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Abstract:

How glaciation affects CO, drawdown by chemical weathering sets the strength
of the weathering-climate feedback, which controls the exogenic carbon cycle
and planetary habitability [1]. However, the exact role of glaciers remains elu-
sive as glaciation alters multiple factors controlling weathering, the net effect of
which is ambiguous even in directionality. While illustrative, modern observa-
tions have limited ability to constrain time-dependent behavior, which is thought
to be important to glacial weathering [2, 3]. To isolate and quantify the effect of
glaciers over millennial timescales, we developed a novel multi-proxy system for
constraining catchment-scale fluxes in the past. This approach utilizes the cor-
relation between Ge/Si and Si isotope ratios in modern rivers, which sensitively
tracks weathering processes, and the preservation of these signals in biogenic sil-
ica in lake sediments. We report changes in weathering fluxes in two catchments
with different glacial histories during the past ten thousand years from two lacus-
trine records in Iceland. We find that the chemical weathering fluxes are an order
of magnitude higher in the same catchment when glaciated compared to when ice
free. The synchronous variations in weathering fluxes with the expansion and
contraction of glaciers indicate a rapid effect of glaciation that may amplify cli-

matic variations via a positive feedback.
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Significance Statement

The directionality, magnitude, and timing of the chemical weathering response to glaciation
remains extensively debated. Past work has either compared modern weathering fluxes between
currently glaciated and ice-free catchments or relied on marine sedimentary records. To provide
new insight, we developed an approach using lake sediment that provides absolute estimates of
paleo-weathering fluxes at the same spatial scale as modern rivers. We find that fluxes are higher
when a catchment is glaciated, which supports the hypothesis that enhanced weathering is in phase
with glacial activity over millennia. Our work also shows that some portions of the land surface do
not follow the global negative climate weathering feedback, which may be important in generating

multiple steady states in the carbon cycle.
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The chemical weathering of silicate minerals is a major geologic source of alkalinity to the
ocean-atmosphere system. The climatic dependence of silicate weathering reactions allows for a
negative feedback thought to help regulate Earth’s climate and habitability over geologic timescales
[1, 4]. However, additional controls on silicate weathering exist [} 16, [7, 8], and understanding
these factors is required to accurately assess the weathering-climate feedback. In particular, large
uncertainties exist regarding the effects of glaciation on chemical weathering. At temperatures suf-
ficiently low to initiate and sustain glaciation, chemical weathering is expected to be attenuated due
to the sluggish kinetics. Conversely, glaciers enhance supply of fresh mineral surfaces available
for reaction [9]] by efficiently eroding bedrock [10, [11].

Today, catchment-scale weathering fluxes are often inferred from river solute chemistry [12,
13]. However, observations from modern glacial catchments capture only snapshots in time and,
essentially, reflect the behavior of glacial systems during the current interglacial period. Moreover,
river chemistry in currently non-glaciated catchments can be heavily influenced by landscapes that
are still recovering from past glaciation [3]], therefore biasing the estimates of non-glacial weath-
ering fluxes. By altering the topography and the supply of weatherable substrates for prolonged
periods, the impact of glaciers on chemical weathering may last well beyond deglaciation [9,2]]. As
such, isolating the effect of glaciation on chemical weathering requires accounting for the effects
of landscape evolution through time.

Marine sedimentary archives have been used to infer secular changes in continental weathering
including during glacial/interglacial periods [14} (15, [16, [17]. These inferences, however, cannot
be directly compared to modern catchment-scale estimates of weathering fluxes from river chem-
istry as marine records derived from biogenic/inorganic precipitates integrate chemical weathering
processes over sub-continental to global scales. Further, because the land surface is heteroge-
neous, global integration can blur the signal of weathering response to glaciation alone. Besides
issues with different scales of spatial and temporal integration, available weathering proxies largely
record flux ratios (e.g., weathering intensity) and/or utilize trace elements that can be decoupled

from the release of alkalinity during silicate weathering [18, |19, 20]. To address these issues, we
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turn to lake sedimentary records instead, to infer paleo-weathering fluxes at the same spatial scale
as modern riverine observations. We present the first application of a novel multi-proxy model
that constrains absolute changes in chemical weathering fluxes (in mol Si/km? yr) back in time in
response to (de)glaciation. Leveraging the sensitivity of river dissolved chemistry, i.e. germanium
to silicon ratios (Ge/Si) and Si isotope ratios (53°Si), to silicate weathering processes, our approach
utilizes these chemical signatures recorded in biogenic silica (bSi) preserved in lake sediments to

estimate chemical weathering fluxes at the catchment scale.

Inferring weathering flux from bSi  River and lake water samples and sediment cores were col-
lected from two lakes and the surrounding regions in western and central Iceland (Figure 1A, Meth-
ods). The catchment of Haukadalsvatn (HAK) deglaciated ~12 ka and has been ice free throughout
the Holocene [21, 22] (Figure 1B, Methods). In contrast, Lake Hvitarvatn (HVT) deglaciated 11
— 10 ka but now drains the Langjokull glacier (Figure 1C, Methods), which only started to grow
in the recent past (i.e. between 5.5 — 5 ka). The region was ice-free during the Holocene Thermal
Maximum between 8 and 6 ka in the mid-Holocene [23]]. The distinct (de)glaciation histories of the
two catchments spanning the past 10 ka, the same time period over which sedimentary archives are
available, provide a unique opportunity to evaluate the effect of glaciation on chemical weathering
in an internally consistent manner.

A significant negative correlation (Pearson correlation coefficient p = -0.84, p = 2.1 x107%)
was observed between Ge/Si and §°Si of the dissolved loads of two rivers (Figure 2A). High §°Si
(0.67 — 1.47 %o) and low Ge/Si (0.4 — 1.5 pM/uM) values are observed at the non-glacial catch-
ment of HAK, whereas the glacial rivers at HVT are characterized by lower §2°Si (-0.09 — 0.27 %)
and higher Ge/Si (2.1 — 2.8 pM/uM). The covariation between Ge/Si and §2°Si primarily tracks
the proportion of dissolved Si partitioned into secondary phases [24, 25] as empirical evidence
suggests preferential uptake of Ge and the lighter Si isotopes associated with the formation of sec-
ondary phases [26]]. Other factors that may alter the riverine Ge/Si and §°°Si compositions [27, 28]

can be ruled out — Iceland is virtually monolithologic (volcanic bedrock), sparsely vegetated, and
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6180 and 6D measurements of river water from our study sites indicate minimal hydrothermal in-
puts (Methods, Supplementary Figure 1). Therefore, it appears that the degree of Si uptake into
secondary phases, manifested in the co-evolution of solute Ge/Si and §3°Si signatures, is strongly
modulated by glaciation (Supplementary Text S4). This is also consistent with previous observa-
tions that §3Si of dissolved loads decreases with increasing glacial cover [29, 30]. Utilizing this
empirical correlation between riverine Ge/Si and §2°Si and the expected decoupling between these
two tracers during incorporation in biogenic silica, we can infer chemical weathering fluxes in the
past from the compositions of diatoms preserved in lake sediments (Figure 2B).

