 %)
(Reynolds, 1953). Due to different masses of the

source of light for photosynthesis

weathering
of bedrock

Run-off by precipitations

Dg; ;
/Inf/OW
DSi inflow

DSi <-> BSi
in vegetation

groundwater table

S
shallow-water
diatomite

volcanic ash fall (SiO,) from eruption

Diatom production

Lava flows as
new bedrock
(source of SiO,)

c o

> Jeep-water o hydrothermal DSi input

diatomite
3 - magmatic activity

Figure 2: A conceptual model of diatom-rich sediment formation.
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isotopes — **Si (27.976927), *Si (28.976495), *°Si
(29.973770) — there is mass-dependent fraction-
ation, which occurs during physical, chemical,
and biological processes. Two main isotopic
fractionation types are distinguished: 1. kinetic
fractionation, and 2. equilibrium fractionation.
Kinetic fractionation occurs during an irreversible
chemical reaction of physical processes and pref-
erentially enriches the product in lighter isotopes.
One example of kinetic fractionation is the uptake
and incorporation of Si by diatoms or plants.
Equilibrium fractionation is associated with re-
versible chemical reactions and physical processes
(when the chemical reaction is in equilibrium)
(Opfergelt et all, 2o11; Wiederhold, 2ors).

Because mass spectrometric methods allow the
difference in isotopic ratio of two stable isotopes
to be measured much more precisely than their ab-
solute abundance (Poitrasson, 2o17), the isotopic
composition is expressed as a ratio of two isotopes.
Additionally, to compare the isotopic composition
of different materials, the measured isotopic ratios
in the materials are normalized by comparing them
with an international reference standard.

The Si isotopic fractionation between the sample
and the standard is then expressed in %o as:
(&

2853 ) sample

— 1] -1000.

5Si(%o0) = (2)

(%gi ) standard

Different reference materials are used as standards,
most often NBS-28, now registered as RM-8546,
a reference for silicate solid samples or secondary
standard diatomite (Reynolds et all, 2oo7). To
describe the degree of isotopic fractionation be-
tween two materials, e.g., A and B, we use the
[fractionation factor oy_p:

(3)

In natural environments, a_p is very close to 1;
hence, the discrimination between two materials

A and B is presented in permille as

305A—B = (aA—B - 1) - 1000. (4)

Because of a small Si isotope fractionation, the
discrimination between two materials A and B can
be expressed as A*’Si,_p, which gives us a good

approximation for the fractionation (*’¢):
3051‘1—8 =~ 103 lIl(O(A_B) =~ ASOSiA_B,

308,4_3 = 53OSiA — 530813.

(5)
(6)

In general, Si isotopes have a tendency to fraction-
ate in association with the formation of a solid
form from a solution and preferentially incorpo-
rate the lighter isotopes into the newly formed

solid.

Fractionation results in the residual solution being
enriched in the heavier isotopes (De La Rocha
et all, 2000, 1997; Optergelt and Delmelle, po12};
Ziegler et all, poos). There are three main processes
observed in the Si cycle that fractionate the Si iso-
topes: rock forming processes, water-rock interac-
tion processes, and biological processes (Figure B).

Rock forming processes happen on longer geolog-
ical timescales and thus are not in the scope of this
thesis. The water-rock interaction processes are
of two types: firstly, the formation of secondary
minerals and soils, and secondly, the hydrothermal
fluids and deposits. In all cases the light isotopes
are preferentially incorporated into the clay, hy-
drothermal fluid or deposit, and the residual water
DSi carries a heavier isotopic signature (Figure f).

Finally, biological processes are represented by
silicifying organisms, which come from different
phylogenetic branches, such as the stramenopiles
(e.g., diatoms), rhizarians (e.g., radiolarians), opis-
thokonts (e.g., sponges), land plants, and cyano-
bacteria. They all take up DSi and deposit it in
the form of biogenic silica (Marron et all, 2016).
The BSi formed by diatoms, sponges, radiolarians
and plants will show a lighter isotopic signature
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Figure 3: Variation of §°°Si in the different materials. [1] are rock forming processes, [2] water-rock interactions,

(3] biological processes, [4] water reservoir by Opfergelt and Delmelle (2o12).

than the DSi source, and fractionates differently
(Figure f).

3.5 Siisotope fractionation models

The effect of the discrimination of the heavier
Si isotopes during DSi utilization by diatoms is
described in isotopic fractionation models. Such
models follow one of two approaches.

The first approach uses the Rayleigh model of
isotope distillation and predicts the Si isotopes
behavior in a closed system (see Box [ and Figure
[f). This model assumes a finite silicon reservoir
without any external sources (De La Rocha et all,
1997). It is often used in systems with a limited

DSi source, such as well stratified lakes and oceans,
where the evolution of the Si isotopic signature re-
flects DSi utilization. The more DSi is consumed,
the smaller the fractionation ¢ (Figure [, black
lines). The second approach is a steady-state model
describing an open system where a continuous
supply of DSi from the same external source is
assumed (Varela et all, 20o4) (see Box fi, Figure [f).

Lakes with high DSi concentrations and large BSi
accumulation are considered to have an infinite
pool, and hence the open system model is used.
As the isotopic signature of BSi does not reflect
the DSi utilization in open DSi-unlimited systems,
the interpretation of stable Si isotopes in these
cases includes more variables, such as DSi sources
and in-lake processes. Therefore, knowledge of
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current lake DSi and BSi concentrations is an
important starting point for defining all variables
potentially driving BSi accumulation and Si iso-
topic signatures.

Residual reactant, Rayleigh
— — - Instantaneous product, P{ai,rlei%h
--------- Accumulated product, Rayleig
Residual reactant, steady-state
— — - Product, steady-state
5
4.5
4 4+
Q351
8
z 37
a}) 25 F
2 o1
(7]
8@ 1.5 -
1+
0.5 -
0

1 08 06 04 02 0
Fraction of reactant utilised (fSi)

Figure 4: Two fractionation models showing the evo-
lution of the Si isotopic signature during the formation
of BSi from DSi by organisms by Frings et al] (2016).
On the x-axis is the fraction of DSi used from 1 to 0,
where 1 represents the situation when no DSi is left
in the system.The open system model is shown by red
lines, whereas the Rayleigh closed system is in black.
The y-axis shows the Si isotopic composition. The
dashed lines represent the §°°Si BSi product, solid lines
show the §%°Si of the residual DSi and the dotted
line represents the accumulated product of the closed
system model. The fractionation factor (¢) is the
difference between the dashed and solid lines.

3.6 Current state of knowledge of lake
Si budgets

Some lake sediments have a BSi concentration
as high as 60 weight percent (wt%) of SiO,
(Frings et all, 2oi4b; Rosén et all, 2o10), but no
mechanism or pattern has been proposed for such
high values. [Frings et al! (2oi4b) demonstrated
that surface sediment BSi concentration in lakes
shows no correlation with pH, DSi concentration,
lake size and depth, latitude, altitude, vegetation
type or lithology. Nevertheless, high BSi accu-
mulations tend to be found in high latitudes,
low-nutrient lake systems (Rosén et all, 2o1d),
which would require sufficient DSi concentration,
low detrital input (Conget, [942)) and additionally
limited dissolution and low competition by other
organisms (Egge and Aksned, 1992); Panizzo et all,
po1d; Swann et al), bo10).

Stable Si isotopes have been used to constrain
DSi utilization by diatoms and identification of
DSi sources; however, only a limited number
of studies on Si mass balances and/or stable Si
isotopes in lakes have been published. Studies on
Si mass balance have been done on Lake Superior
and Lake Michigan in the USA (Johnson and
Eisenreich| [979; Schelske, [984), Lake Tanganyika
in the East African Rift (Alleman et al!, 20o9),
Lake Kasumigaura in Japan (Arai and Fukushima,
2012), Lake Myvatten in Iceland (Opfergelt et all,
2011), and Lake Baikal in Russia (Panizzo et all,
2017). In addition, estimated mass balance of 34
lakes and reservoirs has been done on datasets from
Frings et all (2o14b). However, from all of the
studies mentioned above, only few include stable
Si isotope balance.

Isotopic signature from fossil diatoms has been
used as a proxy in oceanic and continental systems
for changes in climate (De La Rocha et all,
1998; Hendry and Brzezinski, 2o14; Optergelt and
Delmellé, por2), changes in vegetation (Frings
et al), po1d, po14d; Leng et all, oog; Sun et all,
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Box 1: Silicon fractionation models

The Rayleigh model
The Rayleigh model for closed systems describes the post-production DSi ((53°Sipos[D5i) as:

30 _ 30
07 SipostDsi =~ Epsi—ssi - In(f5:),

(7)

where *epg;_pg; is the fractionation factor between the solid and the aqueous DSi isotopic
signature and f; is the fraction of utilized DSi.

Furthermore, the accumulated BSi signature is modeled as (De La Rocha et all, 1997; Frings
et all, 2016; Opfergelt and Delmelle, 2or2):

fi
1 —fs

where §7°Sij, is the Si isotopic signature of the initial DSi before uptake (Mariotti et all, [981).

6°Sipg; = 6°°Sij, — ( ) Oepsi_psi - In(f), ®)

Steady-state model
The open system model is used for systems with constant supply of DSi and the expected
post-production 53OSipostD51 is modeled as (Frings et al, 2016; Varela et al., 2004):

53051postDSi = Pepsipsi - (1 — 1), ©)
and the expected BSi signature §*°Sigg; is calculated as:
§°Sigs; = 6°°Siiy, + *epsi_psi - fsi, (10)

where §°°Siy, is the isotopic signature of the initial DSi source, and *’epg; pg; is the fractionation
factor. For marine diatoms, *cpg;_ps; = 1.1%0 = 0.41%o0 (De La Rocha et al, 1997), whereas
for freshwater diatoms, *°cpg;_ps; = 1.61%o0 (Panizzo et all, 2o16). Most paleoenvironmental
studies use the fractionation factor of marine diatoms since there are few data for the
fractionation factor by freshwater diatoms. Moreover, the species-specific fractionation is still
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discussed in the Si isotope community.

2o11), and changes in DSi sources (Nantke et all,
2019; Vandevenne et all, borg). Nevertheless, in
lacustrine sediments the 6°°Sigg; method is still not
widely used, with only a few published studies.
These studies have shown that 6°°Sigg; in lake en-
vironments is related to processes in the watershed
and to regional climate systems, e.g., Lake Victoria
and Lake Edward in East Africa (Cockerton et all,
2015). Moreover, in-lake biogeochemical pro-
cesses, such as diatom production and dissolution,
were shown to drive the §°°Sigg; in Lake Rutundu

(Street-Perrott et all, poo8) and Lake Huguangyan
(Chen et all, por2). In ultra-oligotrophic Lake
El'gygytgyn, 6°Sips; reflects changes in nutrient
supply directly linked to diatom DSi utilization
(Swann et all, ko10).

Additionally, in the dammed river Changjiang,
changes in §**Sipg; are related to the co-occurrence
of clay mineral formation and seasonal diatom
DSi uptake (Zhang et all, 2020). The complexity
of long-term changes in the isotopic composition

I0
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and several simultaneous processes is also demon-
strated in Lake Baikal (Panizzo et all, 2o1d).

Based on current knowledge of lake Si cycling,
I investigate two lakes in this thesis for the key
controlling factors, such as sedimentation rates,
detrital input, continuous DSi sources, including
groundwater and hydrothermalism that influence
lake Si cycles in order to better constrain BSi
accumulation.

3.6.1 Groundwater responsible for the high BSi

accumulation

Groundwater is one of the poorly understood parts
of lake systems, as measurements of groundwa-
ter discharges and chemistry are very complex.
Submarine groundwater discharge is an impor-
tant component in the ocean nutrient budget
(Johannes, 198d; Moore, 2o1o; Null et all, bor2).
High DSi concentrations have been identified in
groundwaters worldwide (Georg et all, 2ooéa,
2009; Hurley et alJ, 198s; Luijendijk et all, 2020;
Maavara et al}, 2o18). However, only a few studies
on groundwater influences on lake and river Si cy-
cle have been carried out, even though it has been
shown that the contribution of groundwater input
is substantial, especially into alpine and mountain
lakes (Clow et all, boo3; Hood et all, 2oo6; Huth

Box 2: Groundwater quantification

et all, ood; Liu et all, ooq). The distinctive
characteristic of the influx of groundwater DSi
into lakes compared to surface waters is the low
amount of detrital material carried. Therefore,
groundwaters can contribute to BSi accumulation
by keeping the sedimentation undiluted by clas-
tics.

The first task is to identify the presence of substan-
tial groundwater into to the lake. For this purpose,
several methods can be used. Water mass-balance
calculations have been used (Box ff), where all in-
fluxes and outfluxes were well constrained (Hood
et all, 2006). A method of hydrograph separation
using stable oxygen isotopes to identify the contri-
bution of different end-members” inflowing water
into a lake has been used in several mountain lakes
(Huth et al}, poo4; Liu et all, Roo4). Additionally,
silicon concentrations have been used to identify
how much snow meltwater has been delivered
through subsurface paths (Huth et all, oog).

Another approach to track and quantify ground-
water is to use **’Rn balance (Paper II) (Di
mova et all, or3). Radon is released from
radium-bearing minerals present in bedrock, soils,
and sediments. Released radon is the product of
radioactive decay of 226Ra. Therefore, radon is
more concentrated in subsurface waters compared
to surface waters. A quantification of groundwater

Radon fluxes

Radon concentration measurements are used in Paper II for the construction of a radon mass
balance and calculation of groundwater fluxes into the lake (Dimova and Burnett, 2o1f; Dimova
et all, por3). Radon (**Rn) is produced during the radioactive decay of **°Ra, which is
present in rocks, soils, and sediments. Radon released from radium (Ra) bearing minerals
enters the groundwater and is transported through aquifers. Groundwaters usually contain Rn
concentrations orders of magnitude higher than surface waters. Thus, groundwater discharging
into lakes can be detected by measuring the Rn in the lake water and end-members from
sediment (the groundwater). Further, by using the steady-state **?Rn, mass balance the Rn
enrichment of the lake water is quantified, as well as the groundwater flux (Burnett and Dulaiova,
2003; Dimova and Burnett, 2o11; Dimova et all, 2013).

II
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influx is then calculated by radon mass balance
knowing all radon sources and sinks (Box P
Dimova and Burnett, korr).

3.6.2 Hydrothermalism as a driver of high BSi

accumulation

One of the study sites is the silicon-rich volcanic
Yellowstone Lake, partly situated in the Yellow-
stone Caldera, which was formed by the last cata-
clysmic eruption 640 000 years ago (Christiansen,
pool). The Yellowstone Plateau Volcanic Field is
still active mainly with on-land hydrothermalism
(Hurwitz and Lowenstern, 2o14).

However, two types of sublacustrine hydrothermal
vents have been found within Yellowstone Lake
(Balistrieri et all, 2oo7; Fowler et all, Roighj
Gemery-Hill et al], 2oo7; Morgan et all, poo3;
Shanks et all, 2oo7). One of the vent systems
in the west of Yellowstone Lake is of neutral to
alkaline chemistry, and those vents bring high DSi
concentration (~200 mg SiO, 17!) water into the
lake (Fowler et all, porgb). The other venting
system in the northern part of the lake is of acidic,
steam-heated character, and does not contribute
much to the lake Si budget (Fowler et all, po19a).

Steam vents have a fluid chemistry close to the
lake chemistry, which suggests that the steam heats
up groundwater or pore water in the sediment,
and those fluids are percolating upwards through
the sediment and subsequently mix with the lake
bottom waters. Those vents bring fluids with a DSi
concentration of around 15mgSiO, 1" (Fowler
et al), po19d).

A result of the combination of on-land hydrother-
mal vents feeding lake tributaries with the subla-
custrine hydrothermalism and the weathering of
the silica-rich bedrock in the watershed is that the
DSi concentration of Yellowstone Lake is high,
around 12 mgSiO, 17! (Balistrieri et all, Roo7;
Gemery-Hill et all, 2007), which is above the

Those

increased DSi concentrations are responsible for
unlimited diatom growth and limited dissolution

world’s river mean (Frings et all, 2o1d).

of diatom valves, which together create favor-
able conditions for massive BSi accumulation.
The Yellowstone Lake system demonstrates the
importance of hydrothermalism for diatom-rich
sedimentation. However, studies on sublacustrine
hydrothermalism and its impact on Si budgets are
very sparse. To untangle the sources of DSi in
Yellowstone Lake, a trace element, germanium, is
used together with silicon to identify the relative
importance of processes, such as hydrothermalism
or weathering of bedrock in the watershed.

3.6.3 Using germanium as a trace element

Germanium (Ge) is a trace element, which mimics
the behavior of Si in natural processes. Due to
the very similar atom ionic sizes, covalent Si-O
and Ge-O bond lengths, and identical outer elec-
tronic structures, Ge behaves like stable Si isotopes
(Froelich et all, [992). Similarly to DSi, dissolved
Ge (DGe) originates ultimately from silicate rock
weathering (Froelich et all, 1989). Ge/Si ratios are
used as a tracer of sources and silicon behavior in
exogenic processes, such as chemical weathering,
biological uptake or secondary mineral forma-
tion (Froelich et all, 1992; Kurtz et all, ooz,
2011; Murnane and Stallard, 1999). The Ge/Si
ratios characteristic for bedrock range between
1.5 and 6.8 pmol/mol (Mortlock and Frohlich,
1987; [Tribovillard, 2o13), the riverine Ge/Si ratios
are within a range of 0.1 to 1.3 pmol/mol, and
hydrothermal fluids have Ge/Si ratios ranging
from 2 to 1000 pmol/mol (Arndrsson, 1984; Evans
and Derryl, 2002; Mortlock et all, 1993).

Because of the large difference between riverine
and hydrothermal Ge/Si ratios, Ge/Si ratios have
a high potential to trace hydrothermal inputs.
However, to distinguish processes driving changes
in Ge/Si ratios, where both hydrothermalism and

12



Diatom-rich sediment formation in lakes

Box 3: Balance models

The effect of lakes on the Si cycle can be quantified through BSi accumulation, where mass
balance is used to quantify all Si fluxes and BSi sinks. DSi is brought by rivers and tributaries,
as well as by groundwater. Diatoms form BSi, which is partly preserved in the sediment. The
flux of BSi into the sediment is a sign of higher DSi influxes relative to outfluxes. To constrain
DSi fluxes, the water balance must be constructed prior to the Si mass balance. When the lake
water balance is in steady-state, the Si mass balance can be calculated. The lake water (eq. i) or
DSi mass balance (eq. [2)) is calculated using balance equations:

AV = Qin + QGWin + P— Qout - QGWout - E,

(1)
where AV is the change in lake water volume, Qj, is stream inflow, Qgwi, is groundwater
inflow, P is precipitation, Qo is stream outflow, Qgwou is out-flowing groundwater, and
E is evaporation. Groundwater can be replaced or complemented with hydrothermal fluid

discharges.

The DSi flux is calculated as F = Q - ¢, where Q is discharge and ¢ is DSi concentration. The
DSi balance is then calculated as:

ADSi = En + FG\X/ in (12)
where ADSi is the change of lake DSi, £, is the stream DSi influx, F,, is the stream DSi
outflux, Fgw i, is the incoming groundwater DSi flux, and finally Fy oy is the DSi outflux via
groundwater. Groundwater fluxes can be replaced or complemented with hydrothermal fluid
fluxes. Fgg; is lux of BSi into the sediment calculated as:

- Fout - FGWout - FBSi;

Fgsi = SR - pary - BSi wt%, (13)
where SR is sedimentation rate, pg, is dry bulk sediment density, and BSi wz% is the BSi
concentration in sediment.

A positive Si mass balance is defined as Fpg; > 0, which occurs in condition where £, > F,,,.
Hence, if steady-state is reached, ADS7 = 0.

Based on the water and Si mass-balance models, stable Si isotope balance models (Section p.5)
can be used to calculate the DSi utilization, the DSi source isotopic composition or the BSi
isotopic composition, depending on known variables.

clay mineral formation show enrichment in Ge,
stable Si isotopes are used. The stable Si isotopes
are typically isotopically lighter in hydrothermal
fluids compared to the remaining DSi after clay
mineral formation; therefore, the processes re-
sponsible for the Ge/Si ratio and 6°°Si signature

can be identified. A combination of these two
proxies is a useful tool for studying the influence of
hydrothermal inputs into Yellowstone Lake. Ad-
ditionally, §*°Si combined with Ge/Si in diatom
frustules has the potential to identify the relative
proportion of the effects of diatom production
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versus hydrothermal inputs on the diatom isotopic
signature.

4 Methods

4.1 Dissolved silicon

Silicon dissolved in water is present as orthosilicic
acid (H,SiO,), with an assumption that most of
the DSi is a monomer. Polymerization occurs
only at extreme pH and temperatures (Dietzel,
200d; Wonisch et all, 2008) and in the presence
of a high concentration of organics (Coradin and
Livage, poo1). Therefore, natural samples from
organic-rich environments or hydrothermal fluid
samples with extreme pH, both high and low, and
extreme temperatures need to be treated cautiously
in order to deliver accurate DSi concentrations.
Water samples measured in this thesis originate
from oligotrophic lakes and streams, therefore,
the risk of polymerization is low. Hydrothermal
vent fluid were sampled by a specialized sampling
system developed by Wu et al] (2o11) and diluted
to lower DSi concentrations (described in Fowler
et al] (2o19a,b) to prevent effects of fractionation
during the sampling process.

All river and lake water samples were filtered
directly in the field through a 0.45pm cellu-
lose Sterivex™-HV Durapore filter and acidified
with HCI to pH 2 in the laboratory before
the analysis of DSi concentrations. An auto-
mated molybdate-blue method (Grasshoff, 1999;
Hansen and Grasshoff, 1983) was used for DSi
measurements with a Smartchem 200 (AMS Sys-
tem) discrete analyzer with an instrumental er-
ror of £3.7%. The molybdate-blue method is
based on the reaction of monomeric silicic acid
with ammonium molybdate forming a yellow
molybdosilicic acid complex. This complex is
reduced from Mo(IV) to Mo(V) by ascorbic acid
to heteropoly-molybdenum, which is measured

spectrophotometrically at 660 nm.

4.2 Sedimentary biogenic silica

The quantification of BSi is done through a con-
version of BSi into DSi via weak-alkaline extrac-
tion (Conley and Schelske, 2001; DeMastet, 1981).
'This method is based on slower dissolution rates of
minerals compared to the dissolution rates of BSi
in a weak alkaline reagent. Thus, the extraction is
done by digesting 30 mg of freeze-dried homoge-
nized sediment in 0.1M Na, CO; for 5 hours with
sub-sampling of 0.1 ml after 3, 4, and 5 hours.

A limited number of samples (-5 %) was tested for
dissolution of SiO, by prolonged digestion over
24 hours with sub-sampling after 3, 4, 5, 9, 10,
11, 20, 22, and 24 hours of the digestion. Based
on those samples, no distinguishable minerogenic
SiO, dissolution occurred during the digestion.
Therefore, weight percentages of biogenic SiO,
were calculated as the mean value of extracted SiO,
during the first five hours. DSi concentrations
were measured as described in Section 4.1.

4.3 Stable silicon isotopes

4.3.1  Sample preparation

Stable silicon isotope analyses are done on pure
diatoms, opaline silica materials, or waters. To
gain clean diatoms, secondary minerals, organic
matter, and carbonates have to be removed from
the sample by a combination of chemical, physical,
and mechanical separations. Organic matter and
carbonates are removed using 33 % H,O, and
5% to 30% HCI, respectively (Morley et all,
2004). The mineral fraction is separated by using
density differences between the mineral fraction
(2.6 gcm ™) and the biogenic silica (2.0 gem ™).
The method of heavy liquid separation using
sodium polytungstate at densities of 2.05 to
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2.1 gcm™ is used to separate the floating opaline
silica from the settled mineral fraction. Clusters
of secondary minerals often have similar densities
as biogenic silica. Therefore, 0.05M sodium
pyrophosphate (Na,P,O.) is used to disintegrate
fine grain-size clay clusters, and the sample is then
sieved at 53 and/or 25 pm for the final removal
of clay particles (grain size <53 pm). The sample
purity is always confirmed by using first light mi-
croscopy and further by using a scanning electron
microscope (SEM) (Figure [) with the possible
extension of energy-dispersive X-ray spectroscopy
(EDS) to map possible contaminants.

Figure 5: An example of cleaned diatoms from Yellow-

stone Lake

Cleaned opaline material — diatoms — is trans-
formed into solution by dissolution in 0.5 to 1 ml
of 0.4 M NaOH (analytical purity) at 50 °C for
at least 48 hours. After 48 hours of dissolution,
samples are diluted with Milli-Q°® water to pre-
vent amorphous silica precipitation and artificially
caused fractionation. The samples are further
neutralized by 0.5 to 1ml of 0.4M suprapur’
HCIL.  The DSi concentration of the produced
solutions is analyzed (Section j4.1) to obtain Si
recovery, which must be between 90 and 100 %.

Water samples are usually filtered directly in the
field and later acidified to prevent any processes
causing fractionation. For most of the water
samples no additional cleaning is needed. Only
samples with excessive concentrations of sulfates
or chlorides must be additionally pre-cleaned by
using anion-chromatographic separation (Gaspard
et all, 2020) or overcome by doping with H,SO,

before isotope measurements (Chen et all, 2o20;
Hughes et all, 2o11; Oelze et al., 2016).

Sample solutions are further purified before silicon

analysis by a cation-chromatographic separation,
which removes any contaminants left and results
in a solution of pure Si (Georg et all, 2006b). The
international Si standard NIST reference material
RM-8546 (former NBS-28) and the laboratory
standard Diatomite are both cleaned along the
sample purification to constrain the cleaning pro-
cess, and full chemical column blanks are also

included.

4.3.2 Silicon isotopic composition determina-
tion

Stable Si isotopes are commonly measured
by multi-collector inductively coupled plasma
mass-spectrometers (MC-IPC-MS, Box [f). Our
measurements were performed on a NuPlasma
(II) HR MC-ICP-MS (Nu Instruments™) in dry
plasma mode using an Apex HF desolvation
nebulizer at the Vegacenter, Swedish Museum of
Natural History, Stockholm.

All samples were spiked with Li to match the stan-
dard matrix (see Box [f). The instrumental mass
bias is constrained by using the sample—standard
bracketing technique. The **Si signal of full
procedural blanks is always determined in order to
identify possible sample contamination.

Silicon isotopes data are reported as deviations of
30¢; 29¢: X
St and rﬁi from the RM-8546 in %o, denoted

283
6°Si as shown in equation Bl. Full chemical sample
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Box 4: MC-ICP-MS

sample

t

Apex HF

Multi-collector inductively-coupled plasma mass-spectrometers are nowadays commonly used
for Si isotope measurements. The principal mechanisms behind the measurements are that a
solution is introduced, in our case through Apex HE into an inductively-coupled plasma created
by a torch, where electrons are removed and positively charged ions are formed. These ions are
accelerated across an electrical potential gradient up to 10kV, focused into a beam using a series
of slits and focus lenses, and passed through an energy filter (electrostatic analyzer). A consistent
energy spectrum is created by the energy filter and further passes through a magnetic field, which
separates ions based on their mass-to-charge ratio. Finally, the beams of sorted ions are collected
by multiple collectors simultaneously, where the ions are converted to voltage. The isotope ratios
are then calculated by comparing voltages from different collectors.

Focus lenses Electrostatic

Torch)j I I ” I analyzer

Whh

Magnet

Zoom optics

Collector array
16 faraday collectors
5 lon counters

A simplified scheme of MC-ICP-MS NuPlasma instrument in Vegacenter, Swedish Museum of Natural
History, Stockholm. Modified from the original Vegacenter scheme (Vegacentet, 2020).

replicates are measured in order to determine the
natural variability of the sample, whereas analytical
replicates are used to quantify the measurement

deviation.

16



Diatom-rich sediment formation in lakes

Box 5: Standard preparation

The sample isotopic ratio is always normal-
ized to a standard material. Therefore, the
international Si standard NIST reference
material RM-8546 (former NBS-28), as well
as laboratory standards are prepared via
NaOH fusion (Georg et al!, boo6h).

Another way of standard preparation is used
in the Vegacenter facilities, where Si iso-
topes were measured. The laboratory stan-
dards IRMM-o18, Big-Batch, Diatomite,
and the international Si standard RM-8546
were prepared by fusion with LiBO, (Sun
et all, 2o1d), and thus the standard matrix
contains Li.

Therefore, our alkaline NaOH fused
RM-8546 and Diatomite standards,
cleaned along with the sample purification,
were matrix matched to contain 3 mgl™!
Li IPC-MS standard. Similarly, all purified
samples were diluted to a concentration
of 3mgl™! of Si in a 0.12M Seastar™
HCI matrix and doped with Li to contain
3mgl™! of Li to match the Vegacenter
standard matrix.

A three-isotope plot 6°°Si vs §%°Si is used to
ensure that there are no polyatomic interferences
present during mass spectrometry measurements.
All measured samples should fall on the expected
mass-dependent fractionation line with a slope of
0.5092 (Figure [, Reynolds et all, poo7).

The secondary reference materials Diatomite,
Big-Batch, and IRMM-018 are measured through-
out all measuring sessions. Our measuring sessions
(over 3 years) resulted in means of 6°°Si = 1.26 +
0.19 %o (2SDiepeareds 7 = 219) for Diatomite,
6%°Si = —10.64 £ 0.18 %0 (2SDepeaed> 2 = 77)
for Big-Batch, and 3°Si = —1.77 4+ 0.18 %o
(28D:epeaeds 7 = 100) for IRMM-o18. All sec-

ondary reference material values are in good agree-

ment with values from previous inter-laboratory
comparisons (Reynolds et all, 20o7). The repro-
ducibility and repeatability of all samples is 0.2 %o.
In the Vegacenter laboratory long-term precision
was determined to be 0.15 %o (expressed as 2SD).

3
£
&
@
-3
2" 8081 %o
Figure 6: Three-isotopes plot of all Si isotope

measurements in this thesis. Data plotted
without error bars, however, all data follow the
expected mass-dependent fractionation line with
slope 0.5092 (blue line) (Reynolds et all, 2oo7),

§%Si = 0.51 - §%°Si, R?2 = 0.99, n = 986.

4.4 Gel/Si ratios determination

Ge/Si mole ratios can be determined using sev-
eral techniques, but in general, concentrations
of DGe and DSi are measured, and the Ge/Si
To
measure Si concentrations, the molybdate-blue
method can be used, as well as inductively-coupled
plasma-optical emission spectrometry (ICP-OES)

ratios are calculated from those values.

or inductively-coupled plasma mass spectrometry
(ICP-MS). Due to its low natural abundance,
germanium needs to be measured by an ICP-MS
through measuring the most abundant Ge iso-
tope (35.99%). In case of measuring both DSi
and DGe concentrations on an ICP-MS, the two
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isotopes 7*Ge and *’Si are monitored. Polyatomic
interferences (e.g., **Ar, *Ar on 7Ge) are removed
by a collision cell with He as reaction gas. Then,
the Ge/Si ratios are calculated directly from the
ratio of beam intensities.

Total organic carbon and nitrogen

—TOC and TN

4.5

Total organic carbon (TOC) and total nitrogen
(TN) analyses are used to better constrain the
sediment composition by quantification of organic
matter (Papers 11, III, and IV). To measure TOC
and TN, a COSTECH ECS4o010 elemental an-
alyzer was used. Samples of dried homogenized
sediment are packed in tin capsules and introduced
into an ignition chamber, where the capsules are
combusted. During this combustion, nitrogen
and carbon gasses are released and carried by a
carrier gas (He) to a pre-packed reaction column.
The pre-packed column contains copper wires to
remove any oxygen which was not consumed dur-
ing the initial combustion and converts any oxides
of nitrogen into N, gas. Further, the de-oxidized
gasses pass through a gas-chromatographic (GC)
column placed in an oven and heated up; thus
the carbon and nitrogen are separated. After
the separation, the C and N are quantified by
a thermal conductivity detector. TOC and TN
are measured simultaneously and the C/N ratio
is calculated to identify the organic matter source
(Meyers, 2003).

If a sediment contains calcium carbonate, the
TOC measurements would be biased. Therefore,
samples are tested for carbonate (CaCO;) con-
tent by comparing bulk sediment TOC with the
de-calcified replicate. The de-calcification is done
before the TOC measurements by adding HCI
and heating to 60°C in silver capsules (Brodie
et all, 2o11). Both replicates are measured, and the
carbonate content is calculated as the difference in
TOC between the de-calcified sample and the bulk

sample.

4.6 ITRAX pX-ray fluorescence — XRF

All long cores (Papers III and IV) were scanned
by ITRAX puXRF analyzer using the X-Ray Flu-
orescence principle. The technique of X-Ray
Fluorescence is used to determine the elemental
composition of sediment. The principle of this
method is to expose the sediment to X-rays,
which causes ionization of the atoms, excitation
of electrons from the atomic inner orbit. When
an electron is excited, the atom becomes unstable,
and electrons from higher orbitals must stabilize
the atom by filling the gap left by the excited
electron. As these electrons are moving from
higher energy orbitals to lower ones, the excessive
energy is released in the form of photons. The
energy released is equal to the energy difference
between two orbitals, which is element-specific,
and thus, the element is identified. The ITRAX
is an automated multi-function core-scanning in-
strument recording elemental variations in the sed-
iment cores with a resolution of up to 100 pm. We
have used data from X-ray-fluorescence analysis
and from the integrated magnetic susceptibility
sensor to constrain the detrital input through
the elements Ti and Fe or through magnetic
susceptibility (Davies et all, porg). Ti and Fe are
elements released during bedrock weathering and
are part of the minerals brought by rivers or run-off
into the sedimentary basins. Further, elements
such as Cl and As, which are characteristic for
some hydrothermal fluids in Yellowstone Lake
(Balistrieri et all, 2oo7; (Gemery-Hill et all, oo7;
Shanks et all, 2007)), were used for detection of past
hydrothermal activity.
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s Summary of papers
Paper I

Zahajskd, P, Opfergelt, S., Fritz, S. C., Stad-
mark, J., & Conley, D. J. (2020). What is diat-
omite?  Quaternary Research, Vol. 96, pp. 48—s2.
doi:10.1017/qua.2020.14

Widespread inconsistencies in the use of the word
“diatomite” in the literature were the motivation
for bringing clarity into diatom-rich sediment
nomenclature. In order to stimulate scientific dis-

Table 1: Authors” contribution to the papers

cussion and communicate our research efficiently,
a clear definition of diatom-rich sediment was

proposed.

Paper [ is a literature review on sediment nomen-
clature and suggests unification of variability in
the naming of diatom-rich sediment. We defined
the principal name diatomite to be used for a
siliceous/opaline consolidated sediment composed
of more than 50% of diatom biogenic silica,
with a porosity higher than 70 % and formed in
temperatures below 50 °C and at burial depths of 0
to 600 m. The stand-alone word diatomite is used

Paper 1 Paper 11 Paper I11 Paper IV
Planning and study desgin P. Zahajskd, P. Zahajskd P. Zahajska P. Zahajskd,
D. J. Conley D. J. Conley
Literature review P. Zahajskd n/a n/a n/a
Fieldwork and data collection n/a P. Zahajskd, P. Zahajskd P. Zahajski,
C. G. Olid R. Cartier,
D.J. Conley,
S. Fritz,
HD-YLake team*
Labwork, sample preparation n/a P. Zahajskd, = P. Zahajski P Zahajsk4,
C. G. Olid R. Cartier
Analysis n/a P Zahajskd, P Zahajskdi P Zahajska,
C. G. Olid E Gaspard,
P. Frings
Figures P. Zahajskd P. Zahajskd P. Zahajska P. Zahajskd,
R. Cartier,
L. Morgan*
Data interpretation and discussion All authors All authors All authors All authors
Lead author(s) P Zahajskdi P Zahajskd, P Zahajskd P Zahajskd
C.G. Olid
Comments and editing of manuscript  All authors All authors All authors All authors

* contributors who are not co-authors
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specifically for sediment composed of more than
80 % of diatom biogenic silica.

