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ABSTRACT: Lake sediments are ideal archives to evaluate the interactions between climatically driven
environmental responses and human activity on seasonal to multi-decadal timescales. This study focuses on the
unique sediments of Diss Mere, the only lake in England providing an annually laminated (varved) record for most of
the Holocene. We combine microfacies analysis with X-ray core scanning data to explore the influence of natural
and human-led changes on sediment deposition over the past 10 200 years and evaluate the sensitivity of the lake
sediments to climate variability through time. Variability of titanium (Ti), calcium (Ca) and silica (Si) explain most of
the lithological changes observed in the sediment and we identify three stages with low (10 290-2070 cal a sp),
intermediate (2070-1040 cal a 8p) and intensified (1040 cal a 8P — present) human influence. During the first stage,
where varved sediments are preserved, Ti is low due to the minimal detrital input into the lake. Ca and Si during this
stage reveal high-amplitude variability responding to seasonal changes in sediment deposition. The termination of
varved sediment preservation and increases in sedimentation rates coincide with a major rise in Ti after this first stage,
marking the intensification of human activity around the lake. Ca is used here as an indicator of temperature-included
calcite precipitation, and the long-term variability of the Ca profile resembles Holocene temperature evolution. This
continues during periods of intensified human activity, suggesting that the Diss Mere sediments remain sensitive to
climate through time. © 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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Introduction
Lake sediments as environmental archives

Lake sediments are used frequently in palaeoenvironmental
and palaeoclimatic reconstructions due to their ability to
rapidly respond to changing external conditions (Cohen,
2003). Some lakes preserve sediment sequences that are
annually laminated (varved) (Zolitschka et al., 2015), which
record variability on a range of timescales from seasonal and
annual, to centennial and multi-millennial. Alterations in the
biological, chemical and physical processes of lakes and
their catchments can be driven by both human activity and
climate variability (Olsen et al., 2010; Zarczynski
et al., 2019). These changes can cause distinct signatures
in the deposition of sediment and subsequently its geochem-
ical composition and have been used to reconstruct the pace
and impact of external drivers on lake systems through time.
A wide range of techniques are used to interpret lake
sediments and their associated forcing variables including:
microfacies analysis (Brauer et al., 2008; Drager et al., 2017);
palaeoecological proxies such as pollen, diatoms and
macrofossils (e.g. Harding et al., 2022; Miiller et al., 2021);
stable isotope analyses (e.g. Jonsson et al., 2010); and X-ray
fluorescence (XRF) core scanning (e.g. Czymzik et al., 2023;
Makri et al., 2020; Zander et al., 2021; Martin-Puertas
et al., 2017).

Non-destructive and near-continuous analyses using XRF
core scanning data can accurately track changes in the
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geochemical composition of sediment (Kern et al., 2019).
When combined with well-refined chronologies, XRF element
records enable reconstructions of different processes on
timescales which are relevant to human lifetimes (Drager
et al., 2017). Records of chemical elements, or element ratios,
have been used as geochemical proxies to track depositional
changes associated with both internal lake variability (e.g. lake
mixing or stratification) and external drivers (e.g. temperature,
precipitation, human activity). However, the limited number
of major and minor geochemical elements obtained from
bulk sediment analyses can strongly differ due to different
site-specific features including lake morphometry and catch-
ment geology (Davies et al., 2015). Additionally, the link
between depositional changes and environmental and/or
climate variability is not straightforward. As a result, it is
common practice to complement the XRF core scanning data
with additional proxies through a multiproxy approach such as
microfacies analysis, pollen and hyperspectral imaging, to
ensure that informed interpretations are made (Martin-Puertas
et al., 2017; Peti and Augustinus, 2022; Zander et al., 2021).

The Holocene is the only interglacial period where the
interactions between natural climate variability and past human
activity can be properly assessed. Significant changes in land
use began with the switch between different historic cultural
groups, such as shifts from hunter-gatherers to agrarian societies
in the Mid-Holocene (Warden et al., 2017), and intensification
in human activity from the Late Iron Age and Roman periods
(Jones et al., 2022). Human activity within a lake catchment
adds to the complexity of interpreting proxy signals recorded in
lake sediments, posing several palaeolimnological challenges.
To investigate these challenges we address the following
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questions: (i) what implications does changing land use have on
lake functioning? (ii) How does changing land use effect
sediment deposition and preservation? And finally, (iii) are the
geochemical proxy data sensitive to climate variability despite
human activity present in the catchment? We address these
questions using the Holocene lake sediments of Diss Mere, a
small urban lake in the UK. The current lake and sediment
record is well studied and reveals a clear sensitivity to natural
climate and environmental variability, as well as human land
use change (Peglar, 1993; Peglar et al., 1984; Martin-Puertas
et al., 2023; Boyall et al., 2023). In addition, it is currently the
only published lake record in the UK with a continuous varved
sequence through much of the Holocene. The Holocene varves
extend from 10 290 to 2069 years before present (before 1950
cg, cal a Bp hereafter; Martin-Puertas et al., 2021). Combining
microfacies analysis and XRF core scanning data allows us to
explore sedimentological and compositional variations on
seasonal to annual timescales. Linking these variations with
Holocene climate variability and human activity around the
lake can then help identify whether the intensification of human
activities through history affected how climate variability was
recorded in the lake sediments and the proxies they hold.

Study site and human occupation

Diss Mere (52°22’N, 1°6’E, 29 m a.s.l.) is situated in the town
of Diss, England (Fig. 1). The current lake system has a
maximum water depth of 6 m (Fig. 1b), and a surface area of
0.034km? and is a marl lake system with alkaline waters
(Boyall et al., 2023). The hydrological catchment has an
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approximate area of 1.5km? and is situated within the
Waveney Valley (Fig. 1c). Groundwater entering the lake is
minimal (Boyall et al., 2023). The regional climate follows a
seasonal pattern with mean maximum air temperatures in July
(17.4°C), and minimum temperatures in January (4.4°C). Being
on the eastern side of the UK, rainfall is much less than for
other regions of the UK (Mayes, 2000), with a mean annual
total of ca. 630 mm.