Lake Ge/Si and 6°°Si compositions should represent an integrated signal of chemical weather-
ing upstream and fall on the regression line defined by the river data within uncertainties (Figure
2B), which we observe to be true (Figure 2A). The lake chemistry is in turn preserved in the opaline
frustules of lacustrine diatoms — these siliceous algae are considered to faithfully record the Ge/Si
ratios of the water they grow in [31, 32, |33]] and express a Si isotope fractionation according to
the degree reflecting nutrient (dissolved Si) utilization [34} 33, 36]. As the initial lake §°Si at the
time of diatom growth can be determined from the Ge/Si ratio recorded in bSi and the empirical
correlation between Ge/Si and 6°°Si in rivers, the degree of nutrient utilization can be calculated
using empirically constrained fractionation factors [37,38]] and the offset between §2°Si of the lake
and of preserved diatoms (Eq. [T). The total supply of dissolved Si to the lake, which is effectively
the chemical weathering flux in terms of Si, can therefore be computed from the bSi burial flux
and the degree of nutrient utilization (Eq. [2)). Details on the implementation of this proxy model

and the propagation of uncertainties are described in Methods.

30Q: 30Q;
0% Sipsi = 07 Sijpigig + _€_ - f (1)
S—— SN—— ~ .
measured inferred from Ge/Si- ~ fractionation  fraction of
diatom 530S correlation factor Si remaining

_ weathering flux - bSi burial flux

f

2)

weathering flux

Central to our approach is the assumption that the correlation between riverine Ge/Si and

5%°Si compositions remained relatively the same in the past 10 ka, i.e. the apparent sensitivity
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of riverine Ge/Si and 6°°Si to the balance between primary mineral dissolution and secondary
mineral formation did not vary. While it is currently not possible to validate this assumption with
direct observation, we argue that it is a realistic approximation as the dominant controls on the
style of chemical weathering (i.e. climatic and tectonic conditions) remained roughly constant
during this time period [39]. Another premise of our proxy model regards the absence of post-
depositional alteration of Ge/Si and §°°Si of bSi and minimal bSi dissolution. This is corroborated
by calculations of diffusive Si fluxes with reactive transport modeling based on the porewater
profiles of surface cores (Methods). Further, previous work supports the lack of meaningful Si
isotope fractionation during diatom dissolution [40].

At HAK, little variation was observed in Ge/Si (0.5 — 1.0 pM/uM) and 5%°Si (-0.86 —-0.39 %)
of bSi over time, contrary to the wider range of values (Ge/Si: 0.2 — 1.6 pM/uM; §°Si: -1.28 —
-0.40 %) measured in bSi at HVT (Figure 2A, 3A, 3B). An unexpected offset between the Ge/Si
of core-top bSi and the lake water at HVT is noted (Figure 2A, 3B). We attributed this unexpected
biological fractionation of Ge/Si observed at HVT but not at HAK to the difference in lake diatom
assemblages (i.e. dominated by planktic vs. benthic species due to different lake turbidity [41]).
This fractionation was corrected for in the chemical weathering flux calculations according to the
diatom assemblages previously characterized through the core [41] (Methods). Sensitivity tests on
this correction suggest that our results and conclusions do not hinge on the specific assumptions
on Ge fractionation during diatom growth (Supplementary Text S6, Supplementary Figure 11).
However, it is also worth noting that the authors are not aware of any existing work that has

systematically examined the Ge uptake behavior of freshwater diatoms.

Silicate weathering promoted by glaciers The inferred chemical weathering fluxes (i.e. chem-
ical denudation rates of Si) are presented in Figure 3D and compared against bSi burial fluxes
(Figure 3C), which are calculated from previously published sedimentary bSi content and sedimen-
tation rates [22] (Supplementary Text S5). Our lake-derived estimates agree within uncertainties

with the weathering fluxes estimated for other watersheds (n = 85) in Iceland from compiled river
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chemistry [[13] (Figure 4A). Our estimates do appear to be on the higher end of the weathering flux
distribution derived from river chemistry, which may reflect substantial groundwater contribution
in addition to surface runoff [42]]. Groundwater discharge can be important in the Si budget/water
mass balance of lakes [35]] and is implicitly accounted for in our approach.

At core top, the inferred chemical weathering flux, representative of chemical weathering flux
at present, is almost an order of magnitude higher in the glacial catchment than the non-glacial
catchment (Figure 3D, 4A). In addition, from the weathering fluxes estimated from compiled Ice-
landic river chemistry, we found the average of the non-glacial rivers (3.5x10° mol Si/km?/yr, n
= 38) to be lower than, or at least comparable to, given the potential uncertainties, the average of
glacial rivers (7.3x10° mol Si/km?/yr, n = 9) excluding the multi-source rivers (Figure 4A). These
results are contrary to the previous global observation that “silica denudation rates are distinctly
lower in glacier-covered catchments than in their nonglacial counterparts” [9]]. One possible ex-
planation for this discrepancy is that existing global compilations primarily include rivers that drain
metamorphic bedrocks whereas volcanic/basaltic lithologies are underrepresented [9]. If true, this
points to the potentially unique role of glaciation in basalt weathering. Despite its rare occurrence
at Earth’s surface today [43]], basalt plays a disproportional role in atmospheric CO, sequestration
due to fast dissolution kinetics [12] and its response to glaciation may therefore bear important
implications for the carbon cycle.

The first-order changes in chemical weathering fluxes over time share similar patterns with the
bSi burial fluxes (Figure 3C, 3D) due to the lack of drastic variation in the degree of nutrient utiliza-
tion through time (Supplementary Figure 2). At HAK (non-glacial), chemical weathering fluxes
remained relatively constant over the past 10 ka (Figure 3D), and a Mann—Kendall statistical test
(non-parametric trend detection) cannot reject the null hypothesis that no trend in weathering fluxes
exists (Methods). At HVT (glacial), greater variation in chemical weathering fluxes is observed
and changes appear non-monotonic in time (Figure 3D). Specifically, the extent of glaciers exerts
a strong control on the chemical weathering flux at HVT [44] (Figure 3D, 3E), where higher flux

corresponds to larger extents of glaciation (Figure 4B) and more glacial discharge into the lake
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(Figure 4C). In addition, we evaluated the completeness of the lake sedimentary records with the
previously published age models and concluded that the observed (lack of) trends were robust and
did not arise due to sediment preservation bias (i.e. the Sadler Effect [45]], Supplementary Text S1,
Supplementary Figure S3).

Among currently glaciated watersheds, a slight decrease in the total chemical denudation rates
with the increase in the percentage of glacial cover (up to 35 %) was previously observed in south-
west Iceland [46]. However, this negative correlation is inconclusive as superimposed effects from
the difference in rock ages may be present [46, [10]. Alternatively, our approach affords an inter-
pretation of the variations in chemical weathering fluxes over time primarily in terms of glacial
influence and under invariance of other factors, as the evolution of a single catchment is moni-
tored through time. Our results are therefore more representative of the true sensitivity of chemical
weathering to the growth and retreat of glaciers.