Unconsolidated sediments with a content higher
than 50 % of diatom biogenic silica are called
diatomaceous ooze. Consolidated sediments with a
content of diatom biogenic silica from 10 to 50 %
are called diatomaceous sediment combined with
the prevailing sediment name. Burial depth, low
temperatures and diatom content are three main
classifiers in the naming of diatom-rich sediment.

Paper I aims to bring awareness about the incon-
sistencies in terminology used for diatom-rich sed-
iment and proposes a solid classification system.

Paper II

Zahajskd, P, Olid, C. G., Stadmark, ]., Fritz, S. C.,
Opfergelt, S., & Conley, D. J. (2020). Mod-
ern silicon dynamics of a small high-latitude sub-
arctic lake.
doi:10.5194/bg-2020-441

Biogeosciences Discuss., in review.

Several lakes in northern Sweden have high BSi
concentrations, up to 60 wt% (Frings et all,
2014b; Rosén et all, 2o10). Paper II focuses on
finding the sources of the silica and conditions
leading to diatom-rich sedimentation in a small,
high-latitude subarctic lake. Factors responsible
for the high BSi concentration in the sediment
(up to 46 wt% of SiO,) of Lake 850 are explored
using water, Si, and stable Si isotope mass-balance
models.

The water balance revealed the importance of
groundwater supply, which was quantified by
using a *Rn mass-balance model. Strong sea-
sonality in the stream inlets and outlet was
observed. The water balance models showed
lake-level changes of =+ 0.95m annually due to
the seasonality of inputs, despite the presence of
groundwater supply. Additionally, the water and
Si mass-balance models suggest that groundwater
brings three times more water and DSi into the

lake than the ephemeral stream inlets. The Si and
stable Si isotope mass balances revealed ground-
water input to be a potential Si source for diatom
production.

Furthermore, sedimentation rates of 0.08 cm yr™!
and high diatom preservation suggest low resi-
dence time of diatoms in the water column, which
results in high BSi accumulation. When including
all sources and the total BSi burden into the
mass- and Si isotopic model, diatom production
consumes up to 79 % of the lake DSi. The stable
Si isotopic signature of sediment diatoms reflects
the DSi sources and diatom production. Ground-
water supply and mass accumulation rates justify
the good preservation of diatoms in the sediment.
BSiaccumulation during the last 150 years is driven
by sufficient DSi supply with relatively light iso-
topic signature and by accumulation rates, which
are responsible for good diatom preservation.

Paper II1

Zahajskd, P, Cartier, R., Fritz, S. C., Stadmark, J.,
Opfergelt, S., Yam, R., Shemesh, A. & Conley, D. ].
Impact of Holocene changes in climate on silicon
cycling in Lake 8so, Northern Sweden. Submitted
to The Holocene, 2021.

Although the continental silicon cycle has been
intensively studied during the last 20 years, the
diatom §°Si records from lake sediments are still
sparse.  Moreover, the interpretation of those
data is usually complex and site specific. The
individual factors driving changes in lake DSi
concentrations are often poorly understood. The
study in Paper III contributes to the understanding
of the functioning of continental silicon cycle sinks
on long-term scales.

Diatoms have a high preservation potential and
their frustules carry an isotopic signature of the
source DSi.  Climate, diatom productivity, DSi
availability, detrital input, and weathering rates
are potential factors influencing the variability in
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diatom BSi deposits.

In Paper III the Holocene variability in BSi de-
posits and their stable Si isotopes in Lake 850
are studied to identify factors driving diatom-rich
sediment formation. Stable silicon isotopes were
used as a tracer of changes in DSi sources and
processes in the last 9400 cal. yr BP. Changes
in sedimentation due to allochthonous detrital
input were identified through sediment elemental
composition.

Paper III suggests that the lake was mainly in-
fluenced by changes in summer temperatures and
by hydrological fluctuations during the last 9400
cal. yr BP. The diatom §°Si in Lake 850 suggests
the presence of a sufficient, isotopically light DSi
source, such as groundwater or freshly weathered
Moreover, the 6°°Si shows
a linkage to changes in regional climate, where

primary minerals.

lighter isotopic values coincide with continental
climate during the mid-Holocene, and a heavier
Si isotopic signature shows a connection to the
oceanic climate in the early and late Holocene.
The BSi accumulation ranges between 0.28 and
1.50 mgem? yr~! of SiO, during the Holocene.
Good preservation, where sedimentary diatoms
show no sign of dissolution, combined with low
sedimentation rates induced by low detrital input
leads to a BSi concentration as high as 42 wt% of
SiO,. However, correlations of proxies showed
that both the BSi concentrations and the §°Si
values result from several concurrent processes.

Paper IV

Zahajskd, P, Frings, P, Gaspard, E, Cartier, R,
Opfergelt, S., Fritz, S. C., Stadmark, J., &
Conley, D. J. Impact of Holocene sub-lacustrine
hydrothermal activity on the Si cycle and diatom-rich
Yellowstone  Lake.

sediment accumulation in

Manuscript.

Yellowstone Caldera is one of the largest active
silicic volcanoes in the world (Mason et all,

2004). Yellowstone Lake is situated within the
Yellowstone Caldera, which results in lake water
enriched in DSi compared to other freshwater
The elevated DSi concentrations
are driving diatom production, which results in

sedimentary BSi.

environments.

Sub-lacustrine hydrothermal activity has previ-
ously been identified in Yellowstone Lake, and Pa-
per IV is focusing on the impact of hydrothermal
events on the lake Si cycle and diatom BSi accumu-
lation. Stable silicon isotopes (6°°Si) together with
Ge/Si ratios are used to study a single fossil diatom
species Stephanodiscus yellowstonensis, as well as
recent water DSi sources. Recent lake water,
tributaries, and hydrothermal vent fluids samples
were studied to better constrain the impact of

Holocene hydrothermal events on the sedimentary
BSi record.

An undisturbed deep basin sedimentary record
and a hydrothermally affected record were both
studied for their elemental composition, BSi con-
centration, 6°°Si, and Ge/Si ratios. A series of hy-
drothermal explosions and the Mazama ash layer
originating from the Mazama volcano explosion
(7700 cal. yr BP) were present in both studied
cores, and, together with lithological units (Tiller,
1995), those were used for correlation between the
two cores.

The hydrothermal explosions showed no identifi-
able impact on BSi accumulation, 530S signature,
and thus on the lake DSi budget. Both cores
show several similarities, which suggest a stable
and homogeneous DSi source within the entire
lake. Additionally, the ranges of §°°Si and Ge/Si
values of the diatom Stephanodiscus yellowstonensis
suggest that the productive layer of the lake where
the diatoms live was well mixed and biogeo-
chemically very stable, with a large hydrothermal
background, which limits the impact of most of
the disturbances during the last 9800 cal. yr BP.
BSi, stable Si isotopes, Ge/Si ratios, the elemental
composition of the sediment and lithology data

21



LUNDQUA Thesis 91

Petra Zahajska

all suggest that Yellowstone Lake is a stable,
well-buffered system on long timescales.

The variation of BSi is partly connected to changes
in production reflected in the §°°Si fossil diatom
record. However, the variation in the §°°Si likely
shows changes in the relative proportion of DSi
sources (hydrothermal to rivers) combined with
effects of production and potentially dissolution.
All those processes occur concurrently.

A shift of 0.6 %o toward heavier 6°°Si throughout
both cores reflects changes in diatom produc-
tion associated with changes in Holocene climate,
specifically summer temperatures and lake water
column mixing. An alternative explanation of
this systematic isotopic shift toward heavier 6°°Si
is a gradual shift in the relative proportion of
hydrothermal DSi input and riverine DSi sup-
ply.
6°Si brought by increased run-off from watershed
could explain the trend in §°°Si. Likely both
explanations are plausible.

Relatively larger contribution of heavier

These results illustrate that hydrothermal activity
has a significant impact on the lake Si cycle and on
BSi accumulation. However, hydrothermal explo-
sions are masked by the high long-term hydrother-
mal background inputs to the lake. Long-term
stability of large lake systems, such as Yellowstone
Lake, results in a significant sink of Si in the Si
cycle; however, quantification of those sinks is still
needed for improved understanding of the global
Si cycle.

6 Discussion

6.1 Diatomite in society

Diatomite is a widely used word, as well as a mate-
rial used in everyday production. Due to its high
porosity, large surface area, high permeability, and
chemical inertness, diatomite is used for filtering

inorganic and organic chemicals, pharmaceuti-
cals, but also beer, wine, whiskey, and fruit and
vegetable juices (Inglethorpd, 993). Diatomite
filtering removes fine-grained particles from fluids.
There are many other industrial applications of
diatomite, such as fillers, insulators, abrasives,
fertilizers or absorbent powders with potential use
for heavy metals and oil water contamination
removal (Baki, po1o). Thus, diatomite is of great
importance for society. But what is diatomite ac-
tually? Materials used in those industrial processes
are sediments with more than 80 % of diatoms.

When investigating diatom-rich sediment forma-
tion, a clear definition of the sedimentary content
of diatom SiO, is needed. In order to draw general
conclusions about what factors are crucial for
diatom-rich sediment formation, the comparison
of several sedimentary records is essential. Incon-
sistencies in the present use of the term diatomite
and diatomaceous sediment throughout literature
were the motivation to clarify nomenclature.

Paper I describes the inconsistency of usage of
the word diatomite in the scientific literature
and suggest a classification of consolidated and
unconsolidated diatom-rich sediments.

6.2 Constraining the modern Si cycle

in lakes

Estimates of the global Si fluxes usually require
simplification or assumptions due to the lack of
data on lakes and rivers, which introduces high
uncertainties into models of Si dynamics. Stable
Si isotopes can be used to constrain the DSi
utilization by processes within the lake and the
watershed. Building a detailed Si or Si isotope
mass-balance model requires monitoring data on
discharge, DSi concentration, and §%%Si from all
inlets and outlets, as well as lake water. Moreover,
other elements, such as sulfur, chloride or sodium
are important to monitor, as those elements can
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modify the §°°Si if they are not removed from
the matrix (Hughes et all, 2ori). An important
part of Si and Si isotope mass-balance models is
to test the presence of additional DSi sources,
such as groundwater, hydrothermal input or dis-
solution of secondary minerals. Groundwater
and hydrothermal vents were investigated in our
studies on Lake 850 (Paper II) and Yellowstone

Lake (unpublished data, Figure §).

Additionally, knowledge about BSi production
and accumulation is also essential for building
a mass balance. Finally, processes, such as clay
mineral formation or dissolution, can also play
an important roles in the Si budget. Information
about the bathymetry and annual lake volume
dynamics is needed in order to quantify water and
DSi residence times. With all these data, a very
detailed model describing the lake system and its
functioning can be constructed and forecasting of
BSi accumulation or release can be calculated. In
the case of missing data, they can be modeled,
which brings uncertainties into the mass balances.
In this thesis, I have constrained most of the
factors and processes influencing the DSi and BSi
variation, and I modeled missing data, as suggested
above.

Previous Si mass balances have been constructed
on Lake Michigan and Lake Superior (Schelske,
1985), the African Great Lakes (Hecky et all,
1996), Williams Lake (LaBaugh et all, [995), Lake
Kasumigaura (Arai and Fukushimd, por2), and
many more (Frings et all, oi4b); however, only
some of those studies constrained all the influxes
and outfluxes, as we did in our study (Paper II).
Based on our results, the mass balances need to be
conducted cautiously, as all DSi sources need to be
constrained to evaluate whether the lake acts as Si
sink or source.

Studies on Si isotope mass balances are more
sparse and have been conducted on Lake Baikal
(Panizzo et all, po17), Lake Tanganyika (Alleman
et all, oog), and lakes of the Taupo Volcanic

Zone (Pearson et all, po16). In Lake Baikal it
was shown that one-fourth of the inflowing DSi
during the last century is stored in the sediment
as BSi (Panizzo et all, po17). The §°°Si long-term
trend indicated the complexity of the Lake Baikal
system, where several co-occurring processes affect
the isotopic composition. A similar phenomenon
is observed in Yellowstone Lake (Paper 1V). In
Lake Tanganyika the mass balance resulted in a
non-steady state Si cycle in the lake, where the
DSi concentration has been increasing in the last
30 years, and diatom production has decreased
as a response to the lowering of N and P supply
(Alleman et all, 005). In contrast, our models as-
sume steady-state in order to quantify missing DSi
sources and further interpret the sedimentary data.
One of the potential DSi sources was demon-
strated in several Taupo Volcanic lakes, where an
Si efflux from the sediment to the lake water is
present even at high lake DSi concentrations often
due to hydrothermal input (Pearson et all, 2016).
Thus, similar processes are expected in Yellowstone
Lake, however, no data for identification of Si
efflux had yet been measured.

All those studies together indicate that the Si
cycle in lakes reflects local processes and that it
is site specific. Therefore, to understand and
later quantify the importance of continental DSi
filters and BSi sinks in lakes and reservoirs, more
complex models that include lake balance data
must be used, including the potential effects of
bedrock, groundwater, hydrothermal inputs and
weathering rates.

6.3 The role of groundwater in lake Si
cycles

Lakes, reservoirs, and processes in the watersheds
of rivers regulate the DSi concentration and stable
Si signature exported into the ocean (Cockerton
et all, borg; Phillips and Cowling, ko19). Ground-
water has been identified to be an important
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Figure 7: Mean annual Si and stable Si mass balance of Lake 850 (based on data from Paper II).

water source in mountain lakes (Clow et al), oo3;
Hood et al), 2oo6; Huth et al), 2oo4; Liu et all,
2004). Groundwaters are not only a water source,
they also provide the lakes and rivers with DSi
(Paper II) (Hurley et all, 1984; Maavara et al!, po18;
Optergelt and Delmelld, 2012).
balances conducted for the global Si cycle have not
accounted for this additional source of DSi into
lakes, which contributes to BSi accumulation, and
therefore the BSi retention in the continental cycle
is likely underestimated.

However, mass

Papers II and III show an example of the im-
pact of groundwater on BSi accumulation in an
oligotrophic mountain and high-latitude lake in
northern Sweden. Lake 850 is situated above
the treeline and is not in steep terrain. No
substantive impact on the DSi budget is likely
caused by vegetation, as no developed soils are
acting as a DSi pool; only bare bedrock with
mosses, lichens and grasses are found in the lake
watershed. Additionally, low sedimentation rates
and DSi brought into the lake by groundwater are
contributing to high BSi accumulation (Papers 11
and III). The groundwater brings 3 times more
DSi into the lake than the ephemeral streams
during the ice-free period. If a simplified mass
balance using only the stream inlet DSi flux and

the outlet DSi flux were made, this lake would act
as a DSi source (Figure [J). However, if the BSi
accumulation rate and groundwater are accounted
for in the mass-balance model, the lake becomes a
DSi sink, which is in agreement with observations
in sediment cores (Figure ).

Paper II used a short gravity core to quantify the
BSi accumulation, which resulted in a slightly
lower BSi concentration (mean 18.8 wt%) than we
found in a long piston core (mean 32.3 wt%) pre-
sented in Paper III. Additionally, the uppermost
6cm of the sediment from Lake 850 sampled in
1999 (Bigler and Hall, 2oo3) showed BSi as high
as 40 wt% of diatom SiO, (Frings et all, o14b;
Rosén et all, 2o1d). Therefore, despite the small
sedimentation area of the lake basin (7300 m?)
a great heterogeneity of sediment composition is
observed. This brings us to the conclusion that
more than one core should be used to study lake
sediments in order to constrain lake sedimentation
as suggested by Anderson (1990). As observed
here, the heterogeneity of sediment and BSi accu-

mulation can greatly increase the uncertainties in
the model.
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Figure 8: A schematic Si and Si isotope mass balance of Yellowstone Lake (preliminary unpublished data).

6.4 Is hydrothermalism affecting BSi

accumulation?

An example of an environment with a high po-
tential for BSi accumulation is Yellowstone Lake.
The lake and Yellowstone River outlet DSi con-
centrations are higher than the world river mean,
and the lake diatom production does not show
DSi depletion. The rhyolitic bedrock surrounding
Yellowstone Lake in combination with hydrother-
mal vents is suggested to contribute greatly to
the lake DSi budget. Further, the oligotrophic
conditions in Yellowstone Lake along with deep
mixing make the lake ideal for diatom growth
without being out-competed by other organisms.
If the hydrothermal input into the lake was not
included in a Si budget, the lake would act as
DSi source rather than DSi sink. However, the Si
mass balance (preliminary data, Figure §) and the
lake sediment BSi accumulation (Paper IV) both
indicate that the lake is acting as a DSi sink.

Hydrothermalism in Yellowstone Lake was previ-
ously quantified to contribute with around 1%
of the lake water inflow (Balistrieri et all, 2007),
but the DSi concentration in those hydrothermal
fluids can be 10 times higher compared to the

inlets. A preliminary Yellowstone Lake annual

Si and Si isotope mass balance based on 6 and
2 years of data, respectively (Figure §) reveals the
importance of hydrothermal vent fluids, which
were likely underestimated in the previous balance
model (Balistrieri et all, poo7). However, great
uncertainties of those mass-balance models arose
from the lack of monitoring data to constrain the
budget. Therefore, a simplification of the annual
water fluxes, DSi concentration and §°°Si fluxes
is needed to account for variability in the two

seasons defined by the rivers’ flow regime: high
flow inputs in the spring, and low flow during the
late summer. These results bring initial insights
into the Yellowstone Lake 6°°Si mass balance. To
improve the preliminary 53%Si model, samples of
living diatoms, sediment pore water samples, and
annual monitoring of the lake diatom production
and dissolution in the water column are prospects
for future studies.

Another approach to investigate the importance of
hydrothermalism is to focus on the sediment §°°Si
(Paper 1IV). In volcanic systems, such as Yellow-
stone, a continuous, long-term hydrothermal in-
fluence is demonstrated in the thermal features on
land, such as hot springs or geysers (Hurwitz and
Lowenstern, 2014). However, Yellowstone Lake
is a large water body situated on the Yellowstone
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Caldera rim, remote ~10km to 50 km from the
main hydrothermalism. The main Yellowstone
Lake water input is the Yellowstone River with its
watershed outside the Yellowstone Caldera. All
these factors suggest that hydrothermal input into
the lake will be rather local. Nevertheless, diatom
Ge/Si ratios in the sediment showed that the lake
has a high hydrothermal background input during
the last 9800 years. This background is large
enough that it masks the hydrothermal explosion
of Elliott’s Crater (Paper IV), which created a 1 m
thick hydrothermal deposits within the lake.

The results of these analyses suggest the answer
to the question whether hydrothermalism is re-
sponsible for BSi accumulation is likely yes. Even
though we do not see the direct impact of the
hydrothermal explosion in the sedimentary BSi
and 0°°Si (Paper 1V), the long-term hydrother-
mal input shows long-term biogeochemical lake
stability. ~ Additionally, the fossil diatom ¢°°Si
is likely influenced by relative changes in DSi
sources. Thus, a combination of our preliminary
mass-balance models together with the fossil dia-
tom record (Paper IV) highlighted the importance
of including an additional source of DSi, e.g.,
hydrothermal inputs, for mass-balance models.

6.5 Factors driving BSi accumulation

in pristine lakes

To understand which lakes have the potential to
accumulate large amounts of BSi, several factors
must be taken into account. The DSi source,
which is often connected to the bedrock type
and further depends on the presence of vegetation
and soils, influences the DSi budget of a lake.
Areas with exposed igneous bedrock combined
with a lack of vegetation and developed soils have
large potential to deliver high DSi concentrations
originating from bedrock weathering into a lake
(Paper 1I). Further, the importance of groundwa-
ter can be often neglected, even though it can play

a crucial role in some lakes (Paper 11, Figure ). We
have studied mass balances of a small high-latitude
lake in northern Sweden (Paper II) and of one
of the largest high-altitude lakes in the USA,
Yellowstone Lake. Groundwater or hydrothermal
fluids (Figures [ and [§) are distinct sources of DSi
into Lake 850 and Yellowstone Lake, respectively,
which are not traditionally measured.

By comparing our two study sites some similarities
are found. The DSi concentration of the outlets in
both models (not shown, Paper II) is lower than
the concentration in the inlets. The first expla-
nation for this observation is diatom production
and DSi uptake. Using only these two variables
for the mass balance suggests that the lakes act as
sinks. However, when comparing the DSi fluxes
(Figures [ and ), both lakes rather act as sources
of DSi. When adding BSi flux to the sediment into
the mass balance, the inlet is not sufficient to feed
both the outlet DSi flux and the BSi accumulation.
Therefore, if a mass balance needs to be simplified,
the BSi accumulation to the sediment is a more
robust characterization of mass balance than the
DSi concentrations of the stream inlets and outlets
in determining whether the lake acts as a source or
a sink in the Si cycle.

Both lakes show relatively light isotopic values
of the inlets (Figures [] and B), which are likely
connected to the transport of DSi originating from
freshly weathered bedrock. Both transport over a
short distance (Lake 850) and the oligotrophic sta-
tus of high-altitude rivers (Yellowstone tributaries)
can account for the relatively light 4°°Si of DSi
observed in inlets. Another similarity observed is
the additional DSi sources, the groundwater and
the hydrothermal fluids, that both bring lighter
6*°Si and a substantial DSi flux compared to the
inlets. The difference in the §*°Si of the DSi in
the outlet waters of both lakes is caused by great
differences in lake size. In Yellowstone Lake several
concurrent processes, such as diatom production
and dissolution, amorphous silica precipitation or
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clay mineral formation may influence the lake
§7°Si, whereas in Lake 850, the lake 6°Si is mostly
affected by DSi sources and diatom production.

The mass accumulation rates and BSi fluxes to the
sediment studied here (Papers II, III, IV) differ
considerably.  Yellowstone Lake has about five
times larger BSi accumulation rates compared to
Lake 850, but both lakes show BSi concentrations
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rates and BSi concentrations demonstrated in this
thesis and in other lakes (Arai and Fukushima,
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Figure 9: Box-plot showing BSi concentration and §**Sips; variability in all three sedimentary cores from Papers
[1I and IV aligned by ages. YL2C is a core from Yellowstone Lake deep sedimentary basin, YL5A is a core from
Yellowstone Lake in the distal part of Elliott’s crater, and Lake 850 is a core from Lake 850 in northern Sweden.
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et al), 20o8; Newberry and Schelske, 1984; Opter
gelt et all, porr; Schelske et all, 1987). BSi
accumulation always depends on a combination
of factors, such as higher diatom production than
diatom dissolution, higher DSi influx than DSi
outflux, and low detrital flux.

As demonstrated by two lakes in very different
settings, multiple factors act simultaneously and
drive BSi accumulation. The results support pre-
vious suggestions that high-latitude, low-nutrient
lakes tend to accumulate a large amount of BSi
in the sediment (Frings et all, oi4h). Further,
the data support the generalization that high BSi
accumulation is dependent on low detrital input
(Conget, 1942)).

I have also confirmed that sedimentation rates
play a role in the BSi accumulation (Panizzo
et all, 2o16; Ryves et all, 2003), but are dependent
on other factors, such as detrital input and DSi
concentration in the water column influencing
BSi preservation. Indirectly, we have shown
that watershed vegetation and length of transport
of weathered DSi is affecting the DSi isotopic
composition. Additionally, places with silicic vol-
canism or hydrothermalism are good candidates
for high BSi accumulation.

6.6 Lake diatom §°°Si proxy interpre-
tation

Only a limited number of studies on freshwater
diatom Si isotopic records have been published
(Chen et al!, ro12l; Cockerton et al!, pors; Panizzo
etal.), po1d; Street-Perrott et al), oo8; Swann et al.,
2010; Zhang et all, 02d). Our results in Papers
I1I and IV add data sets of lakes where the diatom
§7°Si is affected by several simultaneous processes,
such as changes in DSi sources, DSi utilization,
and diatom dissolution. The sedimentary diatom
6°Si of Yellowstone Lake is comparable to values

from Lake El'gygytgyn (Swann et all, po1d), Lake

Baikal (Panizzo et all, o1d) and Lake Edward
(Cockerton et all, 2o1g), whereas sedimentary
diatom §*°Si from Lake 850 is relatively lighter
compared to the world mean of 0.63 %o for
diatoms buried in sediments (Frings et al), 2o16;
Sutton et al, po18).

With a combination of the BSi concentration and
stable Si isotopes, the variation in DSi supply and
changes in DSi sources can be tracked. In Lake 850
the BSi concentration is pretty stable throughout
the core (Figure [f), and the §°°Si shows lighter
values in the period from ca 9400 until ca 3000
cal. yr BP. As BSi is stable, an explanation of the
Si isotopic behavior is that the relative proportion
of DSi sources has changed towards isotopically
lighter sources. In the last 3000 years another
change in the relative proportion of DSi sources
(larger surficial stream contribution), groundwater
residence time or increased DSi utilization by
diatom production is recorded in the §°°Si, this
time towards heavier sources.

In Yellowstone Lake the data record several
co-occurring processes (changes in DSi sources,
DSi utilization, diatom dissolution) driving the
53%Si. Moreover, the Yellowstone cores vary in BSi
concentrations at a given time (Figure ff), which
indicates a DSi-unlimited system, where shifts in
relative proportion of several processes, such as
production, dissolution and detrital input, result
in variation of BSi in the sediment. Additionally,
a considerable heterogeneity of the sediment com-
position within one lake is demonstrated.

The 6°°Si in both Yellowstone Lake cores show
similar trends (Figure ff), which suggest that the
lake DSi sources is homogeneous. The systematic
shift towards heavier §°°Si through time is likely
connected to production as influenced by Holo-
cene climate development (Brown, 2o19), relative
changes in the proportions of DSi sources and di-
atom dissolution in the water column. Disentan-
gling of those processes would require additional
data on recent functioning and other proxies,
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such as Ge/Si ratios or other trace elements when
building mass-balance models and reconstructing
Si cycling through the past. Ge/Si ratios can be
used as a tracer for weathering rates (Filippelli
et all, pooq; [Froelich et all, 1992; Kurtz et all,
2002; Lugolobi et al), Ro1o; Shemesh et al!, 1989),
as well as for hydrothermal input when studying
fossil diatoms and thus bring another perspective
into data interpretation. Our §°°Si and Ge/Si
data demonstrate the impact of local DSi sources
on 6°°Si, which indicates that knowledge of the
lake or river watershed is crucial for estimating BSi
accumulation, as well as DSi export into the ocean.

The comparison of the diatom °°Si of Yellowstone
Lake and Lake 850 (Figure ff) shows a dependency
of the §°°Si on the signature of the source DSi.
The 6°°Si in Yellowstone Lake is rather related
in to in-lake processes, whereas diatom 53°Si of
Lake 850 reflects the lighter DSi sources. Likely,
the water and Si residence time plays a role in the
diatom 6°°Si. Yellowstone Lake with longer water
and Si residence times has higher potential for Si
recycling compared to Lake 85o.

6.7 Future research perspectives

The global stable Si isotope cycle is built on avail-
able data, which for some continental systems,
especially lakes, are still sparse (Frings et all, 2o16;
Sutton et all, 2o18). The processes in watersheds

The rates of

these processes contribute to the size of pools,

of rivers and lakes drive Si fluxes.

which act as sources and sinks of silicon. However,
these watershed processes are still understudied
(Frings et all, po14b; Phillips, 2020). By studying
more individual lake Si cycles, Si flux estimates
can be specified in more detail by taking into
account different site-specific factors. Moreover,
by studying processes that influence the DSi con-
centration in lakes and rivers, we will get a better
understanding of the Si cycle, which can then be
better constrained on longer timescales.

The coupling of silicon and carbon cycles has
previously been shown to be important for the
CO, drawdown on a geological timescale through
weathering (Street-Perrott et all, oo8). Moreover,
chemical weathering determines the nutrient sup-
ply to rivers, lakes, and the ocean. Weathering
processes are connected to climate and vegetation
changes and influence ecosystems development.
Therefore, tracing chemical weathering by using
different elemental and isotopic proxies can help
us better understand past changes in ecosystems.
Germanium and silicon, but also aluminum, zinc
or lithium (Sutton et all, 2o18) are elements that
can be used individually or coupled to trace
chemical weathering and the processes in global
elemental cycles (Kurtz et all, 2oo2; Mortlock and
Frohlich, 1987; Murnane and Stallard, 1990).
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7 COI‘IClllSiOIlS e The variations in fossil diatom 3§°°Si in

e A diatom-rich sediment nomenclature

has been proposed for more clarity.
Diatom-rich sediments should be evaluated
based on BSi concentration. Diatomite was
defined as consolidated sediment with more
than 50 wt% of diatom SiO, accompanied
with the name of the remainder of
the sediment.  The stand-alone word
“diatomite” is composed of more than
80 wt% of diatom SiO,. Unconsolidated
sediment with diatom content above
50 wt% is called “diatomaceous ooze”, with
similar rules as for diatomite applied.

Diatom-rich sediment tends to accumulate
in lakes situated on silicon rich bedrock,
volcanic and hydrothermal areas. Further,
diatom-rich sediment can accumulate in
high-latitude lakes with significant ground-
water input. Moreover, lakes with low-relief
watershed morphology and with low stream
inlet resulting in low and fine-grained clastic
input are potential places for high BSi
concentration in the sediment. All those
water bodies with potentially high BSi ac-
cumulation are acting as sinks of Si in the
global silicon cycle.

The groundwater supplying Lake 850 with
DSi was shown to be an important factor for
high BSi concentration in this high-latitude
subarctic lake. Generally, groundwater can
be an important source of DSi in lakes and
should not be overlooked in mass-balance
models and when building global elemental
cycles.

The §°°Si in Lake 850 reflects the isotopi-
cally light DSi sources — weathered bedrock
and groundwater. Both sources experience
very few processes that fractionate Si, likely
due to poor soil development and sparse
vegetation.

Lake 850 indicate changes in the relative
proportion of DSi sources. The DSi sources
are influenced by Holocene summer tem-
perature and precipitation changes.

Continuous Holocene hydrothermal input
supplies Yellowstone Lake with high DSi
and DGe concentrations that is reflected in
the high BSi concentrations and high Ge/Si
ratios in a single fossil species, the diatom
Stephanodiscus yellowstonensis.

The §°°Si of Stephanodiscus yellowstonensis
shows a gradual shift of 40.6 %o through-
out the Holocene, which is either connected
with the Holocene summer temperature
increase driving diatom production, or to
changes in the relative proportion of DSi
sources. Increased stream input brings
isotopically heavier DSi from the water-
shed compared to the hydrothermal input.
Alternatively, an increase of hydrothermal
source could supply the lake with even
more DSi, which would fertilize the diatom
production. Increased production would
lead to an increase of the §°°Si.

The understanding whether a lake acts as a
source or a sink of Si requires constraint of
BSi accumulation, which depends on suf-
ficient DSi concentrations for diatom pro-
duction and further on diatom dissolution
and detrital input. Using inlet and outlet
DSi fluxes to estimate the BSi accumulation
in a lake is not sufficient as other substantial
DSi sources, such as groundwater or hy-
drothermalism, can be present.
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Populirvetenskaplig sammanfatt-
ning

Kiselalgsrika sediment 4r vanligtvis en blandning
av mineraler och encelliga fotosyntetiserande al-
ger, dir de storsta dr ca 0.0025 mm och de minsta
ir mindre dn 0.0005 mm. Dessa alger har ett
ytterskal av kiseldioxid (SiO,), vilket gor att de
ir helt beroende av att det finns l6st kisel (Si) i
deras miljo, eftersom kisel behévs for att bygga
deras skal. Kiselalgerna lever i alla vattenmiljoer sa
som sjoar, floder och hav, men iven i jord. Om
det finns en stor mingd lost kisel och tillrickligt
med niring i vattnet och lag konkurrens fran andra
organismer, kan kiselalger vixa i stora mingder
och nir de doér bildas kiselrika sediment som
kiselgur.

Kiselgur bestar till storsta del av kiseldioxid och
ar ett material med ménga olika anvindnings-
omréiden i samhillet. Det anvinds exempelvis for
att filtrera oorganiska och organiska kemikalier
och likemedel, eller som filter vid framstillning
av 0l, vin, whisky och frukt- och gronsaksjuicer.
Manga av oss har faktiske sttt pa produkter som
innehéller kiselgur da det t.ex. anvinds som milt
slipmedel i tandkrim. Kiselgur undersoks dven
som ett mojligt och relative billigt sitt att absorbera
tungmetaller och oljespill i vatten. Anvindnings-
omradena ir alltsi manga, men det i4r inte helt
klarlagt hur det kiselrika sedimentet bildas och
vilka forhallanden och faktorer som leder till de
massiva ansamlingarna av kiselalger.

Aven om kisel ir det nist vanligaste grundimner i
jordskorpan ir det mesta bundet i bergarter, i en
form som organismer inte kan anvinda. De flesta
organismer kan endast ta upp dmnen i flytande-
eller gasform och dirfor méste kisel forst frigoras
fran bergarterna, vilket kan ske genom sa kallad
kemisk vittring. Kemisk vittring 4r en process dir
koldioxid och vatten reagerar med bergarten och
16ser upp den. Det tidigare bundna kislet 4r nu lost

i vatten och kan transporteras via floder till haven.
Pa vigen frin det vittrade berget till havet kan dock
jord, vixter eller sjdar fungera som filter och fanga
upp och lagra det losta kislet och dirmed minska
mingden 16st kisel i vattnet nedstroms, vilket i sin
tur begrinsar kiselalgstillvixten.

I denna avhandling har olika kiselrika sediment
definierats genom andelen kiselalger i sedimentet.
For att utforska vilka faktorer som mojliggor
ansamlingar av kiselalger har tvé sjéar med kiselri-
ka sediment har studerats. Den ena sjon ir en
liten sj6 (Lake 850) i ett fiillomrade som ligger
ovanfor polcirkeln, nira Abisko nationalpark i
norra Sverige. Den andra sjon ar Yellowstone Lake,
den storsta fjillsjon i USA, beldgen i Yellowstone
National Park, som ir kind for sin vulkaniska och
hydrotermiska aktivitet. Bada sj6arna ir istickta
under vintern och pa grund av det sker storre delen
av kiselinbindningen i alger under en mycket kort
vixtsisong pd sommaren.

For att identifiera vilka faktorer som leder till stora
mingder kiselalger i vattnet och som ansamling i
sedimenten, undersoktes forst hur forhillandena i
sjoarna varit de senaste dren. Detta gjordes genom
att studera vattenfléden och analysera mingden
16st kisel i vattendragen som leder till och frin
sjoarna, och mingden kisel i sjilva sjovattnet. Sedi-
mentet i sjdarna undersoktes ocksa och fran det har
vi kunnat berikna hur stor del av sedimentets vikt
som utgjordes av kiseldioxid bundet i kiselalger.
For att uppskatta hur gammalt sedimentet var
pa olika djup och for att avgora hur mycket
kiselalgs-kisel som varje ar fastlagts i sjobotten
har tvd dateringsmetoder (kol-14 och bly-210)
anvints. Tillsammans har alla dessa mitningar och
beridkningar visat att det saknas nagon kiselkilla
for att halten kisel med de kinda flddena ska ga
ihop i de i de bida sjoarna.