Diss is recognized as a historic town with a long history
of a market trade industry since the Medieval period
(Peglar, 1993; Pursehouse, 1961). However, as recon-
structed through palynological data from previous Diss Mere
studies, the lake catchment experienced a longer history of
human settlement (Peglar, 1993). Palynological analysis
suggested that during the Mid-Holocene, human activity
remained low with only isolated changes to the vegetation
through the Neolithic period. The first substantial changes
were recorded during the Iron Ages (800 BcE — 43 ck,
Needham, 2007), where significant forest clearances oc-
curred and the vegetation was replaced by arable crops and
farmland (Peglar, 1993). In the Anglo-Saxon period
(400-1066 ck, Reynolds, 1985), rising population numbers
for Diss and surrounding towns coincided with the further
development of the landscape, and more arable crops were
planted to support this population growth. The modern town
of Diss was established during the Medieval period, when
Diss became a leading centre for the fabric trade, focusing
mostly on wool and linen, but subsequently expanding to
both the cultivation and trading of hemp (Cannabis sativa), most
notably between the 15th and 17th centuries (Blomfield, 1805,
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Figure 1. Location maps of the Diss Mere study site. (a) Regional map of Northwest Europe with Diss Mere highlighted by a yellow circle. (b) Photo of the
lake and UWITEC coring platform during the coring campaign in 2016. (c) Lake bathymetry with core locations. (d) Catchment map and aerial photograph
of the town of Diss and surrounding region, showing elevation (metres above sea level). [Color figure can be viewed at wileyonlinelibrary.com]
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Pursehouse, 1961; Peglar, 1993; Yang, 2010). The trade
industry and market has remained through time, and the town
itself has expanded and today supports a population of just
under 10 000 habitants (Fig. 1c). The combination of a rich
cultural history around the lake, as well as the well-studied lake
sediments with a well-refined chronology (see subsection
below), makes it an ideal location to investigate human-
environmental interactions through time.

Previous work on Diss Mere sediments
Stratigraphy

The first sediment sequence from Diss Mere was studied in the
1980s with a particular focus on landscape evolution and land
use history, described briefly above (Peglar, 1993; Peglar
et al., 1984, 1989). In 2016, a new sediment profile for the
lake (DISS16) was collected and described in Martin-Puertas
et al. (2021). This sediment profile identified three distinct units
(Fig. 2a; Supporting Information Fig. S1). Unit 3 (1443-1386 cm)
comprises the lowermost sediments containing a matrix of
calcareous silts and sands with the presence of pebble-sized
clasts (Fig. 2a, c). Unit 2 (1386-957 cm) represents the deposition
of biogenic-calcite varves (Zolitschka et al., 2015), and several
centimetre-thick turbidite deposits intercalated within the varves.
The boundary between Unit 3 and 2 is sharp with a clear
transition between the massive sediments and the varve structure.
Unit 1 (957-0cm), the uppermost unit, contains organic-rich
mud with periodic micritic carbonate horizons. The preservation
of these calcite horizons varies throughout Unit 1 with laminated
and faintly laminated sediments intercalated with sections of
massive sediments. The transition between Unit 2 and 1 is diffuse
with the varved laminations gradually fading out over the last few
varves. The Holocene sequence is continuous, with no hiatus
identified (Martin-Puertas et al., 2021). The basal sediments of
the DISS16 core (represented by Unit 3) are formed of reworked
chalky till material and were impenetrable with the coring
system, and thus the origin of the lake remains uncertain (Martin-
Puertas et al., 2021).

Varve deposition and lake monitoring

Most of the research conducted to date on the DISS16
sediments has focused on the varved sediments (Unit 2)
(Martin-Puertas et al., 2021, 2023; Walsh et al., 2021;
Harding et al., 2022; Walsh et al., 2023). A typical varve in
the record is composed of a light endogenic calcite layer, and
a darker organic layer formed of chrysophyceae cysts,
organic matter, planktonic centric diatoms and occasional
micrite (Peglar et al., 1984). Whilst the varves are consistently
classified as biogenic-calcite, variability in the couplet
described above are observed — such as extremely thin or
missing calcite layers or additional monospecific diatom
blooms - and described in detail in Martin-Puertas et al.
(2021). The average sedimentation rate (i.e. varve thickness)
within this period is 0.04 cm a™".

A 3.5-year monthly lake monitoring study on the current
lake system was applied at Diss Mere to identify the
seasonality of the sediment deposition at present (Boyall
et al., 2023). This investigation revealed a similar seasonality
in the modern depositional processes to those interpreted from
the varved sediments (Martin-Puertas et al., 2021, 2023). A
clear seasonal cycle of authigenic calcite deposited during the
summer when the lake is stratified was identified, followed by
the main diatom/organic-rich accumulation of sediments
deposited during the autumn and winter whilst the lake is
mixing and able to supply nutrients to the epilimnion. Despite

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

the seasonal-driven sediment deposition occurring in the
present lake system at Diss Mere, varves are unable to be
preserved due to the lack of prolonged anoxia at the base of
the lake (Boyall et al., 2023). This means that bioturbation and
post-depositional mixing can occur, disturbing the preserva-
tion of the seasonal laminations (Zolitschka et al., 2015;
Roeser et al., 2021; Boyall et al., 2023).

The Diss Mere varve chronology

The varve chronology for Diss Mere (DISSV-2020) integrates
varve counting, radiocarbon dates and a number of tephra layers
into a Bayesian depositional model (Martin-Puertas et al., 2021;
Walsh et al., 2021, 2023). The varved sequence was deposited
between 10 290 +55 and 2069 + 39 cal a sp (Martin-Puertas
et al., 2021). The end of varve preservation is well dated by the
deposition of the Glen Garry tephra layer (2073 +39 cal a sp)
deposited at the top of Unit 2 (Martin-Puertas et al., 2021; Walsh
et al., 2021). Unit 2 covers most of the Holocene period but, in
length, it represents less than one-third of the entire sediment
record recovered from Diss Mere.

Materials and methods
The Diss Mere sediment record

Four parallel sediment cores (DISS16-A, B, C and D) were
retrieved in September 2016 using a UWITEC piston core
system and two UWITEC gravity cores (DISS16-1S and
DISS16-2S) to retrieve a continuous profile of the Holocene
(Martin-Puertas et al., 2021). All cores were retrieved from the
deepest part of the lake with a maximum distance of 5m
(Fig. 1). A 14.50-m-long composite profile was created by
matching the different core sections using marker horizons and
the best-preserved sections from the overlapping cores (Fig. S1)
(Martin-Puertas et al., 2021). The composite depths used
within this study include an additional 68 cm to the depths
published in Martin-Puertas et al. (2021), Walsh et al. (2021)
and Walsh et al. (2023) to account for the additional sediments
collected in the gravity core.