As mentioned earlier, glaciation may promote chemical weathering through elevated erosion
rates. Mechanical erosion rates of 16 — 55.8 t/km?/yr (~ 0.06 — 0.2 mm/yr) have been estimated for
watersheds adjacent to HAK [47]. Interpolating from the observed correlation between physical
erosion and the percentage of glacial cover from the same study, up to two orders of magnitude of
increase in erosion rates at HVT between ice-free conditions and the current state may be expected.
Indeed, at HVT, the estimated average erosion rates integrated over the Holocene (low average
glacial cover) from lake sediment deposits (0.01 — 0.05 mm/yr) [48]] are much slower than modern

(high glacial cover) denudation rates estimated from river suspended load (0.49 mm/yr) [[10].

Implications for the carbon cycle The observed response of chemical weathering to glaciation
(Figure 3D, 3E, 4B) contrasts to the hypothesis that the weathering effect temporally lags peak
glaciation due to the continued weathering of reactive glacial sediment [2]]. Our observation that
absolute weathering fluxes are higher in the glaciated catchment further suggest that active glacial
processes are more effective at elevating weathering rates compared to the reaction of relic glacial

deposits (Figure 3D, 3E, 4). We would like to note that we do not observe a decay in silicate
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weathering fluxes at HAK (non-glacial) as predicted by age-dependent weathering rates [2], al-
though the catchment retains deposits of glacial sediment from recent deglaciation (~10 ka) [49].
It is also possible that a decay of a small magnitude exists but is unresolvable with the uncertainties
associated with our estimates.

The positive correlation between silicate weathering and glaciation we observe (Figure 4)
suggests that portions of land surface do not necessarily follow global predictions of a negative
climate-weathering feedback. This also implies the effects of erosion and runoff as controls for
chemical weathering [6, 8], both of which are increased for temperate glaciers [9, 50, 51], can
outweigh the temperature dependence [52]. Though the integrated response might be reflective of
a negative feedback, individual catchments may be independent and display a wider range of be-
haviors, in some cases, act to amplify climatic variations. Heterogeneity in the response to climate
change may be important in generating multiple steady states in the climate system (i.e., green-
house and icehouse conditions) and the carbon cycle. While the type of behavior we observe in
these two small catchments is not necessarily direct evidence, it represents a plausible mechanism
giving rise to bi-stability, which could be further tested via additional study.

Here we presented a new framework that allows the inference of catchment-scale chemical
weathering fluxes from terrestrial sedimentary archives, which is powerful because it returns ab-
solute weathering fluxes for Si — one of the major elements involved in silicate weathering — in
an analogous manner to observations from modern river systems. As siliceous organisms are
widespread in lake systems [34], our approach may be widely adopted to assess and quantify the

effects of different environmental controls on chemical weathering.

Methods

Study sites. Haukadalsvatn (HAK, 65.05°N, 21.63°W) is a small lake (3.3 km?) located in the
glacially carved valley of Haukadalur in western Iceland. The meandering Efri Haukadalsa River
flows through the valley and drains into Haukadalsvatn. The region is far from the active volcanic

zones of Iceland [53] and hydrothermal inputs are therefore expected to be negligible. The 172

10
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km? catchment, underlain by Tertiary basalts, has been glacier-free since ~12 ka. The valley of
Haukadalur was briefly submerged at the onset of deglaciation and the basin became isolated from
the sea about 10.6 ka [54, 21]]. The mean annual temperature of the region is 3.9 °C (1993 —2022),
according to a weather station (Asgaréur) ~21 km from the lake (Icelandic Meteorological Office).
The valley is currently vegetated by grass and sedges, despite historical accounts describing it as
originally largely forested.

Hvitarvatn (HVT, 64.64°N, 19.84°W) is a proglacial lake (28.9 km?) located on the east side
of Langjokull ice cap in central Iceland. Approximately one-third of the watershed (total area: 820
km?) is now covered by the glacier. However, interpretations of sedimentary deposits and a numer-
ical ice-sheet model reconstruction suggest the extensive advance of Langjokull only began some
time between 5 — 3 ka, reaching the maximum extent during the Little Ice Age some 200 years ago,
and the region was nearly ice-free in the mid-Holocene after the 8.2 ka cold event [44]. The bedrock
in the surrounding area consists primarily of early Holocene lava flows and late Pleistocene sub-
glacial volcanics [S5]]. A weather station (Hveravellir, ~30 km from HVT) recorded a mean annual
temperature of -0.87 °C from 1966 to 2003 (Icelandic Meteorological Office). Existing sediment
cores dated back to 10 ka from HAK and HVT have been extensively analyzed. Continuous, high-
resolution paleoenvironmental records from a variety of physical/chemical proxies have been gen-

erated and interpreted in the context of Holocene environmental changes [56} 23,157, 21, 22, 39].

Sample collection. River and lake water samples in the catchments of Haukadalsa and Hvitd
were collected during field campaigns in 2016, 2019, and 2022. Sediment samples from the two
lake cores (GLAD4-HAKO03-1B, GLAD4-HVTO03-1A) were sampled at Institute of Arctic and
Alpine Research at University of Colorado, Boulder, and requested from the Continental Scientific
Drilling Facilities at the University of Minnesota, respectively. Three additional lake cores (40 —
100 cm) were collected with a vibra-corer (SDI) at Haukadalsvatn in 2022. Coring was planned for
Hyvitarvatn but was canceled due to inclement weather during the 2022 field season. Water samples

were collected for dissolved chemistry 1) directly with single-use 60 mL polypropylene syringes

11
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and filtered through 0.2 pm Polyethersulfone (PES)/nylon/nitrocellulose mixed ester (MCE) sy-
ringe filters; 2) with a Van Dorn sampler and subsequently filtered through 0.2 ym MCE/PES
filters with a 47 mm filter holder using a peristaltic pump; 3) with a Van Dorn sampler and subse-
quently filtered through 142 mm 0.2 ym MCE filters with a filtration unit. Several samples were
collected in duplicates and no difference in dissolved chemistry was discernible between differ-
ent filtration methods. Field blanks were collected with filtering deionized water (18.2 MQ cm ™,
referred to here as milliQ) following the same procedures in the field. Water samples were col-
lected in three splits in 1) 50/125 mL polypropylene tubes/bottles, acidified with high-purity nitric
acid (HNO3, SCP Science, PlasmaPURE) dispensed from a FEP dropper bottle the day of collec-
tion for the analyses of cation and trace element concentrations and isotopes; 2) 2 mL cryovial/15
mL polypropylene tubes for anion concentration and alkalinity measurements; 3) 3 mL exetainers
(Labco) with no headspace for water isotope (50 and D) analyses. All sample vials were rinsed
three times with the filtered samples before collection. All samples were stored refrigerated except
during transportation.

Three sediment cores (40 — 100 cm) were collected on an inflatable boat with a vibracoring de-
vice and polycarbonate core liners (9.5 cm inner diameter) at Haukadalsvatn. The core liners were
pre-drilled down the length of the core tube and covered with electrical tape before deployment
for porewater sampling with Rhizon samplers. Porewaters were extracted from two cores with
undisturbed sediment-water interfaces using Rhizon samplers [S8] after core retrieval. The Rhizon
samplers were inserted every 4 cm top to bottom after draining the overlying water. Porewater
samples were stored in 15/50 mL polypropylene and acidified following the same procedures for

river water samples.