For att identifiera varifrin det “forlorade” losta
kislet kommer frin anvindes en metod dir sta-
bila kiselisotoper analyseras. Metoden baseras pa
det faktum att kiselatomen kan ha olika antal
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neutroner i sin kidrna. Den vanligaste och mest
utbredda kiselisotopen (92 procent) ir **Si som
har 14 neutroner och 14 protoner och siledes en
atomvikt pa 28. Det finns ytterligare tva isotoper,
»Si (5 procent) och *°Si (3 procent), som har 15
respektive 16 neutroner och som pa grund av deras
hégre atomvikt inte anvinds lika frekvent i kemis-
ka, fysiska och biologiska processer. Med andra ord
foredras den litta isotopen, 881, av kiselalger, och
det dr ocksé den isotopen som frimst slipps ut vid
vittring av berg och mineraler. P4 grund av dessa
olika egenskaper kan de stabila kiselisotoperna
dirfor beritta var det 16sta kislet kommer ifrin, om
det funnits nagon kiselalgs- eller vixtproduktion
pa dess vig eller hur stor mingd kisel som var
tillgénglig i vattnet nir kiselalgerna vixte.

Med alla dessa verktyg har vi uppticke att det i
Lake 850 finns en stor mingd grundvatten som
bidrar med 16st kisel till sjon och dess kiselalgspro-
duktion. Vi har ocksa sett att sjoforhéllandena har
varit stabila under de senaste 9400 4ren och att
vixtsasongens lingd och forindringar i férdelning-
en av tillférseln frin grundvatten och vattendrag
paverkat ansamlingen av kiselalger. Undersok-
ningarna tyder pa att det var mindre tillférsel av
mineraler frin vattendrag som rinner in i sjon i
tider d4 klimatet var varmare och torrare. Eftersom
det var en mindre mingd mineraler som spidde ut
sedimentet under de varmare klimatfoérhillandena
bestod sedimentet da till 40 procent av kiselalger.
Vi fick ocksd reda pa att det mesta av det losta
kisel som togs upp av kiselalger under den varmare
perioden kom fran grundvattnet eller frin nyligen
vittrad kisel.

P4 samma sitt observerade vi att den extra killan
till 16st kisel i Yellowstone Lake dr hydrotermiska
utfloden frin botten av sjon. Dessa utfloden har
bidragit med 16st kisel till sjon under de senaste
9800 aren och det dr anledningen till att sjon har
ett vildigt hogt kiselinnehall. Mingden lost kisel
i sjon dr sa hog att hela 50 procent av sedimentet
bestdr av kiselalger. Dessutom observerade vi att

en hydrotermisk explosion intriffade f6r omkring
8000 ar sedan, men som inte paverkade sedimen-
tationen av kiselalger. Denna observation leder oss
till slutsatsen att Yellowstone Lake har varit ett
mycket stabilt sjosystem de senaste 9800 dren.

I den hir avhandlingen visar jag att bide grundvat-
ten och hydrotermiska utfléden ir viktiga killor
till 16st kisel i sjoar som bidrar till bildningen
av kiselalgsrika sediment. Vara studier tyder pad
att kiselalgsrika sediment kommer att bildas i
sjoar beldgna pa kiselrik berggrund, i vulkaniska
och hydrotermiska omraden samt i sjoar pa hoga
breddgrader som tenderar att ha ett patagligt
grundvatteninflode. Vattendrag i relativt platta
omraden med ett ligt vattenflode kan leda till en
lag tillfrsel av lera och sand till sjdar och dirfor
bidra till sediment med en hog andel kiselalger. Al-
la dessa vattensystem som ansamlar stora mangder
kisel bundet i kiselalger, fungerar som kiselsinkor
i den globala kiselomsittningen.
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Popular summary

Diatom-rich sediment is an accumulation of
a single-cell photosynthetic algae of size from
0.005 mm to less than 0.0005 mm usually mixed
with minerals. These microscopic organisms with
an external skeleton of silica, known as a frustule,
live in all aquatic environments, such as lakes,
rivers, oceans, but also in soils. They account for
one fourth of the world’s entire net primary pro-
ductivity and one fifth of world oxygen produc-
tion. However, diatoms are fully dependent on the
presence of dissolved silicon in the environment,
because it is an essential element for building their
frustules. If there is a great amount of dissolved
silicon in the water and favorable conditions (high
nutrients and low competition) are met, diatoms
can grow in large abundance and then diatom-rich
sediments can be formed and composed of more
than 80 % of diatoms.

Diatomite is a material with wide socio-economi-
cal utilization. It is used for filtering inorganic and
organic chemicals, pharmaceuticals, beer, wine,
whiskey, and fruit and vegetable juices. Many of
us might have come across products containing
diatomite regularly, such as a mild abrasive in
toothpaste. Diatomite is further used in construc-
tion as insulators, metal polish, fillers, absorbents
or as concrete additive abrasives. Diatomaceous
silica is also used to improve plastic properties,
as well as a stabilizing agent in explosives. Last
but not least, diatomites are used as economically
affordable absorbent powders for heavy metals and
To be able to

use diatomite for all those purposes, first we need

oil water contamination removal.

to know how the diatom-rich sediment is formed
and what are the conditions and factors leading to
the massive diatom-rich accumulation.

Even though silicon is the second most abundant
element in the Earth’s crust, most of it is bound in
rocks, which is a form unavailable for organisms
to use. Most organisms can use only elements

in liquid or gaseous form; therefore, silicon must
be released from rocks via chemical weathering.
During this process, CO, and water react with
the source rock and dissolve it. The silicon is
dissolved in water and transported through rivers
to the ocean. In rivers, lakes and in the ocean,
the dissolved silicon can be taken up by diatoms,
which after their death sink down to the bottom
and accumulate. However, on the way from the
weathered rock to the ocean there are other filters,
such as in soils or though plant uptake, which
catch and store dissolved silicon and thus, decrease
the dissolved silicon in the waters, which limits
diatom growth.

This thesis starts by defining different diatom-rich
sediments by the relative contribution of diatom
silica. Then, two lakes with diatom-rich sediment
were studied to explore factors responsible for
diatom accumulation. Two different lake systems
were investigated; one is a small lake (Lake 850) in
a mountainous area situated above the polar circle
in Northern Sweden close to Abisko National
Park. The other lake is Yellowstone Lake, the
biggest mountain lake in the United States, situ-
ated in Yellowstone National Park, which is well
known for its volcanic and hydrothermal activity.
Both lakes are ice-covered during winter, and thus
most of the diatom production happens during a
very short growing season in summer.

To identify factors responsible for diatom pro-
duction and accumulation, the functioning of
lakes during recent years was examined first. |
measured water fluxes and the amount of dissolved
silicon in rivers and streams entering and leaving
the lakes, as well as the amount of dissolved
silicon in the lake water and calculated how much
silicon contained in diatoms is retained in the
lakes. Furthermore, I looked into the deposits
from the bottom of the lakes and measured the
percent of diatom silica. Dating methods (“*C
and *°Pb) were used to estimate the ages of those
deposits, and I calculated how much diatom silica
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is deposited into the lake bottom for one year.
From all those measurements, I could see that I
have not accounted for an important dissolved
silicon source in both lakes.

Therefore, I used stable silicon isotopes to identify
sources of dissolved silicon to reveal what is the
missing source. The measurement of stable silicon
isotopes is a method based on the different number
of neutrons in the atomic nucleus. Due to one
or two additional neutrons in the atomic core, the
whole atom differs in weight. The most common
and widespread silicon isotope (comprising 92 %,
of all Si) is 2Si, which has 14 neutrons and 14
protons, and has an atomic weight of 28. There
are two more isotopes, *Si (5 %) and *°Si (3 %),
which have 15 and 16 neutrons, respectively, and
due to their increased atomic weight, they are
discriminated against during chemical, physical,
and biological processes. In other words, the
light isotope **Si is preferred by diatoms and it
is preferentially released during rock and mineral
weathering. Therefore, the stable silicon isotopes
can tell us where the dissolved silicon comes from,
or if there was some diatom or plant production
on its pathway, or the amount of available silicon
in water when the diatoms were growing.

Using all those tools, I found that in Lake 850
there is substantial groundwater input bringing a
lot of dissolved silicon into the lake and supplying
I also observed that lake
conditions were relatively stable over the last 9400
years, and that the length of the growing season

diatom production.

and changes in the relative proportion of ground-
water input and river input influenced diatom
accumulation. The data suggest that in times
when the climate was warmer and drier, there was
less stream input, which is also bringing minerals.
Therefore, more diatoms (40 %) were found in
the sediment, because there was a reduced input
of minerals diluting the sediment during warmer
climate conditions. I also found that during this
warmer period, most of the dissolved silicon taken

up by diatoms was brought by groundwater or
from freshly released dissolved silicon from the
rocks.

Similarly, in Yellowstone Lake, it was observed
that the additional source of dissolved silicon is
hydrothermal vents situated on the lake bottom.
Those vents have contributed dissolved silicon into
the lake for the last 9800 years, and this is the
reason for the really high content of silicon in the
lake. The amount of dissolved silicon in the lake is
so high that 50 % of the sediment is composed of
diatoms. Additionally, it was observed that a hy-
drothermal explosion that happened around 8000
years ago did not affect diatom sedimentation,
which brings us to a conclusion that Yellowstone
Lake has been a stable lake system for the last 9800
years.

In this thesis it have been shown that groundwa-
ter and hydrothermal vents are both important
sources of dissolved silicon in lakes and are partly
responsible for diatom-rich sediment formation.
Three listed studies suggest that diatom-rich sedi-
ments are likely to form in lakes situated on silicon
rich bedrock, volcanic and hydrothermal areas, as
well as in lakes at high latitudes with pronounced
groundwater input.  Furthermore, lakes with
low-relief watershed morphology and with low
stream inflow resulting in low and fine-grained
clastic input, such as mud and sand, are potential
places for diatom-rich sediment formation. All
those water bodies with potentially high BSi ac-
cumulation are acting as sinks of Si in the global
silicon cycle.
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Populédrné-védecky souhrn

Sediment s vysokym obsahem rozsivek je usaze-
nina slozend z jednobuné¢nych fotosyntetickych
fas — rozsivek — o velikosti 0.005 az 0.0005 mm
a minerala. Rozsivky si tvofi kfemicitou schrinku,
kterd se nazyvd frustula, a ziji ve vSech vodnich
prostiedich, jako jsou jezera, feky, mofe a ocedny,
ale také v pudé. Predstavuji ¢tvrtinu celé primdrni
produkce v ocednech a pétinu svétové produkce
kysliku. Nicméné rozsivky jsou plné zdvislé na
pfitomnosti rozpusténého kfemiku v prostredi,
jelikoz ten je zdkladnim prvkem pro budovdni
jejich schrdnek. Za piiznivych podminek (dosatek
zivin a nizkd konkurence), a pokud je ve vodé
velké mnoistvi rozpusténého kifemiku, mohou
rozsivky rist v hojném poétu. Za téchto podminek
mohou vznikat sedimenty bohaté na rozsivky jako
je kiemelina, v niz se vyskytuje vice nez 80 %
rozsivek.

Kfemelina je materidl s $irokym socioekonomic-
kym vyuzitim. PouzZivd se pro filtraci anorganic-
kych a organickych chemickych ldtek nebo léciv.
Mnozi z nds se jiz setkali s vyrobky, které obsahuji
kifemelinu s funkci jemného brusiva napiiklad
v zubnich pastich. Kiemelina se dile pouzivd
béhem vyroby piva, vina, whisky ¢i ovocnych
a zeleninovych $tdv jako filer. Ddle se pouzivd ve
stavebnictvi jako izolant, pfi lesténi kovi, jako
plnivo, absorbent nebo jako aditivum do betonu.
Kfemelina se také pouzivd ke zlepseni vlastnosti
plastt a jako stabiliza¢ni ¢inidlo ve vybus$ninich.
V neposledni fad¢ je kiemelina pouzivina v cenové
dostupnych sypkych sorbentech pro odstrariovani
kontaminace tézkymi kovy a pfi tniku ropy.
Abychom mohli pouzivat kfemelinu pro vsechny
tyto Ucely, nejprve potfebujeme védé, jak a za ja-
kych podminek vznika.

Pfestoze je kiemik druhym nejhojnéjsim prvkem
zemské kiry, vétSina je vdzdna v hornindch a mi-
nerdlech, coz je forma, kterou organismy nedokdzi
vyuzit. Vétsina organismi je schopna vyuzivat

pouze prvky rozpusténé v kapaliné nebo prvky
v plynné formé; proto musi byt kiemik uvolnén
z hornin a minerdla chemickym zvétrdvinim.
Béhem chemického zvétrdvani dochdzi k reakci
oxidu uhli¢itého a vody s horninou, jez je takto
rozpousténa. Kiemik rozpustény timto zpiisobem
je ddle odndsen vodnimi toky az do ocednu. V fe-
kéch, jezerech a v ocednech je rozpustény kiemik
spotiebovavdn rozsivkami, které po svém dhynu
klesnou na dno, kde se hromadi. Nicméné na cesté
od zvétrdvani hornin a mineral az do ocednu se
nachdzeji mista, kterd mohou zadrzovat rozpusté-
ny kfemik a tim snizovat koncentraci a dostupnost
rozpusténého kiemiku ve vodich, coz omezuje
rast rozsivek. Témito filtry jsou napftiklad pudy,
rostliny nebo jezera.

V této dizertaci se nejprve podivime na systém
uréovani jmen rozsivkovych sedimentu, zaloze-
ny na procentudlnim podilu rozsivek. Nasledné
prezentujeme studie dvou jezer, které disponuji
vysokym obsahem rozsivek v sedimentu. V téchto
studiich zkoumdme faktory vedouci k akumulaci
rozsivek. Podivime se do dvou raznych jezernich
systéml. Prvnim z nich je malé jezero (Lake 850)
za poldrnim kruhem v severnim Svédsku v bliz-
kosti ndrodniho parku Abisko. Druhym jezerem je
Yellowstonské jezero, jez je nejveétsi horské jezero
ve Spojenych stitech americkych nachdzejici se
v Yellowstonském ndrodnim parku, dobfe zni-
mym pro svou sope¢nou a hydrotermdlni aktivitu.
Ob¢ jezera jsou v zimé pokryta ledem, a proto
vétsina rozsivek roste jen béhem velmi krdtkého
vegeta¢niho obdobi v 1ét.

Abychom nasli faktory odpovédné za tvorbu a aku-
mulaci rozsivek, nejprve musime znit soucasné
fungovini jezer. Proto jsme zméfili mnozstvi roz-
pusténého kiemiku v fekdch a potocich, které
vtékaji a vytékaji z jezera, stejné jako mnozstvi kie-
miku v jezefe. Z usazenin ze dna jezera jsme zmé-
fili, kolik procent rozsivek je v usazenindch. Poté
jsme pouzili metody datovdni usazenin (metoda
radioaktivniho uhliku “C a pomoci olova *°Pb),
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abychom odhadli stdfi usazenin a vypocitali tak,
kolik kiemiku sedimentuje na dno jezera za jeden
rok. Ze véech téchto méfeni jsme zjistili, ze ndm
chybi néjaky dodate¢ny zdroj kiemiku v obou
jezerech.

Proto jsme pouzili analyzu izotopt kiemiku, kterd
umoznuje identifikovat zdroje rozpusténého kfe-
miku a odhalit pavod chybéjiciho zdroje. Méfeni
stabilnich izotopt kfemiku je metoda zaloZzend na
rozdilnych atomovych hmotnostech kiemiku. Izo-
topy kfemiku jsou atomy kfemiku lisici se poétem
neutrontl v atomovém jidfe, a tedy i atomovou
hmotnosti. NejbéZnéjsi a nejrozsifenéjsi izotop
kiemiku (92 %), **Si, m4 14 neutronti a 14 proto-
nd, a tedy jeho atomovd hmotnost je 28. Existuji
dalsi dva izotopy, *Si (5%) a *°Si (3 %), které
maji 15 a 16 neutrontl. Vzhledem k jejich zvysené
atomové hmotnosti jsou béhem chemickych, fy-
zikdlnich a biologickych procest diskriminoviny.
Jinymi slovy, lehky izotop **Si je upfenostiiovin
rozsivkami, ale zdrovén je pfednostné uvolnovin
béhem zvétrdvani. Proto ndm stabilni izotopy
kiemiku mohou poskytnout informaci o ptivodu
rozpusténého kiemiku a o procesech, které mohou
kiemik odebirat béhem jeho transportu do oce-
dnu, jako jsou napfiklad rist rozsivek ¢i rostlin.
Zéroven lze v nékterych pripadech rekonstruovat
mnozstvi dostupného kfemiku ve vodé v dobé
ristu rozsivek.

Za pouziti vSech téchto néstrojii jsme zjistili, Ze
v jezefe Lake 850 je velké mnozstvi podzemni vody,
kterd pfindsi do jezera spoustu rozpusténého kie-
miku a podporuje rist rozsivek. Také jsme zjistili,
ze podminky v jezefe byly stabilni v poslednich
9400 letech. Délka vegetacniho obdobi, zmény
v relativaim podilu podzemni vody a pfitoku pra-
mene do jezera ovlivnily akumulaci rozsivek. Nase
data naznacuji, ze v dobé¢, kdy bylo klima teplejsi
a sussi, pfitékalo méné vody skrze povrchové toky,
které by jinak pfindsely pisek a jil, coz by nafedilo
usazovani rozsivek. Proto jsme nasli vice rozsivek
(40 %) v usazeniné béhem teplejsich klimatickych

podminek. Také jsme zjistili, Ze v tomto teplej$im
obdobi byla vétina rozpusténého kiemiku, ktery
byl spotfebovin rozsivkami, pfinesena podzemni
vodou.

Podobné jsme zjistili, Ze hydrotermalni prameny
umisténé na dné Yellowstonského jezera jsou do-
date¢nym zdrojem rozpusténého kiemiku. Za po-
slednich 9800 let tyto prameny pfindsely dosta-
tek rozpusténého kfemiku, a z toho divodu m4
jezerni usazenina opravdu vysoky obsah rozsivek.
Mnozstvi rozpusténého kfemiku v jezefe je tak
vysoké, ze umoznuje nalézt usazeniny tvofené az
z 50 % rozsivkami. Kromé toho jsme zjistili, Ze
hydrotermdlni exploze, ke které doslo asi pred
8000 lety, neovlivnila usazovdni rozsivek, coz nds
ptivadi k zédvéru, ze Yellowstonské jezero je velmi
stabilni jezerni systém v poslednich 9800 letech.

V této studii jsme ukdzali, Ze podzemni voda
a hydrotermdlni prameny jsou dulezitym zdrojem
rozpusténého kfemiku v jezerech a jsou ¢dstec-
né zodpovédné za tvorbu rozsivkovych usazenin.
Nase studie naznacuji, ze rozsivkové usazeniny
se pravdépodobné vytvoii v jezerech vzniklych
na kfemicitych hornindch, ¢i ve vulkanickych
a hydrotermdlnich oblastech. Podobné¢ jezera ve
vysokych zemépisnych $itkdch, kterd maji pritok
podzemnich vod, uklddaji rozsivkové usazeniny.
Jezera situovand v mirném reliéfu bez strmych
svahd v povodi a s nizkym pfitokem jsou po-
tencidlni mista pro tvorbu roszivkovych usazenin.
Vsechny tyto vodni plochy s vysokym potencidlem
akumulovat rozsivky pisobi jako ulozisté kfemiku
v globdlnim kfemikovém cyklu.
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Abstract

Different types of biogenic remains, ranging from siliceous algae to carbonate precipitates, accumulate in the sediments of
lakes and other aquatic ecosystems. Unicellular algae called diatoms, which form a siliceous test or frustule, are an ecolog-
ically and biogeochemically important group of organisms in aquatic environments and are often preserved in lake or marine
sediments. When diatoms accumulate in large numbers in sediments, the fossilized remains can form diatomite. In sedimen-
tological literature, “diatomite” is defined as a friable, light-coloured, sedimentary rock with a diatom content of at least 50%,
however, in the Quaternary science literature diatomite is commonly used as a description of a sediment type that contains a
“large” quantity of diatom frustules without a precise description of diatom abundance. Here we pose the question: What is
diatomite? What quantity of diatoms define a sediment as diatomite? Is it an uncompacted sediment or a compacted sediment?
We provide a short overview of prior practices and suggest that sediment with more than 50% of sediment weight comprised
of diatom SiO, and having high (>70%) porosity is diatomaceous ooze if unconsolidated and diatomite if consolidated.
Greater burial depth and higher temperatures result in porosity loss and recrystallization into porcelanite, chert, and pure
quartz.

Keywords: Diatomite; Sediment classification; Biogenic sediment; Diatomaceous sediment; Diatomaceous ooze

In many lakes worldwide, as well as in marine environments,
diatoms are an important component of phytoplankton popu-
lations. Accumulations of diatoms are known from all aquatic
environments including wetlands, lakes, and the marine envi-
ronment (Clarke, 2003). In marine environments, accumula-
tions of diatom-rich sediments extend back to the Late
Cretaceous (Harwood et al., 2007), whereas the oldest
diatom-rich lake sediments are from the Eocene (Flower
etal., 2013), with large deposits found in the Miocene (Brad-
bury and Krebs, 1995). Massive accumulations of fossil dia-
tom frustules have been observed in multiple lakes situated in
silica-rich environments, especially in volcanic and

Cite this article: Zahajska, P., Opfergelt, S., Fritz, S. C., Stadmark, J.,
Conley, D. J. 2020. What is diatomite? Quaternary Research 1-5.
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hydrothermally active areas, such as Yellowstone Lake, US
(Theriot et al., 2006), Lake Myvatn, Iceland (Opfergelt
et al., 2011), or Lake Challa, Tanzania/Kenya (Barker et al.,
2013). In these settings, the high dissolved silicon concentra-
tions promote the growth of diatoms (Wallace, 2003). How-
ever, high diatom concentrations in sediment also have
been observed in lakes with no volcanic or hydrothermal
influence, for example in lakes of Northern Sweden (Frings
et al, 2014) or Lough Neagh, Ireland (Plunkett et al.,
2004). In the oceanic environment, high biogenic silica accu-
mulations occur in the equatorial Pacific Ocean, where dia-
toms grow in zones fed by continental siliceous dust and
nutrients brought by wupwelling. Similarly, cold-water
regions, such as the productive Antarctic convergence zone,
have sufficient nutrient and dissolved silicon supply that
diatom-rich sediments are formed (Flower et al., 2013).
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Conger (1942) hypothesized that the requirements for dia-
tomaceous accumulation are to have (1) conditions favour-
able for diatom growth, and (2) a reduced accumulation of
other sedimentary constituents that would dilute the concen-
tration of the siliceous tests of diatoms. Diatom growth is
dependent on many environmental factors, such as dissolved
silicon availability, phosphorus and nitrogen availability,
pH, salinity, and light (Battarbee et al., 2002). Diatom test
preservation is sensitive to temperature and pH; biogenic
silica dissolves faster with increasing pH (>8) and tempera-
ture (Alexander et al., 1954). Although diatom-rich sediments
are found worldwide in various environments, of various
ages and various settings, the terminology for classifying
high accumulations of diatom frustules in sediment is not
consistent in the literature, particularly in the Quaternary
literature.

Sediments can be classified based on the sedimentary envi-
ronment, sedimentary structures and processes, and sediment
texture and composition, including sorting, shape of grains,
grain size, and the ratio of matrix to grains. Grain size, for
example, is used in various classification systems (e.g.,
Wentworth, 1922 or see summary in Pettijohn [1949]).
This is appropriate for minerogenic sediments, but biogenic
sediments contain more than just mineral grains. Biogenic
sediments (also called bioclastic or organic) are composed
of skeletal remains, shells, or tests from organisms composed
of biogenic silica or calcium carbonate, or remains of soft
organic material, mainly organic carbon. The classification
of calcium carbonate sediments based on texture and the
ratio of matrix to the abundance of grains is well described
by Dunham (1962), and an effective general classification
of lacustrine sediments was proposed by Schnurrenberger
(2003), but it has not been widely used.

The first usage of the word diatomite dates to the nineteenth
century from deep-sea deposits that were called diatom ooze,
collected during the voyage of the HMS Challenger (Murray
and Renard, 1891). Later, Conger (1942) described pure dia-
tomaceous earth as material that reached a purity of 95 to 98%
of diatom silica. According to Terzaghi et al. (1996), dia-
tomaceous ooze should be used for loose unconsolidated
sediment containing mainly diatoms. In colloquial nonscien-
tific literature, diatomaceous earth is used as a name for both
milled diatomite and for diatomaceous ooze, which creates
ambiguity in the usage of diatomaceous earth as a definition.
For this reason, we exclude diatomaceous earth from our pro-
posed classification, which is intended for use in scientific lit-
erature rather than in the public domain.

Inglethorpe (1993) described the characteristics of diatom-
ite as a unique combination of physical and chemical proper-
ties (high porosity, high permeability, small particle size,
large surface area, low thermal conductivity, and chemical
inertness) that make diatomite suitable for a wide range of
industrial applications. Diatomite was defined as a “pale col-
oured, soft, light-weight rock composed principally of the
silica microfossils” (Inglethorpe, 1993, p. 1). A diatomite
of high SiO, purity (ranging from 80 to 99 wt% of biogenic
Si0,) is now commonly used in scientific research as a

P. Zahajskd et al.

reference material in isotope geochemistry for the measure-
ment of stable silicon isotopes. One widely used standard
(Reynolds et al, 2007) originates from the Lompoc quarry
in California, more precisely from the Miocene strata of the
Monterey Formation, which is well known for numerous lith-
ological stages of siliceous deposits—diatomite, diatoma-
ceous shales, diatomaceous mudstones, porcelanite, and
cherts (Bramlette, 1946). The Lompoc area is well described
by Bramlette (1946), including a description of the purity of
diatomaceous deposits.

Various generalized classification systems for lacustrine
and marine sediments have been proposed by Dean (1985),
Mazzullo et al. (1988), Owen (2002), and Schnurrenberger
(2003). Dean (1985) and Mazzullo et al. (1988) proposed
that biogenic sediment be defined as sediment that contains
at least 50% of biogenic material. In this approach, biogenic
content is estimated visually or by point-counting on smear
slides, which has been an efficient method for calcareous
nanoplankton sediment classification. For siliceous nano-
plankton (diatoms, radiolarians, and chrysophyte cysts),
which are comparatively big and porous, the point-counting
method can both overestimate (Dean et al., 1985) and under-
estimate (Conley, 1988) the percentage of biogenic silica. An
alternative approach is to use the wt% biogenic silica relative
to the dry sediment to classify unconsolidated biogenic
silica-rich sediment using the methods of DeMaster (1981),
Morlock and Froelich (1989), or Conley and Schelske
(2001). However, the weak base extractions dissolve only
biogenic silica that is classified as opal-A, and sediments
that are more diagenetically altered containing highly ordered
opal-CT require a much stronger base.

A detailed classification based on diatom SiO, content by
Owen (2002) does not consider the stage of lithification
caused by diagenetic processes. Diagenetic processes
decrease the sediment porosity and alter the crystalline struc-
ture of SiO,. For example, non-crystalline opal-A (such as the
SiO, found in live siliceous organisms and their biogenic
remains) is transformed into the disordered silica polymorph
opal-CT (Rice et al., 1995) with some of the stacking disorder
removed (Murata and Randall, 1975). Temperature and burial
depth play an important role in the extent of diagenesis.
Therefore, the interpretation of diatomite raises an important
second question of whether an unconsolidated sediment can
be called diatomite. We suggest here that diatomite, a term
widely used for diatom-rich sediments, be used only for con-
solidated sediments.

We are using a variety of previous studies as a guide,
including Murray and Renard (1891), Conger (1942), Bram-
lette (1946), Murata and Larson (1975), Isaacs (1981c),
Pedersen (1981), Kadey (1983), Dean et al. (1985), Mazzullo
et al. (1988), Minoura et al. (1996), Inglethorpe (1993), Lem-
ons (1996), Akin et al. (2000), Owen (2002), Moyle (2003),
and Schnurrenberger (2003). We adopt the recommendation
from Mazzulo et al. (1988), in which any sediment material
that is present in the sediment with more than 10% of the
composition is considered as a modifier and, therefore, it
should be stated in the name. The following definitions of
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Figure 1. Proposed classification of sediment containing diatoms. The weight percentage (wt%) of diatom/biogenic SiO, contained in sed-
iments is on the x-axis and their transformations as a function of burial depth appears on the y-axis.

diatomaceous ooze and diatomite are proposed in Figure 1
and we suggest nomenclature for defining related materials
rich in diatom silica.

The principal name describing unconsolidated sediment
containing diatom frustules with more than 50% of sediment
weight is diatomaceous ooze. Oozes have a content of 50 to
80 wt% of diatom SiO, together with another major sediment
component, such as clay or silt. This major sediment modifier
should be stated in the name, e.g., clayey or silty diatoma-
ceous ooze. The stand-alone principal name diatomaceous
ooze is used for ooze composed of more than 80 wt% of dia-
toms without any major sediment modifier. Unconsolidated
sediment with diatom frustules less than 50% of sediment
weight should be called diatomaceous sediment using sup-
porting sediment terminology, such as diatomaceous clay,
diatomaceous silt, or diatomaceous mud, to describe the
matrix. Sediments with less than 10 wt% of diatom SiO,
are named based on the clastic sediment classification without
reference to diatoms.

Diatomite is defined as a siliceous/opaline consolidated
sediment with a diatom SiO, content higher than 50% of sedi-
ment weight and porosity higher than 70%. As diatomites are
often composed of 50-80% by weight of diatom SiO,, the
major sediment modifier material must be named with the
adjectives describing the sediment matrix components, such
as clay or silt, for example clayey or silty diatomite. Further,
we suggest that the stand-alone principal name diatomite is
used strictly for consolidated sediment with more than 80%
of sediment weight comprised of diatom SiO,. Chrysophyte
cysts, radiolarians, and sponge spicules can be a minor part
of the sediment (Bramlette, 1946). Consolidated sediments
containing less than 50% sediment weight of diatom SiO,
are then named based on the prevalent sediment component,
e.g., diatomaceous claystone, siltstone, or mudstone. The
porosity of these consolidated sediments should be lower
than 70%. Diatomite and diatomaceous sediments are formed

at low temperatures and pressures (<50°C and burial depth
<600m). Significant recrystallization occurs at higher temper-
ature and burial depths.

The boundary at 50% by weight of diatom/biogenic SiO,,
e.g., between diatomaceous sediment and diatomaceous ooze
(unconsolidated sediment) or between diatomaceous sedi-
mentary rock and diatomite (consolidated sediment), as
shown in Figure 1, is consistent with the widely used
Ocean Dirilling Program marine sediment classification sys-
tem (Mazzullo et al., 1988), as well as the commonly used
sedimentological nomenclature practices described by e.g.,
Schnurrenberger et al. (2003). The boundary at 80% by
weight of diatom/biogenic SiO,, e.g., between clayey or
silty diatomaceous ooze and diatomaceous ooze (unconsoli-
dated sediment) or between clayey or silty diatomite and dia-
tomite (consolidated sediment), is based on the industrial and
commercially used diatomite, which has a diatom content
higher than 80% by weight.

At burial depths between 600 to 1500 m and temperatures
ranging from 50 to 80°C, as found for example in the Monterey
Formation, diatomite is transformed into opaline chert with a
low porosity of around 10% (Isaacs, 1981b, 1981c). Chert is
then defined as sedimentary rock with more than 80% of sedi-
ment weight originating from biogenic SiO, (predominantly
diatom SiO,). Diagenetic processes transform the biogenic
SiO, (chrysophyte cysts, diatoms, radiolarians, and sponge
spicules), and the original source of SiO, is difficult to deter-
mine, although fossils can be found in cherts (Pessagno and
Newport, 1972). For this reason, we use biogenic SiO, in our
definition of chert instead of the wt% of diatom SiO,. Diato-
mites and diatomaceous sediments containing, for example,
clay or silt in combination with between 20 and 85 wt% bio-
genic Si0,, exposed to deeper burial depths and higher temper-
atures are altered to porcelanite or cherty porcelanite, with a
final porosity between 30 and 50%, depending on the clay/silt
content (Bramlette, 1946; Isaacs, 1981a; MacKinnon, 1989).

Downloaded from https://www.cambridge.org/core. Lund University Libraries, on 29 Apr 2020 at 15:34:15, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/qua.2020.14 SI



4

Sediments that contain less than 20 to 50 wt% biogenic SiO,
under these conditions form shales, siliceous shales or siliceous
mudstones, depending on the mineral content (Isaacs, 1981a).

With increasing temperatures and burial depth, the final
stage of alteration is reached at depths between 1500 to
2000 m and temperatures above 80°C; these conditions result
in recrystallization of opal-CT into quartz (Murata and Lar-
son, 1975; Isaacs, 1980). The boundaries based on biogenic
SiO, content between cherts, and especially between porce-
lanites and shales, are not sharp (Fig. 1). This is because
the definitions of these siliceous sedimentary rocks take
into account not only porosity and content of biogenic SiO,
but also hardness, fracturing patterns, and other petrological
criteria (Isaacs, 1981a), as diagenesis changes the properties
of the sedimentary rock. We summarize our suggested classi-
fication of diatomaceous sediments and sedimentary rocks
based on diatom/biogenic SiO, wt% in Figure 1.

In summary, there are inconsistencies in the present use of
the term diatomite and diatomaceous sediment throughout the
literature. Based on our definition, unconsolidated lake or
marine sediments that have not undergone any diagenesis
(burial depth and temperature, as defined above), such as
those of Holocene age, should not be referred to as diatomite,
but instead should be called diatomaceous ooze. We encour-
age scientists working with diatomaceous sediments and
sedimentary rocks to apply the definitions used here to ensure
consistent use of terminology and hence comparability
among studies. For sediment types that do not fit within the
parameters that we have defined (Fig. 1), we suggest that all
sediment components (mineralogy, texture, and porosity) be
described in detail. We believe that proper naming will
bring clarity to future studies focused on diatomaceous sedi-
ments and diatomite.
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Abstract. High biogenic silica (BSi) concentrations occur
sporadically in lake sediments throughout the world, how-
ever, the processes leading to high BSi concentrations vary.
While BSi formation and preservation is expected to occur
in silica-rich environments with high dissolved silicon (DSi)
concentrations such as volcanic and hydrothermal inputs, the
factors and mechanisms explaining high DSi and BSi con-
centrations in lakes remain unclear. We explored the factors
responsible for the high BSi concentration in sediments of a
small, high-latitude subarctic lake (Lake 850). To do this, we
combined measurements of variations in stream discharge,
DSi concentrations and stable Si isotopes in both lake and
stream water with measurements of BSi content in lake sed-
iments. Water, radon, and Si mass balances revealed the im-
portance of groundwater discharge as a main source of DSi to
the lake, with groundwater-derived DSi inputs 3 times higher
than those from ephemeral stream inlets. After including all
external DSi sources (i.e., inlets and groundwater discharge)
and estimating the total BSi accumulation in the sediment,
we show that diatom production consumes up to 79% of to-
tal DSi input. Additionally, low sediment accumulation rates
were observed based on the dated gravity core. Our findings
thus demonstrate that groundwater discharge and low mass
accumulation rate can account for the high BSi accumula-
tion during the last 150 cal. yr BP. Globally, lakes have been
estimated to retain one fifth of the annual DSi delivery into
the ocean. Well constrained lake mass balances, such as pre-
sented here, bring clarity to those estimates of the terrestrial
Si cycle sinks.
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1 Introduction

Diatoms — unicellular golden-brown algae — are found world-
wide in all aquatic environments, wetlands, and soils (Bat-
tarbee et al.,, 2002; Clarke, 2003). Diatoms take up dis-
solved silicic acid, H4SiOy4, expressed here as dissolved sili-
con (DSi), and build their shells in the form of amorphous sil-
ica, also known as biogenic silica (BSi). Diatom production
is thus a crucial component in the global Si cycle (Tréguer
and De La Rocha, 2013). Massive accumulations of fossil
diatom frustules in sediments have been observed in mul-
tiple lakes situated in silicon-rich environments, especially
on volcanic bedrock, such as Lake Challa, Tanzania/Kenya
(Barker et al., 2013), or in hydrothermally active areas, such
as Yellowstone Lake, US (Theriot et al., 2006) or Lake My-
vatn, Iceland (Opfergelt et al., 2011). However, lakes with-
out volcanism can also accumulate high concentrations of
BSi in the sediment (Frings et al., 2014). One example is
high-elevation and high-latitude lakes, where BSi concentra-
tions as high as 60 weight percent of SiO, have been found
(Frings et al., 2014; Rosén et al., 2010). In addition, high
BSi concentrations in sediment have been observed in Lough
Neagh, Northern Ireland (Plunkett et al., 2004), Lake Baikal
(Swann and Mackay, 2006), Lake Edward (Russell and John-
son, 2005), and Lake Malawi (Johnson et al., 2011). The pro-
cesses responsible for the diatom-rich sediment formation in
these non-volcanic settings, however, are poorly understood.