Dating

The first 9 m of sediments (Unit 1) were dated by radiometric
techniques as annual layer counts were not possible. Surface
sediments were analysed for *'°Pb, #°Ra, '3”Cs and **'Am by
direct gamma assay (Appleby et al., 1986) at the Environ-
mental Radiometric Facility at University College London,
using an ORTEC HPGe GWL series well-type coaxial low-
background intrinsic germanium detector. The calcareous
nature of the Diss Mere sediments makes radiocarbon dating
challenging because only terrestrial macrofossils provide
reliable dates. In the first 9 m of the sequence, three terrestrial
macrofossils were found and analysed by accelerator mass
spectrometry (AMS) for '*C dating at the Scottish Universities
Environmental Research Centre (SUERC, see Table 1 for the
terrestrial material used for dating). For the last two millennia,
a Bayesian age model was constructed in OxCal (Bronk
Ramsey, 2009) using a P_sequence depositional model. The
model contained Bayesian outlier detection, sediment inter-
polation and automated calculation of the rigidity of the model
(k factor). Model priors included the available radiocarbon
dates and their associated depths in the sediment, the IntCal20
curve (Reimer et al., 2020), as well as the '*’Cs peak and
depth, and core top age (2016 ck). The depth-based model was
anchored to the published varve model (DISSV-2020) using
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OxCal v4.4.4 Bronk Ramsey (2021); r:5 Atmospheric data from Reimer et al (2020)
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Figure 2. Diss Mere chronology and sediment sections. (a) Sediment units and lithology with the Diss Mere age model, combining the radiometric dates
from this study and varve chronology from Martin-Puertas et al. (2021). (b) Age—depth model for the last 2000 years and outlier table. (c) Core photos of the
sediments showing deposits in Unit 1 (photo taken at 420-440 cm), Unit 2 (980-1000 cm) and Unit 3 (1490-1510 cm. (d) Tornado element mapping for
calcium (Ca), silica (Si), Ca and Si (Ca&Si), and titanium (Ti) on a resin-impregnated sediment block for the sediment depths between 981 and 991 cm.
Yellow, blue and orange represent the presence of Ca, Si and Ti, respectively, in the varves. [Color figure can be viewed at wileyonlinelibrary.com]

the modelled ages of the Glen Garry and OMH-185 tephras at from both sediment impregnated in epoxy resin used to make
their recorded depths (Martin-Puertas et al., 2021). thin sections, and the split-core sediment surface. Five epoxy-
impregnated sediment blocks were analysed using a M4
Tornado (Bruker), equipped with a Rh X-ray tube operated at

XRF element scanning 50kV, 0.6 mA and a dwell time of 50 ms to generate detailed

Detailed micro-facies analyses and core descriptions were element distribution maps with a resolution of 50 um to assess
compared with the chemical sediment composition obtained the geochemical composition of the seasonal layers.
© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 39(6) 972-986 (2024)
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Table 1. Diss Mere radiocarbon dates used in this study. The calibrated dates were calculated according to the IntCal20 curve (Reimer et al., 2020).

Sample ID Material ~ Composite depth (cm)  8'C relative to VPDB (%0) Radiocarbon age, s> Calibrated age, sp (IntCal20)  Error ()
SUERC-78889 Leaf 542.7 =27 1148 + 21 1075.5 102.5
SUERC-78890 Leaf 701.8 -26.7 1780 + 24 1668.5 62.5
SUERC-78891 Wood 789.2 -27.6 2062 + 21 1996 68

The DISS16 composite profile was scanned using an ITRAX
XRF-core scanner (Cox Analytical Systems) at GFZ-Potsdam
between 0.7 and 13.8 m depth, corresponding to Units 1 and
2 (Martin-Puertas et al., 2021). Unit 3 was not scanned as it
does not contain lake sediments (see ‘Stratigraphy’ above).
Measurements were carried out every 200 ym by irradiating
the split-sediment core surface for 10 s with a Cr X-ray source
operated at 30 kV and 30 mA. In addition to the continuous
scanning, duplicate measurements were taken from at least
two selected positions of 1-2 cm length in each core section,
providing a total of 1736 positions with three measurements.
The elements silica (Si), sulphur (S), potassium (K), calcite
(Ca), titanium (Ti), manganese (Mn), iron (Fe) and strontium
(Sr) were selected based on the relative standard error (<15%)
calculated from the replicate measurements.

Element intensity records commonly acquired by XRF core
scanning reflect changes in the sediment composition
although they can also be affected by physical sediment
properties, sample geometry and measurement time (Tjallingii
et al., 2007; Dunlea et al., 2020). Additionally, element
intensities are not linearly related to element concentrations
due to matrix effects that cause absorption and enhancement
effects of the surrounding sediment (Weltje and Tjallin-
gii, 2008; Weltje et al., 2015). However, centred log-ratio
(clr) transformation (Aitchison, 1986) accounts for most of
these effects (Weltje and Tjallingii, 2008), as well as
circumventing complications of statistical analyses when using
compositional data (Bertrand et al., 2023) and this approach
has been applied to the geochemical record of Diss Mere.

All statistical analyses of the XRF core scanning data were
performed after log-ratio transformation using the XELERATE
software (Weltje et al., 2015). Statistical groups with similar
compositions were characterized by Ward’s hierarchical
clustering, where each data point is assigned to one of the
evenly distributed centre points based on its Euclidian distance
and without stratigraphical constraints. For Ward’s clustering,
the relative difference of each cluster is presented in a
dendrogram which discloses potential solutions of including
fewer clusters. Using the same software, we also visualize the
clustering results overlaid on a principal component analysis
(PCA) as well as stratigraphically down core. For the statistical
analysis of the XRF data (including the PCAs and hierarchical
clustering) we used the original sample resolution to analyse
the results. We then subsequently resampled to 1 year for the
plotting of element ratios to reduce intra-annual variability and
better observe the general geochemical trends through time.

