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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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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
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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



Diatom-rich sediment formation in lakes

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
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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.
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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
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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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Therefore, low or high sediment mass accumula-
tion rates stand-alone do not guarantee high or low
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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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