High BSi accumulation in sediment has been hypothesized
to require sufficient DSi concentration in the water column
for diatoms to grow and low detrital input to minimize di-
lution of autochthonous BSi (Conger, 1942). DSi originates
ultimately from weathering of bedrock, and it is transported
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by rivers through the environment where it can be removed
by biological or physico-chemical processes, such as sec-
ondary clay mineral formation or amorphous silica precip-
itation (Jenny, 1941). DSi concentrations in the environment
are influenced by factors, such as vegetation type (Jenny,
1941; Leng et al., 2009; Struyf et al., 2010), bedrock type
(Jenny, 1941; Opfergelt and Delmelle, 2012), indirectly by
climate forcing (Fortin and Gajewski, 2009; Jenny, 1941),
or watershed geomorphology (Jenny, 1941). In particular, at-
tention has been paid to the relative importance of ground-
water discharge as a main source of DSi for a few lakes, such
as Lake O’Hara, British Columbia (Hood et al., 2006), Lake
Myvatn, Iceland (Opfergelt et al., 2011), Crystal Lake, Wis-
consin (Kenoyer and Anderson, 1989; Hurley et al., 1985),
at the mouth of the Changjiang river system, China (Zhang
et al., 2020), and in Canadian and Siberian rivers (Maavara
et al., 2018; Pokrovsky et al., 2013). However, the signifi-
cance of groundwater discharge is still often overlooked in
studies about Si dynamics in lakes.

The contribution of groundwater to lake Si cycle can be
evaluated using Si isotopes. Stable Si isotopes are used to
trace variation in DSi sources or diatom production and dis-
cern processes affecting BSi accumulation in lake sediments.
Among the three stable isotopes (**Si, 2’Si and 2°Si) diatoms
preferentially take up the lighter 28Si (De La Rocha et al.,
1997). Diatoms tend to fractionate the Si isotopes with a
fractionation factor of —1.1 %o (De La Rocha et al., 1997),
which means that the diatom BSi will have an isotopically
lighter ratio compared to the source DSi. Riverine DSi usu-
ally shows isotopically heavier ratios compared to ground-
water, as there are more processes that fractionate Si iso-
topes during river transport (Frings et al., 2016; Opfergelt
and Delmelle, 2012; Sutton et al., 2018). Therefore, stable
Si isotopes provide an ideal tracer for the contribution of
groundwater.

Here, we investigate the mechanisms responsible for the
diatom-rich sediment formation in high-latitude lake from a
non-volcanic setting. Lake 850, northernmost Sweden, is an
ideal case study with a high content of BSi in the sediment
ca. 40 weight percent (wt%) (Rosén et al., 2010). Oxygen
isotopes from diatoms suggested that the lake’s isotopic ratio
is mostly influenced by summer precipitation and variations
in the ephemeral inlet streams (Shemesh et al., 2001). Unlike
previous studies in this lake, we hypothesize that groundwa-
ter discharge is an important mechanism controlling lake DSi
concentrations. To test this hypothesis, we estimate ground-
water flows discharging into the lake using a water and a
radon (?*’Rn) mass balance. DSi concentration and stable Si
isotope mass balances were used to determine Si sources for
diatom-rich sediment in recent decades.
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2 Study area

Lake 850 (68°15' N, 19°7" E) is located 14 km southeast
from Abisko Research Station (388 m a.s.l.), northern Swe-
den. From 1913 to 2019, the mean annual surface atmo-
spheric temperature was —0.4 °C, whereas during the study
years (2018-2019) the mean annual temperature was 0.03 °C.
Further, the mean surface atmospheric temperature during
the aquatic growing season in 2018-2019 (June to August)
was —10.1°C (1SD = 2.8°C), and the long-term (1913-
2019) mean summer temperature of 9.8 °C (1SD = 3.6 °C)
(ANS, 2020a). Lake 850 lies above the tree-limit (600
m a.s.1) at 850 m a.s.l. The lake surface area is 0.02 km?, with
a maximum depth of 8m and a catchment area of 0.35 km?
(Rubensdotter and Rosqvist, 2003). Lake deep basin repre-
sents 48% of the lake surface area. The underlying bedrock
is composed of granites and syenites and is overlain by a thin
layer of till. The catchment vegetation is comprised of Arc-
tic species of mosses, grasses, and shrubs (Shemesh et al.,
2001). There are two ephemeral inlets (max 6 cm deep) in
the eastern part of the lake and one outlet (10 cm deep) in the
western part (Figure 1, Table S1). Besides streams, additional
sources of water to rivers and lakes can be snow patches
or inputs of groundwater (Pienitz et al., 2008). From mid-
October until late May—early June, the lake is ice-covered.
The catchment is snow-covered from mid-September to mid-
June. In August, the lake is well-mixed, with no thermal
stratification. The lake is classified as oligotrophic and has
a pH of 6.8 and a dissolved organic carbon concentration of
2.3mgl~! (Shemesh et al., 2001).

3 Numerical analyses — mass balance models

Mass balances for water and radon were constructed to esti-
mate the potential contribution of groundwater discharge to
Lake 850. A Si mass balance was used to constrain DSi in-
puts (inlets, groundwater) and DSi outputs (outlet DSi, sedi-
ment BSi accumulation).

3.1 Radon mass balance

Radon (**’Rn, hereafter Rn) is produced from the radioac-
tive decay of 226Ra (Ra hereafter) present in rocks, soils, and
sediments. Radon emanates from Ra bearing minerals, en-
ters the groundwater, and is transported through the aquifer.
Groundwaters usually contain Rn concentrations orders of
magnitude higher than surface waters, and groundwater dis-
charging into surface waters can thus be easily detected by
a Rn enrichment with respect to surface waters (Burnett and
Dulaiova, 2003).

Groundwater discharge into the Lake 850 was quantified
using a Rn mass balance approach and assuming steady-
state (Dimova and Burnett, 2011; Dimova et al., 2013). In
the study lake, the sources of Rn are the main inlet streams
(n =2), Rn production by dissolved Ra in the water col-
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Figure 1. Sampling sites of Lake 850 (northern Sweden). Inlets and outlet streams are signified by white arrows. Plotted in R using package

ggmaps (Kahle and Wickham, 2013) and modified.

umn, Rn diffusion from underlying sediments, and ground-
water discharge. Radon losses include radioactive decay, at-
mospheric evasion, and losses through the outlet streams
(n = 1). Losses by recharge into underlying aquifers are con-
sidered minor, because the concentration of Rn seeping into
sediments is usually much lower that seeping into the lake
(Dimova and Burnett, 2011). By evaluating all Rn source and
loss terms, the groundwater flow discharging into the lake
can be determined using the following equation:

ngRngw + FsedA + )\Ralakev + Qianin =

FatmA + ARnjake V + QoutRnout (D

where Qg is the unknown groundwater discharge [m®d—'];
Qin and Qo are the discharge from inlet and outlet streams
[m®d 1], respectively; Rnj.ie and Rng,, are the concentra-
tions of Rn [Bqm™3] in lake water and groundwater, re-
spectively; Rnj, and Rn,,; are the concentrations of Rn
[Bqm™3] in the main inlet and outlet streams, respectively;
Raj.ke 1s the concentration of Ra in lake water column
[Bqm™3]; Fyeq is the net diffusive flux of Rn per unit area
from lake sediments [Bqm™2d~']; Fatm is the loss of Rn
to the atmosphere [Bqm~=2d~!]; A is the radioactive decay
constant of Rn [d~']; and A [m?] and V [m?] are the area
and volume of the lake, respectively.
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The calculation of Rn loss to the atmosphere was based on
the empirical equation by Maclntyre et al. (1995):

Fatm = k(Rnlake - aRnair) (2)

where k is the gas transfer coefficient [md~'] based on an
empirical relationship that relates k with wind speed and lake
area (Vachon and Prairie, 2013), and « is the air-water par-
titioning of Rn corrected for salinity and temperature (Schu-
bert et al., 2012).

Groundwater discharges (Qg.) were estimated for August
and September 2019. For the remainder months, we inter-
polated the estimated values by assuming two different sce-
narios of i) constant or ii) variable groundwater inflows over
the year (see Appendix A1) for variable groundwater inflows
scenario).

3.2 Water balance

The lake water balance was calculated from the volumetric
water balance equation:

AVv:Qin"‘P_FCQg‘W_(Qout_E 3

where AV is the change in lake water volume, Q;, and
Qout are the stream inflow and outflow, respectively, Qg
is the groundwater inflow, P is precipitation, E is evapora-
tion. Monthly summer precipitation of 48 mm (ANS, 2020a)



has been considered to be included in the stream inflow term.
Evaporation and precipitation have been shown to only have
a small contribution to the lake water balance, and thus they
are considered negligible here (Shemesh et al., 2001).

3.3 Silicon mass balance

The DSi flux into and from the lake is calculated as ¢ = Q - c,
where Q is discharge [1s~!] and c is DSi concentration [mg
SiO, 171]. The DSi balance is then calculated as:
ADSi = ¢in + Pgw — Pout — PBsi 4)
where ADS; is the change of lake DSi [mg SiO, yr~!], and
®in, Pout and ¢g,, are the DSi fluxes of the inlet, outlet, and
groundwater discharge [mgyr~ 1, respectively. Finally, ¢ps;
represents the flux of BSi into the sediment [mg SiO, yr1],
and it was calculated as:

oBsi (5)

= (SAR - pary - BSiwt% - Ageq) - 1000,
where SAR is sediment accumulation rate [cmyr—!] calcu-
lated from the age-depth model (see Methods section 4.1.2),
pary is dry bulk sediment density [gem ™3], BSiwt% is the
mean of BSi content in sediments, Ai.q is the area of sedi-
mentary basin of the lake [cm?] and 1000 is unit conversion
from g to mg.

Assuming that the lake is in steady-state, which means that
sum of input DSi fluxes equals to sum of output Si fluxes,
thus ADSi = 0, DSi concentration in groundwater was then
calculated by dividing ¢4y from Equation 4 by Qg. The
groundwater DSi flux in ice-free period is dependent on inlet
(¢in), outlet DSi flux (¢oyut) and BSi flux to sediment (¢ps;).
However, during ice-covered period, the ¢gy, is dependent
only on ¢pgg;, if there is some (scenario 1, Appendix B) and
on differences of lake volume and DSi concentration. Thus,
in order to solve Equation 4, ¢ps; and lake DSi concentration
changes in ice-covered period are required. The ¢gy, during
ice covered period is calculated by a mixing model (see Ap-
pendix A2).

To constrain DSi concentrations in groundwater, we have
examined 3 different scenarios considering different BSi
fluxes (¢psi) to the sediment driven by the length of di-
atom production. Two scenarios with maximal and minimal
monthly BSi flux appear in the Appendix B aiming to de-
scribe maximal and minimal diatom production period and
thus groundwater DSi concentrations. The scenario better de-
scribing recent diatom production considers that the diatom
growing season and, thus, the BSi flux occurs in 4 months,
from June until August, in a year (Shemesh et al., 2001), and
that scenario is presented here.

3.4 Silicon isotope mass balance

The variability of the isotopic Si ratio of the lake water is
likely to be biologically driven and, therefore, was described
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using a Si isotopic fractionation model. We hypothesize that
the lake has sufficient inlet and groundwater supply to allow
for DSi concentrations to remain high and that DSi is un-
limited for diatom growth, thus, an open system model was
used. The open system model (Varela et al., 2004) describes
the expected diatom §3°Sipg;, as well as the post-uptake ratio
of the lake water 6*°Sip ostuptake-

53081551 = 53081initial +e-f

30Q; 30Q;
0 Slpostuptake =0 Slinitial —E&- (1 - f)

(©6)
(M

where 630Si; a1 is the isotopic ratio of the initial DSi
source, ¢ is the fractionation factor of freshwater diatoms
“1.14+0.41 %o (De La Rocha et al., 1997), and f is the
fraction of remaining DSi calculated as f= %, where
Cinitial and coyut are DSi concentrations before and after di-
atom production uptake. Thus, (1 — f) is the DSi utilization
by diatom production. The initial DSi concentration is cal-
culated through mixing model with knowledge of the dis-
charges (Qi, and Qg ) and DSi concentrations (c;, and cgy,)
of the endmembers .

The initial isotopic ratio of lake DSi before diatom uptake
is back calculated from §3°Sipostuptake (Appendix A3). The
known variables are the (1 — f) and the 0*°Si,ostuptake T€p-
resented either in the lake isotopic composition or in the lake
outlet §39Sigyg, if 630Sijae = 6°0Siyy¢. Further, the ground-
water isotopic composition can be calculated from the initial
isotopic Si mixture before diatom uptake and fractionation
through isotope mixing model (see Appendix A3).

Similar to the Si mass balance, the isotope Si mass bal-
ance was examined through three scenarios that differ in BSi
flux to the sediment representing different length of diatom
production (Appendix B). As differences in BSi fluxes alter
groundwater DSi concentrations, the isotopic composition is
also changing. However, the scenario describing the recent
lake functioning is used for the model presented here. Re-
sults of this model were compared with measured data of
§3%Sipg; and 529 Sipostuptake (Which equals to §3°Sij,xe ). For
validation, the groundwater 6*°Si,,, for monthly steady-state
was calculated and compared with data in the literature.

4 Materials and Methods

4.1 Sample collection, chemical analyses and
chronology

4.1.1 Water sampling

For DSi analyses, water samples from the ephemeral inlets
and outlet streams, and lake waters were collected monthly
from June to September 2019 (Figure 1, Table S1). Addi-
tionally, samples of two profiles of lake water from the deep-
est and a shallower part of the lake were collected in Au-
gust and September 2019. All water samples were filtered
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directly in the field through a 0.45 pm cellulose Sterivex™-
HYV Durapore filter and acidified with HCI to pH 2 in the lab-
oratory. DSi concentrations were analyzed by the automated
molybdate-blue method (Strickland and Parsons, 1972) with
a Smartchem 200, AMS System™ discrete analyzer at Lund
University with an instrumental error of +3.7%.

For Rn analyses, surface water samples (maximum of
1.5m depth from the surface or 0.5 m depth at the shallow
depths) were collected from 5 different stations (Figure 1,
Table S1). A deeper water sample (4 m depth) was collected
from the central deeper point of the lake to evaluate the po-
tential stratification of Rn concentrations. Samples of water
from the main inlet and the outlet stream were also collected.
Water samples were collected in 1.51 polyethylene tereph-
thalate (PET) bottles with no headspace using a peristaltic
pump. Water was pumped directly into the bottle and left
overflowing to replenish the volume at least three times to
ensure minimal contact with air. Shortly after collection, Rn
concentrations were determined using a Rn-in-air alpha spec-
trometer RAD7 (Durridge Inc.) coupled to the Big Bottle
RAD H;0 accessory (Durridge Inc.). All Rn concentrations
were decay corrected for the time of collection.

Discharges from the inlet and outlet streams were de-
termined by measuring the water velocity at 60% of the
sampling point depth using the six-tenths-depth method
(Turnipseed and Sauer, 2010) and creating a cross section
through the tributary.

4.1.2 Sediment sampling

Two short (~ 15 cm) sediment gravity cores were sampled
with a HTH gravity corer in March and August 2019 (Table
S1). Both cores showed an undisturbed water-sediment inter-
face. One of the cores was sliced directly in the field in 1 cm
sections. Each section was weighed before and after freeze
drying to determine water content, porosity, and wet and dry
bulk densities. Total organic carbon (TOC) and total nitrogen
(TN) analyses were carried out on all freeze dried samples,
after packing 5to 10mg of dry sediment into tin capsules.
Five samples throughout the core were tested for carbonate
content by acidifying with HCI and heating to 60 °C before
the TOC measurements (Brodie et al., 2011). The measure-
ments were done on a COSTECH ECS4010 elemental ana-
lyzer at the Department of Geology, Lund University, with
the mean analytical uncertainty for TOC of 0.3 wt% based
on duplicate analysis (n = 14). The carbonate content calcu-
lated as a difference in TOC between de-calcified and bulk
sample was below 0.5 wt%, thus considered negligible.
Biogenic SiO, content in the sediment was analyzed by
sequential alkaline extraction (Conley and Schelske, 2001).
Freeze dried and homogenized samples were digested in
0.IMNa,CO; (sample reagent ratio 0.03/40g/ml) in a
shaking bath at 85 °C for 5 hours. Subsamples of 100 ul were
taken at 3, 4, and 5 hours and neutralized in 9.9 ml of HCI to
examine for the dissolution of minerals. The extracted DSi
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was measured using the automated molybdate-blue method
(Strickland and Parsons, 1972) with a Smartchem 200, AMS
System™ discrete analyzer at Lund University with an in-
strumental error of £3.7%. As there were no changes in the
amount of total Si extracted during the time course of disso-
lution (n = 3, slope ~ 0), the mean BSi concentration from
all the values was used to estimate BSi concentration with no
Si-containing minerals correction applied (Conley, 1998).

All sediment samples were analyzed for radionuclide
concentrations (2!°Pb, ?*°Ra, and '¥’Cs) at Lund Univer-
sity. 21%Pb, ?26Ra, and '*’Cs were determined by direct -
counting using a high-purity germanium detector ORTEC
(Model GEM FX8530P4-RB). Freeze-dried and ground sam-
ples were sealed for at least 3 weeks before counting to en-
sure secular equilibrium of ??°Ra daughters. 2!°Pb was deter-
mined through the 46 keV ~-emission and **°Ra through the
351 and 609 keV ~-emission of its daughter nuclide *'*Pb
and 2'*Bi, respectively. '*’Cs was measured by its emission
at 662 keV. Self-absorption was measured directly, and the
detector efficiency was determined by counting a National
Institute of Standards and Technology sediment standard.

Sediment core chronologies were obtained by applying
the Bayesian statistics approach with software package Plum
(Aquino-Lépez et al., 2018). The Plum package was applied
using the default settings for the thickness of Bacon sections
(1 cm). Plum used the individual ?*’Ra measurements as an
estimate of the supported 2!'’Pb concentration. The unsup-
ported 21°Pb was found in upper most 7 cm, and the software
package Plum (Aquino-Lépez et al., 2018) extrapolated the
ages for the remaining 7 cm based on measured data.

To constrain the Rn mass balance, the second sediment
gravity core was used for equilibration experiments in order
to determine Rn diffusion from underlying sediments and the
Rn concentration representative of the groundwater discharg-
ing into the lake. Briefly, diffusive flux experiments were car-
ried out in the laboratory by incubating ~ 200 g of dry sedi-
ment placed into 500 ml PET bottles with Milli-Q® water, as
described in Chanyotha et al. (2014). Using the RAD7 cou-
pled to the Big Bottle RAD H,0 accessory (Durridge Inc.),
Rn concentrations were monitored for 14 hours. The rate of
Rn diffusion from the sediment (Fg;¢) was derived from the
exponential ingrowth of Rn concentrations with time. The
bottles containing grab sediments were then stored for more
than a month and periodically shaken. After this time, the
Rn concentration in water was measured using the RAD7
and converted into groundwater endmember activities using
porosity and bulk density as described in Chanyotha et al.
(2014).

4.2 Stable Si isotopes analyses

Stable Si isotope analyses were performed on diatoms re-
covered from sediment, lake, and stream water samples.
Cleaned diatom material from a previous study (Shemesh
et al., 2001) was processed for stable Si isotopes. Briefly,
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Table 1. Summary of discharge from the inlets (Qin), the outlet (Qout) stream, groundwater discharge (Qgw ), dissolved Si concentration as
mgSiO2 17" in the inlets (cip), the outlet (Cout), and the lake water (Claxe), stable Si isotopic signal of the inlet (6%9Siin), outlet (63°Sigut),

and the lake (6%°Sijake).
March June July August September

Qin 1s7t 2.9 1.5 0.5 dry
Qout 1s7! 21.5 9.9 4.5 1.6
Qew 1s™t not sampled not sampled notsampled 3.57 £1.24 3.88 £ 1.06
Cin mgSiOz17! 2344005 479+£0.05 5.05=£0.12 dry
Cout mgSiOz 17! 1.19£0.02 094+0.01 1.12+£0.03 137+0.01
Clake mgSiO.17t 2514035 1.2440.02 not sampled 0.96 +0.06 1.37 + 0.04
5%%Siiy, %o 0.02+0.10 0.724+0.10 0.78 £0.15 dry
53°Sioue %o 0.89 £0.10 0.61 £0.10 0.79£0.12 1.09 £0.20
53Siake %o 1.27£0.15 0.734+£0.10 notsampled 0.77 £0.32 1.02+£0.24

pure diatom samples (~ 0.8 mg) were digested with 0.5 to

1ml of 0.4MNaOH (analytical purity) at 50 °C for at least s0g;

48 hours. When all diatoms were dissolved, samples were di- 530G — ZESisample 1) 1000 ®)

luted with Milli-Q® water to prevent precipitation and frac- LN G0 '

tionation of amorphous silica, then neutralized by 0.5 to 1 ml
of 0.4M suprapur® HCL. The solutions were measured for
their DSi concentration to obtain the Si recovery, which was
between 90 and 100%. Sample solutions were purified for
Si isotope analysis by cation-chromatographic separation us-
ing 1.5ml cation-exchange DOWEX® 50W-X8 (200-400
mesh) resin following the method of Georg et al. (2006). Sil-
icon from filtered water samples was purified using the same
cation-exchange method (Georg et al., 2006). The interna-
tional Si standard NIST reference material RM-8546 (former
NBS-28) and laboratory standard Diatomite were prepared
by alkaline NaOH fusion and purified following protocol by
Georg et al. (2006).

The reference material RM-8546 (former NBS-28) and
laboratory standards IRMM-018, Big-Batch, and Diatomite
used in the VegaCenter were prepared by another type of fu-
sion with LiBO, (Sun et al., 2010). Thus, our alkaline NaOH
fused NBS-28 and Diatomite standards (Georg et al., 2006),
purified in identical way as the samples, were matrix matched
to contain 3 mgl~! Li IPC-MS standard. Similarly, all puri-
fied samples were diluted to a concentration of 3 mg1~" of Si
in 0.12M SeaStar™ HCl matrix and doped with Li to contain
3mgl~?! Li to match the standard matrix.

The stable isotope measurements were carried out on
a NuPlasma (II) HR multi-collector inductively conducted
plasma mass spectrometry (MC-ICP-MS, Nu Instruments™)
with an Apex HF desolvation nebulizer at the Vegacenter,
Swedish Museum of Natural History, Stockholm. The 28gi
signal intensity of full procedural blanks was determined to
be less than 0.35% of the total signal intensity, thus no sam-
ple contamination was observed. Silicon isotope data are re-
ported as deviations of % and %2: from the NBS-28 ref-
erence solution in %o, denoted §3°Si and §2°Si as follows:
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Each sample was measured three times, bracketed by
NBS-28 in between, and full chemical replicates for all
samples (n =25, total measurements = 180) were mea-
sured. Secondary reference materials Diatomite, Big-Batch,
and IRMM-018 were measured throughout all measur-
ing sessions in a period of 3 years, with means of
63081 =1.26 £0.19 %o (2SDiepeateds 1 =219) for Di-
atomite, 03°Si= —10.6440.18%0 (2SDyepeateds N = 77)
for Big-Batch, and §%°Si = —1.77 £0.18%¢ (2SDyepeateds
n = 100) for IRMM-018 for quality control purposes. All
secondary reference material values were in good agree-
ment with values from a previous interlaboratory comparison
(Reynolds et al., 2007). The reproducibility of all samples
was < 0.2 %o. At the Vegacenter laboratory, the long-term
precision for 63°Si is 0.15%o¢ (2SD).

5 Results
5.1 Lake water chemical and isotopic properties

Lake 850 is a subarctic lake in a region with strong season-
ality. The discharge from inlets and the outlet streams show
a decreasing trend throughout the ice-free period from June
through September (Table 1). The highest water flow rates
are observed during the snowmelt period (June and July). In-
flow from the stream inlet to the lake in August is low, and
both inlets are dry in September.

During the ice-free period direct surface precipitation con-
tribution from the watershed, was estimated from the mean
precipitation of 48 mmmonth™! (ANS, 2020a). With the
watershed area of 0.35km? (Rubensdotter and Rosqvist,
2003), precipitation results in 0.651s~!, which represents
only 1.4% of the lake volume. Similar or higher discharges
are observed in the stream inlets from July to August. There-
fore, the influence of precipitation on the water mass bal-
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ance is limited. The calculated lake water residence time
during the high-flow regime in June, defined as lake volume
(1.2-10°m?) divided by the lake outlet discharge (Table 1), is
55 days. During the rest of the year, the lake water residence
time is more than 1 year.

Lake DSi concentration varies seasonally (Table 1), with
the highest values during the ice-covered period in March,
reaching 2.51 £0.35mg Si05171. With snowmelt, the lake
DSi decreases to 1.2440.02mgSiO217! in June and to
its minimum value of 0.96+0.06mgSiO,17! in August.
With the first snow in September, lake DSi concentration re-
bounds, having values of 1.37 £ 0.04mgSiO, 1-1. Data of
DSi for the inlets and the outlet streams show two different
patterns during the year (Table 1). A lower inlet DSi concen-
tration of 2.34 +0.05mgSiO, 17 is observed during snow
melt in June compared to July and August, when the inlet
DSi concentrations increase to 4.79 £ 0.05mgSiO517! and
5.05+0.12mgSiO5 171, respectively. The lake outlet DSi
concentration shows little variability, with the lowest concen-
tration of 0.94 +0.01mgSiOz17! in July and only a small
increase up to 1.1240.03mgSiO,17! towards the end of
the summer season in August. In September, when the in-
let streams are snow covered, the DSi concentration in the
outlet stream is the same as the lake water concentration at
1.374+0.01mgSiOy 171,

The stable Si isotope ratios of the lake, inlet, and outlet
streams vary during the year. The heaviest lake 63°Sij.xe
ratio, 1.27 £ 0.15%o, is observed during the ice-cover pe-
riod, and the lightest ratio, 0.73 +0.10%o, occurs during
the snowmelt in June (Table 1). In June, the inlet has a
lighter 630Si;, of 0.0240.10%0, whereas in August the in-
let isotopic ratio 0.78 £0.15%o has similar values as the
lake. The 639Sigyy¢ of the outlet in June is slightly heavier
(0.89 £ 0.10%0) compared to the lake 330Sij,ie. In July the
outlet 639Si,,; is lighter than the inlet one (Table 1). Dur-
ing the remainder of the year, the outlet §3°Si, is closely
similar to the lake and inlet §30Si}xe.

5.2 Groundwater discharge

Surface lake Rn concentrations range between 94 Bqm ™3 to
136 Bqm™? in August and from 96 Bqm™3 to 126 Bqm™3
in September. Dissolved Ra in lake waters is assumed to be
similar to those found in other lakes in the region (1.4 +
0.6Bqm~2). However, the measured Rn inputs (the stream
inlets) due to Ra decay were below 0.5%, compared to the
net excess of Rn delivered by groundwater discharge. Thus,
the inlet Rn flux was neglected in the total Rn balance.
There was no significant vertical stratification of Rn con-
centration with Rn concentrations in deep waters (105 % 26
and 79+ 24 Bqm~?) in August and September, respectively.
Equation 1 was solved analytically to obtain the amount
of groundwater discharging into the lake (Qgw) in Au-
gust and September 2019. Uncertainties of individual terms
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Figure 2. The modelled groundwater radon flux of Lake 850 (red
circles) based on Rn fluxes in 10 other lakes in Abisko (Olid et al.,
unpublished data), the measured Rn fluxes in August and Septem-
ber (magenta filled points), and the calculated groundwater dis-
charge in s~ throughout the year (blue squares). Uncertainties are
shown as error bars and with shading.

were included in the estimation of the associated uncertainty
(NORM, 1995; Taylor and Kuyatt, 1994).

Using the mean wind-speed for 48 h period prior sam-
pling (3.14+1.2 and 5.0 £1.8ms~"! in August and Septem-
ber, respectively) resulted in kg,, estimates of 1.1 +0.2 and
1.240.4ms~!. Uncertainties include the variation of wind
speed and uncertainties associated with the empirical equa-
tion to estimate kg,. Using the Rn concentration in lake
waters, total losses of Rn to the atmosphere are 123 + 32
and 1384+ 32Bqm~2d~! in August and September, re-
spectively. Radon losses due to decay were 125+ 22 and
123 +£15Bqm~2d ™!, respectively, where uncertainties are
obtained from the analytical uncertainties for Rn concentra-
tions in lake waters. Losses of Rn through the outlet stream
were 744 and 9+4Bqm~2?d~!. Among all Rn losses, atmo-
spheric evasion (50%) and decay (47%) were the terms that
have the largest contribution to the Rn mass balance. Radon
losses through the outlet stream are almost negligible (3%).

Diffusive Rn flux from underlying sediments (Fgig)
obtained from diffusion experiments in the lab is 89+
17Bqm~2d~!, and it is one of the main sources of Rn into
the system. Fluxes of Rn from the sediment compensate for
up to 57% of total Rn losses. Uncertainties associated with
this flux are from analytical uncertainties in the slope for
the regression analyses of the increase in Rn concentration
through time in the sediment diffusion experiment. Due to
the low concentrations of Ra in lakes from the same area
(1.440.6 Bqm™3, C. Olid, unpublished data), Rn inputs due
to Ra decay were considered negligible in the Rn mass bal-
ance.

Rn inputs from groundwater are required to balance
the Rn losses from the lake. The Rn flux into the
lake through groundwater discharge is calculated to be
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Figure 3. Age-depth model of gravity core plotted in R using package Plum (Aquino-Lépez et al., 2018) and modified. Red line is the median
probability age from all age-depth iterations. Grey shading represents age model probability and contains 95% confidence interval (dashed
lines). The blue rectangles are the unsupported >'’Pb concentration in Bqkg ™' on secondary y-axis.

166 +43Bqm~2d~! and 180+ 40Bqm~2d~! in August
and September, respectively. Considering the lake area of
20000m? and the Rn concentration in groundwater ob-
tained from incubation experiments (10626 & 1720 Bqm™?),
groundwater fluxes are 3.56+1.251s~ ! and 3.88+£1.061s~*
for August and September, respectively. Note that this is a
conservative estimate for groundwater fluxes, because we use
the highest measured Rn concentration as the endmember.

Due to the lack of Rn measurements for the entire year,
we estimated groundwater inputs for the months where no
sampling was carried out using two scenarios: (i) constant
groundwater inflow of 3.7341.251s!, calculated as the
mean of the August and September data; and (ii) modelled
groundwater inflow based on groundwater fluxes obtained
from a lake survey in the Abisko region in 2018-2019 (C.
Olid, unpublished data), which ranged from 1.554+1.091s~!
to 11.20 £ 2.341s~! (Figure 2). The annual Rn fluxes follow
a pattern of a distinct peak in discharge in June and a grad-
ual decrease towards July — October, reaching the base-flow
level in November (Figure 2). The ratio between the ground-
water Rn flux in September in Lake 850 and the groundwater
Rn fluxes from the lake survey was used to model the miss-
ing groundwater Rn fluxes in Lake 850 (Figure 2, Appendix
Al).

5.3 Age-depth model, lithology and mass accumulation
rates

The age-depth model for the sediment core is shown in Fig-
ure 3. The mean sediment accumulation rate (SAR) was esti-
mated to be 0.08340.041 cmyr~1!, which equals a sediment
accumulation rate of 124+ 6yrcm ™! and a mass accumula-
tion rate (MAR) of 16.0+9.3mgcm ™2 yr—!. The presence
of mosses in the sediment was observed during the core pro-
cessing and also was described in the sediment lithology by
Shemesh et al. (2001). Changes in the sediment content of
aquatic or terrestrial mosses, was also supported by the C/N
ratio (Figure 4), suggesting this is the cause of changes in
MAR.

Lake 850 sediment is composed of carbonate-free clay
gyttja with an mean TOC content of 11.4 wt%, mean TN
of 1.1 wt%, and a resultant C/N ratio of 10.2 (Figure 4).
Sediment porosity as high as 89.5% is found in the sur-
face sediment, where sediment dry bulk density mean is
0.1940.06gcm 3. The BSi concentration along the sedi-
ment varies from 13.2 £ 0.28 wt% to 22.8 £ 0.24 wt%, with
the highest BSi concentration in the surface of the core. The
BSi concentrations reported here are lower than previous
measurements. For example, BSi concentration in the sur-
face sediment of Lake 850 was previously reported to be 40.3
wt% (Rosén et al., 2010), which is twice the value found
here, demonstrating the high variability of BSi in the sedi-
ments.
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organic carbon (TOC) and C/N showing changes in lake carbon content and sources. Biogenic silica (BSi) and BSi flux calculated from
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Using the mean MAR rate and the mean BSi wt% of 18.2
wt% we estimated the BSi accumulation rate (¢ps;) to be
2.94 1.5mg Si0, em~2yr~!. BSi accumulation rates show
stable values around 1.8 mg SiO; cm~2yr~! in the upper
7cm of the core, whereas an increase in BSi accumula-
tion is observed towards the bottom 7 cm of the core (Fig-
ure 4) likely connected to the higher MAR. The mean di-
atom isotopic ratio (6°Sipg;) measured on cleaned diatoms
from the upper most 8 cm of sediment piston core from 1999
(Shemesh et al., 2001) is 0.07 £ 0.43 %o (n = 3).

6 Mass balance models
6.1 Water balance

Two water balance scenarios were considered where changes
in the lake level were evaluated: (i) constant groundwater in-
flow over the annual cycle as an additional water source, and
(i1) modelled groundwater discharges varying throughout an
annual cycle (Figure 5 and A1). In both scenarios, lake-level
increases during the ice-covered period (Figure 5, blue and
green line) are a result of a potential groundwater inflow. This

accumulated water is released through the outlet when the
lake ice starts to melt in May-June, and the outlet discharge
is thus high (Table 1). After this period, lake-level is stabi-
lized and groundwater replenishes the lake original volume
during short periods over the summer.

When groundwater discharge is assumed to be constant
(Scenario i, 3.73+1.251s71) based on our data from August
and September, the lake shows annual lake-level changes up
to 1.9m (Figure 5 and Al, blue line). From July to Decem-
ber, the lake volume is restored by the groundwater inflow,
and, on the annual time scale, the lake-level would increase
around 2 m every year (Figure 5, blue line).

Using the modelled annual groundwater inflow (Scenario
ii, Figure 2), limited lake-level changes were observed. The
maximum lake-level decrease is 95 cm during summer (Fig-
ure 5 and A1, green line), but groundwater discharge restores
lake-level during upcoming months. Taking into account the
uncertainties, lake-level variation can be as great as 2.4 m or
none (Figure 5 and Al, green shading). This scenario with
the smallest lake-level changes is in agreement with previ-
ous results of oxygen isotopes mass balance (Shemesh et al.,
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Figure 5. Long-term lake-level change calculated based on lake volume changes and water balance. The purple solid line indicates the lake-
level starting point. The blue line with shading is the lake-level change with constant groundwater flow (scenario i), and the green line with
shading is the lake-level change based on water balance with modelled groundwater discharges (scenario ii).

2001). Therefore, we used this water balance model further
for the Si balances.