We investigate the sensitivity of the Diss Mere sediment record
to temperature variability through comparisons with different
Holocene temperature reconstructions, namely the TANN north-
west Europe annual temperature reconstruction (Davis
et al., 2003), the North Greenland Ice Core Project (NGRIP)
5180 isotope record (Rasmussen et al., 2006), the temp12k
reconstruction at 30-60°N and 60-90°N (Kaufman et al., 2020)
and the Last Millennium Reanalysis (Tardif et al., 2019). We
calculate the relationship between the Diss Mere record and
temperature reconstructions through Pearson’s correlation coeffi-
cients () and test for statistical significance using p-values (p). To
prevent the effect of autocorrelation in timeseries data exacer-
bating the significance of correlations, we apply the methods of

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

both Bretherton et al. (1999) to adjust the effective sample size,
and Benjamini and Hochberg (1995) to control the proportion of
falsely rejected hypotheses. For each of the correlations we
resample the Diss Mere data to the resolution of the comparison
data. The Diss Mere data are resampled to 100 years for the
correlation with temp12k (Kaufman et al., 2020), and to 20 years
for the NGRIP record (Rasmussen et al., 2006). Both the Diss
Mere record and the Last Millennium Reanalysis (Tardif
et al, 2019) are resampled to 50 years to account for the
chronological uncertainty in the Diss Mere record. Correlations
and adjusted significance testing were completed using R v4.3.1
(R Core Team, 2023) utilizing the ‘forecast’ package v8.21.1
(Hyndman et al., 2023). Correlations were not possible for the
TANN temperature reconstruction of Davis et al. (2003) because
the raw data were not available. Instead, the data were digitalized
using GraphReader.com and are therefore prone to errors.

Results

Chronology for the last 2000 years in the Diss
Mere record

A Bayesian age-depth model (DISS2k) has been created for the
first 9m of sediments representing the last ca. 2000 years
(Fig. 2). The Bayesian age—depth model combines radiometric
dates (Table 1) with two previously published tephra horizons:
the Glen Garry and the OMH-185 (Martin-Puertas et al., 2021;
see ‘Dating’ above) (Fig. 2b).

Equilibrium of total 2'°Pb activity with supported 2'°Pb activity
is reached at 40 cm of the core (Fig. S2). Unsupported 2'°Pb
activities are relatively low in the sediments (which is possibly due
to high sedimentation rates), and they decline irregularly with
depth, suggesting changes in the sedimentation rates (see Fig. 2b
and Fig. S2). The main peak of '*’Cs occurs at 34 cm, which
assigns this depth to 1963 ce coinciding with maximum atmo-
spheric fallout from nuclear weapon testing (Fig. S2). The non-
monotonic features in the unsupported *'°Pb profile precluded the
use of the constant initial concentration (CIC) dating model, and
the final CRS model accepts the '*’Cs peak only.

The sedimentation rate during the varve preservation is
0.04 cm a~' (Martin-Puertas et al., 2021). However, the results
of the DISS2k age-depth model reveals a rapid increase in
sedimentation rate between the deposition of the Glen Garry
tephra located at the top of the varved sequence (956.5 cm) and
the oldest '*C date (789.2cm) to 1.45cm a'. There are no
reported outlying dates in the Bayesian outlier detection which
supports a very rapid and large shift in sedimentation rate when
the varves stop preserving. Above the lowermost radiocarbon
date, the sedimentation rate declines to 0.27 cm a~' within the
first millennium of the common era and slightly increases again
to 0.46 cm a~' during the last millennium (Fig. 2b).

XRF scanning and multivariate analysis

By combining the element-mapped composition of the seasonal
laminations (Fig. 2d) and the composition and timing of modern
sediment deposition (Boyall et al., 2023), we identify seasonality
in the Diss Mere sediments using the elements Ca, Si, Fe and Ti.
These elements are used as potential proxies as follows: Ca as a
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proxy for authigenic calcite precipitation, which is mostly
deposited in the pale summer layer; Si as a proxy for biogenic
silica and diatom productivity, which is deposited in the darker
organic winter layer; Fe as a proxy for redox conditions; and Ti
as a proxy for detrital input.

Element concentrations were explored using a biplot of
principal components (PC) 1 and 2 explaining 69.7% and
14.7% of the total variance, respectively (Fig. 3). With respect
to PC1, elements associated with authigenic carbonate (Ca and
Sr) have positive values, and those with detrital sediment (Ti, K
and partly Fe) have negative values. This suggests that PC1
reveals relative variations between authigenic carbonates and
detrital in-wash, which can be indicated by In(Ca/Ti). Although
less pronounced than Ca, positive PC1 values are found for the
element Si representing biogenic silica deposition in autumn
and winter months. The opposite orientation of Si to the
detrital elements reveal that these elements are negatively
correlated, further supported by the correlation matrix in
Table 2a. This would suggest that the In(Si/Ti) record could be
used to explain relative changes between diatom productivity
and detrital lake sediments. However, when the correlation
matrices are divided stratigraphically, the correlations between
these elements become more variable (Table 2b-d). The
positive correlations between Si and Ti for parts of the record
(between 525 and 68 cm) indicate that Si is entering the lake
through detrital sources and thus the In(Si/Ti) record cannot be
used throughout the full record to explain diatom productivity.

The variation on PC2 shows strong positive loadings for the
redox-sensitive element, Fe, and negative values for the detrital
elements K and Ti. This may suggest that PC2 reveals the
relative variation between detrital and reduced sediments,
which can also be indicated by In(Fe/Ti).

The six-cluster solution represents the optimum number of
statistical clusters matching both the lithology and chemical
variations of the DISS16 record (Fig. 4). The relative differences
in the compositional characteristics of the six clusters are
visualized on both the dendrogram (Fig. 3a) and the PCA
biplot (Fig. 3b). The cluster results show a similar distribution
along PC1 (Fig. 3b) with strongly positive values for cluster
6 (red) shifting to slightly positive values for cluster 4 (green), to
slightly negative values for cluster 3 (light blue), to strongly
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negative values for cluster 1 (dark blue). The clusters show a
clear distribution from detrital-dominated sediments (cluster 1)
to carbonate-dominated sediments (cluster 6).