Separation of biogenic silica from lake sediments. Previously published protocols of density
separation and reductive cleaning [59, 160] were followed to purify bSi from the lake sediments.
Briefly, 2 — 5 grams of sediment samples were first disaggregated by sonication in ~40 mL 5%

sodium hexametaphosphate, rinsed thoroughly with milliQ, and wet-sieved through a 20 pm plastic

12
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sieve. The 20 pm fractions were heated at 90 °C in a mixture of 10% hydrogen peroxide (H205)
and 1 M hydrochloric acid (HCI) to dissolve organic matter for 5 — 7 hours, during which the
solution was carefully decanted and replenished 2 to 3 times to make sure the reactions proceed
to completion. Density separation was done with lithium polytungstate (~2.1 g/cm?®) after the
samples were dried on a hot plate (70 °C). The floating fraction (mostly bSi) was collected, wet
sieved again through a 20 pm plastic sieve, thoroughly washed with milliQ, and oven dried at 70
°C before reductive cleaning. The samples were transferred into clean Teflon beakers (Savillex)
and treated with 15 mL of 0.25% hydroxylamine-hydrochloride (NH,OH-HCI) in glacial acetic
acid to remove any metal oxyhydroxide particles. Samples were then etched in 15 mL of 0.1%
NaF solution in acidic medium (traces of HCI) for 15 min and treated with a mixture of 7 N HNO;
and 1.5 N HCl for 2 hours. In between each step, the samples were thoroughly rinsed with milliQ
and care was taken to minimize the loss of material. Finally the samples were dried overnight on
a hot plate at 70 °C. Visual and microscopic inspection under an optical microscope suggest no
clay particle contamination, which is further corroborated by the low Ge to Si ratios measured for
these samples (see Figure 2). Approximately 10 mL of 0.2 M trace-metal clean sodium hydroxide
(NaOH) was added to the purified bSi. The samples were placed in the oven (95 °C) for 24 hours.
Once dissolved, the samples were transferred into polypropylene tubes/bottles, diluted with milliQ,

and acidified with concentrated HNOj for subsequent Ge/Si and Si isotope analyses.

Chemical and isotopic analyses. Si concentrations were determined by either molybdenum Col-
orimetry [61] with a spectrophotometer (Thermo GENESYS 180) or a quadrupole ICP-MS (Ag-
ilent 7900). Measurements of certified reference materials BIGMOOSE-14 (National Research
Council Canada), SLRS-6 (National Research Council Canada), and an in-house standard (Mis-
sissippi river water) agree with previously reported values. A handful of samples were analyzed
with both methods, and the results agree within 5%, which we therefore report as the analytical
uncertainty. Ge concentrations were determined by either hydride generation (HG)-ICP-MS on a

Triple-Quadruple(TQ)-ICP-MS (Thermo iCAP) with "°Ge isotope spike or analyzed directly with

13
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the TQ-ICP-MS using O, as reaction gas in TQ mode. The reproducibility of Ge concentration of
an in-house standard (Mississippi river water) was within 10% and a reference material (BHVO,
sodium hydroxide fused) is within 15% due to matrix effect. We therefore use 10% and 15% as
uncertainties for dissolved samples (i.e. rivers and lakes) and bSi samples, respectively. Si and
Ge concentrations in the field blanks are below detection limit, indicating minimal contamination
during sample collection.

The Si isotopic compositions of the samples were measured during two sessions at the PARI
analytical platform of IPGP on a Multi-Collector (MC)-ICP-MS (Thermo Neptune/Neptune Plus)
following previously published methods [62]. Briefly, chromatographic separation of Si was done
with cation exchange using AG50W-X12 resin (200 — 400 mesh, BioRad). Between 0.6 and 5 mL
of sample was loaded onto the column, eluted with milliQ to obtain a final Si concentration of 1
— 2 ppm, and acidified to a final HNOj3 concentration of 0.1 N. The mass spectrometer was oper-
ated in medium resolution. Measurements of samples were bracketed with concentration-matched
NBS-28 standard (NIST) prepared using the same cation exchange methods and each sample was
measured in 4 replicates. Typical signal intensity was ~5 V for 28Si at 1 ppm while the blank
was less than 40 mV. Several reference materials (Diatomite, BHVO, BCR, BIR) and an in-house
standard (Mekong river water) were measured multiple times, all of which agree with previously
published values. Moreover, mass-dependent fractionation following expected relationships was
verified for each analysis session. The measurement uncertainty is reported as the internal 2o
standard error of sample replicates, or 20 standard deviation of measurements of all reference
materials/standard within a given analytical session, whichever is higher.

Oxygen and hydrogen isotopes (%0, dD) of river water samples were measured with a cavity
ring-down spectrometer (Picarro .2130-i). The precision is 0.1 %o for §'%0 and 1 %o for D, based
on the reproducibility of two reference materials, IA-R064 (Iso-Analytical), USGS47 (RSIL) and

two in-house standards.
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Si mass balance of the lakes. The benthic diffusive flux of Si driven by the dissolution of bio-
genic silica (i.e. diatom frustules) was estimated with two porewater profiles at Haukadalsvatn
(Supplementary Figure 4). At steady state, the porewater Si concentration C', at depth (z) can be

parameterized with the following equation [63]]:
Cz = Cd — (Cd — Co) . eXp(—B . Z) (3)

where (' is the asymptotic Si concentration when depth approaches infinity, C is the Si concen-
tration at the water-sediment interface, and [ describes the attenuation of dissolution with depth.
Each of the porewater profiles was fitted with Equation 3| and the diffusive flux was subsequently

calculated with Fick’s first law:

dacC
J==¢"-D- (7)o “

where ¢ is the coretop sediment porosity (0.8, measured by wet/dry weight difference from a
separate core), D is the molecular diffusivity of silicic acid in water (2.2x107° cm?/s, [64]]), and
(%)0 is the Si concentration gradient at the water-sediment interface (calculated with the fitted
parameters in Equation . The tortuosity effect on diffusivity was incorporated by the term ¢°
[63]]. The calculated diffusive fluxes are 0.025 and 0.057 mol Si/m?/yr, respectively from the
two cores. On average, the magnitude of diffusive flux is less than 1% of the modern bSi burial
flux at HAK. As we were not able to collect a surface sediment core at HVT, there is no direct
constraints on the benthic fluxes in the glacial lake. However, given the comparable bSi contents
in the sediments, bSi burial fluxes, and dissolved Si concentrations in the two lakes, we speculate

the dynamics of benthic Si cycling are similar between HAK and HVT, where the dissolution of

bSi is limited and the recycling flux is negligible compared to the burial flux.