6.2 Silicon and Silicon isotope mass balance

BSi accumulation occurs in conditions when the total DSi
influx is higher that the stream DSi outflux. Therefore, we
construct a Si mass balance based on stream inlets and the
outlet. The DSi influx through the inlet stream is not suffi-
cient to maintain lake DSi concentration at steady-state in
June (red and blue triangles, Figure 6A). In contrast, in July
and August sufficient DSi enters the lake to supply the outlet
DSi flux. The monthly inlet DSi flux is between 0.22+0.11 to
0.62 £ 0.31kg SiO5 day~!, while the outlet DSi flux ranges
from 0.19£0.10 to 2.21 +1.11kg SiO, day_l. However,
diatom production is an additional sink of Si by creating a
BSi flux into the sediment. The DSi influx is, thus, not suf-
ficient to account for both the DSi outflux and the BSi flux
into the sediment (Figure 6A). Therefore, an additional ex-
ternal source (i.e., groundwater discharge) must supply addi-
tional DSi to compensate for the mean BSi flux (2.9 mg SiO,
cm~2yr~!) into the sediment.

Groundwater discharges from scenario ii (Figure 2) were
used to build a Si mass balance and a Si isotope mass bal-
ance. Here, we assume that the recent BSi1 flux into the sed-
iment occurs only during the diatom growing season (from
June until September) (Figure 6A; Shemesh et al., 2001). The
missing DSi flux resulting from the mass balance was con-
sidered to originate from the groundwater flux, and thus, we
use this flux to calculate back the groundwater DSi concen-
tration and isotopic ratio.

66

During the diatom growing season, BSi flux into the sed-
iment increases up to 1.76 =0.87kg SiO, day~! (magenta
line, Figure 6A), which produces DSi deficiency in the lake.
To balance this deficiency, groundwater discharge must sup-
ply between 1.62+1.21 and 3.39+1.77 kg SiO, day ! dur-
ing the diatom growing season (cyan line, Figure 6A). Con-
sidering the modelled groundwater discharges derived from
Rn mass balance, the DSi concentration in the groundwa-
ter is estimated to range from 3.50 +1.68mgSiO,17" to
5.8542.99mg SiO, 17! from diatom growth (cyan line, Fig-
ure 6B). During the ice-covered period, the diatom growth
ans thus BSi flux into the sediment is considered to be neg-
ligible, while groundwater is still flowing into the lake. The
winter groundwater concentration is calculated from the dif-
ference in the lake concentration from September (1.02 £
0.91mgSiO2171) to March (2.51 4+ 0.35mgSiO2171) (Ap-
pendix A2). Therefore, the groundwater discharging into the
lake from late-October until mid-June is the only water in-
flow with a DSi concentration of 6.95 +4.90mg SiO5 171

The Si isotopes mass balance using the open fractionation
model (Varela et al., 2004) shows that the higher demand
of DSi in the productive months (Figure 6A, B) needs to
have a lighter isotopic composition in order to produce the
530Sipg; of 0.07 4 0.43%0 measured on diatoms preserved
in the sediment. The isotopically lighter source is assumed
to be groundwater discharge, with calculated ranges from
—0.55 £ 0.55%o in July to 0.23 £ 0.58%o0 in September (Fig-
ure 6C). Using the modelled groundwater §3°Si, the expected
530Sipg; in all productive months varies from —0.49+0.49%o
to —0.01 +0.56%0 (not shown), values that are in agree-
ment with the sediment BSi of §3°Sigg; = 0.07 & 0.43%e.
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sinks. Shading and error bars represent uncertainties.

The production consumes 63% of the initial DSi in June,
77% in July and September, and 79% in August. During
the ice-covered period from late-October until mid-June,
the groundwater base flow is considered to be constant,
calculated from the difference of the lake isotopic ratios
from September until March (Appendix A3), and thus the
§30Sigy = 1.45 + 2.58%o (Figure 6C).

7 Discussion

Lake 850 is unusual in terms of both the DSi and BSi concen-
tration in water and sediment, respectively. The maximum
DSi concentration of 2.51 mg SiO, 17! in March is among
the top 10% of lakes in Northern Sweden (Bigler and Hall,
2002). The mean BSi content in the lake sediment of 40 wt%
(Rosén et al., 2010) places Lake 850 in the upper 6% of lake
sediments studied worldwide (Frings et al., 2014). Although
several factors, including the morphology of the watershed
(Jenny, 1941; Rubensdotter and Rosqvist, 2003), diatom pro-
duction and low detrital input (Conger, 1942), vegetation
(Struyf et al., 2010), and preservation potential (Ryves et al.,
2003) are known to affect sedimentation regimes and BSi
accumulation resulting in a diatom-rich sediment, we show
here that groundwater input is an important factor leading to
the high BSi accumulation in Lake 850.

The combined results from the water, Rn, and Si mass bal-
ances indicated the importance of an external source of DSi
through groundwater discharge. Groundwater inflow was the
primary water and DSi supply to the lake, with a contri-
bution about 3 times higher than the stream inlets (Figure

6A). The Si and Si isotope mass balance models showed
that groundwater DSi concentration and isotopic composi-
tion varied during the ice-free period, compared to the ice-
covered period, when they were stable (Figure 6B, C).

The significance of groundwater-sourced DSi to the lake’s
Si cycle is also evidenced by the relatively lighter stable Si
isotope ratio of diatoms from sediment, which suggests that
groundwater is the primary DSi source for diatoms. Stream
inputs could also be a source of DSi for diatoms, especially in
early spring, when snowmelt can deliver isotopically lighter
DSi by displacement of shallow groundwater into the stream
inlet (Campbell et al., 1995). However, spring snowmelt wa-
ter and groundwater in June are likely to have the same iso-
topic composition (Figure 6C) because the same factors, e.g.,
short residence time in the watershed are present in both
types of water. Thus, only by using mass balance is the quan-
tification of each DSi source apparent, providing evidence
that groundwater supplies almost 4 times more DSi com-
pared to streamflow in June. Our results suggest that the
groundwater supply plays a crucial role in providing DSi for
the production of diatoms and accumulation of BSi in Lake
850.

7.1 The role of groundwater in the water balance

The water balance coupled with the Rn mass balance indi-
cated that groundwater discharge is an essential water source
for the lake. Both models of groundwater inflow (constant
and varying groundwater inputs) demonstrated changes in
lake volume as a result of high-water discharge at the out-
let of the lake during spring snowmelt. More pronounced
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changes in lake volume were observed in scenario i, where
constant groundwater inflow was assumed (Figure 5, blue
line). However, because the oxygen isotope data showed neg-
ligible evaporation and precipitation effect on lake volume
change (Shemesh et al., 2001), this model is not considered
to be the most realistic. Scenario ii, which considered a vari-
able groundwater flow (Figure 5, green line) seems to be
more realistic. The modelled groundwater hydrograph (Fig-
ure 2) is comparable with the hydrograph of the neighbour-
ing river Miellejokha (Figure S1) and resembles the hydro-
graphs of groundwater discharge in studies of high-altitude
lakes from other regions (Clow et al., 2003; Hood et al.,
2006; Huth et al., 2004; Liu et al., 2004). The results from
this model show that groundwater discharge is up to 5 times
higher values than the lake water outflow through the outlet.
Similarly, groundwater discharge brings from 3 to 24% of the
lake volume depending on the month.

7.2 The role of groundwater in Si concentration mass
balance and Si isotope mass balance

The lake Si mass balance (Figure 6A) shows that modelled
groundwater concentration and flux of BSi vary through the
year, which is similar to observations from Crystal Lake
in Wisconsin (Hurley et al., 1985). Seasonal variations in
groundwater DSi concentration related to discharges were
also observed in Canadian rivers with groundwater inputs
(Maavara et al., 2018). Moreover, the calculated BSi flux into
the sediment is comparable (or higher) with BSi fluxes ob-
served in some of the North American Great Lakes (Con-
ley, 1988; Newberry and Schelske, 1986; Schelske, 1985)
and lakes with diatomaceous sediment in the Arctic (McKay
et al., 2008; Kaplan et al., 2002; Tallberg et al., 2015).

The model of stable Si isotopes shows little variation
during the ice-covered period, as no diatom production is
expected. The modelled §3°Si of groundwater for the ice-
covered period (Figure 6C) falls into the range of mea-
sured groundwater isotopic composition worldwide, which
ranges from —1.5 to 2%o (Frings et al., 2016). However, the
modelled groundwater ratio §3°Sigy, is heavier than found
in other groundwater studies (Georg et al., 2009; Opfergelt
et al., 2011; Ziegler et al., 2005), which may reflect lower
dissolution of primary minerals, longer groundwater resi-
dence time, and possibly some clay mineral formation in
the groundwater pathway (Frings et al., 2016; Pokrovsky
et al., 2013) during the ice-covered period. Further, no di-
atom production, and thus no associated Si isotope fraction-
ation, is expected in winter. Therefore, the §3°Si},y is influ-
enced by the input of §2°Sig,, only and not by diatom pro-
duction. The §3°Sij,. measured in March is slightly lighter
than all modelled §3°Si,,, for the ice-covered period, which
can be explained by diatom dissolution in the uppermost sed-
iment layers. However, if the uncertainties of the modelled
groundwater isotopic composition are taken into account, the
lake ratio is within the same range as the groundwater ratio.
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Therefore, no additional processes must be present during
the ice-covered period, and the groundwater isotopic ratio is
reflected in the lake isotopic signal. With snowmelt, the de-
crease of the modelled ¢ 3OSigW reflects the increase in weath-
ering of primary minerals and decrease in the groundwater
residence time due to higher discharges, as also observed in
Arctic rivers (Pokrovsky et al., 2013).

The greatest variation in the isotopic ratio of groundwater
occurs in August, when the modelled groundwater isotopic
composition is fully dependent on the changes in BSi flux
into the sediment. As the yearly BSi accumulation occurs
during the diatom growing season which is only 4 month, the
modelled groundwater must bring additional DSi to supply
diatom production. Hence, the isotopic model calculating the
groundwater isotopic composition shows §%°Sigy, compara-
ble with values for groundwater reported in the small number
of other studies (Frings et al., 2016; Opfergelt et al., 2011).
Further, the calculated §3°Sigg; based on the initial mixture
of the modelled groundwater and stream inlet ratio gives re-
sults within the range of the measured §°Sipg;.

7.3 Model uncertainties

The largest sources of uncertainty in the water and silicon
balance models (Figure 5, SA1 and 6) are the discharge un-
certainties of the inlet and outlet and the winter groundwa-
ter discharges. The spring snowmelt is dynamically chang-
ing the inlet and outlet discharges, as has been observed on
rivers in the area, such as Miellejohka (Figure S1). With only
a single sample every month, there is no information on vari-
ation of the stream on a finer temporal scale. Thus, monthly
stream flow and the modelled groundwater discharges might
be over- or underestimated. Further, the uncertainties in iso-
topic model and the isotopic composition of the groundwater
were propagated from the mass balance model and from the
stable isotopic measurements, especially in the outlet water
in August.

The water balance based on modelled groundwater in-
flow suggests that lake-level changes throughout the year are
within a range of 0.95m (Figure 5, green line), and, thus,
lake area and mean depth also vary throughout the year.
Therefore, the underlying assumptions of constant depth and
area are likely overestimating lake-level change. For a more
precise model of lake-level, lake volume variations and a de-
tailed bathymetry of Lake 850 is needed. However, the im-
portance of the groundwater contribution to Lake 850 sup-
ports the evidence that groundwater should be considered
as an important water and DSi source for high-altitude and
high-latitude lakes, with support of data on groundwater DSi
in Lake O’Hara (Hood et al., 2006), Lake Myvatn (Opfergelt
et al., 2011) and Crystal Lake (Hurley et al., 1985; Kenoyer
and Anderson, 1989).

Another source of uncertainties in the Si and Si isotope
mass balance models originates from the uncertainties on the
age-depth model. The uncertainties on MAR, which are cal-
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culated from the SAR and the densities are as high as 50%.
It is likely due to changes in the sediment composition and
increased content of mosses. Therefore, the BSi flux to the
sediment carries similar or higher uncertainty. As a result
of those uncertainties, the modelled groundwater concentra-
tions and isotopic composition are ranging greatly.

Additionally, the diatom preservation efficiency, which is
globally around 3% in the oceans (Treguer et al., 1995), and,
in deep lakes around 1 — 2% (Ryves et al., 2003) of the to-
tal diatom production, suggests that 97 — 99% of diatom BSi
is redissolved in the water column in those environments.
However, no estimates of sediment preservation efficiency
are available for small, cold lakes such as Lake 850. There-
fore, the mass balance can be slightly underestimated, in case
that the BSi flux into the sediment, which was calculated
from the sediment record represents only a fraction of the to-
tal production. To eliminate this source of uncertainty annual
monitoring of diatom production and accumulation would be
needed.

Uncertainty also results from the variability among sed-
iment cores in their BSi content. BSi concentrations in the
sediment vary from 13 to 40 wt% in different cores (this
study; Rosén et al., 2010). We have tested the combination
of the MAR (16.0mgcm™—2yr~1) reported from this study
with the highest BSi of 40.3 wt% from a companion core
from Lake 850 (Rosén et al., 2010) to evaluate the impact of
BSi flux on the groundwater concentrations. The yearly BSi
flux would increase 2.2 times, which would result in 1.6 to
2.3 times higher groundwater DSi concentration to support
the BSi flux and keep the Lake 850 at steady-state. However,
the BSi content is variable within the sedimentary basin, and
thus the sedimentation rate is a crucial factor for the estimate
of BSi accumulation. For future model improvement a mon-
itoring of all inlets, groundwater, pore water, and the outlet
together with sediment traps to constrain the production, BSi
flux and dissolution would be needed.

8 Conclusions

The diatom-rich sediment in Lake 850 is formed because of
high DSi supply by groundwater during the diatom growing
season coupled with low sedimentation rates, which fosters
a high accumulation of diatoms in the form of BSi. Water
and Si mass balance demonstrated the importance of ground-
water as a source of water and DSi, with fluxes that are 3
times greater than stream input. Groundwater supplies lighter
§30Si, which is reflected in the lighter diatom §3°Si ratio. By
quantifying the groundwater inputs, the Si and Si isotopic
mass balances allowed for the estimate of the stable Si iso-
tope ratios of groundwater throughout the year. The modelled
isotopic ratio of groundwater falls into the same range as the
world groundwater 63°Si ratio (Frings et al., 2016; Sutton
et al., 2018).
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The results from our study can be applied more broadly
to other lakes to evaluate factors governing the accumula-
tion of diatom-rich sediment. BSi rich sediments are likely
to be found in lakes situated on silica-rich bedrock, such as
in Lake Challa, Tanzania/Kenya (Barker et al., 2013) or as
shown here in lakes with sufficient DSi inputs from ground-
water source that supply DSi during the diatom growing sea-
son to alleviate potential DSi limitation of diatom growth. In
addition, lakes with high autochthonous carbon production
and deposition combined with very low mean sedimentation
rates generally found in Arctic lake sediments (Wolfe et al.,
2004), as well as lakes with low-relief watershed morphol-
ogy and with low stream input that yield low quantities of
fine-grain clastic input, are potential systems for high BSi
accumulation (Conger, 1942). These water bodies with high
BSi accumulation act as important sinks of Si in the global Si
cycle. Our results support the importance of groundwater in
the lake silicon budget and suggest that this process should
not be overlooked in future investigations on BSi in lakes and
global estimates of the terrestrial lake BSi sink.
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Appendix A: Methods

Al Modelling groundwater Rn fluxes

Radon fluxes for 10 lakes from the Abisko region were es-
timated using the same approach in summer and autumn
2018 and 2019 (C.Olid, unpublished data). The derived Rn
fluxes obtained from the lake survey were used here to
model groundwater fluxes through the year in Lake 850.
To do this, we divided the estimated groundwater Rn flux
from the Rn mass balance in Lake 850 in September (178 +
39Bqm~2d~1) by the mean groundwater Rn flux obtained
from the lake survey in September (74.5 +55Bqm~—2d 1,
C. Olid, unpublished data). The derived ratio (2.39) was
then multiplied by the mean groundwater Rn fluxes from the
lake survey to model the groundwater Rn fluxes in Lake 850
for those months were Rn measurements were not available
(June, July and September). Rn fluxes through groundwater
during the ice-covered period were assumed to be 40% lower
than those measured in September (C. Olid, unpublished
data; Table Al). The groundwater Rn flux from November
to April was assumed to be constant and equal to April esti-
mations.

A2 Groundwater DSi and §3°Si calculations during
the ice-covered period

The groundwater concentration cg,, in during the ice-covered
period was calculated from the groundwater discharge, the
lake volume from the water balance, and the lake DSi dif-
ferences between September and March though a mixing
model:

_ (CMar(VScpt + ng)) - (CScpt : VScpt)
Cow = Vou

(AD)

where ¢y, iS the lake concentration in March, cgeps 1S the
lake concentration in September, Vg, is the lake volume in
September, and V, in is the total volume of water brought
by groundwater in 8 months. The total water volume brought
by groundwater in 8 months was calculated from the mod-
elled groundwater winter discharges (Figure 2). The lake vol-
ume in September is taken from the water balance model,
where the modelled groundwater discharges were used (Fig-
ure 5 and Al, green line).

Similarly, the cgy, in during the ice-covered period in the
scenario with continuous BSi flux to the sediment for period
of 8 month was calculated by adding flux into the sediment
into the mixing model:

_ (CMar(VScpt + ng)) - (CScpt . VScpt) + ¢BSi
Vew

Cow (A2)
where the ¢pg; is the total flux of BSi to sediment in 8
months. The BSi flux into the sediment for 8 months was
calculated as a sum of the continuous monthly BSi flux from
September until March.
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Figure Al. Estimated lake-level variation between neighbouring
months throughout the year with uncertainties as shading. No lake-
level change is depicted by the solid purple line. The blue line
presents lake-level increase or decrease from one to another month
with constant groundwater discharge (scenario 1), and the green line
is the rate of lake-level variation with modelled groundwater dis-
charges (scenario ii).

The isotopic composition of the groundwater during the
ice-covered period, based on measured data was calculated
as:

(5BOSiMar(CSept . VSept)) + (ng : ng)
Caw * ng
(CSept : VSept . 53()SiSept)
Cow * Vaw

53081y, =

(A3)

where §3°Siyr., is the lake isotopic composition in March,
§39Sigept is the lake isotopic composition in September,
Csept 18 the lake concentration in September, cg, in is the
concentration of groundwater during the ice-covered period
(eq. Al or A2, depending on model), Vg, in is the total vol-
ume of water brought by groundwater in 8 months, and Vgept
is the lake volume in September.

A3 Silicon isotope mass balance — §3°Si,, calculation

Due to the high groundwater input in Lake 850 proven by
the Rn mass balance ( see section Results: 5.2 Groundwater
discharge), the inlet 53°Si does not represent the initial §3°Si
used by diatoms. Therefore, the initial §3°Si of DSi is a mix-
ture of groundwater §°Si and inlet §3°Si flux weighted. The
539Siinitial in was calculated from 3°Sipostuptakes Which
equals to 639Si}, e as:

Cout )

5SOSiinitial = 53()Sipostuptake + 305 : (1 - (A4)

Cinitial
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Table Al. Estimated Rn fluxes in August and September with the derived water discharges through groundwater based on the Rn mass

balance.
Measure data | Bq m~2d~! | SD | Month P&:’% Qm3*d~'1 | SD
08/2019 164 51 8 309 108
09/2019 178 39 |9 2.39 335 92

Further the groundwater §3°Sig,, which fits the measured
data and keeps the steady-state, was calculated as:

o 5308iinitial . ((Cin : Qin) + (ng : ng))
ng ) ng
(Cin : Qin N 530Siin)

Cow * ng

530Sigy

(A5)

Appendix B: Mass balance models: Extreme Si and Si
isotope mass balances

The Si and Si isotopic mass balances models were tested for
two extreme scenarios to model the highest and the lowest
possible concentration of groundwater brought into the lake.
Further, a scenario based on recent diatom growth season is
modelled (Table B1). The DSi concentration and isotopic
composition from the inlet and outlet streams are similar
in all three scenarios. The groundwater DSi concentrations
and isotopic composition are calculated from the groundwa-
ter fluxes influenced by the three potential BSi fluxes into
the sediment, representing three possible lengths of diatom
production. All scenarios are using the open system isotopic
model (Varela et al., 2004) to describe the effect of diatom
production on the lake water 30Si ratio. The difference be-
tween the first and second scenario is the BSi flux into the
sediment: (1) considers BSi flux into the sediment through-
out the whole year representing lack of ice-covered period,
and (2) BSi flux into sediment is present only from June un-
til September (Shemesh et al., 2001). Scenario (3) utilizes the
open system isotopic model only for June, with no diatom
production the rest of the year, and thus no fractionation in
the lake, which describes lake behaviour with only short ice-
free period. Here we describe only scenario 1 and 3, whereas
in the main text scenario 2 is presented and discussed.

B1 Scenario 1: 12 months of BSi flux into sediment

A scenario assuming a constant BSi flux to the sediment
throughout the year (magenta line, Figure B1A) simulates a
situation when climate is warming, and the diatom growth
season is prolonged to maximum. Additionally, this sce-
nario was characterized by the minimal groundwater fluxes
and DSi concentrations. The DSi removal by diatoms is of
1.214£0.62mgSiO2 17! SiO, monthly (magenta points, Fig-
ure B1B). Therefore, with an added BSi flux of 0.58 +0.29kg
Si0O; per day, the lake inlet does not supply sufficient DSi for
diatoms to grow. The groundwater DSi concentration is cal-
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culated as the DSi flux needed to keep the lake balanced and
sustain the diatom production. The groundwater flux of DSi
varies from 0.43 £ 0.51 to 2.20 = 1.35kg SiO, per day, de-
pending on the season (cyan line, Figure B1A). The highest
groundwater DSi flux occurs in June, followed by a decreas-
ing trend towards August, when it reaches the minimum.
From August until November, the groundwater DSi flux in-
creases and is stabilized after November, and it is constant
until May. From the calculated groundwater flux, the ground-
water concentration is between 1.40 & 1.59mgSiO517! to
2.314+1.03mgSiO, 17! during the ice-free period, and, when
combined with the lake DSi deficiency at the end of the sea-
son, itis 11.29+1.07mgSiO2 1~ (cyan line, Figure B1B) in
the ice-covered period.

In scenario 1, with constant BSi flux into the sediment
during the whole year of 0.58£0.29kg SiO, per day,
high superficial and groundwater discharges occur in June,
with DSi concentrations of 2.34 and 2.28 mgSiO,171, re-
spectively (Figure B1B). The stream inlet has a light iso-
topic ratio of 630Si;, = 0.02 & 0.10%o. The initial DSi avail-
able for diatoms is a mixture of the groundwater and the
stream inlet, with §°°Sij a1 = 0.36 £ 0.29%0. The ground-
water was calculated from the §°0Siini to have an iso-
topic ratio of §3°Sigy, = 0.46 +0.51%¢ in June. Thus, the
expected BSi isotopic ratio was calculated to be —0.21 +
0.41%0, which is within the range of mean measured
539Sigs; = 0.07 £ 0.43%o in the top sediment layers. The di-
atom production consumes approximately 48% of the DSi
influx in June.

Although groundwater discharge culminates in July,
compared with the decreasing trend in the stream in-
let, the isotopic composition of the lake in July is in-
fluenced by both the groundwater and the stream. The
DSi concentration of the inlet is 4.79 & 0.03mgSiO17 1,
but with 4 times lower discharge than groundwater.
The calculated groundwater DSi concentration from the
steady-state model is only 1.5441.39mgSiO,17! (Fig-
ure B1B). Further, the initial isotopic mixture for di-
atom growth 62°Sij,itia1 = —0.02 4 0.10%0 is composed of
the stream °°Si;, =0.72+0.10%0 and the groundwater
539Sigy = —0.63 & 0.75%0 (Figure B1C). The expected BSi
isotopic ratio is §39Sipg; = —0.49 % 0.41%0, which still falls
within the mean measured §39Sigg; = 0.07 £ 0.43%o in the
sediment. The diatom production in July consumes 57% of
the DSi.

In August, the isotopic composition of the stream inlet,
lake, and outlet are similar. The DSi concentration of the
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Table B1. A summary of all 3 scenarios, which were examined through Si and Si isotope mass balance models

scenario | BSi  flux | daily BSi flux range Cgw range 6308igw DSi% consumed | range 0YSigs;
time by production

1 12 months | 0.58kgSiOzday~ ' | 1.40 to 11.29 | —0.63 to 1.38%o 39 —-57% —0.49 to —0.01%0
mgSiO2 1™ 1

2 4 month 1.77kgSiOzday ' | 3.561 to 6.95 | —0.55 to 1.45%o 63 —79% —0.49 to —0.01%0
mgSiO2 1™ 1

3 1 month 7.08kgSiO2day ' | 0.37 to 8.99 | —0.04 to 1.45%o 0—84% —0.21%o
mgSiO2 1™ 1

inlet is at its maximum, with an isotopic composition of
0.78 = 0.15%0, but due to a very low inlet discharge it is not
affecting the lake. The concentration and isotopic ratio of the
outlet and the lake are almost identical, thus, the groundwater
inputis 1.40+1.59mg SiO 17! of DSi (Figure B1B), with an
isotopic ratio of §3°Sigy, = 0.14 £ 0.73%o0 (Figure B1C). The
expected BSi isotopic ratio is §30Sigg; = —0.31 £ 0.67%o,
which is in agreement with the mean measured 63°Sipg; in
the diatoms from sediment. The diatom production in August
consumes 39% of the lake DSi.

September is the last month before the lake is ice-covered.
There is no stream inlet, as the watershed is snow-covered.
The groundwater input, with a concentration of 2.31+
1.03mgSiOz171, is four times higher than the removal by
the lake outlet. This suggests that the lake-level is chang-
ing throughout seasons, which is not considered in any of
the Si mass balance and isotopic models examined. The
lake DSi of 1.3740.04mgSiO517 1 is fully influenced by
groundwater and diatom production. The groundwater iso-
topic ratio is 0.65 4+ 0.55%o, and the diatom production is us-
ing 41% of the lake DSi. The expected BSi isotopic ratio is
530Sipg; = —0.01 & 0.47%o, which is in agreement with the
mean measured §°°Sigg; in the diatoms from sediment.

This scenario assumes that the groundwater concentration
during the ice-covered lake is recharging the lake DSi, while
the BSi flux into the sediment is still present (Figure B1B).
Applying the mixing model (equation A2 and A3), ground-
water DSi concentration (11.29+1.07mg SiO,171), ground-
water discharge, lake volume change during the ice-covered
period, and the difference of the isotopic composition of the
lake water between September (1.02 & 0.24%0) and March
(1.27 + 0.10%o), the isotopic ratio of the groundwater is cal-
culated to be 1.45 £ 2.58%o (Figure B1C).

B2 Scenario 3: only 1 month of BSi flux into the
sediment

The third scenario is based on the inlet and outlet DSi fluxes
but assumes that diatom production occurs only in June.
This scenario could occur if the climate would experience
cooling and the diatom growth period would be extremely
shortened. Additionally, this scenario demonstrated the high-
est groundwater concentrations during the diatom growing
season. The rest of the year diatom production, and so the
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BSi flux into the sediment, is negligible or zero. There-
fore, the yearly accumulated BSi settles into the sediment
within one month, which yields a BSi flux of 7.08 £+ 3.62kg
SiO, per day (magenta line, Figure B1G). In this scenario,
groundwater input must be from 0.15+0.37kg SiO, to
8.70£4.59kg SiO; per day, and the DSi concentration ranges
between 0.3740.69mg SiO217! to 8.99 £4.35mg SiO, 171
during the ice-free period (cyan line, Figure B1H). Simi-
lar to the second scenario (in the main text), to restore the
lake DSi concentration during the ice-covered period from
lake-October to mid-June, groundwater DSi concentration is
around 6.95 4+ 4.90mg SiO5 171,

Scenario 3 assumes the BSi flux into the sediment occurs
only in June, and the rest of the year there are no processes
causing stable Si isotope fractionation. This scenario origi-
nates from data in August and September, when the 2°Si of
inlet, outlet and the lake are very similar. Only in June is there
fractionation between the lake stream inlets and the lake,
which is described by the open-system-fractionation model.
Therefore, the groundwater concentration in June increases
to 8.99 +4.35mgSiO, 17! (Figure BIH), with an isotopic
ratio of —0.04 £ 0.52%o (Figure B1I) to sustain the diatom
production represented by BSi flux into the sediment. The
production consumes 84% of the available DSi.

In July, August, and September the groundwater DSi con-
centration is low, as the lake does not have any produc-
tion, thus no demand on the DSi. The isotopic composi-
tion of the groundwater is 0.23 + 1.41%o, 0.75 + 2.83%o, and
1.02 £ 0.53%o, respectively (Figure B1I). High uncertainties
in the isotopic composition of the groundwater reflect the
uncertainties in the stream and groundwater discharges and
fluxes.

Appendix C: Discussion: Scenarios evaluation

Scenarios 1 and 3 of Si mass balance (Table B1, Figure BIA
and G) are demonstrating how the groundwater concentration
would change with changes of length of diatom production.
It is likely that the diatom growth season would be driven by
the changes in climate and thus the ice-free period length.
Our models aimed to estimate the changes in the lake DSi
and Si balance in those extreme changes of growing season
driven by changes in climate. However, the groundwater con-
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Figure B1. Inlet (blue), outlet (red), groundwater (cyan), and the BSi (magenta) fluxes, concentrations and isotopic composition. Scenario
1: A-C The constant BSi flux into sediment (A) influences the groundwater DSi concentration (B) and the silicon isotopic composition (C).
Scenario 2: D-F present the effect of BSi flux adjusted to the diatom bloom season of 4 months (D) on the groundwater concentration (E)
and isotopic composition (F). Scenario 3: G-I The diatom bloom represented by the BSi flux into the sediment is restricted to 1 month only.
During June all BSi accumulated for 1 year is produced and the groundwater concentration (H) and the isotopic composition (I) is affected.

centrations are commonly higher than the superficial streams
(Frings et al., 2016; Maavara et al., 2018; Opfergelt et al.,
2011), which is not the case in scenario 1 and 3. The ground-
water DSi concentrations are lower than in the stream inlet
during the ice-free period in those two scenarios (Figure B1B
and B1H), which suggest that those scenarios have either
missing or surplus data of the inlet and outlet DSi concen-
tration and discharges. A more complex model with variable
discharges of groundwater and stream inlets and outlet de-
pending on precipitation end evaporation changes would be
needed. Therefore, those two scenarios bring only a rough
estimate hinting the changes in DSi and Si isotopic mass bal-
ances connected to changes in climate.
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Table S1. Summary of all samplings of Lake 850
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Site Description ~ Coordinates Max Depth ~ Sampling Sampling Sample Type  Sample
Depth Date number
Inlet 1 N 68°17’50.6” E19°7'6.9” 5cm 26/Jun/18 water, Q n=2
03/Jun/19
Inlet 2 N 68°17'53.5” E19°7'8.3"” 6 cm 13/Jul/19 water, Q n=3
22/Aug/19
20/Sept/19
Outlet N 68°17'54.8"" E19°7'26.3"” 10cm 26/Jun/18 water, Q n=5
03/Jun/19
13/Jul/19
22/Aug/19
20/Sept/19
Lake water N 68°17'51.3" E19°7'10.3" surface 03/Jun/19 water n=1
Water profile N 68°17'53.5"” E19°7'15.6" 4.2-7.5m Imto7m  22/Mar/19 water n=14
22/Aug/19
20/Sept/19
Rn sampling 100 N 68°17'53.1" E19°7/20.4" 0.75m 0.5m 22/Aug/19 water n=1
Rn sampling 101 N 68°17'53.5" E19°7'16.9"” 7.5m 1.5-4m 22/Aug/19 water n=2
Rn sampling 102 N 68°17'54.2"” E19°7'18.7" 4m 1.5m 22/Aug/19 water n=1
Rn sampling 103 N 68°17'51.5"” E19°7'11.7" 2m 1.5m 22/Aug/19 water n=1
Rn sampling 104 N 68°17'53.3" E19°7'11.9” 5m 1.5m 22/Aug/19 water n=1
Rn sampling 20 N 68°17'54.4"” E19°7'21.4" 0.9m 0.5m 20/Sept/19 water n=1
Rn sampling 21 N 68°17'54.8" E19°7'18.2" 5.4m 1.5m 20/Sept/19 water n=1
Rnsampling 22 N 68°17'52.7” E19°7'12.0” 42m 1.5m 20/Sept/19 water n=1
Rn sampling 23 N 68°17'53.2" E19°7'17.7" 6.1m 1.5-4m 20/Sept/19 water n=2
Rn sampling 24 N 68°17'52.5" E19°7'16.6" 4.2m 1.5m 20/Sept/19 water n=1
HTH core 1 N 68°17'53.2" E19°7'17.2" 7.6m 15cm 22/Mar/19 sediment n=1
HTH core 2 N 68°17'52.9” E19°7'14.1” 6.8m 33cm 22/Aug/19 sediment n=1
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Abstract

Diatom-rich sediment in a small subarctic lake (Lake 850) was investigated in a 9400 cal. yr BP sediment record in
order to explore the impact of Holocene climate evolution on silicon cycling. Diatom stable silicon isotopes (83°Sigs;)
and biogenic silica (BSi) indicate that high BSi accumulation throughout Holocene is associated with a lighter Si isotope
source of dissolved silica (DSi), such as groundwater or freshly weathered primary minerals. Furthermore, higher BSi
accumulation was favoured during the mid-Holocene by low detrital inputs and possibly a longer ice-free period allowing
for more diatom production to occur. The diatom §3Sigg; signature shows a link to changes in regional climate and is
influenced by length of diatom growth period and hydrological fluctuations. Lighter Si isotopic values occur during the
mid-Holocene, when climate is inferred to be more continental and drier, with pronounced seasonality. In contrast, a
heavier Si isotopic signature is observed in the early- and late-Holocene, when oceanic influences are thought to be
stronger and the climate wetter. The §°Sigg; values have generally lighter signatures as compared with other studies,

which supports a light DSi source.

Keywords
diatom, lake, silicon, isotope, Holocene, sediment

Introduction

In natural waters silicon is primarily present in the dissolved
form as silicic acid H4SiOy4, also called dissolved Si (DSi),
which originates from the weathering of primary minerals.
Rivers and lakes act as a sink for DSi in the global silicon
cycle, where lakes store the DSi primarily as diatoms (Frings
et al. 2014b), which are unicellular siliceous golden algae.
The DSi delivered to a lake is a product of processes in
the lake catchment area, such as weathering and erosion,
and can be modified by vegetation and soils. Subsequently,
diatom production and dissolution are partly controlled by
the sensitivity of diatoms to DSi concentration (Hamm et al.
2003; Yool and Tyrrell 2003), and thus both processes —
production and dissolution — influence changes in lake
DSi (Panizzo et al. 2017). Fossil diatoms in lake sediment
are used as an archive of environmental history and can
be used for unravelling changes in silicon cycling as a
result of their high preservation potential. Biogenic silica
(BSi) concentrations have been used previously in Canadian
Arctic lakes as an indicator of aquatic palaecoproductivity
(Fortin and Gajewski 2009). In Lake Baikal the sedimentary
BSi concentration recorded diatom responses to changes
in summer temperatures associated with variation in
summer insolation (Khursevich et al. 2001). However, BSi
concentration in lake sediments is also affected by diatom
preservation (Panizzo et al. 2016; Ryves et al. 2003).
Additionally, low detrital input can result in high sediment
BSi concentration (Conger 1942; Zahajska et al. in review).