Based on the stratigraphic position of the clusters we have
assigned three distinct geochemical units (GUs) to the sediment
profile (Fig. 4): GU1, 2 and 3 from the basal sediments to the
surface. GU1 (1378-957 cm) coincides with sedimentological
Unit 2 in the DISS16 sequence (i.e. varved sediments, see
‘Straigraphy’ above). Cluster 6 classifies these sediments alter-
nating with cluster 5 (Fig. 4). At the base of GU1, cluster 3
appears frequently with the occasional appearance of cluster 2.
We mark the presence of these clusters as a sub-unit GU1a
(Fig. 4). GU2 (957-525 cm) coincides with the lower part of
sedimentological Unit 1 after the varved sediments and is
associated with cluster 4. The sediment within GU2 is composed
of olive-green mud with occasional faint calcite laminations
(Fig. S1; Martin-Puertas et al., 2021). The transition between GU1
and GU2 is marked by an increase in background Ti input into
the lake (Fig. 4). GU3 (525-68 cm) corresponds to the uppermost
5m of sediments and the upperpart of sedimentological Unit 1.
However, unlike GU2, the dominant geochemical cluster within
GU3 is cluster 1, which is associated with clastic elements.
Cluster 3 returns periodically at the top of this zone, forming an
additional subunit (GU3b). Similarly to the previous transition,
the change from GU2 to GU3 is also marked by an increase in Ti
(Fig. 4). The cluster-based geochemical units therefore reflect a
shifting lake system from carbonate to clastic sediment deposi-
tion. Adopting this approach has revealed greater variability
within the sediments that was not apparent from the core
descriptions alone (Fig. S1), emphasizing the advantage of
combining multiple proxies to investigate depositional change.

Discussion
Holocene lake evolution

The Diss region has been occupied continuously for several
thousand years (Peglar, 1993), and the interactions between
human activity and Holocene climate evolution adds complex-
ity to interpreting drivers of change recorded in the Diss Mere

® Cluster 1 e
04 | @ Cluster2 | K . :
Cluster 3
Cluster 4
Cluster 5
® Cluster6

08 h ‘ , . ; i | ;
08 06 04 -02 0 02 04 06 08
PC1 (69.7%)

Figure 3. Statistical analyses of the DISS16 XRF core scanning measurements. (a) Dendrogram of the six-cluster solution using Ward’s hierarchical
clustering. (b) PCA biplot of PC1 and PC2 for selected XRF elements (S, Si, K, Ca, Ti, Mn, Fe, Sr) including the relative element correlations as well as
the distribution of the data points and statistical clusters. [Color figure can be viewed at wileyonlinelibrary.com]

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

J. Quaternary Sci., Vol. 39(6) 972-986 (2024)

8508017 SUOWIWIOD 8AIIR.D) 8|qedtdde ayy Aq pausenob ase ssjpie YO ‘88N Jo sejni 1oy Ariq1T 8UlUO 3|1 UO (SUORIPUOD-PUR-SWBH WD A8 | 1M AeIq 1 BUI|UO//:SANY) SUORIPUOD Pue SWB | 8U} 89S *[7202/80/80] U0 AriqiTaulluO AB[IM ‘Z49 Wepsiod wniuez-zioywpH Aq 9y9g sbl/z00T 0T/10p/woo As | imAeiq iUt |uo//sdny wo. papeojumod ‘9 ‘v20Z ‘L TYT660T


http://wileyonlinelibrary.com

978 JOURNAL OF QUATERNARY SCIENCE

Table 2. Correlation matrices for selected XRF core scanning
elements for the full stratigraphic record and for each geochemical
units (GU). (a) Correlation matrix for the full stratigraphic record used
in this study, (b) correlation matrix for GUT, (c) correlation matrix for
GU2 and (d) correlation matrix for GU3. The correlation analysis used
the clr-transformed elements, and all correlations were calculated on
depth at a 1-cm resolution. n indicates the number of depths used in
the correlation matrix.

(@) Full stratigraphic record (1378-68 cm) n=1312

Si Ca Ti Mn Fe S
Si 1
Ca 0.54 1
Ti -0.59 -0.78 1
Mn 0.39 0.49 -0.53 1
Fe 0.01 -0.36 0.25 -0.08 1
S 0.52 0.72 -0.70 -0.52 0.001 1
K -0.31 -0.53 0.68 -0.56 0.37 -0.58

(b) GU1 (1378-957 cm) n=426

Si Ca Ti Mn Fe S
Si 1
Ca 0.24 1
Ti -0.43 -0.56 1
Mn 0.25 0.18 -0.40 1
Fe 0.14 -0.35 0.10 0.14 1
S 0.15 0.22 -0.24 0.40 0.67 1
K -0.04 0.21 0.30 -0.43 -0.13 -0.08

(c) GU2 (957-525 cm) n=431

Si Ca Ti Mn Fe S
Si 1
Ca 0.51 1
Ti -0.16 -0.35 1
Mn 0.30 0.21 -0.10 1
Fe 0.21 -0.15 0.66 0.11 1
S 0.26 0.58 0.21 0.19 0.42 1
K 0.09 0.04 0.78 -0.05 0.69 0.48

(d) GU3 (525-68 cm) n=455

Si Ca Ti Mn Fe K
Si 1
Ca -0.02 1
Ti 0.66 -0.45 1
Mn -0.10 0.42 -0.34 1
Fe 0.20 0.38 -0.08 0.48 1
S 0.13 -0.04 0.06 0.12 -0.07 1
K 0.70 -0.02 0.84 -0.30 —0.01 -0.04

sediments. By combining palaeolimnological analyses with
published information about human occupation in the region,
we have identified three distinct phases in the lake’s history
(Fig. 5e): (i) a phase with low human influence on the lake
(GU1; 10 290-2070cal a 8p), (i) a phase with intermediate
human activity (GU2; 2070-1040 cal a 8p) and (iii) a phase with
intensified human activity (GU3; 1040 cal a Bp — present). We
discuss these three phases in the following sections.

Low human influence (10 290-2070 cal a Br)

According to the pollen record from Diss Mere, only isolated
changes occurred in the lake catchment prior to ca. 2000 cal a sp