Residence time of Si in the lakes. To constrain the dynamics of Si cycling in the lakes and assess
the timescale over which a change in chemical weathering will be reflected in the lake chemistry

and subsequently buried diatoms, the residence time of Si in each lake was calculated as follows.
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At steady state, the residence time of Si in each lake 7 can be calculated with Equation 5]

MSi
T =
Qoutﬂow + Qburial

(&)

where Mg; is the total mass of Si in the lake in both dissolved phase and assimilated in biomass
(i.e. living diatoms). Qoufow 18 the dissolved Si flux at the lake outlet, calculated with discharge
data from gauging stations at/near the lake outlet. (Qpuia is the bSi burial flux calculated with
previously published sedimentation rate and biogenic silica content with a bulk sediment density
of 2 g/cm?® [22]]. Lake volume was estimated with lake bathymetry data [21],41]]. A diatom density
of 0.14 g/LL was assumed for both lakes, which represents the upper limit of the algal biomass
density during blooms [66]. Therefore, the estimated residence time should also be considered as
an upper limit, which we calculate using Eq. [5]to be less than 1 — 2 years for both lakes. The short
residence time of Si in the lakes suggests that any changes in lake chemistry can be recorded by
diatoms at high temporal resolution. We further assume that the Si mass balances for the two lakes
remained relatively the same during the last 10 kyr as we presently lack independent constraints for
Si cycling in the past. However, we argue that this assumption is likely valid because the climate
has been relatively stable over this time period (a maximum of 3 °C above modern temperature
during Holocene Thermal Maximum, [39]) and 10 kyr is short on tectonic timescales that basin

geometry is unlikely to have been much different.

Weathering flux calculations Measured Ge/Si and Si isotope ratios of river samples were re-
gressed with York regression [67] to account for the uncertainties in both datasets. It is also recog-
nized that the co-evolution of solute Ge/Si and §°Si as a function of the extent of secondary phase
formation can be parameterized as a function Ge/Si and °°Si of the parent material, and the Ge/Si
partition coefficient and Si isotope fractionation factor associated with the formation of secondary
phases [25]. However, we opted to use the empirical correlation defined by modern river observa-
tions for simplicity and to avoid making further assumptions about poorly constrained parameters.
Ge/Si of the lakes in the past can be inferred from measured Ge/Si of the bSi samples as diatoms

are considered to record the Ge/Si signatures of the water they grow in [59] except under extreme
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nutrient limitations [33]]. However, previous work has been focused on marine species, and little
is known about the incorporation of Ge into freshwater diatom frustules during growth. At HAK,
consistently with expectations we observe no fractionation of Ge/Si between coretop bSi and lake
water, implying that diatoms provide a faithful Ge/Si record there. At HVT, an offset between
coretop bSi and lake water is observed, suggesting discrimination against Ge during uptake due
to different diatom species/communities inhabiting the lake. While the authors are not aware of
any existing work that has systematically examined the Ge uptake behavior of freshwater diatoms,
the discrimination of Ge during diatom growth agree with previous observation made at the Lower
Kern river [24]]. In addition, there appears to be a step change in Ge/Si ratios of the bSi samples
with time, where the 3 youngest samples have much lower Ge/Si values. Independent constraints
indicate a shift from a benthic-dominated to a pelagic-dominated diatom community during the
same time period, most likely due to an increasing supply of sediments and thus turbidity from the
expansion of Langjokull glacier between 5 — 3 ka [41] (Supplementary Figure 5). Therefore, an
offset from lake Ge/Si could be expected for bSi samples younger than this transition, whereas the
older bSi samples should closely record lake Ge/Si, as the diatoms then should share similar Ge
and Si uptake pathways as the ones currently inhabiting HAK. It then follows that we apply the
observed offset between Ge/Si of modern lake and core-top bSi to the youngest three samples at
HVT, while no corrections were made for the older samples (Supplementary Figure 10). Silicon
isotope ratios were then calculated with inferred Ge/Si of the lake using this correlation, which
should represent the compositions of the lake at the time when the diatoms grew. An open-system
model was used for diatom growth as the estimated Si mass balance of the lakes suggest minimal
recycling flux from the sediments and the high dissolved concentrations of Si in the lake are likely
sustained by sufficient river/groundwater supply (see previous section, Supplementary Text S2,
and S3 for details). The expected Si isotope composition of diatoms (6*°Sig;) can be described
with Equation 1|68}, 34, 33]], where §°°Sijy. is the initial Si isotope composition of the dissolved
Si source to the lake, which is practically the same as 53°Si;,. given the short residence time of Si

in the lake (see above); ¢ is the fractionation factor of freshwater diatoms during Si uptake (—1.1
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+ 0.41 %o, [37,138]]); f is the fraction of remaining dissolved Si, defined as the ratio between Si
concentration after and before diatom production. Because the benthic recycling fluxes of Si are
negligible and both lakes are not endorheic, this fraction f also relates the bSi burial flux and the
total Si supply to the lake (i.e. the weathering flux, Equation [2). We estimated f with Equation
[[) using a Monte Carlo approach to account for the uncertainties associated with the analytical
measurements, fitting parameters, and the estimate of the fractionation factor from literature val-
ues. Weathering fluxes were then calculated with the degree of nutrient utilization (f) and the bSi

burial fluxes.

Statistical Tests. We use the non-parametric Mann-Kendall test to assess whether a monotonic
trend is present in the change of weathering fluxes with time at HAK, which allows us to avoid
making assumptions about 1) the underlying distribution of the samples, 2) the exact functional
form between the weathering flux and time. To account for the uncertainties with the inferred
weathering fluxes, we use a Monte Carlo approach. Only 36% of the resampled time series (N = 1
x 10°) reject the null hypothesis that a monotonic trend is present at the significance value of 0.05
(a = 0.05). Therefore, we conclude that there is no statistically significant temporal trend in the
reconstructed weathering fluxes at HAK.

Similarly, to test whether there is a significant correlation between weathering fluxes and glacial
extent (i.e. ice area and glacial discharge), we resampled the estimated chemical weathering fluxes
at HVT to propagate the uncertainties. With a Pearson’s correlation test, we found that more than
80 % of the resampled time series (N = 1 x 10°) reject the null hypothesis of no correlation at
the significance value of 0.05 (o = 0.05). As such, we conclude that there is a correlation between

glacial extent and weathering flux.

Data availability

All data and code generated as part of this study and code for flux calculations will be made public

through Github and deposited permanently in Zenodo upon publication of this manuscript after
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Figure 4 (A) Reconstructed chemical weathering fluxes from bSi are comparable with fluxes es-
timated from compiled Icelandic river data [[13]]. (B) Positive correlation between chemical weath-
ering flux at HVT and reconstructed ice extent of Langjokull [44]]. (C) Positive correlation between
chemical weathering flux at HVT and reconstructed glacial discharge into the lake [44]. The single
data point of weathering flux at HAK plotted on Panels (B, C) is the median of the average fluxes
over time calculated from resampling of individual inferences (N = 10°). The error bar corre-

sponds to the range between 10 — 90 percentile.
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Text S1: Evaluating the completeness of the sedimentary records The completeness of the lake sedi-
mentary records were assessed to make sure that the presence and lack of temporal trends in the calculated
weathering fluxes are not resulted from sediment preservation bias. Due to the internal dynamics in sed-
imentary systems, sediment rates appear to be lower when integrated over longer timescales due to the
incorporation of hiatuses and erosional events in the sedimentary records (referred to as the Sadler effect)
[L, 2]. Following the procedures in [2]], the changes in sediment thickness between different age control
points (AH) were plotted against the corresponding changes in time (AT) and the logarithms of AH and
AT was regressed (Supplementary Figure 3)). Theory predicts that a regressed exponent () of 1 means that
the sedimentary record is complete, whereas global compilation of observed sedimentation rates yields an
exponent of 0.5 [[1} 2]

At HVT, the analyses were performed for two segments of the core separately (Supplementary Figure 3]
C, D), because 1) the chronology was derived differently above and below the ash layer Hekla 3 (by varve
and paleomagnetic secular variation, respectively) [3]; and 2) there is known change in the sedimentation
rates corresponding to increased glacial discharge into the lake during this time period [4]. The calculated 3
is very close to 1 in both segments, which suggests that the sedimentary record at HVT is complete and the
inferred changes in weathering fluxes did not spuriously arise from sedimentation dynamics.