Diatoms preferentially incorporate the lighter Si isotope,
288, to form the diatom frustule when sufficient DSi is
present (De La Rocha et al. 1997). The stable silicon isotopes
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from diatoms (8°Sigg;) can be used to record DSi utilization
controlled by diatom productivity associated with changes in
climate (De La Rocha et al. 1998; Hendry and Brzezinski
2014; Opfergelt and Delmelle 2012), diatom production and
dissolution (Chen et al. 2012; Street-Perrott et al. 2008),
vegetation impacts on the Si cycle (Frings et al. 2014a, 2016;
Leng et al. 2009; Sun et al. 2011), rates of nutrient supply
(Swann et al. 2010) or DSi sources (Nantke et al. 2019;
Vandevenne et al. 2015). Additionally, changes in §30Si
in the water column can result from seasonal diatom DSi
uptake and clay mineral formation in the sediments (Ehlert
et al. 2016; Frings et al. 2014c; Geilert et al. 2020; Zhang
et al. 2020). Moreover, studies on Lake Baikal suggest that
long-term changes in isotopic composition are complex and
involve several simultaneous processes affecting the isotopic
signature (Panizzo et al. 2017).
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Changes in climate, recorded in lake sediments in
northern Sweden spanning the last 9400 years, have
been reconstructed using stable oxygen isotopes, changes
in diatom communities (Bigler and Hall 2003; Rosén
et al. 2001; Shemesh et al. 2001), pollen-based vegetation
reconstruction (Barnekow 1999; Berglund et al. 1996;
Seppd and Hammarlund 2000) and chironomids (Rosén
et al. 2001). In northern Sweden, post-glacial climate
and vegetation development is commonly subdivided into
three periods (Barnekow 1999; Hammarlund et al. 2002;
Seppd and Hammarlund 2000). Early Holocene climate
was characterized as humid oceanic, with warm summer
temperatures, rising treeline and a shift in vegetation
from subarctic shrub and birch tundra to boreal pine-
birch forest (Seppd and Hammarlund 2000). Mid-Holocene
climate was more stable and continental compared with
the early Holocene, with warm and dry summers and
strong seasonality (Berglund et al. 1996; Rosén et al.
2001). Gradual cooling with some short-term fluctuations
is suggested for the late Holocene (Barnekow 1999; Bigler
et al. 2003; Rosén et al. 2001).

We examine here the impact of changes in climate on
silicon cycling and BSi accumulation in Lake 850 within
the framework of existing knowledge on Holocene climate
changes in the Abisko area, northern Sweden (Berglund
et al. 1996; Bigler and Hall 2003; Hammarlund et al.
2002; Rosén et al. 2001; Seppd and Hammarlund 2000).
Pollen records in the Lake 850 area suggest that the
lake has been above the pine treeline throughout the last
9400 cal. yr BP. We hypothesize that changes in DSi
sources, derived from hydrological changes connected to
changes in climate, are responsible for BSi concentration
and 83°Sigs; variation. The long-term evolution of lake
BSi accumulation is hypothesized to be dependent on
climate-driven sedimentation rates, detrital input, and diatom
production. Sediment lithology, diatom BSi concentration,
and diatom stable silicon isotopes are used to reconstruct
these processes.

Study area

Lake 850 is situated in northern Sweden, 14km south-
east from Abisko Research Station (388 m a.s.l.). Mean
temperatures during summer and winter in the Abisko region
are 9.8 °C and —10.1 °C, respectively, and the mean annual
temperature (from 1913 to 2019) was —0.4 °C (ANS, Abisko
Scientific Research Station 2020). The diatom growing
season is from June to August (Shemesh et al. 2001). The
lake, at an elevation of 850m a.s.l. (68°15’ N, 19°7’ E),
lies above treeline, which is currently at 600 m a.s.l. The
catchment area is 0.35km? (Rubensdotter and Rosqvist
2003), and the lake surface area is 0.02 km?. Approximately
48 % of the lake area lies within the deep basin, with a
maximum depth of 8 m, and 52 % of the lake surface area
is shallow, with a depth of <4m. The vegetation in the
catchment area is comprised of Arctic species of mosses,
grasses and shrubs, and the bedrock is composed of granites
and syenites overlain by a thin layer of till (Shemesh et al.
2001). There are two ephemeral 1-2cm deep inlets in the
eastern part of the lake and one outlet in the western
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part (see Zahajska et al. in review, in review). From mid-
October until late May—early June, the lake is ice-covered,
and its catchment area is snow-covered from mid-September
to mid-June. In August the lake is well-mixed with no
thermal stratification and has a pH of 6.8. The lake is
classified as oligotrophic and has a dissolved organic carbon
concentration of 2.3mgl~! (Shemesh et al. 2001; Bigler
et al. 2002).

Methods
Core collection

In April 1999, a 125-cm sediment core was cored from
the centre of the ice-covered Lake 850 using a modified
Livingstone piston corer (Shemesh et al. 2001). The core
was subsampled into 62 2-cm sections, but only the top 56
samples contained sufficient biogenic silica (Shemesh et al.
2001) and are used here for stable Si isotope analysis.

To investigate BSi accumulation, a 74 cm-long sediment
core was taken using a modified Livingston piston corer in
March 2019 from the ice in the deep basin (68°17'53.2" N,
19°7'17.2" E) at a depth of 7 m. The piston core was scanned
for density, magnetic susceptibility, and X-ray fluorescence
(XRF) with an ITRAX CS37 at the GLOBE Institute,
Copenhagen University, Denmark. The core was correlated
with the previously collected piston core (Core 3) from
1999 (Shemesh et al. 2001; Rubensdotter and Rosqvist 2003)
using age-depth models and total organic carbon (TOC) (see
section Chronology).

Sediment characterization

The 2019 core was halved, and one half was continuously
subsampled in 1-cm sections and placed into cubic boxes
with known volume. The other half of the piston core was
used for XRF and magnetic susceptibility scanning and
archived. All sediments were weighed before and after freeze
drying for water content, to obtain porosity and wet and dry
bulk densities.

Total organic carbon (TOC) and total nitrogen (TN)
analyses were carried out on freeze dried samples (n =
28), where 5mg to 10mg of dry sediment was packed
into tin capsules. Six samples throughout the core were
tested for carbonate by acidifying with HCl and heating
to 60°C before total carbon (TC) measurements were
conducted (Brodie et al. 2011). The measurements were
done on a COSTECH ECS4010 elemental analyzer at the
Department of Geology, Lund University, with the mean
analytical uncertainty for TOC of 0.3 wt% based on duplicate
analysis (n = 17). The carbonate content was calculated as
a difference in TC between de-calcified and bulk sample.
Because these analyses indicated that the sediments do not
contain carbonate, the TC measurements are used as a
measure of TOC. The published LOI data (Rubensdotter
and Rosqvist 2003) show values above 20%, thus an
experimental conversion factor from LOI to TOC of 2 was
used to recalculate LOI into TOC (Bojko and Kabata 2016).

The BSi concentration was analyzed at a resolution of
1 cm by sequential alkaline extraction (Conley and Schelske
2001). Freeze-dried homogenized samples were digested in
0.1MNayCOs3 in a shaking bath at 85 °C. Subsamples were
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Table 1. Samples from Lake 850 sediment core from 2019 dated by '“C AMS method.

14C dated piston core

Depth  Dated material Weight Lab no Radiocarbon age Calibrated age®
(cm) (mg C) (BP) (cal. yr BP, 20 range)
28-29  Betula nana leaf 1.0 LuS 15652 3405 +45 3562-3732
40-41 Betula nana leaf 0.8 LuS 15655 3965 +45 4287-4528
54-55  Betula nana leaf 1.1 LuS 15658 4525 +40 5047-5202
70-71  Vaccinum sp. leaf 1.4 LuS 15661 6300 £ 50 7156-7366
73-74  Vaccinum sp. leaf 1.0 LuS 15663 6370 £40 7247-7419

@ T4G dates were calibrated using the IntCal20 radiocarbon calibration dataset by Reimer et al. (2020).

taken at 3, 4 and 5 hours and neutralized with HCI to examine
for the dissolution of minerals. There were no changes in the
amount of total amorphous SiO, extracted during the time
course of the dissolution, therefore mean values were used
to estimate BSi concentration with no mineral correction
applied (Conley 1988).

Chronology

Five terrestrial macrofossil samples from the piston core
were dated by ¢ using accelerator-mass-spectrometer at
the Radiocarbon Dating Laboratory, Department of Geology,
Lund University (Table 1). Radiometric dates were calibrated
with IntCal20 radiocarbon calibration dataset (Reimer et al.
2020). The age-depth model (Figure 1) was established
based on '“C dates using the software package Bacon with
five age controls (Blaauw 2010). A priori assignment of
mean sediment accumulation rate was set to 100 yrcmfl, as
suggested by Bacon. Thickness for spline calculation was set
at 15.5 cm, above which the model diverged greatly from the
age controls provided. The age-depth model had 100 % of the
dates overlapping within the mean 95 % confidence ranges.

An updated age-depth model for the core from 1999
(Figure S1) was established based on six original '“C
dates from the published age-depth model (Shemesh et al.
2001) using the same approach as described above. A priori
assignment of mean sediment accumulation rate was set to
100yrem ™!, and thickness for spline calculation was set at
24.5cm. Only 86 % of the dates overlapped with the age-
depth model’s mean 95 % confidence ranges.

Both cores were aligned based on age-depth models.
A secondary control of the alignment was done through
comparison of TOC calculated from loss on ignition (LOI)
on the core from 1999 and a proxy for organic carbon
(incoherent/coherent scanning ratio) measured on the new
piston core (Figure 2), which showed good fit. The proxy for
organic content is based on the rhodium (Rh) scatter peak
areas, expressed as Rhy,./Rheon, where the Rh incoherent
(Rhjpe) responds to valence of electrons and Rh coherent
(Rh¢op) scatter peak (K-alpha) responds to bulk electrons in
sample material (Burnett et al. 2001). When the number of
valence electrons is large compared to the number of bulk
electrons, the density of the sample is lower, which indicates
high organic content. All data are plotted with age, as the
ages of both cores do not correspond to similar depths.

Stable Si isotopes analysis

Clean bulk diatom material (several diatom species) from
Lake 850 with 2-cm resolution was obtained from a 125-
cm-long core used in a previous study (Shemesh et al.
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2001) and processed for stable silicon isotopes. Cleaned
diatom samples (~ 0.8 mg) were digested with 0.5 to 1 ml of
0.4MNaOH (analytical purity) at 50 °C for at least 48 hours.
When all diatoms were dissolved, samples were diluted with
Milli-Q® water to prevent precipitation and fractionation
of amorphous silica, then neutralized by 0.5ml to 1 ml of
0.4M suprapur® HCI. The solutions were measured for
their silicon concentration to obtain Si recovery, which was
between 90 and 100 % of the calculated concentration based
on initially weighed and dissolved diatom SiO,. Samples
solutions, Si standards RM-8546 and Diatomite prepared by
NaOH fusion (Georg et al. 2006) were purified for silicon
analysis by ion-chromatographic separation using 1.5ml
cation-exchange DOWEX® 50W-X8 (200-400 mesh) resin
following the method by Georg et al. (2006).

Stable Si isotopes were measured on a NuPlasma (II)
HR multi-collector inductively conducted plasma mass
spectrometry (MC-ICP-MS, Nu Instruments™) with an
Apex HF desolvation nebulizer at the Vegacenter, Swedish
Natural History Museum, Stockholm. The 2%Si signal of full
procedural blanks was determined to be less than 0.35 % of
the total signal, thus sample contamination was not observed.
All samples were diluted to 2-3mgl~' of Si and matrix
matched with standards in 0.12M SeaStar HCI. Further, all
samples and standards were doped to contain 3mgl~! of
Li (IPC-MS standard) to match the matrix of Vegacenter
standards prepared by LiBO, fusion (Sun et al. 2010).

Silicon isotopes data are reported as deviations of Tgi

and %2: from the RM-8546 (former NBS-28) in %o, denoted
§30Si and §2°Si as follows:

30si

28Si sample 1
30gi -
28Si NBS28

§%0si = - 1000. D

Each sample was measured three to six times with bracketing
of NBS-28 in between. Full chemical replicates were
measured on 68 % of all samples (n = 56). A three-isotope
plot 8%°Si vs 8%Si is used to ensure that there are no
polyatomic interferences present during mass spectrometry
measurements. All measured samples should fall on the
expected mass-dependent fractionation line with a slope of
0.5092 (Figure S2, Reynolds et al. 2007).

Long-term (ca. 3 years) variance from the secondary
reference materials is as follows: Diatomite §30Si = 1.24 &
0.20 %o (2SDrepeateds 1 = 285), Big-Batch §%°Si = —10.63 £
0.34 %o (2SDrepeated, 7 = 109) and IRMM 8°°Si = —1.77 £
0.22 %o (2SDyepeateds n = 195). All secondary reference
materials values were in good agreement with values from a
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previous interlaboratory comparison (Reynolds et al. 2007).
The reproducibility of all samples was < 0.2 %o. At the
Vegacenter laboratory, the long-term precision is 0.15 %o
(expressed as 2SD).

Statistical analyses

For testing the statistical significance of proxy correlations,
a Pearson correlation test was run on data in R software. A
statistically significant correlation was considered to have a
confidence interval of 95 % and thus, the p-value < 0.05. The
correlation tests were run on the entire core record, as well as
on three chosen zones. The §°Sigg;, BSi, LOI, TOC or OC
proxy, Ti, Fe and MS were tested for correlation to identify
processes connected to the 530Sigs; signature and variation
of BSi. The correlation results are heavily dependent on the
alignment of two cores, thus a significant correlation between
LOI and the OC proxy, which supports the robustness of the
core alignment, was tested before any other correlation tests.

Results

Age-depth model and core alignment

The base of the 2019 piston core was dated at approximately
7400 cal. yr BP (Table 1). The mean sedimentation rate
over the entire core was estimated to be 0.012cmyr~! or
83.3yrem~! (Figure 1), which is in the same range as
a previously published sedimentation rate from Lake 850
of 0.013cmyr_l (Shemesh et al. 2001). Based on this
sedimentation rate, the mass accumulation rate was
calculated to be 1.9 mgem~2yr~!. However, the age-depth
model is not linear, especially in the top 28cm. The
increased sedimentation rate in the top of the core has a
high uncertainty, as no age constraint was obtained between
the surface and 28 cm. The top of the core is considered to
have the age of the coring year. However, the sediment-water
interface was disturbed during coring and thus, the age-depth
model can suffer from the incompleteness of the record. The
age-depth model of a short core from Lake 850 also shows
non-linear changes in sedimentation rate in the surface of the
core (Zahajska et al. in review, in review).

A new age-depth model of the published core from
1999 (Figure S1) indicates that the base of the core is
approximately 9400 cal. yr BP and shows linear changes
in sedimentation rate through time, which is in agreement
with the previous Holocene age-depth model (Shemesh et al.
2001; Rubensdotter and Rosqvist 2003).

Lithology

The 74-cm 2019 sediment core was examined for its
lithology, elemental composition using XRF, total organic
carbon (TOC), total nitrogen (TN), biogenic silica (BSi)
and magnetic susceptibility. The sediment is composed
predominantly of carbonate-free clay gyttja, similar to the
lithology of the previously published 125-cm sediment core
(Shemesh et al. 2001). The sediment porosity (data not
shown) is generally high, averaging 86 %, with maximum
values of 90 %. The wet bulk density (data not shown) is
1.15gem™3, and the dry bulk density is 0.162 gcm ™. The
magnetic susceptibility (MS) and the titanium (Ti) and iron
normalized by Ti (Fe/Ti) XRF data are used as proxies
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for changes in grain-size and detrital/terrigenous input into
the sediment, respectively (Figure 2). Titanium, iron and
magnetic susceptibility show a generally increasing trend
from the base to the top of the core. An increase in all three
proxies is observed, especially in the last 3000 cal. yr BP. In
contrast, the TOC and C/N data show elevated values from
7400 to 3500 cal. yr BP and are generally stable during the
last 3500 cal. yr BP. Total organic carbon and BSi share some
similarities in their trends, with increased values from 7400
to 3500 cal. yr BP, followed by lower values in last 3500
cal. yr BP. However, BSi varies greatly, whereas TOC and
C/N display smaller variations. BSi concentrations and TOC
together constitute from 23 to 52 wt% of the sediment. The
remainder of the sediment is considered to be minerogenic.

The non-minerogenic component of the sediment is used
as a proxy for changes in productivity or terrigenous input.
TOC varies greatly throughout the core, from 8.4 0.5 wt%
to 16.4 = 0.4wt%, with a mean of 11 & 1.4wt%. One
standard deviation is used as uncertainty when data are
presented. Typical C/N values for autochthonous aquatic
production range from 4 to 10, whereas terrestrial plants have
C/N > 20 (Meyers 1994). Thus, our values, which range
from 9.7 to 13.7, represent the dominance of autochthonous
sources.

The BSi shows large variability, with the BSi minimum
of 23.2 4+ 1.3wt% SiO; at 2280 cal. yr BP, maximum of
42.5+1.6wt% at 3580 cal. yr BP and the core mean of
BSi is 32.3 = 1.4wt%. A distinct local minimum in BSi
concentration occurs at 4750 cal. yr BP, with BSi of 25.7 +
1.0wt%. Elevated BSi concentrations above 30wt% are
observed ~ 2800 cal. yr BP, 3800 cal. yr BP, 5100 cal. yr
BP and 6600 cal. yr BP. The minerogenic fraction resulting
from the BSi and TOC measurements varies between 48 and
77 wt%.

Biogenic silica fluxes

The Holocene BSi flux into the sediment was determined
from the piston core BSi and the mass accumulation rate of
1.9 mgem~2yr~!. The mean BSi flux into the sediment from
7300 cal. yr BP to present is 0.67 mg SiO, cm =2 yr~! (Figure
2). At the bottom of the core, the BSi flux is higher, with
values up to 1.31 mgSiOyecm~2yr~!, and with a mean of
1.25mgSiOy cm~2 yr~! from the period 7300 to 7100 cal. yr
BP. From approximately 7100 cal. yr BP to 5200 cal. yr BP,
the BSi flux stabilizes at a mean of 0.48 mgSiO;cm2yr—!,
excluding two intervals of increased BSi fluxes of 1.44
and 1.50mgSiOycm™2yr~! at 6600 cal. yr BP and 6000
cal. yr BP, respectively. An increasing trend in the BSi
accumulation rate during younger ages is observed from
5200 cal. yr BP to 3700 cal. yr BP, with values varying from
0.51 mgSiOycm2yr~! up to 1.18 mgSiO,cm~2yr~!, with
a mean of 0.80mgSiO>cm2yr~!. From 3700 cal. yr BP
to present, the BSi flux is stable at 0.53 mgSiO>cm2yr~!,
with some minor variation (Figure 2). Large uncertainties in
the top part of the core are propagated from the age-depth
model, where ages are extrapolated between the youngest
14¢ date and the top of the core, which is considered to be
recent.
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Figure 1. The age-depth model of piston core from 2019 from Lake 850 based on '“C data (see Table 1) using the software
package Bacon (Blaauw 2010). The red line is the median probability age from all age-depth iterations, representing the best point
estimate of age for any given depth. Grey shading represents the age model probability and contains the 95 % confidence interval
(dashed lines). Iteration history (left inset), prior and posterior densities of the mean accumulation rate (middle inset), and prior and

posterior of the memory (right inset).

Stable Si isotope record

The stable silicon isotopes measured on cleaned bulk
diatoms from the 125-cm-long core from 1999 show
generally light isotopic composition of preserved diatoms
with subtle variations. Three Holocene periods with different
trends (Figure 2) are distinguished based on records from
similar lakes in the Scandes mountain range: Sjuodjijaure
(Rosén et al. 2001) and Njulla (Bigler et al. 2003). During
the early Holocene (~ 9400-7300 cal. yr BP), there is
a decreasing trend from heavier isotopic composition to
lighter 530Sigg; from the base upward, with the heaviest
839Siggi = 0.51 4 0.03 %o (2SD) at the bottom of the core,
a mean 6°°Sigg; of 0.17 £0.16 %o (1SD) and shifts between
two subsequent samples < 0.34 %o (Figure 2). The middle
Holocene (7300-3900 cal. yr BP) has a light §3°Sigg; signal
that oscillates very little (£0.25 %o), including the lightest
signal in the entire core (8°°Sigs; = —0.49 4 0.31 %o, 2SD)
and mean values of —0.27 +0.12 %0 (1SD). In the late
Holocene 8°Sigg; values are lighter and stable between
3900 cal. yr BP and 2700 cal. yr BP, ranging between —0.34
and —0.11 %o with a small shift between two subsequent
samples of 0.18 %o. The topmost part of the core from 2700
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cal. yr BP to present shows a gradual shift towards heavier
isotopic composition, with values ranging from —0.15 to
0.11 %o and varying by 0.18 %o. The core §°°Sipg; mean is
—0.19£0.16 %o (1SD).

Statistical analysis

Pearson correlation tests conducted on the entire core record
of XRF, LOI, OC, TOC, BSi and §°°Sigg; data showed weak
or no correlation between 8°Sigs;, BSi and the proxy for
production (OC, LOI, TOC) or the proxy for detrital input
MS, Ti).

Magnetic susceptibility, reflecting changes in grain-size, is
positively correlated with the detrital input proxy — Ti (R* =
0.56, p-value < 2.2 - 10*16), except at a few depths, where it
may be more affected by organic matter content or sediment
of autochthonous origin (Figure 2). Similarly, Fe is positively
correlated with MS (R? = 0.64, p-value < 2.2-107'°), which
suggests that MS, Fe and Ti similarly record detrital input.
Mineral input is generally low, based on the low XRF
counts of detrital elements and on the sedimentation rate.
Further, the negative correlation between OC and density
(R? = 0.26, p-value = 5.18 - 107%) suggests that OC matter
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Figure 2. On the left, data for the 2019 piston core: core photo with lithology, titanium (Ti in cps) as a detrital input proxy, magnetic
susceptibility (MS) as the grain size changes proxy, total organic carbon (TOC wt%) and C/N ratios for OM composition, biogenic
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(Rubensdotter and Rosqvist 2003) are used for correlation of the two cores, stable silicon isotope record (53°Si in %) of cleaned
bulk diatoms with shading of 1SD from duplicates, lithology and photo of the 1999 core modified from Rubensdotter and Rosqvist
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is clay/silt.

content may be responsible for the changes in the sediment
density. Thus, 26 % of the variation in sediment density can
be attributed to organic carbon variation and 25 % to detrital
input represented by Ti (R? = 0.25, p-value = 8.8-107%). A
few pulses of detrital input, identified by elevated MS, Ti and
Fe, occur during the late- and mid-Holocene periods around
4700 cal. yr BP, 3000 cal. yr BP and 1700 cal. yr BP.

The negative correlation between BSi and Fe (R? = 0.07,
p-value = 0.03) suggests a negative relationship between
those two proxies. Iron XRF counts were 10 to 100
times higher than all other identified elements (Figure 2).
Lower iron content occurs during the mid-Holocene period,
together with high BSi accumulation. Iron is brought by run-
off, which is demonstrated by strong positive correlations
between Fe, MS and Ti.

Discussion

Factors influencing the diatom accumulation
and 6 3OSiBSi

To explain sedimentary §3°Sigs;, possible factors influencing
the source of DSi to the system in which the diatoms grew
must be considered. In DSi-limited systems, 530Sigg; reflects
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processes in the watershed and relative changes in DSi
sources (Nantke et al. 2019; Phillips 2020; Zhang et al.
2020). Factors influencing the DSi isotopic composition in
a lake include riverine diatom production, vegetation, the
soil Si pool and secondary mineral formation. Lake 850 is
situated above the pine and birch treeline and is surrounded
by bedrock with very sparse pockets of poorly developed
soils. The lake is fed by small ephemeral inlets. Thus, none of
those factors are likely to have had an influence on the §3°Si
of the source DSi, although these factors are important in
environments below the treeline (Fontorbe et al. 2013; Frings
et al. 2016; Nantke et al. 2019).

In DSi-unlimited systems, such as Lake 850, diatom
accumulation and 8°0Sigg; are likely reflecting several
processes acting together. More specifically: 1. changes in
diatom production and species composition derived from
changes in summer temperatures and the length of the
ice-free period, and 2. relative changes of DSi sources
(groundwater vs surficial streams). The Holocene lake
history suggests that a combination of low detrital input (Ti,
MS) and high BSi production are governing the diatom-
rich sediment formation (Figure 2). Low detrital input
is not diluting the diatom accumulation, and, thus, BSi
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and compared with previously published §'80 (%. VSMOW), Aulacoseira ssp. and Navicula ssp. abundances from the 1999 core
(Shemesh et al. 2001). Further, pine treeline reconstruction at northern Scandinavia (Shemesh et al. 2001).

* Climate and vegetation reconstruction based on Barnekow (1999)
(2001); Seppa and Hammarlund (2000).

concentrations as high as 42 wt% accumulated. Additionally,
many of the processes influencing 8°°Sigg; and BSi
accumulation are partially controlled by changes in climate
(Figure 3).

Climate reconstructions in the Abisko area suggest a
warmer and more humid early-Holocene influenced by
Atlantic air masses (Berglund et al. 1996; Rosén et al.
2001), more continental climate with pronounced seasonality
and increased elevation of the pine treeline during the
mid-Holocene (Barnekow 1999; Berglund et al. 1996;
Hammarlund et al. 2002; Rosén et al. 2001), cooling
connected with decreasing insolation (Barnekow 1999) and
a more oceanic climate (Berglund et al. 1996) reflected
in 8'30 (Figure 3, Shemesh et al. 2001) in the late Holocene.
Although §3Sigg; data show a pattern that coincides with
intervals of change in Holocene climate as described above,
the §'80 data from Lake 850 do not consistently follow the
same patterns (Figure 3, Shemesh et al. 2001). In addition,
53%Sips; does not show substantive changes coincident
with fluctuations in treeline (Figure 3), which suggests that
vegetation is not driving changes in 8°°Sigg;.

Diatom production and species composition

No significant correlation of BSi and 530Sigg; was found
throughout the Holocene, therefore, diatom production is not
the only factor driving 830Sigg;, which is in agreement with
the hypothesis that §°°Sigg; formed in DSi-unlimited lakes
does not reflect DSi utilization. However, reported changes
in diatom production and species composition (Shemesh
et al. 2001) may influence variation in 530Sigg; and BSi
concentration, as indicated by the similarity in trends.
Planktic Aulacoseira ssp. have lower relative abundance
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; Berglund et al. (1996); Hammarlund et al. (2002); Rosén et al.

in the early and late Holocene, when benthic Navicula
ssp. abundances increased (Figure 3, Shemesh et al. 2001).
BSi concentrations are higher during the mid-Holocene in
comparison with a decreasing trend in the late Holocene,
which coincides with changes in the abundance of heavily
silicified Aulacoseira ssp. Additionally, increased diatom
production and thus the BSi accumulation during mid-
Holocene was possibly triggered by a longer growing season,
which is suggested by large abundance of planktic species
(Aulacoseira ssp., Figure 3) and lower amounts of benthic
species (Fragilaria ssp., see Shemesh et al. 2001) (Lotter
and Bigler 2000; Smol 1988), as well as by warmer and
drier climate indicated in the heavier §'80 values (Figure 3,
Shemesh et al. 2001). Stable §°°Siggs; has heavier values
during the early- and late-Holocene, which may be driven by
differential species-specific fractionation (Sutton et al. 2013)
or heavier DSi sources, such as pore waters at the water-
sediment interface (Ehlert et al. 2016; Geilert et al. 2020; Ng
et al. 2020) for benthic species, whereas a lighter isotopic
signature can be connected to the higher relative abundance
of planktic Aulacoseira ssp. (Figure 3).

Relative changes in DSi sources

Changes in DSi sources have been demonstrated to influence
53OSiBsi, however, in other studies those changes were
connected to changes in watershed vegetation or soil
development (Fontorbe et al. 2013; Frings et al. 2016;
Nantke et al. 2019). Analysis of recent temporal dynamics
in Lake 850 revealed the importance of groundwater supply
as a source of DSi fuelling high diatom growth (Zahajska
et al. in review). The isotopic signature of the diatoms in
Lake 850 shows no significant correlation with the wt% of
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BSi or BSi accumulation rate, which supports the hypothesis
that the 53%Sigg; is not connected to production but instead
is driven by changes in DSi sources (Nantke et al. 2019).
Relative changes in DSi sources during the diatom growing
season measured in groundwater (ranging from —0.55 to
0.24 %o, mean —0.07 %o) and surficial run-off (ranging from
0.02 to 0.77 %o, mean 0.5 %o) in the modern Lake 850
(Zahajska et al. in review) are suggested to be responsible
for contemporary §3°Sigg; values. Moreover, the 83Sipg;
values are within a narrow range throughout the Holocene,
therefore, a stable DSi source must be present through time.
The light §*°Sigs; during the Holocene reflects the absence
of processes that fractionate Si in the lake watershed, such as
soils or vegetation.

Holocene climate reconstructions of the Abisko area
suggest changes in summer temperatures (Barnekow 1999;
Berglund et al. 1996; Bigler et al. 2003; Hammarlund
et al. 2002; Rosén et al. 2001; Seppd and Hammarlund
2000) , which may have influenced the length of the ice-
free period and in turn diatom growth. Thus, Holocene
53%Sips; may reflect changes in the duration of the ice-free
period and associated changes in the relative proportion of
surface inputs versus groundwater as DSi sources. Changes
in summer temperatures are connected with changes in
vegetation cover, where shrub dominance increases during
warmer periods (Myers-Smith et al. 2015). Even though
the lake was shown to be above the pine treeline in last
8000 cal. yr BP (Shemesh et al. 2001), the expansion
or contraction of shrub vegetation can trigger feedback
processes, such as development of soils and/or localized
snow patches (Myers-Smith et al. 2011), which can influence
the DSi delivery to the lake.

Holocene Lake development
Early Holocene — shift in DSi sources

No BSi and XRF data are available for the early Holocene
period, however, the 839Sigg; record combined with LOI
data and the treeline increase (Figure 3) are consistent with
a warm and humid climate. Climate reconstructions from
diatoms, pollen, and chironomids for the Abisko region
suggest the influence of Atlantic air masses creating more
humid and oceanic climate (Berglund et al. 1996; Rosén
et al. 2001). The decreasing 530Sigs; (Figure 3) can be
associated with prolonged ice-free periods, as recorded in
an increase of planktic diatom species (Figure 3) and in
the 6'30 data reflecting changes in isotopic composition of
the influx water originating from precipitation or changes in
water balance (Shemesh et al. 2001). Thus, changes in the
relative proportion of DSi sources from surficial-dominated
DSi input relative to groundwater-dominated DSi sources,
would result in the isotopic shift towards lighter §3Sigg;
based on recent mass balance of the lake (Zahajska et al.
in review). Indeed, groundwater represents three times more
water input compared to ephemeral streams today and has
a modelled isotopic signature between —0.55 to 0.24 %o
(Zahajska et al. in review). The relative proportion of DSi
sources are connected to changes in summer temperature and
precipitation.
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Mid-Holocene — lake dominated by diatom production
and groundwater

Climate reconstructions from other sites in the region suggest
a reduced influence of Atlantic air masses, thus a more
continental climate with lower humidity, more pronounced
seasonality and colder winters (Barnekow 1999; Berglund
et al. 1996; Hammarlund et al. 2002; Rosén et al. 2001).
Yet, §'30 data from Lake 850 suggest cooling and higher
precipitation in summer (Figure 3, Shemesh et al. 2001).

High and variable TOC together with increased C/N
(Figure 3) suggest more terrestrial organic carbon input,
especially during the altitudinal increase of treeline in the
Abisko area between 5500 and 3400 cal. yr BP (Barnekow
1999; Berglund et al. 1996; Hammarlund et al. 2002; Rosén
et al. 2001; Seppd and Hammarlund 2000). This increase in
treeline corresponds with an increase of summer temperature
documented in nearby Lake Tibetanus (Barnekow 1999;
Seppd and Hammarlund 2000) and Lake Sjuodjijaure (Rosén
et al. 2001). However, the pine treeline did not reach an
altitude of 850 m a.s.l. (Figure 3), and the detrital input (Ti,
MS, Fe) during this period is at a minimum and negatively
correlated with TOC. Together these data suggest that the
total organic carbon is likely originating from the shoreline
and littoral areas of the lake.

Additionally, lake-level changes evident in other lakes in
Scandinavia (Seppi and Birks 2002, and references therein)
suggest the possibility that lake shallowing and expanded
growth of terrestrial mosses in littoral areas could account
for both increased TOC and C/N but low detrital input. A
slight increase in benthic Navicula ssp. is consistent with
the hypothesis of moderate lake-level change and expanded
littoral habitat. Alternatively, the low detrital input could be
explained by lower run-off due to a generally drier period.

The diatom assemblage (Figure 3) does not show
substantial changes, and the prolonged dominance of heavy
silicified Aulacoseira ssp. may be responsible for the high
BSi accumulation as a result of a prolonged ice-free period
(Bigler et al. 2002). A prolonged ice-free period would
increase the relative contribution of isotopically lighter
groundwater DSi to the lake water balance (Zahajska et al. in
review) and produce isotopically lighter §3°Sigs;. Therefore,
BSi accumulation is likely connected to an unlimited
isotopically light DSi source for diatom uptake (reflected in
539Sigs;), coupled with a long ice-free period, as indicated
by the dominance of Aulacoseira ssp. (Figure 3), associated
with higher mid-Holocene summer temperatures.

Late Holocene — increased run-off and shortening of
ice-free period

The oscillations of BSi concentration during the late
Holocene reflect changes in sedimentation due to a slight
increase in detrital input (Ti, Fe, MS, Figure 2), coincident
with a C/N ratio that suggests increased autochthonous
production. Thus, detrital input is likely to be of mineral
composition originating from enhanced physical weathering
during spring snowmelt with little organic carbon. A positive
correlation was found between BSi concentration and the
OC proxy (R? = 0.32, p-value = 7 - 10~3), which indicates
that BSi accumulation is correlated with autochthonous algal
production during this period, supported by C/N values.
However, BSi and §%°Sigg; in this period show no significant
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correlation, therefore, other processes, such as changes in
DSi sources, changes in diatom production connected to
relative species abundance and preservation potential are
responsible for the 530Sigg; signature. The decreasing trend
in OC and LOI, similar to BSi, suggest changes in diatom
production likely driven by a shorter ice-free period.

During the late Holocene, a gradual shift towards heavy
539Sigg; shows a trend similar to that of the cooling
climate reflected in §'80 (Figure 3), driven by decreasing
summer insolation (Barnekow 1999) and a more oceanic
climate (Berglund et al. 1996). These changes in climate
are responsible for a shorter ice-free period, as reflected
in decreasing abundances of Aulacoseira ssp., which grows
during longer ice-free periods in a well-mixed water
column (Figure 3). Longer winters are responsible for more
meltwater, a higher contribution of spring stream water and
increased erosion (Rosén et al. 2001; Snowball et al. 1999).
A shorter ice-free period is connected with the input of
relatively heavier groundwater 83°Sigs; (Zahajskd et al. in
review).

Additionally, during the spring snow melt a higher relative
contribution of run-off and stream DSi supply is expected
to influence the lake Si isotope signature. Further, if the
BSi fluxes to the sediment are similar to the longer ice-free
period, to accumulate the same BSi during the short ice-
free period, the diatom production must be enhanced. Thus,
higher DSi uptake during the shorter diatom growth can be
reflected in the increased 83°Sigs; (Zahajska et al. in review).
Alternatively, the higher relative abundance of benthic
species Navicula ssp. can be hypothetically responsible for
the trend in 6*Sigs;.