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

(Peglar, 1993; Fig. 5¢c, d). This phase with the lowest human
influence (GU 1 and Unit 2) marks the period where lake
sediments started accumulating as biogenic-calcite varves. The
high temporal (seasonal) resolution of the sediments, combined
with the element mapping shown in Fig. 2(d), reveals that Ca and
Si are sorted by the seasonal layers. The summer calcite layer
is geochemically represented by Ca, whilst the darker winter
organic layer is mostly represented by Si and is associated with
the diatom blooms. The high-amplitude variability of the In(Ca/Ti)
and In(Si/Ti) during this stage of the lake therefore represents
interannual variability (Fig. 5). Tig, is used to represent annual
detrital input to the lake. During this phase, Tiy, values are
relatively low in comparison to the last two millennia (Fig. 5).
Biogenic-calcite varves are preserved through Unit 2.
However, clusters 2 and 3, which predominantly represent
clastic sediments (i.e. negatively correlated with PC1, Fig. 3),
occur at the base of this unit within GU1a between 10 290 and
ca. 8100 cal a sp (1386-1300 cm). This suggests that although
varves are still forming and preserving, the sediments might
have a different source. Tig, values are higher during GU1a
(supporting the interpretation that these clusters contain a clastic
component), and consequently the element ratios In(Ca/Ti) and
In(Si/Ti) decrease (Fig. 5). Low seasonal calcite precipitation in
the first 2000 years of the lake’s history is supported by
microfacies analysis showing a much thinner varve thickness
than the long-term average (0.01 cm a™' compared to the mean
of 0.04cm a™') because of a very thin or absent calcite layer
(Martin-Puertas et al., 2023). This suggests that the carbonate
accumulated in the sediments during GU1a (as represented by
Cacyr) might have a detrital origin — either through runoff or wind
erosion —because Diss Mere is a marl lake. The interpretation of
increased detrital material is supported by the pollen record,
which revealed the presence of several shade-intolerant herbs
and non-arboreal pollen at this time (Peglar et al., 1989),
suggesting that there were areas without woodland cover in the
Early Holocene (Fig. 5c, e). After this interval, the sediments
between ca. 8100 and 2070 cal a Bp are mostly characterized by
cluster 6 (authigenic carbonate driven) representing the well-
preserved varves. As a precondition for varve formation and
preservation, lakes must have sustained periods with an anoxic
hypolimnion to limit bioturbation and post-depositional mixing
(Roeser et al., 2021; Zolitschka et al., 2015). An anoxic
hypolimnion  results from either an optimum lake
surface—depth ratio which is able to sustain thermal and
chemical stratification, or eutrophic waters with both high
productivity and organic matter decomposition (Zarczynski
etal., 2019; Zolitschka et al., 2015). Increased lake productivity
caused by human activity and nutrient loading has resulted in a
shift to more hypoxic—anoxic conditions in lakes globally (Jenny
et al., 2016). For the Holocene varves in Diss Mere between 10
290 and 2070cal a sp, limnological evidence suggests that
anoxic hypolimnetic conditions were maintained by an
optimum lake morphometry, where the depth of the lake was
sufficient to enable thermal and chemical stratification and limit
full mixing of the water column, rather than eutrophic
conditions. The evidence for this interpretation can first be
seen in the sediment record where the transition from varves to
non-varved sediments is diffuse with laminations fading out
over the last four varves (Martin-Puertas et al., 2021), suggesting
that the lake gradually infilled and shallowed (Boehrer and
Schultze, 2008). The infilling would have allowed prolonged
periods of complete turnover and enabled longer periods of
oxygen saturation in the lake, similar to the lake mixing regime
seen in the lake today (Boyall et al., 2023). In addition, the lake
monitoring survey showed that seasonally laminated deposits
respond directly to the limnological seasons (stratification and
turnover), and climate parameters such as temperature and
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Figure 4. Diss Mere stratigraphic geochemical information used in this study, including (a) lithology of the main sedimentary units, (b) geochemical units,
(c) stratigraphic position of different geochemical clusters, and (d) stratigraphic geochemical records for the element ratios Sicy,, Tici,, Cacir, Feqr, In(Si/Ti), In

(Ca/Ti) and In(Fe/Ti). [Color figure can be viewed at wileyonlinelibrary.com]
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wind eventually (Boyall et al., 2023). This suggests that the
depositional processes during most of the Holocene and present
are similar, but the preservation controls are not favourable in
the lake today, despite the lake being highly productive.

Elemental compositions and element ratios have been used
to trace changing oxygen availability in lakes, such as In(Fe/
Mn) (e.g. Engstrom et al., 2006; Martin-Puertas et al., 2017,
Zarczyhski et al., 2019), In(Mn/Fe) (e.g. Naeher et al., 2013;
Evans et al., 2019; Makri et al.,, 2021), In(Fe/Ti) (e.g.
Aufgebauer et al., 2012; Peti and Augustinus, 2022) and
sulphur (S, (e.g. Zarczynski et al., 2019). However, caution is
required when using different geochemical proxies because
factors such as detrital in-wash, groundwater inflow and
biological activity can influence the oxygen signal within a
lake (Jouve et al., 2013; Zarczynski et al., 2019). According to
the biplot shown in Fig. 3(b), variability in the anoxic/oxic
conditions at the lake bottom were captured best by the In(Fe/
Ti) record from Diss Mere. Under reducing conditions, the
available Fe is more soluble as it is reduced to its ferrous state
(Fe?™), limiting its ability to precipitate (Davison, 1993), and
therefore it can be used to trace oxygen availability. However,
Ti is redox-insensitive, and therefore, by normalizing against
Ti, it should allow only the redox element — in this case Fe — to
be traced (Zarczynski et al., 2019). This means that periods of
higher In(Fe/Ti) indicate reducing conditions with anoxic
bottom waters, and periods of low In(Fe/Ti) represent oxic
conditions. Whilst variable in the Diss Mere sediments, the
oxygen availability shows a decreasing trend through the
Holocene, reflecting the gradual shallowing of the lake. This
shallowing makes the lake more susceptible to oxygen
presence in the hypolimnion and thus results in the subsequent
cessation of varve preservation at the end of this phase
(Fig. 5b, e).

It is of note that cluster 5 appears occasionally through
GUTb, especially during the Mid-Holocene. This cluster is
associated with in-wash deposits intercalated within the
varved sequence (Martin-Puertas et al., 2021; Fig. S1) and is
characterized by low In(Fe/Ti) and high Tig,, supporting the
interpretation of sediment deposition from the catchment and
littoral parts of the lake (Figs. 4 and 5).

Intermediate human influence (2070-1040 cal a
8r/120 Bce to 910 ck)

The second phase of Diss Mere lake evolution is associated
with intermediate human activity from the Late Iron Age
through the Roman period and into the Late Anglo Saxon
period in Britain (Needham, 2007; Hingham and Ryan, 2010).
The geochemical composition of the sediments for this phase
is more stable than the preceding phase (Fig. 5). Fewer
alternations between clusters are observed, and there is less
interannual variability of element ratios, probably because the
varves were not preserved. The major change that leads to the
transition to a new lake environment in this phase is an
increase in detrital material from the catchment. This transition
is shown by increases in both the Tig, record and an increase
in the sedimentation rate from 0.04cm a~' in the varved
sediments to 1.45cm a' for the first few hundred years, and
then a reduction to 0.26cm a~' for the rest of this phase
(Fig. 2b). The timing of this change occurred within the latter
part of the Iron Age in Britain (Yeloff et al., 2007; Waller and
Schofield, 2007). Palynological investigations from previous
studies of Diss Mere (Peglar, 1993) complement this inter-
pretation of landscape change by revealing a reduction in
woodland and scrub, and a shift towards herbaceous grassland
with the occurrence of cereals (Fig. 5¢, €). The occurrence of
cereals at the same time as the shift in lake sediments suggests