At HAK, the calculated [ is not as close to 1 but still much closer to “completeness” than the global
average (5 = 0.5 [1]]). Previous work has suggested that there’s recent (~1.5 ka) eolian sediment inputs
from soil erosion [5] into the lake. We therefore argue that the apparent faster sedimentation rate in younger
sediments (3 <1) at HAK is not due to preservation bias but a physical mechanism that changed the sediment
supply, and the sediment core at HAK also preserves a faithful record.
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Text S2: Constraining the dynamics of Si cycling in the lakes. To constrain how much the system can
deviate from a truly open system due to seasonality in discharge and diatom growth, a model is constructed
as follows with a list of relevant variables specified in Table S1.

Table S1. Definitions and units of model variables.

Symbol  Variable Unit

Ms; amount of dissolved Si in the lake [mass]

Cia dissolved Si concentration of inflow [mass][length] 3
t time [time]

Qin discharge into the lake [length]?[time] ~*

Qout discharge of outflow of the lake [length]?’[time]_1
1% volume of the lake [length]?
J biogenic Si production flux [mass][time] !

5%0S}ake Si isotope ratios of the lake water
5%0Sij, Si isotope ratios of the inputs

§39Sips; Si isotope ratios of instantaneous growth of diatom
€ fractionation factor of diatom growth
Apsi amplitude of seasonal variation of diatom growth
Aqg amplitude of seasonal variation of discharge
Fisi frequency of diatom growth [time] !
Fq frequency of discharge seasonality [time] !
T time lag between peak discharge and diatom growth [time]
Qo baseline discharge [length]?[time] "
Jo baseline bSi production [mass][time] !
a scaling factor in concentration-discharge relationships
b exponent in concentration-discharge relationships
Jirue fraction of nutrient remained
Smodel fraction of nutrient remained calculated by an open-system model

The change of the amount of Si in the lakes over time can be written as Eq.

dlMsj JMSi
= Win - Uin — Wout - - 1
=2 = Qin Cin = Qou- 2 = J )

And Eq. 2]describes the mass balance including isotopes:

(6 Sijage - Ms;i) Msi

dt V

For simplicity, we make the assumptions that 1) evaporation is negligible (supported by water isotope

measurements of the lakes, [Supplementary Figure 1)); and 2) lake levels remained relatively constant on
seasonal timescales (Eq. [3).

= Qin - Cin - 6*°Siiy — Qou - - 6%0Sije — J - 0%0Sips; 2

Qin = Qout (3)

At any given instant in time, the Si isotope composition of the growing diatoms should be offset with the
lake composition by the fractionation factor (Eq. ).

6 Sipgi = *Sijake + € @)
Egs. [IH2] then rearrange into Eqs. 5H6}
dMs; M;
= Qo (G — ) =7 5)
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dfsgosilake - Qout : Cin : (53()Siin - 5308i1ake) —J-¢ (6)
a Ms;

where V was estimated from the lake bathymetry and ¢ is the empirically constrained fractionation factor
of diatom growth [6} [7]. We parameterized both discharge (Qoy) and diatom growth as sine functions of
time (¢) with prescribed amplitude (Aq, Apsi) and frequency (Fg, Fisi) to simulate seasonality (Eq. —,
and the time lag between peak discharge and diatom growth was represented by 7.

Qout = QO : (1 + AQ : Sin(FQ : t)) (7)
J=Jdy- (1 + Aps; - sin(FbSi -t — 7’)) (8)

We assigned the annual average discharge measured at gauges near the lake outlets (V12 and V335, Icelandic
Meteorological Office) as the baseline discharge (o) and the average bSi burial flux at each lake as the
baseline bSi production (Jy). The Si concentration of river inputs (Cj,) was related to discharge via the
concentration-discharge relationship [8| 9] with scaling factor a and exponent b (Eq. [9). The Si isotope
composition of river inputs (63°Si;,) has been empirically constrained and was held constant over time
because 6°°Si;, is expected to be invariant with discharge [[10].

Cin=a- Q?n =a- qut ©)
We consider the time lag between diatom bloom and peak discharge (7) to be between 0 — 2 months: the
controlling factors of diatom growth (e.g. nutrient delivery, light, and temperature) are correlated with
discharge, so the peak growth is expected occur shortly after peak discharge and is unlikely to be temporally
decoupled.
The degree of nutrient utilization (fie) can be calculated with integrated J and Qj, - Cj, over a year (or
a longer time period). Assuming open-system behavior, the fraction of nutrient remaining (finode1) can also
be calculated with the averaged diatom composition (Eq. [T0):

5%0Sipsi = 0°%Siin + € - frmodel (10)

Comparing fiye and fiodel then allows us to assess whether the open-system assumption is valid. To account
for the uncertainties associated with different parameters, we used a Monte-Carlo approach — 10* model
simulations were carried out for each lake where (the range of) values chosen for different parameters were
specified in Table S2.

Table S2. Model parameters.
Variable  Values (HAK; HVT) Notes
Apsi 0.1-09
Ag 0.1-0.9

Fisi 1 year—! one bloom per year
Iq 1 year™!
Qo 134m3s1;88.9m3s7! gauge data (Icelandic Meteorological Office)
Jo 1.6 x 10" mol yr~'; 2.1 x 10® mol yr—! average burial flux
a 09-1.6 calibrated with Icelandic rivers [[11]]
b -0.15--0.05 (8, 9]
0-0.15 year equivalent to 0 — 7.8 weeks

The histograms (as probability density, pdf) of the difference between fiue and fioder Of all model
simulations are shown in [Supplementary Figure 6| The difference between fiye and fioder is overall samll,
and is less than 5 % in most of the model simulations (94.6% and 93.3% for HAK and HVT, respectively),
which supports our parametrization of the lake as an open system.
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Text S3: Alternative treatment of diatom growth as closed-system behavior Model results described
previously (Text S2) support that the lakes are very likely open systems with respect to diatom growth,
i.e. the supply of Si to the lake is always greater than the consumption of Si by diatom growth. Here, we
also present calculations of chemical weathering flux under the assumption that the lakes are closed system
(i.e. the supply of Si cannot keep pace with the consumption of Si by diatom growth) to account for all
possibilities.