Sparse §3°Si sediment records

Approximately, 100 lakes in Northern Sweden have been
investigated for BSi concentrations in surface sediments
(Rosén et al. 2010), including Lake 850, but no Si stable
isotope analyses have been made on any of these lakes.
Lake 850 has a surface sediment BSi concentration of
40.3 wt%, which places this lake into the top 10 % of high
BSi concentrations among the 100 lakes studied, and it is the
only lake above current treeline with high BSi concentrations
(based on data from Rosén et al. 2010). The closest lake
in Lappland with a stable silicon isotopic record is Lake
Kuutsjérvi, situated below the pine treeline at 341 m a.s.l.
(Tallberg et al. 2015). The top 25cm of sediment from
Lake Kuutsjéarvi has a stable silicon isotopic signature of
sedimentary diatoms similar to the uppermost sediment of
Lake 850, although unlike this study, for Lake Kuutsjérvi
the 63Sigg; was calculated and not measured directly on
diatoms.

The mean 8°Sigg; in Lake 850 is at the lower end of the
global marine and freshwater diatom isotopic composition
range (Frings et al. 2016). The 8°°Sigg; values throughout
the core in this study are generally lighter than published
lacustrine §3%Sigs; from the Arctic Lake EI’gygytgyn, where
539Sigg;i ranges from 0.9 to 1.4 %o (Swann et al. 2010), and
Lake Baikal 63°Sigs;, where values range from 1 to 1.5 %o
(Panizzo et al. 2016).

The isotopically light signature of fossil diatoms from
Lake 850 (mean —0.19 4+ 0.16 %0¢) is comparable with
530Sigg; in volcanic lakes (Chen et al. 2012; Street-Perrott
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et al. 2008). The more similar isotopic signature of diatoms
from the sediments of volcanic Lake Huguangyan, where
539Sipg; ranges from —0.6 %o to 1.1 %o (Chen et al. 2012),
and Lake Rutundu, where values span from —1.3 %o to
0.5 %o (Street-Perrott et al. 2008), suggest that the DSi
sources carry isotopically lighter signature originating from
freshly weathered bedrock and lack of processes that would
fractionate the DSi.

In Lake Huguangyan, the 8°Sigg; is driven by diatom
production rather than changes in DSi supply (Chen et al.
2012), however, as it lies in a crater and has small
watershed, the DSi likely carries isotopically light DSi
due to weathering of basaltic bedrock. Lake Rutundu is
a small maar lake at a high-altitude with an isotopically
light DSi source originating in lavas and tuffs (—0.4 %o
to —0.5 %o, Ding et al. 1996). In Lake Rutundu, the
changes in maximal §3°Sigs; are explained by full DSi
utilization by diatom production, and the minimal §3*Sigg; ~
—1.3 %o is interpreted to originate from isotopically light
DSi enriched groundwater supply during low lake-level
(Street-Perrott et al. 2008). Therefore, the interpretations of
these two lakes are consistent with the hypothesis that the
530Sigg; in Lake 850, ranging from —0.49 %o to 0.51 %o,
is influenced by an isotopically light DSi source originating
from groundwater (Zahajska et al. in review).

Conclusions

Changes in detrital input and TOC suggest that increased
run-off and changes in summer temperatures are responsi-
ble for the long-term variation in BSi concentration. Ad-
ditionally, the stable Si isotopes show that the DSi source
for BSi likely originates from groundwater discharge into
the lake. The diatom-rich sediment in Lake 850 is then
formed because of low sedimentation rates, a stable DSi
source from groundwater supporting diatom growth that is
not DSi-limited. The Holocene environmental changes, such
as increases in treeline recorded by other proxies, are not
reflected in 8°°Sigg;; however, diatom production, species
composition and relative proportions of DSi sources driven
by climate forcing influence the §3°Sigg;.

The Holocene history of Lake 850 is influenced by
climate-inducing changes in the relative proportions of DSi
sources, as well as changes in the growing season length,
and thus diatom species composition and diatom production.
The lighter Si isotopic signature of the diatoms during the
mid-Holocene suggests higher groundwater input bringing
isotopically lighter DSi into the lake compared to the
early- and late-Holocene. The late-Holocene Si isotopic
composition of the diatoms is consistent with changes in
climate documented in &8'30, driving shortening of the
growing season (reflected in diatom species composition)
and increased surface run-off that dilutes groundwater input,
resulting in heavier Si isotopes.

Additionally, the &3°Sigg; signature throughout the
Holocene varies within a narrow range suggesting stable
environmental conditions and a continuous sufficient supply
of DSi. The §?°Sigg; record of Holocene diatoms has a light
signature (mean —0.19 +0.16 %0), comparable to the diatom
Si signature in volcanic lakes (ranging from —1.3 %o to
1.1 %o; Chen et al. 2012; Street-Perrott et al. 2008). This
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suggests that Lake 850 is fed by generally isotopically lighter
DSi sources, such as water source with time-limited contact
with bedrock and transported over short distance (mean
of measured samples ~ 0.5 %o; Zahajska et al. in review)
and groundwater (mean of modelled 539Sigg; ~ —0.07 %eo;
Zahajskd et al. in review) compared to mean freshwater §3°Si
(1.26 %o; Sutton et al. 2018) during the Holocene.

This study shows that combining BSi concentration and
the §3°Sipg; in the sediment has the potential to identify DSi
sources responsible for diatom production and accumulation.
Comparing our data with other, still sparse, lacustrine
sedimentary 539Sigg; data reveals the importance of local
factors and processes that affect the lake Si cycle. More
studies on lacustrine sedimentary 539Sigg; are needed to
improve the estimates of the sinks and sources in aquatic
ecosystems.
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data is available upon request to the authors.
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plodding work, when the veil over natures secret seems suddenly to lift & when what was dark & chaotic
appears in a clear & beautiful light & pattern.”
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Abstract

Recent lake water, tributaries and hydrothermal vent fluids from Yellowstone Lake were analyzed for their DSi concentra-
tion, 8°°Si, and Ge/Si composition to aid in evaluating the sources of variability in the lake’s Si cycle. In addition, elemental
composition, BSi content, §°°Si, and Ge/Si ratio were analyzed in sedimentary records spanning the last 9880 cal. yr BP
from a hydrothermally affected area and an undisturbed deep-basin area of the lake to identify any impact on Si cycling of
past hydrothermal explosions and disturbance by Mazama ash deposition.

Combinations of BSi, §°°Si and Ge/Si with XRF and lithology data revealed that Yellowstone Lake has a resilient bio-
geochemical system on long timescales. Several of the hydrothermal explosions identified in the lithology had no identifiable
impact on BSi accumulation or on the 5%0Si signature. Both cores show similarities that suggest a stable and homogeneous
DSi source across the entire lake. Additionally, the narrow range of 5%%Si and Ge/Si values of a single diatom species,
Stephanodiscus yellowstonensis, suggests that the productive layer of the lake was well mixed and biogeochemically very sta-
ble and that consistently high hydrothermal inputs of Si which occurred throughout the Holocene mask the disturbance
events.

Variation in BSi concentration through time is correlated with changes in the 5%0Si fossil diatom record, which reflects
diatom fractionation during production. An increasing trend towards heavier 5%°Si in both cores follows known trends in
summer insolation, summer temperatures and lake water-column mixing during the Holocene. This suggests that climate
forcing, which is driving diatom production, is reflected in 5%°Si. However, 6°°Si values also record changes in the relative
proportion of DSi sources, diatom production or hydrothermal inputs.

keywords: diatom, Silicon, isotopes, Germanium, Yellowstone, sediment

1 Introduction 2017). 'The Yellowstone Lake region includes active

fault systems and has had postglacial (<15-12ka) hy-

Yellowstone Lake lies in the Yellowstone volcanic
caldera, which formed during the last cataclysmic
eruption of the Yellowstone Plateau Volcanic Field
at 0.64 Ma (Christiansen, 2001).
Yellowstone National Park has a bimodal character,
whereby both basic and acidic activity leads to the
formation of andesites and rhyolites (Morzel et al.,

The volcanism in

drothermal explosion events (e.g., Mary Bay and El-
liott’s Crater), as well as continued active hydrother-
malism (Morgan et al., 2007). This hydrothermalism,
driven by the interaction of meteoric water with mantle
heat and volcanic gasses, influences the whole Yellow-
stone Caldera region (Hurwitz and Lowenstern, 2014)
and occurs both within the lake and at well-known hy-
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drothermal areas around the lake (Morgan et al., 2007).
Thus, Yellowstone Lake is enriched in various dissolved
elements (As, B, Cl, Cs, Ge, Li, Mo, Sb) that origi-
nate from hydrothermal vent fluids, and an elemental
mass balance suggests that the lake is a mixture of 1%

hydrothermal source and 99 % inflowing surface water
(Balistrieri et al., 2007; Gemery-Hill et al., 2007).

Lakes are considered to be sinks in the global
Si cycle as they accumulate biogenic silica (BSi)
mainly originating from diatom production (Frings
et al,, 2014). Silicon is enriched in Yellowstone
Lake with an mean dissolved silicon (DSi) concen-
tration of 12 mg SiO, L™ (Gemery-Hill et al., 2007)
compared to a global river mean of 9.5 mg SiO, L™!
(Diirr et al., 2011), a high-altitude alpine lakes range
from 0 to 8.6 mgSiO, L' (Mosello, 1984; Psen-
ner, 1989), a USA lake mean of 8.6 mgSiO, Lt
(Wang et al., 2016), and a global lake DSi mean of
1.18 mg SiO, L' (Frings et al., 2014).

Diatoms are important primary producers in Yel-
lowstone Lake (Interlandi et al., 1999; Kilham et al.,
1996), and the high DSi concentrations have two im-
portant ecological implications: diatom production is
conferred a competitive advantage relative to other algal
groups, and the preservation efficiency of diatom frus-
tules in the sediment is enhanced. The result is high
BSi content (up to 40 wt%) in the sediment (Conley,
1998).

Several large sublacustrine hydrothermal events
have occurred in Yellowstone Lake during the Holo-
cene and influenced the lake basin. The explosions
have been localized at the northern part of the lake and
are recorded in the sedimentology and trace-element
geochemistry of the lake sediment (Morgan et al., in
preparation). The impact of those explosions on the
lake system has been studied through diatom (Brown,
2019) and pollen (Schiller, 2020) assemblages, as well
as using stable oxygen isotopes of diatom silica, where
all proxies show a very limited reaction to the explo-
sions. However, as the hydrothermal vent fluids enter-
ing the lake are enriched in DSi (Balistrieri et al., 2007;
Fowler et al., 2019b), hydrothermalism and the explo-
sions may have influenced the lake Si cycling and the
BSi concentration in the sediment throughout the Ho-
locene, but this has not been investigated previously.

Silicon isotope geochemistry is a powerful tool that
exploits differences in the relative abundances of the
three stable Si isotopes in natural systems — 2864, 9Si
and *°Si — to trace the Si origin. During uptake of
DSi, diatoms actively discriminate against the heavier

silicon isotope *°Si, which results in the residual solu-
tion being enriched in heavier isotopes (De La Rocha
et al,, 1997). 'The DSi released from primary min-
eral weathering or hydrothermally formed DSi carries
the isotopic signature of the primary minerals from
the rock. The DSi transported through soils after sec-
ondary mineral formation, or DSi of lake water after
diatom production will generally have an isotopically
heavier signature, because the lighter isotopes are pref-
erentially taken up by those processes (Cornelis et al.,
2014; De La Rocha et al., 1997; Ziegler et al., 2005).
The silicon isotope composition of rivers and oceans
(Opfergelt and Delmelle, 2012) is thus almost exclu-
sively heavier than silicate bedrock. The stable silicon
isotope ratios of diatoms (expressed as 6°°Si, the devi-
ation in permille of the % ratio from a reference ma-
terial) can be used as paleoproxy for past Si cycling and
reflects changes in DSi sources and nutrient supply into
the system (Nantke et al., 2019; Swann et al., 2010).
However, an outstanding problem in diatom 5°°Si in-
terpretation is the extent to which diatom §°°Si reflects
changes of DSi sources versus diatom production and
dissolution (Opfergelt et al., 2011; Panizzo etal., 2017;
Street-Perrott et al., 2008).

To help constrain DSi sources, the trace element
germanium (Ge), which mimics the chemical behav-
ior of Si, is used in this study. Ge has a similar ionic
radius and thus forms Ge—O with a similar covalent
bond length as Si—O, permitting easy substitution in
silicon tetrahedra. Additionally, Ge has identical outer
electronic structures and so is often considered to be-
have as a heavier stable Si isotope (Froelich etal., 1992),
though there are also important differences in geo-
chemical behavior of the two elements. Dissolved Ge
(DGe) originates from similar sources as DSi — the
weathering of primary silicate minerals (Mortlock and
Frohlich, 1987). Similar to the stable isotopes of sili-
con, Ge and Si are fractionated relative to each other
during most chemical and biological processes, and
thus Ge/Si ratios change as a result of fractionation
(Froelich et al., 1989; Murnane and Stallard, 1988;
Shemesh et al., 1989). Ge is a trace element in bedrock,
whereas Si is a major rock-forming element. Ge/Si ra-
tios in bedrock are around 1.5-3 pmol/mol (Mortlock
etal., 1993; Rouxel et al., 2006; Tribovillard, 2013; Tri-
bovillard et al., 2011). Because Ge is preferentially in-
corporated into secondary weathering products, Ge/Si
ratios in river waters are typically even lower, rang-
ing from 0.1 to 1.3 pmol/mol (Filippelli et al., 2000;
Froelich et al., 1992; Hammond et al., 2004; Mort-
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lock and Frohlich, 1987). However, hydrothermal flu-
ids carry higher DGe concentration relative to DSi, be-
cause Si is preferentially precipitated in quartz during
the cooling of the hydrothermal fluids, and, thus, Ge/Si
ranges from 2 to 1000 pmol/mol (Arnérsson, 1984;
Evans and Derry, 2002; Kurtz et al., 2002; Mortlock
et al., 1993; Pokrovski and Schott, 1998). As a re-
sult, the influence of Ge-enriched hydrothermal flu-
ids in pristine environments, such as Yellowstone Lake,
can be identified through Ge/Si ratios. Furthermore,
Ge/Si can be used to understand the terrestrial filter of
DSi delivery into the ocean (Frings et al., 2014; Sut-
ton et al., 2018), as waters are enriched in Ge by ter-
restrial processes, such as diatom production and sec-
ondary mineral formation, which fractionate the Ge/Si
(Froelich et al., 1989; Murnane and Stallard, 1990).
Additionally, the Ge/Si ratio can be used to estimate
chemical weathering intensity, where relatively higher
Ge/Si ratios in clays start to dissolve and thus, the Ge/Si
in waters carries this signal and represent enhanced
weathering intensity (Filippelli et al., 2000; Froelich
et al., 1992; Kurtz et al., 2002; Lugolobi et al., 2010;
Shemesh et al., 1989). Hydrothermal fluids can also
have Ge/Si ratios similar to waters with intensive sec-
ondary mineral dissolution (Froelich etal., 1992; Kurtz
et al., 2002), and, in these cases, the two cannot be dis-
tinguished. Using stable silicon isotopes and Ge/Si to-
gether can help to identify sources of DGe and DS, as

well as processes influencing Si and Ge cycling.

A handful of studies have examined uptake of DGe
by diatoms (Azam et al., 1973; Froelich et al., 1989;
Murnane and Stallard, 1988; Shemesh et al., 1989; Sut-
ton etal., 2010) and have identified a discrimination by
diatoms against Ge, expressed as a distribution coefh-
cient (Kp) defined as Kp = % (Froelich et al.,
1992, 1989; Murnane and Stallard, 1988; Sutton et al.,
2010). The Kp ranges from 0.4 to 1.2 and Ge/Si ratios
of diatoms range from 0.3 to 2.1 pmol/mol (Froelich
et al., 1992; Mortlock et al., 1991; Shemesh et al.,
1989; Sutton et al., 2010; Tribovillard, 2013). Fur-
thermore, Ge uptake by diatoms was shown to be de-
pendent on DSi concentration and the Ge/Si ratio in
solution. High concentrations of both Si and Ge result
in a distribution coefhicient of up to 1.2 (Froelich et al.,
1992), which translates to no discrimination against
Ge relative to Si, or even a slight positive discrimina-
tion. To our knowledge, only one study has looked at
Ge/Si ratios of fossil lake diatoms, together with mea-
surements in lake water and bedrock in the watershed
(Filippelli et al., 2000). They concluded that relative

changes in the preferential weathering of different min-
erals (easy erodible mica vs quartz) through time in
addition to clay mineral transformations, may affect
Ge/Si ratio in lake paleorecords.

Here, we use a fossil diatom record to test the hy-
pothesis that hydrothermalism in the watershed and
Holocene hydrothermal explosions identified previ-
ously in Yellowstone Lake influenced lake Si cycling
and BSi concentrations in the sediment, with pro-
nounced changes in lake sediment BSi, §°°Si and Ge/Si
records following hydrothermal explosion events. After
a hydrothermal explosion, we hypothesize there could
be an excess of DSi in the lake water, which would re-
sult in higher BSi production and also lower diatom
dissolution and thus a transient increase in BSi accu-
mulation rates. We hypothesize a decrease in the 5°°Si
signal around the hydrothermal explosion deposits, be-
cause lower §°°Si DSi is brought into the lake by hy-
drothermal fluids. We use Ge/Si ratios of recent water
and fossil diatoms to couple the changes in silicon iso-
topes with hydrothermal input into the lake.

2 Study site

Yellowstone Lake (YL) is located in north-western
Wyoming, USA (44°29N, 110°21W) in Yellowstone
National Park.  The lake is at an elevation of
2358 m a.s.l. With its surface area of 344 km? and
depth of 131m, it is the largest high-altitude lake
in North America (Morgan et al., 2003). The main
lake basin is on the eastern margin of the Yellowstone
Caldera, and the southern parts of the lake, shaped
by the glacial scour, are located outside of the caldera
(Morgan et al., 2003). The Yellowstone Caldera rim
divides the lake into two different bedrock provinces.
The north-western part of YL overlies rhyolitic post-
caldera bedrock (Figure 1, pink), whereas the south-
eastern part is characterized mainly by Quaternary de-
trital deposits — silt, sand, gravel and till (Figure 1, yel-
low), Quaternary rhyolitic ash-flow tuff (Figure 1), or-
ange) and Pleistocene rhyolite flow and andesitic allu-
vial facies with volcanic breccia (Figure 1, gray).
Several large hydrothermal-explosion events have
occurred in the lake in the last 15ka, including
the Mary Bay (13ka) and Elliotcs Crater (-8ka)
hydrothermal-explosions (Figure 1, Morzel et al,
2017). 'Those explosions were sublacustrine erup-
tions accompanied with rapid ejection of boiling wa-
ter, steam, sediment, mud and rock fragments from
source craters (Browne and Lawless, 2001; Muffler
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Figure 1: A simplified geological map of Yellowstone Lake with lake bathymetry (modified from Morgan et al.
(2007)). Sampling sites for sediment cores are marked as solid black circles, collected river samples shown as
blue-filled stars, and hydrothermal vent fluids locations are in pink squares. All major tributaries which were
not sampled are added as empty stars and the hydrothermal vents present in the lake are shown as yellow cir-
cles. The dashed line is defining the Yellowstone Caldera rim, where the north-west of Yellowstone lake is in the

Yellowstone Caldera.

etal., 1971). The largest hydrothermal explosions, such
as Mary Bay, may have had an explosion column up to
1.9 km in height (Morgan et al., 2009). The deposits
of Mary Bay explosion are distributed up to -2.5 to
4km from the crater rim and cover ~30 km?, whereas
the Elliot’s Crater deposits extend ~0.8 km from the
rim. Hydrothermal fluids carry high concentrations of
DSi and other elements (Balistrieri et al., 2007; Fowler
et al., 2019b), and the geochemical signature of those
fluids is recognized in deposits surrounding the vents

(Shanks et al., 2007).

The hydrothermal features in YL are caused by
convective-meteoric hydrothermal fluid circulation,
steam separation during fluid ascent, and possible CO,
accumulation and release above an actively degassing
magma chamber (Morgan et al., 2007). Two types of

hydrothermal vent fields have been found within the
lake. In the West Thumb area, the vents have a liquid
form with distinct elemental composition, enriched in
Cl, Sb or W (Fowler et al., 2019a; Shanks et al., 2007),
whereas in the Deep Hole area of the central basin, the
character of the fluids is gaseous, with condensation at
shallow depths and mixing with the lake bottom waters

(Fowler et al., 2019b).

Yellowstone Lake was glaciated until ca 14 ka.
Since deglaciation, changes in summer insolation have
produced variations in regional temperature and ef-
fective moisture that are reflected in diatom commu-
nity shifts (Brown, 2019; Lu et al., 2017), endemic di-
atom species evolution (Theriot et al., 2006), fire his-
tory and vegetation shifts (Brown et al., unpublished,
Huerta et al., 2009; Iglesias et al., 2018; Millspaugh
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etal., 2000; Whitlock, 1993), and geochemical records
(Whitlock et al., 2012). The region has a subarctic cli-
mate regime, influenced by Arctic and Pacific air masses
in winter and by warm and moist Pacific air masses in
summer (Despain, 1987). The watershed has been cov-
ered by coniferous forest for the last 9800 years, which
has been disturbed by forest fires with an mean fre-
quency of 2-5 fires per 1000 years (Millspaugh et al.,
2000). The lake diatom community and the §'*O
highlighted a progressive change towards cooler and
wetter conditions during the Holocene associated with
changes in lake stratification and nutrient inputs driven
by changes in temperature and precipitation (Brown,
2019; Brown et al., unpublished).

3 Methods

3.1

Sediment cores YLAKE-YL16-2C-1K (hereafter ‘2C’,
taken at 61 m water depth, core length 11.62 m)
and YLAKE-YL16-5A-1K (‘5A’, taken at 102 m water
depth, core depth 11.02 m) were collected with a Kul-
lenberg sampler (Kelts et al., 1986) in 2016. Core 2C
was retrieved from the deep basin at the north of the
lake, and core 5A was located in the proximity of El-
liott’s Crater (Figure 1). Lithologic description (Mor-

Sampling

gan et al., unpublished), subsampling, magnetic sus-
ceptibility (MS) measurements, and X-ray fluorescence
core scanning (XRF) were done in the LacCore facility
at the University of Minnesota. Subsampling of both
cores was done at 8 cm intervals, and ~2cm® of wet
bulk sediment was sampled and freeze dried. MS was
measured on both whole and split cores. XRF scanning
was done at 0.5 cm resolution with 120 s scanning time
with a Mo X-ray source at 30 kV and 15 mA to evaluate
bulk sediment elemental (Al, Si, K, Ca, Ti, Fe, Rb, Sr,
S, Mn, Zn, Zr, Cu, and As) composition.

Water samples from tributaries in the northern Yel-
lowstone Lake watershed, situated within the Yellow-
stone Caldera and influenced by hydrothermal springs,
were collected in August 2016 and June 2017 (Fig-
ure 1). Tributaries from outside of the Yellowstone
Caldera are not used in this study as they are not hy-
drothermally affected. Sampling was conducted to
constrain two different hydrological regimes — a low-
flow regime at the end of the growing season and a
high-flow regime during snowmelt (based on the Yel-
lowstone River outlet hydrograph, USGS database).
All water samples were filtered through 0.45pm

Sterivex-HV Durapore filters and acidified to pH 2 us-
ing HCl directly in the field. Samples of hydrothermal
fluids from the Deep Hole and the West Thumb vent
fields (Figure 1) were obtained 25 times diluted (see
sampling details in Fowler et al. (2019b)) from col-
laborators from the HD-YLake project, University of
Minnesota, with DSi already measured (Fowler et al.,
2019b). Hydrothermal fluid samples with low DSi
concentration were concentrated by MAGIC method-
ology following Zhang et al. (2014). All water sam-
ples were purified by cation-exchange chromatographic
separation for analyses of stable silicon isotopes (Georg

et al., 20006).

3.2 Biogenic silica, total organic carbon,
and dissolved silicon measurements

Sediment biogenic silica concentrations were ana-
lyzed using a weak-alkaline extraction (40ml of
0.1 M Na,CO3, at 85 °C) of the bulk, freeze-dried, ho-
mogenized sediment (30 mg) adapted from Conley and
Schelske (2001). The original protocol is premised on
the idea that the BSi dissolves within first 2h of ex-
traction, and so an increase in DSi concentration in
subsamples at 3, 4 and 5h or 6h of extraction reflect
the (slower) dissolution of lithogenic material. The po-
tential non-biogenic amorphous silica dissolution dur-
ing the extraction was tested by a prolonged subsam-
pling scheme up to 24 h (Clymans et al., 2015) and
resulted in no surplus amorphous SiO, dissolved after
3 h. Thus, the mineral dissolution correction was not
applied and the estimates of BSi were simply calculated
as the mean of subsamples. All samples (» = 277)
were analyzed with two to four full chemical replicates.
Previous experiments on tephra samples have shown
that the possible contribution from volcanic glass to
BSi concentration during the alkaline extraction ranges
between 0.2 and 4 wt% SiO; (Clymans et al., 2015).

The total organic carbon (TOC) and total nitrogen
content (TN) in the sediment were analyzed using an
elemental analyzer (COSTECH ECS4010) at the De-
partment of Geology, Lund University. Freeze-dried,
homogenized samples (z = 74) were packed in tin
capsules for TOC and TN analysis. All samples were
analyzed in duplicates. Additionally, 18 % and 10 %
of TOC samples throughout cores 2C and 5A, respec-
tively, were tested for carbonate content by a decalcify-
ing procedure prior to the TOC measurement follow-
ing Brodie et al. (2011).

All water samples were analyzed for DSi concen-
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trations using the automated molybdate-blue method
(Strickland and Parsons, 1972) with a SmartChem
200, AMS System™ discrete analyzer. The labora-
tory long-term external reproducibility of DSi concen-
tration is within 4 %, and the quantification limit is
0.017mgL™".

3.3 Preparation of diatoms for Si and Ge
analyses

Freeze-dried bulk sediment (2cm?® wet volume) was
treated with H,O, and HCI to remove organics and
carbonates, respectively (Morley et al., 2004). Addi-
tionally, detrital particles were removed by high liquid
density separation using sodium polytungstate (SPT)
at density range of 2.05 to 2.1 gcm™°. Separated frac-
tion was sieved and rinsed on 25 pm sieve and 5pm
filer. Final cleaning from clay minerals was conducted
by using 0.05 M sodium pyrophosphate for 0.5 to 24 h
(with occasional shaking or sonication), and pure di-
atoms were obtained by another sieving at 25 pm. Siev-
ing resulted in a single species Stephanodiscus yellowsto-
nensis in the fraction >25 pm, and thus potential bi-
ases due to species specific fractionation were reduced.
The sample purity was visually checked using a scan-
ning electron microscope (Figure S1), and the absence
of contamination was confirmed by energy dispersive
spectroscopy (EDS) mapping, both on Tescan Mira3 at
the Department of Geology, Lund University. A simi-
lar procedure was applied to hydrothermal deposits and
Mazama ash layer samples resulting in a cleaned mix-
ture of diatoms and volcanic glass, which was further
cleaned for Si isotopes analysis.

Clean single species diatom samples (0.8—1.5 mg)
were digested in 0.5 ml of 0.4 M NaOH (analytical pu-
rity) at 50 °C for at least 48 h. After initial dissolution,
samples were diluted by Milli-Q® water to lower DSi
concentrations to prevent SiO, precipitation, and after
24 h they were neutralized by 0.4 M Suprapur® HCL.
Before further sample processing, the silicon recovery
was checked. Based on the initial individual sample
amount weight and the volume of solvents, the ex-
pected DSi concentrations (as Si mgL™") were calcu-
lated and then compared to DSi concentration mea-
sured in the produced solutions. The silicon recovery
was 90 to 100 %.

Diatom sample solutions were purified prior to sta-
ble Si isotope and Ge/Si analyses by ion-exchange chro-
matographic separation using 1.5 ml cation-exchange

resin DOWEX® 50W-X8 (200-400 mesh) following

the method by Georg et al. (2006). International
Si standard NIST reference material RM-8546 (NBS-
28), secondary standard Diatomite prepared by NaOH
tusion (Georg et al., 2006) and full procedural blanks
were purified along the sample purification using the
identical protocol.

3.4 Stable silicon isotopes and Ge/Si anal-

yses

The stable isotopes of purified water samples and
Stephanodiscus  yellowstonensis diatom samples were
measured on a NuPlasma (II) HR multi-collector in-
ductively conducted plasma mass spectrometer (MC-
ICP-MS, Nu Instruments™) with an Apex HF desol-
vation nebulizer at the Vegacenter, Swedish Museum
of Natural History, Stockholm. Samples were checked
for contamination by measuring the **Si signal of full
procedural blanks that showed less than 0.35 % of the
total *Si signal. Samples were diluted to 2-3 mg L~
and matrix matched with standards in 0.12 M SeaStar
HCI. Further, all samples and standards were doped to
contain 3mgL~" of Li (IPC-MS standard) to match
the matrix of the Vegacenter standards (Sun et al.,
2010). Stable Si isotope data are reported as deviations
of °Si/*Si and *Si/**Si from the NBS-28 standard in
per mil (%o), denoted 5°°Si and 6*Si as follows:

5°Si — < (jg_SSii)sample

- — 1) - 1000, (1)
(TSi)NBszs
where x is either 30 or 29 depending on which & we
aim for. Each sample was measured three to four
times in a single measurement session with a standard-
sample-standard bracketing technique. Full chemical
replicates were analyzed for the majority of samples
(n = 292, total measurements = 1875). Accuracy and
reproducibility over 3 years on the secondary reference
materials Diatomite (6°°Si = 1.24 & 0.20 %o, 2SD,
n = 285), Big-Batch (§*°Si = —10.6340.34 %o, 2SD,
n = 109) and IRMM (6*°Si = —1.77£0.22 %o, 2SD,
n = 195) were in good agreement with values from a
previous interlaboratory comparison (Reynolds et al.,
2007). The repeatability of all samples was < 0.2 %o.
The absence of any potential polyatomic interferences
was checked in a three-isotope plot of §*Si vs §°°Si,
where all measurements must fall onto a line that corre-
sponds to the terrestrial mass-dependent fractionation
curve (Figure S2).

Ge/Si analyses on the water samples were con-
ducted at UCLouvain, Belgium. The Si concentra-
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tions in the thermal (z = 7) and river (z = 30) wa-
ters were determined by inductively-coupled plasma-
optical emission spectrometry (ICP-OES; iCAP 6500
Thermo Fisher Scientific). The accuracy was assessed
using the trueness (£4 %) of the river water reference
material SLRS-5 (Yeghicheyan et al., 2013) and the an-
alytical precision (£0.5 %) for each element. The de-
tection limit was 0.36 pmol L™!. 'The Ge concentra-
tion in the water samples was determined by ICP-mass
spectrometry (ICP-MS, ICAPQ Thermo Fisher Scien-
tific) using the "*Ge isotope. Accuracy and long-term
repeatability of the Ge analysis were assessed by measur-
ing an international riverine standard, SLRS-5 ([Ge] =
0.083 £ 0.014nmol L™!; # = 3) or SLRS-6 ([Ge] =
0.097 + 0.0069 nmol L™'; n = 3) (Yeghicheyan et al.,
2013) in each analytical session. The limit of detec-
tion on Ge was 0.04 nmol, and the analytical precision
(n = 3) was =8 % for Ge concentrations <0.013 nmol
and 4 % for Ge concentrations >0.013 nmol. The pre-
cision on the Ge/Si ratio is 10 % (1SD).

Chromatographically (cation) purified solutions of
dissolved diatom samples were analyzed for their Ge/Si
ratios at GFZ Potsdam, Germany using an iCAP Q
quadrupole ICP-MS (Thermo Fisher). This approach
exploits the recent demonstration that Ge is unfrac-
tionated relative to Si during the cation-exchange pro-
cedure used to purify Si from matrix elements for §*°Si
analyses (Delvigne et al., 2018). This means Si col-
umn elutants have a much cleaner matrix, which makes
Ge amenable to measurement by ICP-MS without
the hydride-generation and isotope-dilution protocols
conventionally employed elsewhere (e.g., Kurtz et al.,
2011). Samples were introduced in a 0.3 M HNOj;
matrix, via a ESI prepFast autodilutor system with the
instrument operated under standard conditions. The
measurement was based on 300 integrations of the iso-
topes of 74Ge and *’Si for 0.1 s, with the less abundant
isotopes of Ge integrated 300 times for 0.01's. Poly-
atomic interferences (e.g., 30Ar, 38Ar, or 74Ge) were re-
moved by a collision cell with He as reaction gas, at
a flow rate of 5L min"!, yielding acid-blank count-
ing statistics < 1 cps. Beam intensities on the mi-
nor Ge isotopes correlate strongly with that of 74Ge
(R* > 0.95), corroborating the successful removal
of unexpected isobaric or polyatomic interferences on
74Ge by the column purification protocol and the in-
struments collision cell. Ge/Si ratios were calculated di-

rectly from the ratio of beam intensities by reference to
a set of gravimetrically prepared, matrix-matched cali-
bration standards with matching Si concentrations but
varying Ge concentrations. Thus, this approach does
not directly yield Ge concentrations, because the col-
umn elutions are typically not performed gravimetri-
cally, though these can be derived, if necessary, from
pre-column Si concentration analyses. International
standards BIR-1 (Ge/Si = 2.72 %+ 0.05 pmol/mol;
1SD, n = 16) (Baronas et al., 2018; Kurtz et al., 2002;
Mortlock and Froelich, 1996; Mortlock and Frohlich,
1987) and BHVO-2 (Ge/Si = 2.72+0.13 pmol/mol;
1SD, n = 12) (Scribner et al., 2006) were measured in
each analytical session to assess the accuracy and long-
term repeatability of the Ge analysis.

3.5 Chronology and accumulation rates

Chronologies were constructed from both cores based
on "C dates, and sedimentation rates were calculated
based on published age-depth models (Schiller et al.,
2020). The BSi accumulation rate (Fgs;) was calculated
from the sedimentation rates (SR), measured wet bulk
density (p), porosity (P) and BSi weight percentages
for each sample as

Fpsi = SR-p - (1 — ®) - BSi wt%. 2)

3.6 Numerical analyses

Proxies for detrital input (Ti, Zr, MS), hydrothermal
and volcanic activity (As, Cl) (Balistrieri et al., 2007;
Fowler et al., 2019b; Shanks et al., 2007) and diatom
production and dissolution (TOC, BSi, 5°Si) were
tested for correlation within both cores using Pearson
correlation tests in the software R. The significance of
a correlation was evaluated through the p-value, the R-
square, and the correlation coefficient. A statistically
significant correlation was considered to have a confi-

dence interval of 95 % (p-value < 0.05).

4 Results
4.1

Chronology and accumulation rates of
lake sediments

Diatom accumulation in the Yellowstone Lake sedi-
ment is quantified through mass accumulation rate
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Figure 2: Aligned cores 2C and 5A showing the lithological units (Morgan et al., unpublished, in preparation), magnetic susceptibility (MS), titanium (Ti) as
proxy for detrital input, arsenic (As) and chloride (Cl) count from XRF as proxy of hydrothermal activity (pink horizontal lines and zones) and tephra layers
(blue horizontal line), biogenic silica (BSi) in dry weight percentages SiO,, total organic carbon (TOC) in dry weight percentages, stable silicon isotopes of
single species Stephanodiscus yellowstonensis (5°°Si(%o)) and Ge/Si ratio of fossil single species diatom in pmol/mol.
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calculations. The age-depth models of core 2C and
5A (Schiller et al., 2020) produce mean sedimenta-
tion rates of 0.12cmyr™! for the last 9800 years for
core 2C, and of 0.11 cmyr’1 for core 5A. Thus, the
mean BSi accumulation rates for the whole cores are
8.01 £ 2.76mgem *yr~! (1SD) for core 2C, and
5.68£2.97 mgem *yr~! (1SD) for core 5SA. Mass ac-
cumulation rates in both cores show only slight vari-
ation, therefore, the variation in BSi accumulation is
represented directly in BSi wt%. However, the uncer-
tainties of both age-depth models are large, and, addi-
tionally, core 5A contains 1 m-thick hydrothermal ex-
plosion deposits, and no 'C dates constrain the age
below those deposits; therefore, those numbers need to
be taken with caution.