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

that these changes were probably driven by human activity.
Both the clearance of woodland surrounding the lake and
wider land-use changes in the catchment would have caused
the soils to be less stable and increase erosion of sediment
into the lake, resulting in rapid infilling. Alternatively, or in
combination, the loss of forest cover could have exposed the
lake to winds and enhanced the ability for wind-driven
turbulence. This exposure encourages lake mixing through
the creation of surface waves and subsequent turbulence
allowing more of the lake’s surface to absorb oxygen from the
atmosphere (Bouffard et al., 2014). As a result, during periods
when the lake is not thermally stratified and lake turnover
occurs, oxygen is translocated down the water column and
able to reach the bottom of the lake (Makri et al., 2020;
Zarczyhski et al., 2019).

The geochemical, sedimentological and palynological changes
observed within this phase mark the first noticeable evidence
of human activity on lake functioning at Diss Mere. Similar
changes at ca. 2000 cal a sp have been observed in other lake
records from around Europe, including both the cessation
(e.g. Meerfelder Maar, Martin-Puertas et al., 2012) and formation
(e.g. Lake Montcortes, Corella et al., 2011; Rull et al., 2021) of
varved sediments, significant changes in vegetation assemblages
(e.g. Lake Wonies¢, Dorfler et al., 2022 and Lake Moossee, Makri
et al., 2020), as well as distinct changes in lake sediment
geochemistry (e.g Kamyshovoe Lake, Druzhinina et al., 2022).

Intensified human influence (1040 cal a Br/910 cE
to present)

The third and final phase of lake evolution in the Diss Mere record
is characterized by intensified human activity. This phase begins
at the transition between GU2 and the beginning of GU3, marked
by a further increase in Tig, (Fig. 5) and a dominance of mostly
cluster 1 (associated with detrital sediments, Figs. 3 and 4). This
phase coincides with the Late Anglo Saxon period and the onset
of the Medieval period, at which the building of the historic
market town of Diss began (Fig. 5e, Fritz, 1989; Higham and
Ryan, 2010). Vegetation shifts were apparent at the beginning of
the phase representing large open arable fields, which have been
related to increased population and resource demands (Pe-
glar, 1993). The marked increase in detrital material occurred at
the beginning of this phase, coinciding with the periodic
occurrence of cluster 3 (Fig. 5). The In(Fe/Ti) record remains the
same as during GU2, probably because oxic conditions at the
lake bottom prevailed through most of the year as the lake was
that not deep enough to maintain permanent anoxia (Boyall
et al., 2023).

Productivity and calcite precipitation over the last
two millennia

During the last two millennia (GU2 and GU3), human-
induced detrital input and sediment infilling caused changes in
the lake oxic regime and varve preservation, and led to lake
eutrophication (Fritz, 1989). This change is marked by a shift in
the diatom communities, mostly seen in the transition from
Cyclotella-dominated species to Stephanodiscus sp. after the
cessation of varves in response to increased dissolved and
particulate external nutrient input (Fritz, 1989). Despite the
interpretation of a switch to eutrophic lake waters recorded by
the diatom record, neither Sig, nor In(Si/Ti) shows an expected
increase in diatom productivity (Figs. 4 and 5). For this part of
the Diss Mere record, the relationship between detrital and
siliclastic material is positive (Table 2). This suggests that some
of the silica originates from the catchment and could explain
why the In(Si/Ti) record does not reflect the change in diatom
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communities and productivity in the lake. In addition, the
increases in domestic waste due to larger, more complex and
permanent human settlements from the Late Iron Age to the
present could have reduced the concentration of Si relative to
nitrogen or phosphorous (Ryther and Officer, 1981), which
would explain the change from Cyclotella sp. to Stephano-
discus sp. 2000 years ago. The proportion in which nutrients
are loaded to a system can exert a strong influence on what
algal species will thrive (Hecky and Kilham, 1988), for
example the occurrence of blue-green algae inhibiting the
growth of diatoms (Keating, 1978). Diss Mere currently has
a high concentration of blue-green algae, signalling lake
eutrophication. This eutrophication could explain the gradual
decrease in diatom productivity reflected in the geochemical
proxies in GU2 and GU3 over the last two millennia of the
lake’s history (Fig. 5).

Despite the shifts observed in the productivity of Diss Mere,
and the gradual shallowing of the lake basin, authigenic calcite
precipitation (In(Ca/Ti) and Cag,) gradually decreased over the
last two millennia (Fig. 5). This trend is opposite to what may
be expected with eutrophication as eutrophication results in a
higher lake water pH which is a driver of calcite precipitation
(Kelts and Hsu, 1978). Additionally, a reduction of the water
volume as a result of gradual sediment infilling would also
favour increased calcite precipitation by saturating the water
with a greater amount of available Ca (Pleskot et al., 2018).
Because the opposite has happened at Diss Mere, and
authigenic calcite gradually decreased (Fig. 4), it suggests that
neither productivity and/nor shallower water is a driver of
calcite precipitation. This suggests that calcite precipitation
might still be driven by temperature changes during the
stratification season — a proposal that is supported by the
monitoring survey which found the greatest amount of calcite
precipitation when temperatures are higher (June to August),
rather than when lake productivity is strongest (September,
October and February) (Boyall et al., 2023). We further explore
the sensitivity of the geochemical record to temperature at Diss
Mere below.

Exploring the sensitivity of the geochemical record
to temperature

Previous investigations using the Diss Mere varves reveal a
clear proxy response of the lake to climate variability. For
example, a high-resolution diatom record from Diss Mere
showed that the diatom assemblages responded to regional
wind direction and strength during a Late Holocene climate
oscillation 2800 years ago (Harding et al., 2022). In addition,
the varve thickness record showed a good correlation to the
simulated  Atlantic Meridional ~Overturning  Circulation
(AMOC) and annual averaged surface temperature, resembling
decadal- to millennial-scale climate variability in the North
Atlantic region (Martin-Puertas et al., 2023). These climate
links to the Diss Mere sediments provide scope to investigate
any potential climate signals recorded in the geochemical
record presented in this paper. We propose that the Cag,
record is the most likely geochemical proxy for temperature as:
(i) the main deposition of Ca occurs within the seasonal calcite
layer precipitated during the summer (Fig. 2d), and (ii) the
thickness of the calcite layer preserved in the varved sediments
correlates to mean annual temperature (r=0.52, Martin-
Puertas et al., 2023), although a bias towards the summer
season might be present. We sought to test whether the Ca
accumulated in the Diss Mere sediments was sensitive to
temperature variability and, if so, whether the analysis of the
XRF core scanning data offers the opportunity to explore and
extend the climate record of Diss Mere until the present, which

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

so far is only based on the period before the last two millennia
when varve preservation ceases.