The expected Si isotope composition of diatoms (§2Siys;) can be described with Equation 1 1|when their
growth follows closed-system behavior [12]:

. . -1
53051bsi _ 53081initial e fclosed nfclosed (1 1)
1- f closed

The calculated weathering fluxes are compared against fluxes calculated with an open-system model presented
in the main text (Supplementary Figure 7). The calculated fluxes are systematically lower when assuming
closed-system behavior of diatom growth. Although the absolute weathering fluxes constrained by the two
different models are different by almost a factor of 2, the relative changes in weathering fluxes over time
and with glacier growth remain the same due to the linear correlation between the fluxes calculated with the
two methods. Therefore, in the rare event that the lakes are indeed close systems, our finding that glaciation
immediately increases catchment-scale chemical weathering fluxes remains valid.
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Text S4: Covariation of riverine §2°Si and Ge/Si during secondary phase formation Central to
our approach is the assumption that the correlation between riverine Ge/Si and 63°Si compositions is
representative of chemical weathering dynamics in Iceland and remained relatively the same in the past 10
ka, i.e. the apparent sensitivity to the balance between primary mineral dissolution and secondary mineral
formation, did not vary.

Compiled 63°Si measurements of glacial and non-glacial rivers in different parts of Iceland [11, 13} [14]
show features also observed in our dataset (left panel in[Supplementary Figure 8)), where glacial rivers share
similarly low 63°Si values. This type of first order pattern corroborates the glacial modulation on these
chemical signatures and is what we aim to characterize in the regression shown in Figure 2, which should
then account for the uncertainty associated with location specific deviations.

The mechanistic control on this correlation is the preferential incorporation of Ge and the lighter Si
isotope during secondary phase formation. Riverine Ge/Si (Ge/Sigiss) and 530Si (639Sigiss) can be calculated
with the following equations [15]], where Ge/Sijyjsia and 5%0Siipiiar are parent rock compositions and fjiq is
the fraction of total dissolved Si incorporated into secondary phases:

63 Sigiss = 6 Siinitial — € - frolia (12)

Ge/Siinitial

1+ feolia - (Kp — 1)

While the Si isotope fractionation factor during secondary phase formation (¢) is relatively well con-
strained [[16, 17, 18], the partition coefficient of Ge into secondary phases (K p) is poorly known. All existing
work points to K'p > 1 (see [15] and references therein), however, a wide range up to Kp = 50 [[19]] has been
made. [Supplementary Figure 8| show possible theoretical relationships between §3°Si and Ge/Si calculated
with variable Kp values, assuming a bedrock composition of 5%0Siinitial = -0.3 %o, Ge/Siinitia1 = 4, and Si
isotope fractionation factor (g) of -2 %o. All observations fall within the region defined by Kp =2 and Kp =
20, but the empirical correlation appears more linear. The linearity likely stems from mixing between river
water that experienced different degree of secondary phase formation or that manifested different partition
coeflicients as a result of other environmental controls. As aresult, we opted to use a linear fit to represent this
correlation and argue that although the behavior of individual tributaries may vary with time, the averaging
effect of mixing will reduce the variability in this inter-catchment correlation.

Ge/SidiSS = (13)
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Text S5: Robustness of the bSi records Our calculations of bSi burial flux and hence the chemical
weathering flux rely on previously reported bSi content in the sediments. Therefore, the quality of the bSi
records is important. The bSi content in sediments was previously determined by leaching with 10% NayCOs3
following protocols described in [20] and published in [5,21]. As growing evidence suggest the presence of
unique Si-containing phases in glacial environments, concerns may arise as to whether these phases bias the
bSi records. Although it may be inevitable that some fraction of the non-biogenic phases dissolved during
leaching, we believe that this fraction is small and is not biasing the bSi records as discussed in detail below.

The variation of bSi in the sedimentary record is primarily driven by diatom bSi given the observed
correlation between total organic carbon (TOC) and bSi (Figure 35 in [22]) and the co-variation between
diatom valve density [22] and measured bSi concentration from leaching (Supplementary Figure 9). The
trends in valve density and bSi content largely match, despite a slight decoupling between the two since
around 2 ka, where the valve density appears low compared to measured bSi content. However, the Si
content of diatoms (per cell) calculated from core top measurements is ~24 pmol, still well within the range
of Si content reported for freshwater diatoms [23]]. Furthermore, diatoms growing under low light intensity
are expected to have higher Si content due to low growth rates [24]], which is consistent with the elevated
ratio of bSi to valve density as glacier growth increased lake turbidity. The four to five orders of magnitude
variability in diatom Si content ([23]] and references therein) is likely responsible for any deviation between
valve density and bSi concentration in the sediment.

Possible non-biogenic Si-phases that may bias leaching are discussed below, and no significant or
systematic contributions from these non-biogenic fractions is expected. We would also like to note that no
bias was found to associate with different leaching methods when applying to lake sediments [235].

1. Amorphous silica coating on bedrock [26, [27]]: it has not been reported for basaltic bedrock and it
tends to remain on the rock surface for an extended period of time (persistent enough for U-series dating)
and appears to be resistant to weathering.

2. Glacially-derived amorphous silica in river suspended sediments [28} 29} 130, 31]: “aSi” phases only
account for up to 1% of Si in total water and sediment discharge (calculated with data presented in [29]]), so
it’s unlikely that this phase is largely biasing the record.

3. Tephra/ash: The presence of ash layers does not correlate with high bSi (Supplementary Figure 9).
In [3]], the possible impact from diatom burial and amorphous silica from tephra was evaluated and the
conclusion was that “Biogenic silica (BSi) in lake sediments primarily comprises diatoms ([32]), although a
small contribution may be derived from amorphous silica (glass) of Icelandic volcanic tephra. Analyses of
pure tephra levels (no diatoms present) in sediments from a lake in central Iceland suggest that a maximum
of 3% of the fine-grained tephra dissolves in the BSi extraction ([22]). Because our sampling specifically
avoided tephra levels, we do not expect any significant contribution to our BSi signal from tephra dissolution,
even if small amounts of tephra are in the sample.”
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Text S6: Ge fractionation correction and alternative scenarios considering different diatom Ge up-
take behaviors As the uptake and potential discrimination of Ge by freshwater diatoms have not been
systematically investigated, the observed Ge/Si offset between lake water and core-top bSi (Figure 2A) at
HVT introduces uncertainty in the inference of lake (HVT) 630Si in the past, which also propagates to our
chemical weathering flux calculations. Here, we illustrate how and why this observed offset was corrected
during the calculations. We also performed additional calculations under alternative scenarios to test the
sensitivity of our results to the assumptions that we made about diatom Ge uptake behaviors. The positive
correlation between weathering flux and glacial extent is still observed under these alternative scenarios.
Therefore, we consider our main finding to be robust.

The Ge/Si offset between coretop bSi and lake water at HVT suggests discrimination against Ge during
diatom growth. The presence of this offset at HVT and the absence of this offset at HAK may be explained by
different diatom assemblages inhabiting the lakes. The diatom community at HVT is dominated by planktic
species because high turbidity prevents light penetration. The diatom assemblage is likely different at HAK
as a result of much lower turbidity. Although we do not have direct observation on the diatom assemblages
at HVT, independent constraints indicate a benthic-dominated diatom community when the catchment of
HVT is ice free and lake HVT is less turbid [22] (Supplementary Figure 5).