4.2 Lithological, chemical, 5°°Si and Ge/Si

composition of the sediment cores

The lithology of the two cores was described in Mor-
gan et al., (in preparation), where several lithological
units originally defined by Tiller (1995) were iden-
tified and are used for core alignment. A sequence
of hydrothermal explosion deposits is found in both
cores. In core 2C these events are represented in a
5 cm-thick layer at depths 977 to 984 cm, whereas in
core 5A those events are recorded in over 1 m-thick de-
posits in depths from 805 cm to 937 cm (L. Morgan,
personal communication). The hydrothermal deposits
are dated at ~8000 cal. yr BP. Additionally, Mazama
tephra is found at core depths 931.5 cm and 779 cm in
core 2C and 5A, respectively. The data from XRF scan-
ning, TOC measurements, BSi concentration, 5°°Si
and Ge/Si are aligned with the lithology logs through
distinct changes in lithology, magnetic susceptibility
and elemental composition specific for tephra layer
(chloride — Cl) and hydrothermal events (arsenic — As,
strontium — Sr). As is an indicator of hydrothermalism
in Yellowstone Lake as it is depleted in the hydrother-
mal fluid due to loss during steam separation, adsorp-
tion by iron or co-precipitation with calcite (Stauffer
and Thompson, 1984).

4.2.1 Core2C

Core 2C shows relatively undisturbed sedimentation
recorded in MS and Ti data, which are slightly posi-
tively correlated (B> = 0.02, p-value = 1.9 - 1077)
reflecting changes in detrital input (Figure 2). The Ti
is negatively correlated with As (R* = 0.09, p-value <
2.2 - 1071%), which is the hydrothermal input proxy.

The distinct peak in Cl is indicative of the Mazama ash
tephra at depth of 933.5cm. Aluminum is strongly
correlated with potassium (K) (B2 = 0.82, p-value <
2.2-107'%), which may be connected with the character
of detrital minerals.

The BSi concentration ranges from 25wt% to
50 wt%, averaging 37 wt%. There is no pronounced
trend in BSi concentration throughout the Holocene,
although variations in BSi concentration partly follow
changes in As (Figure 2), a proxy for hydrothermal ac-
tivity. A negative correlation between BSi concentra-
tion and detrital input (Ti) (R = 0.43, p-value <
2.2 - 107'%) is consistent with decreases in BSi with
increased detrital input. Al and K are both negatively
correlated with BSi (R* = 0.18, p-value = 2.4 - 1078,
and R = 0.28, p-value = 1.4 - 10712, respectively),
because of the inverse relationship between BSi con-
centration and detrital mineral concentrations. Total
organic carbon (TOC) shows no significant correla-
tion with BSi concentration, suggesting that accumu-
lated TOC is not a direct measure of total diatom pro-
duction, but rather represents the total carbon primary
production or that its variation is primarily controlled
by other processes, such as organic matter inputs from
the watershed.

The Si isotopic composition of the diatom species
Stephanodiscus yellowstonensis in core 2C shows a trend
toward heavier values near the top of the core, with
a mean of 1.13 &+ 0.29 %o (1SD) (Figure 2), with
one standard deviation expressing the spread of data
(n = 149). The lowest values of §°°Si (0.53 £ 0.11%o,
20 —analytical error) are in the bottom part of the core,
below the hydrothermal explosion deposits, which are
dated at ~8000 cal. yr BP (Schiller et al., 2020). §°°Si is
slightly positively correlated with changes in BSi con-
centration (R = 0.06, p-value = 2.2 - 107%). No
obvious impact of the hydrothermal events on §*°Si in
the vicinity of the deposits is observed.

The Ge/Si data measured on the fossil diatom
Stephanodiscus yellowstonensis show extraordinarily high
values, ranging from 17.9 to 36.7 - 107 (umol/mol),
with an mean Ge/Si ratio of 30.9 - 107° (umol/mol)
(Figure 2). The record is only of low resolution, never-
theless, an expected increase in the Ge/Si ratios is ob-
served above the Mazama ash tephra layer. Although,
the Ge/Si ratios follow the As trends, there is a pos-
itive correlation between Ge/Si and As (R* = 0.25,
p-value = 0.04). Additionally, the hydrothermal ac-
tivity proxy (As) shows no significant correlation with
the 5°°Si record.
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4.2.2 Core 5A

Core 5A reflects its proximity to the periphery of El-
liot’s Crater through evidence of disturbance in sedi-
mentation from 802 to 937 cm, which represent sev-
eral hydrothermal deposits (Figure 2), and also is evi-
dent in the decreased As. MS and Ti, which are pos-
itively correlated (B> = 0.46, p-value < 2.2 - 107'9),
represent changes in detrital input and both proxies in-
crease in the hydrothermal deposits. Additionally, Ti
is negatively correlated with As (R* = 0.07, p-value <
2.2-107'%), which also suggests increased detrital input
during hydrothermal activity (low As).

BSi in core 5A ranges from 18 wt% to 52 wt%,
averaging 37 wt% throughout the Holocene sequence
(Figure 2). A gradual increase of BSi content is ob-
served from the bottom of the core toward the top, with
some small variation. In unit VIII, the BSi concen-
tration stabilizes, and in the topmost lithological unit
IX BSi gradually decreases. The BSi record is nega-
tively correlated with As (R* = 0.15, p-value = 6.9 -
107¢), which suggests that BSi variation can be con-
nected to changes in hydrothermal inputs (As). Simi-
larly, Ti is negatively correlated with BSi (R = 0.52,
p-value < 2.2 - 1071°) with the detrital input diluting
the accumulated BSi. At this site, BSi concentration is
positively correlated with TOC content (R* = 0.48,
p-value=7.9-107%).

The record of Si isotopes shows a long-term in-
crease toward heavier 5°°Si of Stephanodiscus yellowsto-
nensis near the top of the core with shift of 0.6 %o (Fig-
ure 2). Values range from 0.51 £ 0.06 %o (26 — an-
alytical error) to 1.96 = 0.07 %o (20), with a mean
of 1.09 & 0.31%o (1SD, n = 126). The §Si is
positively correlated with changes in BSi concentration
(R* = 0.26, p-value = 1.9- 10~?), which may indicate
the effect of diatom production. The 6°°Si and the BSi

concentration show no long-term changes triggered by
hydrothermalism.

4.3 65°°Si and Ge/Si ratios in tributaries
and hydrothermal waters

All tributaries in the northern part of the lake, within
the Yellowstone Caldera, show evidence of seasonality
in flow (not shown), DSi concentrations, Ge/Si and
5°°Si (Table 1, Gaspard, 2020). The 5°°Si of tribu-
taries ranges from 0.37 +0.05 %o (1o—analytical error)
in the high-flow season to 1.19 = 0.02 %o (106) in the
low-flow season, with a yearly mean of 0.65 = 0.30 %o
(1SD, #z = 12) (Table 1). The Yellowstone River outlet,
which we assume represents the Si isotope composition
of the lake, has an annual mean §°°Si of 1.9440.28 %o
(1SD, n = 8) (Table 1).

Ge/Si ratios in Yellowstone Lake tributaries situ-
ated within the caldera show differences between the
two flow regimes (Table 1 Gaspard, 2020). The Ge/Si
ratio ranges from 0.98 £ 0.10 pmol/mol (10) in the
high-flow regime to 11.35+0.10 pmol/mol (16) dur-
ing the low-flow regime, with an annual mean of 4.26+
3.20 pmol/mol (1SD, n = 12). This seasonal behavior
is also observed in the Yellowstone River outlet, where
Ge/Si ranges from 13.6 £ 0.10 pmol/mol (16) up to
23.3 pmol/mol, with the annual mean Ge/Si ratio of
18.8 £ 4.05 pmol/mol (1SD, n» = 8) (Table 1, Gas-
pard, 2020).

Water samples of hydrothermal vents reflect two
different vent systems in the lake: the fluid from the
West Thumb vent field has isotopically lighter §°°Si sig-
natures with an mean §°°Si of —0.11 4 0.27 %o (1SD,
n = 8), whereas the Deep Hole samples are isotopically
heavier averaging at 0.54+0.33 %o (1SD, » = 14), and
have Ge/Si ratios as high as 25.5 pmol/mol (Table 1).

Table 1: Data on tributaries and Yellowstone River outlet together with sublacustrine hydrothermal vents. DSi
is dissolved silicon expressed as mg SiO, L™, stable Si isotopic signature expressed as §°°Si in permille. Ge/Si
ratio expresses in pmol/mol. All Ge/Si data were measured at UCLouvain, Belgium. The numbers of analytical
replicates for DSi and 6°°Si are shown in column named 7. Abbreviated 1SD represents standard deviation of

several replicates and 106 is the analytical error.

Yellowstone Lake tributaries in high-flow regime

DSi¢ 1SD 5°Si lo n Ge/Si lo

[mg SiO, L] [%0] [pmol/mol]
Arnica Creek 39.48 7.07 037 0.05 1 5.67 0.10
Big Thumb Creek 13.03 2.53 0.86F  0.02 1 0.88 0.10
Bridge Creek 44.53 626  0.71% 0.07 1 2.08 0.10
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Little Thumb Creek 8.13 1.37 1.09° 0.11 5 0.98 0.10
Pelican Creek 27.55 0.95 0.78:  0.07 1 3.12 0.10
Sedge Creek 18.46 045  0.77% 0.05 1 6.02 0.10
Yellowstone River outlet 12.50 0.28 1.73° 0.08 3 18.21 0.10
1.82 0.04 1
Yellowstone Lake tributaries in low-flow regime
DSi¢ 1SD 5°Si 1o n Ge/Si lo
[mg SiO, L] [%0] [pmol/mol]
Arnica Creek 58.18 2.13 0.40f  0.04 1 4.58 0.10
Big Thumb Creek 100.67 3.70 .19 0.03 1 7.04 0.10
Bridge Creek 91.95 330  0.48° 0.01 1 2.64 0.10
Little Thumb Creek 33.02 1.17 0.92° 0.06 4 1.47 0.10
Pelican Creek 63.54 1.10 1.178 0.06 1 8.95 0.10
Sedge Creek 35.14 2.01 1.0s¢ 005 1 11.35 0.10
Yellowstone River outlet 11.71 0.15 2.05° 0.06 4 20.13 0.10
2178 0.03 1
11.62 0.57 1.89° 0.09 10 23.29 0.10
2.01Y  0.09 2
12.90 1.90 1.45°  0.09 4 13.60 0.10
1.631 0.03 1
West Thumb vent field
DSi* 1SD 5°Si  lo n Ge/Si lo
[mg SiO, L] [%0] [umol /mol]
YL18F06 156.06 <10% —0.32" 0.05 3
YL18F12 276.11 <10% —0.36° 0.05 3
YL18F12 —0.32°5 0.05 5
YL18F12 —0.40” 0.05 3
YL18F13 270.11 <10% 025" 0.08 2
YL18F13 0.21° 0.01 3
YL18F13 0.24° 0.08 3
YL18F14 162.06 <10% —0.15" 0.06 3
Deep Hole vent field
DSi* 1SD 5°Si 1o n Ge/Si lo
[mg SiO, L] [%0] [umol /mol]
YL16F06 32.41 <10% 0.69° 0.08 3 10.87 0.10
YL16F06 0.62" 0.14 3
YL16E07 13.81 <10% 0.977 0.15 3 25.54 0.10
YL16F10 23.41 <10% 0.90° 0.08 3 11.20 0.10
YL16F12 27.01 <10% 0.48° 0.03 3 12.74 0.10
YL16F12 0.49° 0.08 5
YL16F14 32.41 <10% 0.44° 0.08 3 14.61 0.10
YL16F14 0.417 0.01 2
YL17F01 25.21 <10% 0.06° 0.09 3
YL17F02 24.61 <10% 0.117 023 2

107



12

Zahajskd et al.: Impact of hydrothermal activity on the Si cycle in Yellowstone Lake

YL17F03 25.81 <10% 037" 0.14 3
YL17F08 16.21 <10% 1.10° 0.09 3
YL18F02 25.21 <10% 0.14” 0.10 3
YL18F04 16.81 <10% 0.84” 0.04 3

* Concentrations measured by ICP-OES (Thermo Scientific iCAP 6500 duo) at the University of Minnesota (UMN), Department of Earth Sciences

(Fowler et al., 2019b).

¢ Concentration measured by molybdate-blue spectrophotometry AMS SmartChem 200, Lund University, Sweden.

S Samples were measured by MC-ICP-MS (NuPlasma II) at Vegacenter, Swedish Museum of Natural history, Stockholm.
P Samples were measured on MC-ICP-MS (Neptune) at GFZ, Potsdam, Germany.

L Samples were measured by MC-ICP-MS (Neptune) at UCLouvain, Belgium.

5 Discussion

In two cores from Yellowstone Lake we observed high
and relatively stable BSi concentrations and fluxes. The
long-term increase in the 5°°Si signature of Stephan-
odiscus yellowstonensis of 0.6 %o in both cores from early
to late-Holocene is a pattern similar in direction and
magnitude to that observed in marine records, where
diatom production is driven by climate and nutrient
supply by upwelling (Ehlert et al., 2013). These drivers
are connected to three main factors influencing the di-
atom 6°°Si signature — the fractionation factor associ-
ated with diatom Si uptake, the signature of the DSi
source and the degree of DSi utilization by diatoms.
We can exclude the species-specific fractionation fac-
tor, as the measurements are made on samples that con-
tain of almost all from a single diatom species, Stephan-
odiscus yellowstonensis (Figure S1). Therefore, we test
three non-exclusive hypotheses to identify the factors
responsible for variation in §°°Si and BSi accumulation
throughout Holocene:
1. the effect of DSi utilization by diatoms;
2. the impact of changes in DSi sources:
a. abrupt hydrothermal inputs during explosion
events, or
b. continuous hydrothermal input.

1. The effect of DSi utilization by diatoms

The isotopic shift in lake water and then in diatoms
connected to DSi utilization is described by fractiona-
tion models (De La Rocha et al., 1997; Varela et al.,
2004). In short, due to a diatom fractionation of
—1 %o, the more DSi is utilized by diatoms, the less
of the light Si isotope (%8Si) is available in the solu-
tion, and thus the Si isotope ratio becomes heavier
in the source solution, and accordingly it also grad-
ually increases in the diatoms. In Yellowstone Lake,
diatom-rich sediment formation is likely driven by a

lake DSi concentrations of 11 mg L~! (Balistrieri et al.,
2007; Gemery-Hill et al., 2007) that enables high di-
atom production and enhances diatom preservation. In
the cores, BSi concentrations are negatively correlated
with Ti (Figure 2), Al and K counts (not shown), which
suggests that higher BSi concentrations may be con-
nected to lower detrital input. Therefore, limited di-
lution by clastic material, high diatom production and
good preservation may be responsible for high BSi ac-
cumulation. Thus, the variation in BSi concentration
is influenced, at least in part, by dilution by detrital
input. Additionally, core 5A shows a positive corre-
lation between the primary production proxy (TOC)
and BSi concentrations, which supports the hypothesis
that changes in BSi concentration also are driven by
diatom production. Comparing sedimentation rates
of core 2C and 5A (n = 277), with an assumption
of similar diatom production at both sites, the higher
the sedimentation rates are, the more BSi is buried. A
similar phenomenon has been observed in marine sed-
iments (Rickert et al., 2002). This is likely connected
to the diatom accumulation rate, where the more di-
atoms settle, the more likely they are well preserved in
the sediment. However, low detrital input is crucial in
this case. Thus, both cores must have low detrital input
and relatively higher diatom accumulation rates at the
same time to accumulate sediment composed of up to
50 wt% of diatoms.

The diatom 6°°Si signature shows a positive, al-
beit weak, correlation with BSi concentration in both
cores, which suggests that DSi utilization is one of the
factors driving the diatom §°°Si signature throughout
the Holocene. Higher diatom production partly re-
flected in BSi concentrations results in higher DSi con-
sumption and thus, shifts the 6°°Si signature towards
heavier values in both cores. The similarities between
cores in diatom §°°Si in each lithological section of
the cores (Figure 3) suggest that the productive layer
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Figure 3: Comparison of mean BSi dry wt% of SiO, and 8°°Si [%o] values of separate lithological units showing
core 2C in brown and core 5A at the distal part of Elliott’s Crater in green.

of the water column was a homogeneous, stable and
well mixed DSi reservoir (Interlandi et al., 1999), with
no depletion of DSi during the growing season, result-
ing in a small variation in diatom §°°Si. The common
trend of a shift of §°°Si toward more positive values
is seen in both cores and is likely connected to the
influence of Holocene climate change in the Greater
Yellowstone Ecosystem as indicated by multiple prox-
ies (Brown, 2019; Brown et al., unpublished; Schiller,
2020). Heavier Si isotopic values are usually connected
to increased diatom production and greater relative
DSi utilization (De La Rocha et al., 1997). Decreas-
ing summer insolation triggering a long term trend to-
wards cooler and wetter conditions at Yellowstone Lake
Brown et al., using (Laskar et al., 2004) could have
led to a greater abundance of heavily silicified diatom
species, enhanced diatom production due to a longer

period of spring water mixing (Brown et al., unpub-
lished), and thus, higher DSi utilization, resulting in
heavier 5°°Si.

However, DSi utilization by diatoms is not the only
factor driving the 5%°Si, because of the weak correlation
between BSi concentration and §°°Si, as well as the ab-
sence of a correlation between TOC and BSi in core
2C. The weak correlation between §°°Si and BSi con-
centration suggests that diatom production has only a
small influence on 5°°Si and that the prevailing fac-
tor driving the 5°°Si is changes in DSi sources. There-
fore, we hypothesize that an additional factor influenc-
ing changes in diatom §°°Si and BSi accumulation in
our record is the relative proportion of DSi originating
from watershed bedrock weathering versus hydrother-
mal DSi.
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Table 2: Estimated end-members based on means of all measured water samples responsible for current lake

5°°Si and Ge/Si composition.

Estimated end-members

5°°Si 1SD Ge/Si 1SD

[%0] [pmol/mol]
Tributaries 0.655 0.30 4.48" 3.21
West Thumb —0.11%" 0.27 - -
Land springs —0.14"  0.14 160~ 26
Deep Hole 0.54%" 0.33 15* 6
Lake 1.9455  0.28 18.8% 4.1

L Samples were measured by MC-ICP-MS (Neptune) at UCLouvain, Belgium.

s Samples were measured by MC-ICP-MS (NuPlasma II) at Vegacenter, Swedish
Museum of Natural history, Stockholm, Sweden.

P Samples were measured on MC-ICP-MS (Neptune) at GFZ, Potsdam, Germany.

2. Impact of changes in DSi sources
a. Impact of hydrothermal explosions

We test the hypothesis of an impact of changes in
DSi with hydrothermal explosions by tracking the sed-
imentary record around the hydrothermal events. Hy-
drothermal explosions are accompanied by an input of
boiling water, steam and mud (Browne and Lawless,
2001; Muffler et al., 1971). Hydrothermal fluid com-
position is enriched in many elements, including DSi
(Balistrieri et al., 2007; Fowler et al., 2019b). We hy-
pothesized an increase in BSi and decrease in §°Si as
a consequence of isotopically lighter DSi enrichment
originating from fluids brought by the explosion (Chen
etal., 2020; De La Rochaetal., 2000; Dingetal., 1996;
Douthitt, 1982; Geilertetal., 2015, 2014; Grasse et al.,
2020; Opfergelt et al., 2011).

A series of hydrothermal explosion deposits oc-
curred in core 5A, as well as, to a smaller extent, in core
2C. Core 5A, located in proximity to Elliott’s Crater,
has a 1m-thick hydrothermal deposit. However, no
distinct increases in BSi accumulation nor a decrease
in 6°°Si is observed in either of the cores above these
deposits. Similarly, neither the BSi concentration nor
the °°Si record changed directly after the explosion
deposits in core 2C nor 5A. These observations suggest
that the lake DSi residence time (8 to 24 years, Zahaj-
skd and Conley, unpublished data) is too long to record
short episodic explosions, resulting in a lake that has
a stable and a homogeneous source of DSi for the di-
atoms on long time time scales (shown in, e.g., Richter
and Turekian, 1993). Consistent with the geochemical
data, only very subtle changes were found in the di-

atom community composition or in watershed vegeta-
tion (Brown, 2019; Brown et al., unpublished; Schiller,
2020). As impacts of hydrothermal explosions could
not be identified in either of the cores, the resolution
of the 6°°Si sampling is not sufficient for identifying
hydrothermal activity in a well-buffered environment
with high DSi and several DSi sources carry similar iso-
topic signature.

Ge/Si ratios offer another tool to test the contri-
bution from hydrothermal activity, because hydrother-
mal end-members can have distinct Ge/Si signatures
(Table 2). Specifically, in Yellowstone, hydrothermal
vent fluids often have high Ge/Si ratios, because of
preferential uptake of Si into amorphous silica precip-
itates (Evans and Derry, 2002), which occurs due to
DSi supersaturation of fluids during the contact with
lake water and cooling (Fowler et al., 2019b; Shanks
etal., 2007). When Si is incorporated in siliceous spires
and precipitates, the residual solution is enriched in
DGe and thus characterized by high Ge/Si ratios. Con-
trary to high-temperature DSi and DGe sources, the
low-temperature process of bedrock weathering pro-
duces Si-enriched solutions, resulting in low Ge/Si ra-
tios (Baronas et al., 2018; Kurtz et al., 2011).

The Ge/Si ratios of Stephanodiscus yellowstonensis
are much higher than values found in the literature
(Figure 4), which suggests either that the Ge/Si ratio
of source water is high or, alternatively, that diatoms
in Yellowstone Lake do not discriminate against Ge
during uptake (Kp < 1). To our knowledge, the only
evidence of this behavior has been in cultivation ex-
periments using solutions with high Ge/Si ratios and
DSi concentrations above 100 pmol L™ to grow di-
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Figure 4: Ranges of Ge/Si ratios in the Deep Hole vent fluids, Yellowstone Lake tributaries and the fossil single
species diatom opal from core 2C are shown. Further, the Ge/Si ratios in Greater Yellowstone rivers, Midway
Geyser Basin thermal springs (Gaspard et al., 2020) and ranges of world’s Ge/Si ratios in rivers and diatom opal
(Froelich et al., 1992; Mortlock et al., 1991; Sutton et al., 2010) are presented.

atoms, which resulted in high Ge/Si ratios in the di-
atom frustules and Kp ranging from 1 to 1.2 (Froelich
et al., 1992). Our observations are in agreement with
those experimental results, as the DSi concentration of
YL is around 200 pmol L™ (12 mg SiO, L™!), and the
Ge/Si ratio is almost 30 times higher than in the ocean
or worldwide rivers (Figure 4). Thus, diatoms in YL
likely do not discriminate against Ge during uptake.
If we assume the Kp to be constant through time and
equal to 1, the Ge/Si ratios in fossil diatoms could re-
flect changes of Ge/Si in the lake water through time.
However, recent Ge/Si ratios of YL rivers (Figure 4)
are lower than the Ge/Si ratios in the fossil diatoms,
which may suggest that the Kp in Yellowstone Lake is
even higher than 1.2. However, the thermal springs
and Greater Yellowstone rivers show high Ge/Si values,
thus if these waters reach the YL, they would be great
source of Ge for the fossil diatoms without need of Kp
being higher than 1.2. Nevertheless, for precise K, de-
termination, the lake water and recent living diatom
Ge/Si ratios would be needed. Enhanced knowledge of
Kp and detailed mass and isotope balances constraining
all DSi and DGe sources and sinks would bring more
clarity into the Yellowstone Lake Si and Ge cycling.

Opverall, the sedimentary record shows an isotopic
shift in 6°°Si of 0.6%o to heavier values toward the top

of the cores and highly variable Ge/Si ratios in the fossil
diatoms. Even though the Ge/Si ratios of fossil diatoms
suggests some increase in Ge concentrations above the
hydrothermal deposits (Figure 2), there is no direct ev-
idence that this increase is connected to the hydrother-
mal event, because similar values are found higher up in
the record. The consistent range of variation in Ge/Si
supports the hypothesis of a consistent long-term back-
ground of high hydrothermal inputs and the buffering
capacity of the lake to these disturbances. In addition
to the Ge/Si ratios suggesting long-term hydrothermal
background inputs, the 6°°Si exhibits a consistent bal-
ance of DSi sources during the last 9800 years. Our
preliminary mass-balance suggests that up to 55 % of
the DSi tributary inputs can be brought into the lake
by hydrothermal fluids (this thesis, section 6.4). Thus,
even an extensive hydrothermal explosion, such as El-
liott’s Crater, had no observed impact on the lake Si
cycle with respect to the DSi retention time.

b. Impact of input from hydrothermal vent fluids vs.
DSi river input

The hypothesis that BSi accumulation and §°°Si sig-
nal is affected by variation in DSi sources is based on
the absence of reaction of the lake system to abrupt
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events. Therefore, the long-term trend in diatom 5°°Si
is hypothesized to be affected by changes in the rel-
ative proportion of DSi sources.The mean §°Si sig-
nal of the tributaries situated within the Yellowstone
Caldera (0.65 £ 0.30%o0) is at the lower end of the
world riverine §°°Si range (Figure 5). The Yellowstone
River outlet (1.9440.28%o), representing the lake iso-
topic signature, falls into the measured range of lakes
globally (Frings et al., 2016) and suggests that diatom
production fractionates the originally lighter tributary
DSi source. However, based on the inlet, outlet and the
diatom 6°°Si, the recent lake water 6°°Si should show
heavier values through fractionation by diatom DSi up-
take. There is great uncertainty regarding species spe-
cific fractionation by diatoms which could play a role
in the 6°°Si of lake water (Sutton et al., 2013).

An isotopically lighter DSi source from hydrother-
mal vents (Figure 5), is in agreement with existing data
on hydrothermal vent fluids (Chen et al., 2020; De La
Rocha et al., 2000; Ding et al., 1996; Douthitt, 1982;
Geilertetal., 2015, 2014; Grasse etal., 2020; Opfergelt
et al., 2011) including hydrothermal vent fluids from
West Thumb (Figure 5), which suggests that the vents
in West Thumb can contribute to a lowering of the lake
5°°Si. The Deep Hole hydrothermal fluids have previ-
ously been identified to be a mixture of lake water and
pore water extruded by a vapor-driven hydrothermal
system underlying the area (Fowler et al., 2019a), and
the isotopic composition reflects those processes and
therefore is closer to the lake 5°°Si.

To better constrain the hydrothermal influence, the
Ge/Si and 67°Si data allows us to disentangle pro-
cesses in the watershed, as well as sources of DSi. Re-
cent lake Ge/Si and §°Si values suggest that Yellow-
stone Lake is greatly influenced by hydrothermalism,
which creates high Si background concentrations (Gas-
pard, 2020, Figure 4). The mean Ge/Si ratios of the
world rivers ranges from 0.4 to 1.2 pmol/mol (Baronas
etal., 2018; Filippelli et al., 2000; Froelich et al., 1992;
Hammond et al., 2004; Mortlock and Frohlich, 1987),
whereas marine hydrothermal fluids show higher Ge/Si
values within a range of 8 pmol/mol to 14 pmol/mol
(Froelich et al., 1992; Sutton et al., 2010). The tribu-
taries of Yellowstone Lake are mostly above the river-
ine mean, and some show values are similar to ma-
rine hydrothermal fluids and higher. The Deep Hole
hydrothermal fluids, which may contain recycled Ge
from the sediments or from diatom frustules, show
even higher Ge/Si ratios than the tributaries. Addition-
ally, data from other rivers in the Greater Yellowstone

area suggest that the whole Yellowstone area is highly
enriched in Ge (Figure 4 Gaspard, 2020). Also, simi-
larly elevated Ge/Si ratios have been observed in rivers
of the Eastern Tibetan Plateau that have hydrothermal
input (Evans and Derry, 2002; Han et al., 2015).

With knowledge of the Ge/Si and 5°°Si of the hy-
drothermal fluids, a relative change in hydrothermal
DSi and riverine DSi sources can be one explanation for
variation in BSi accumulation and the §*°Si signature.
The long-term increase toward heavier §°°Si could be
a response to a long-term decline of hydrothermal in-
puts relative to DSi brought in by tributaries, which
carry heavier §°°Si. Consistently, the multiproxy study
on core 2C including both geochemical data and biotic
proxies has shown a long-term trend towards cooler and
wetter conditions during the Holocene (Brown et al.,
unpublished). Particularly, late-Holocene was inter-
preted as a period with lower lake water evaporation
and possibly increased run-off from snowmelt, which
could increase the delivery of relatively heavier 5°°Si
DSi from the watershed soils, where processes fraction-
ating Si occur. However, the diatom Ge/Si data and the
arsenic (As) data, both indicators of hydrothermal ac-
tivity (Figure 2), do not support a decline in hydrother-
mal activity. Therefore, an increasing contribution of
water inputs from snowmelt with a continuous pro-
portion of hydrothermal water input could explain the
trend in §°°Si associated with a slight increase in DSi
utilization by diatom production.

Another explanation is that although the propor-
tion of DSi brought by tributaries and hydrothermal
fluids is stable though the Holocene, the riverine end-
member has shifted towards heavier isotopic signatures.
Changes in 5°°Si towards heavier values can be caused
by fractionation processes before and during the de-
livery into the lake. Processes, such as neoformation
of secondary minerals, formation of Fe- and Al-oxides
or plant uptake could result in a gradual increase in
the delivered DSi 6°°Si (Cornelis et al., 2011, 2014;
Nantke et al., 2019; Struyf et al., 2010). The wet-
ter late-Holocene climate at YL with increased run-
off could bring more soil DSi from the lake water-
shed, which would carry heavier 5%°Si. Yet, the veg-
etation in the YL watershed has not changed substan-
tively over this period (Schiller, 2020) with only slight
changes in vegetation from a more open vegetation to
more forested landscape. Thus, the isotopically heav-
ier DSi from the soils has likely not been delivered
in higher amounts compared to early-Holocene sup-
ported by the stable vegetation with persistence of Pi-
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Figure 5: Ranges of stable silicon isotopes (§°°Si) of Yellowstone Lake hydrothermal vent fluids and Yellowstone
Lake tributaries, from thermal springs in Midway Geyser Basin (Gaspard, 2020) and the range of §*°Si found
in the world’s rivers (Frings et al., 2016; Sutton et al., 2018). In addition, the isotopic signature 5°°Si of the
Mazama ash layer, the ranges of fossil diatoms from core 2C and 5A and the world’s marine and freshwater
diatom 8°°Si range (Frings et al., 2016; Sutton et al., 2018, and references therein) are presented.

nus and Artemisia as dominant species (Schiller, 2020,
in preparation). The trend towards heavier river 5°°Si
could be rather explained by a net change in weathering
reaction — i.e., the formation of relatively less depleted
clays (e.g., smectites) towards the later Holocene, with
more kaolinite/allophane type clays in the early Holo-
cene. However, this hypothesis remains for future in-
vestigations.

In short, the most likely explanation for the iso-
topic shift of 0.6%o in the 5°°Si signature of Stephan-
odiscus yellowstonensis in both cores throughout the
Holocene is a combination of changes in the relative
proportion of the DSi sources, e.g., bedrock weath-
ering and hydrothermal input, together with possible
changes in diatom production connected to changes in
water column mixing and the length of the ice-free sea-
son (Brown et al., unpublished).

The fossil diatom 5°°Si in Yellowstone Lake is in the

range of diatom 5°°Si observed worldwide(Frings et al.,
2016; Opfergelt and Delmelle, 2012; Sutton et al.,
2018). However, the mean diatom 6°°Si of both cores
is below the world diatom §°°Si mean (Figure 5). Com-
parable 5°°Si values of diatoms are reported from Lake
El'gygytgyn (Swann et al., 2010), Lake Baikal (Panizzo
etal., 2016) and Lake Edward (Cockerton et al., 2015),
none of which are hydrothermally influenced, which
suggest that the non-hydrothermally influenced lakes
have either light isotopic sources comparable with vol-
canic areas or that YL is either not strongly hydrother-
mally affected or the isotopic signature of hydrother-
malism is masked by other processes.

Lake water 5°°Si in Yellowstone Lake with a mean
of 1.94%o is higher than expected considering the 5°°Si
signature of inputs from vents (ranging from 0 — 1%o)
likely due to other processes masking the direct hy-
drothermal input isotopic signature. One of the ex-
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planations for the limited influence of inputs from hy-
drothermalism may be the large size and volume of the
lake, which is also true for the other lakes mentioned
above. This suggests that large lakes have the ability
to buffer external perturbations that are shorter than
the lake’s residence time. Thus, the chemistry of these
lakes reflects several processes operating simultaneously
at longer time scales, such as changes in climate, vege-
tation, or DSi sources. However, for Yellowstone The
Ge/Si ratios of fossil diatoms in YL provided convinc-
ing evidence of the long-term hydrothermal contribu-
tion.

6 Conclusions

The combination of recent water measurements and
Holocene sedimentary data revealed that Yellowstone
Lake has a stable water biogeochemistry over the long-
term, highly influenced by hydrothermal background.
An increase of 0.6%o in 5°°Si in both cores studied over
the Holocene, following changes in §°°Si and diatom
assemblages from a previous multiproxy study at one of
the site (Brown et al., unpublished), suggest an influ-
ence of climate on the §°°Si records through a change
in the relative contribution of river and hydrothermal
inputs to the lake. Considering a constant influence
of hydrothermal inputs, increasing river inputs from
snowmelt during late-Holocene associated with a slight
increase in DSi utilization by diatoms due to a longer
period of spring water mixing could explained the trend
in 5°°Si.

Extreme hydrothermal events during the Holo-
cene, such as occurred during the formation of Elliott’s
Crater (Morzel et al., 2017), did not dramatically dis-
rupted the lake system. The influence of hydrother-
malism on the lake was observed in recent water Ge/Si
ratios. Continuous, long-term sublacustrine and ter-
restrial hydrothermal inputs drive the lake Ge and Si
composition, which is reflected in extremely high Ge/Si
ratios in fossil diatoms. However, the evidence of a hy-
drothermal contribution following explosions events is
not observed in the diatom §°°Si, likely because of the
large size of the lake with well mixed waters, the poten-
tial of other processes masking the hydrothermal signa-
ture, or the DSi sources that share similar §°°Si signa-
tures.

The absence of evidence of increased BSi, as an in-
dicator of DSi, after the hydrothermal explosion de-
posits leads to the conclusion that either the hydrother-
mal explosion was vapor-driven and disrupted sedi-

mentation by clastics but did not contribute hydrother-
mal liquids or, alternatively the impact of the explosion
is buffered by the long lake residence time. The Ge/Si
ratios in fossils diatom do not add clarity into the inter-
pretation, because they are consistently high through-
out the core, showing only the long-term hydrothermal
influence.

The Ge/Si ratios of the fossil diatoms compared
to the recent lake tributaries and the recent lake water
Ge/Si ratios suggest that Stephanodiscus yellowstonensis
does not discriminate against Ge and thus can poten-
tially be used for tracking changes in Ge/Si ratios of
lake water during the Holocene. However, the Ge/Si
ratio of recent diatoms and water need to be measured
to verify this statement. Future work focused on Si and
Ge budgets in lakes can contribute to a better under-
standing of the Si and Ge lacustrine sinks in volcanic
systems.
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Figure S1: SEM photo of a cleaned diatom sample used for Si isotope and Ge/Si analyses from core YL-2C,
depth 731 cm, showing the purity of the diatom samples.
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Figure S2: The three isotope plot showing all diatom samples presented in this study and constraining any
potential polyatomic interferences. All measurements fall onto a line that corresponds to a mass-dependent

fractionation curve.
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