There appears to be a step change in Ge/Si ratios of the bSi samples with time at HVT, where the 3
youngest samples have much lower Ge/Si values (Figure 2A). This change temporally corresponds to a shift
from a benthic-dominated to a pelagic-dominated diatom community, most likely due to an increasing supply
of sediments and thus turbidity from the expansion of Langjokull glacier between 5 - 3 ka [4]] (Supplementary
Figure 5). Therefore, an offset from lake Ge/Si could be expected for bSi samples younger than this transition,
whereas the older bSi samples should closely record lake Ge/Si, as the diatoms then should share similar Ge
and Si uptake pathways as the ones currently inhabiting HAK. It then follows that we apply the observed offset
between Ge/Si of modern lake and core-top bSi to the youngest three samples at HVT, while no corrections
were made for the older samples (Supplementary Figure 10). This correction also makes sense because the
inferred lake Ge/Si then started with lower values ~10 kyr ago and increased over time. As we established
earlier that Ge/Si and §°°Si distinguish between glacial and non-glacial catchments (Text S4, Supplementary
Figure 8), higher inferred lake Ge/Si at HVT towards the present day suggests that the catchment became
“more glacial” in terms of its chemical composition, matching well with the reconstructed glacial history
[4].

Although we believe the correction we applied is reasonable given existing observations, we acknowledge
that it is ultimately based on assumptions. Therefore, we consider two alternative scenarios and re-calculate
the weathering fluxes with different assumptions about diatom behaviors to test the robustness of our results.

First, we assumed that lake 3°Si at HVT has been constant in the past ten thousand years. This would
imply that other properties of the catchment outweigh the effect of glaciers over this timescale, and is
dominating the lake 63°Si signal. The re-calculated fluxes are quite similar and show the same pattern where
weathering flux increases with glacial extent (Supplementary Figure 11 A-B). This is likely because 62°Si of
bSi at HVT remained roughtly constant (except the sample at ~ 6 ka) so the reconstructed degree of nutrient
utilization (“f’) did not vary much and the changes of weathering flux are mostly driven by the changes in
bSi burial flux.

Second, we assumed that the behavior of diatom Ge uptake during growth did not change with time at
HVT and applied a correction of the same magnitude offset observed at core top for all the bSi samples.
Re-calculated fluxes show similar positive correlation with glacial extent (Supplementary Figure 11 C-D).
However, we would like to note the caveat that in this scenario the inferred lake Ge/Si and 63°Si suggest the
lake water to be “more glacial” in terms of its chemical composition when the catchment was expected to be
ice free.

Given that the correlation between weathering fluxes and glacial extent was observed when different
assumptions about the lake system and diatom behaviors were made, we conclude that our finding is robust.
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In addition, we would like to note that the alternative scenario in which changes in bSi burial are solely
driven by changes in the fraction of Si utilization while the weathering flux has been roughly constant is very
unlikely. First, our a priori parameter ranges allow for such a scenario, but our Monte Carlo sampling proves
it to be improbable. Second, a constant weathering flux would require that the fractional Si utilization has
increased substantially over time, which is inconsistent with what we’d expect given how lake temperature, ice
cover, and light availability would have changed in response to a cooling climate and the onset of glaciation
while nutrient supply from chemical weathering remained constant. Specifically, we predict that the onset of
glaciation would act to limit diatom productivity via decreases in lake temperature and light penetration (via
increases in ice cover and suspended sediment concentrations). Accordingly, we argue that the assumption
of a constant weathering flux is an overall unrealistic model for this system given its requirement that the
fraction of Si utilization increase as glacial area expands. In our preferred model, the fractional utilization
of Si by diatoms has no clear trend with time while Si inputs into the lake increase as glacial cover grows.
We think this is an overall more realistic model given modern observations of diatom productivity in Iceland
lakes. Specifically, prior work has shown that nutrient inputs, in addition to light availability, influence the
seasonal pattern of diatom productivity [33}[34]. So, the increased nutrient supply from glacial weathering
could partially offset the effects of increasing ice cover and suspended sediment concentrations, leading to
the observation of no significant trend over time (Supplementary Figure 2).
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Supplementary Figure 1 60 and 6D values of all river and lake water samples (normalized to Vienna
Standard Mean Ocean Water, VSMOW; error bar smaller than data symbol) lie on the global meteoric water
line (GMWL) while the high-temperature (>90 °C) hydrothermal fluids from Geysir and Hveravellir have
distinct compositions [35]], which suggests minimal hydrothermal input in the catchments studied here and

evaporation is negligible in the lakes.
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Supplementary Figure 2 Changes in (A) reconstructed fraction of nutrient remaining, (B) inferred lake
Si isotopic composition over time.
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Supplementary Figure 3 (A) Age models of the lake cores, and (B — D) the assessment of the Sadler
effect [1L 2] (B — D), where an exponent (3) of 1 indicate that the sedimentary record is unbiased.

12



Non-peer-reviewed EarthArXiv preprint.

O & ....................... e, A ‘ ‘ HAK Lake
o A /\HAK Core 3

S~ O HAK Core 1
101 .. A

€ [oi\
Sz00 |
- AT O
O30 O\
A
A
40 | Al

0 200 400 600 800
Si (uM)
Supplementary Figure 4 Porewater profiles of dissolved Si concentrations from two cores collected in
Haukadalsvatn. Dissolved Si concentrations are the same as in the lake at coretop and reach asymptotic

values close to amorphous silica saturation at around 15 cm, indicating limited diatom dissolution at higher
depth.
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Supplementary Figure 6 Lake model results for HAK(A) and HVT(B). Estimated probability density
function of the difference between fraction of nutrient remained calculated by assuming lakes behave as
open-systems with Equation [I0]( fmode1), and by integrating numerical solutions to Equations [SHO( firue)-
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Supplementary Figure 7 Weathering fluxes calculated with a closed-system model compared with the
open-system model. Note that 1) the calculated fluxes are consistently lower when assuming closed-system
behavior of diatom growth; 2) the weathering fluxes calculated with the different assumptions are positively

correlated.
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Supplementary Figure 8 Compiled Icelandic river §3°Si measurements (left panel) and theoretical pre-
dictions of covariation between river Ge/Si and 6°Si. Dashed lines represent possible correlations given

different partition coeflicients of Ge into secondary phases (K p).
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Supplementary Figure 9 Correlation between valve density [22] and bSi concentration (measured by
leaching).
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Supplementary Figure 10 Corrections made for the three youngest sedimentary bSi samples in the HVT
lake core given the shift of diatom community (benthic to planktic) through time. The grey error bars
represent the range of prior used in the calculations and the black error bars represent one standard deviation
propagating uncertainty in measured Ge/Si of both bSi and lake water.
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Supplementary Figure 11 Chemical weathering flux as a function of glacial extent (ice area and glacial
discharge) with alternative assumptions on Ge fractionation during diatom uptake (see details in Text S6).
Panels A-B show results where lake water §2°Si at HVT was considered constant through time. Panels C-D

show results where the Ge/Si offset between core-top bSi and lake water was applied to all bSi samples at
HVT.
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