The precipitation of calcite in lakes can be a function of CO,
uptake from photosynthetic organisms, favourable water tempera-
tures or both (Dittrich and Obst, 2004; Plummer and Busen-
berg, 1982). The modern lake monitoring of Diss Mere revealed
that calcite precipitates throughout the full year due to over-
saturation of Ca within the lake water. However, peaks in calcite
precipitation (coarser grains) occur during the summer months
when temperatures are highest in July—August and a secondary
smaller flux of calcite (fine grains) follows with autumnal diatom
blooms (Boyall et al., 2023). The calcite layers preserved in the
varves also show grading in calcite grain size, with finer grains
deposited at the top of the varve (Martin-Puertas et al., 2021;
Boyall et al., 2023). This pattern suggests that the variability of
calcite layer thickness in Diss Mere includes the summer (primary)
and the early autumn (secondary) calcite precipitation events. The
calcite layer thickness correlates well with the Holocene
temperature evolution (Martin-Puertas et al., 2023).

We calculated correlation coefficients between the Cag,
record and the thickness of the varve calcite layer and
compared the output with available proxy-based Holocene
temperature reconstructions. We used the TANN northwest
European temperature reconstruction (Davis et al., 2003),
proxy-based temp12k reconstruction for latitudinal bands
30-60°N (r=0.66, p=0.12) and 60-90°N (r=0.34, p=0.16)
(Kaufman et al., 2020), and the temperature-sensitive 5'%0
record for the northwest European region from NGRIP (r=0.35,
p<0.005) (Rasmussen et al., 2006). Considering that we are
comparing a variety of proxy records linked to different
chronologies and from a wide latitudinal and longitudinal
band, the correlations are clear with all curves following similar
trends (Fig. 6). The similar trends observed between Ca, and
calcite layer thickness (Fig. 6¢) suggest that both thicker calcite
laminations and higher Ca., could be a response to warmer
years, reflecting temperature variability in the eastern part of the
UK where Diss Mere is located. Because Diss Mere experienced
a higher level of human activity during the last 2000 years and
varves stopped preserving, we assess the relationship between
the carbonate accumulated in the lake and temperature by
correlating the Ca,y, record with the Last Millennium Reanalysis
(LMR) temperature anomalies (Tardif et al., 2019) for an
approximated grid around Diss Mere to test whether the Ca,
record is still sensitive to temperature variability despite the
increased human activity (Fig. 6d).

Northwest European temperatures in the earliest stages of the
Holocene (10 290-7000 cal a sp) mostly reflect gradual climate
amelioration responding to the disintegration of Northern
Hemisphere residual ice sheets, and increasing solar insolation
(Cartapanis et al., 2022; Osman et al., 2021). Most of the
records presented in Fig. 6 are consistent with gradually
increasing temperatures for the first several thousand years
(Fig. 6). However, the Cag, record from Diss Mere shows a less
gradual change. Additionally, in the first part of the record until
8100 cal a sp calcite has a detrital origin (Fig. 5), which may
mean that superimposed onto the climate-sensitive Ca, record
is a signal reflecting catchment variability.

Following 8100cal a 8p, the origin of calcite switches
to predominantly authigenic precipitation. Cac, continues to
increase and probably reflects rising temperatures. Maximum
Cayr values are recorded at ca. 7200cal a Bp and remain
relatively high until ca. 4000 cal a sp (Fig. 6). The maximum Caj,
values during the Mid-Holocene — indicating higher tempera-
tures — are consistent with discussions around a Holocene
Thermal Maximum (HTM). The timing of the suspected HTM has
been shown to be spatially complex globally with different
records revealing maximum temperatures at different times
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§ure 6. Timeseries of temperature-sensitive records from northwest Europe. (a) High-latitude temperature records with a 100-year moving average NGRIP

O record (yellow) and 500-year moving average temp 2k temperature reconstruction for 60-90° N

N (green). (b) Mid-latitude temperature records with the

Cad, record from Diss Mere as a 100-year resolution moving average (blue), 200-year TANN temperature reconstruction for northwest Europe (red) and 500-

year moving average temp12k temperature reconstruction for 30-60° N

(brown). The data for the TANN temperature reconstruction was digitalized using

GraphReader.com. (c) The Diss Mere log summer varve thickness record (grey) overlaid with a 100-year moving average log summer varve thickness record
(black) and 100-year moving average Ca, record. (d) The last 2000 years with a 5-year moving average Ca, record from Diss Mere (blue) and the Last
Millennium Reanalysis temperature anomalies for 40-60° N and —-5° W to 5° E

(Cartapanis et al., 2022). The 60-90°N temp12k reconstruction
records the earliest timing of the HTM at the beginning of the
Holocene, followed by the NGRIP 3'20 record which shows the
HTM between ca. 9000 and 8000 cal a sp. The early temperature
peaks in these high-latitude climate reconstructions have been
ascribed to the higher solar insolation received at the poles
compared to the mid-latitudes (Kaufman, 2004). The mid-
latitude records show maximum temperatures occurring later:
temperatures in the 30-60°N temp12k reconstruction peak at ca.
6500 cal a sp and in the TANN reconstruction at ca. 5000 cal a
8. For Diss Mere, the Ca, record reveals high values spanning a
longer period between ca. 8000 until 4500 cal a sp, although
with some variability and sharp decreases within this time
(Fig. 6). Some discussions surrounding the HTM suggest that an
HTM signal is only recorded in proxy records which have a
summer bias (Liu et al., 2014; Bova et al., 2021). Given that the
Cag, record from Diss Mere suggests Mid-Holocene warming,
it may support the seasonal bias hypothesis and could be
explained by the fact that most of the Ca record primarily reflects
temperature-induced calcite precipitation in summer (Boyall
etal., 2023).

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

(orange). [Color figure can be viewed at wileyonlinelibrary.com|

The similarity between the low-frequency Holocene tem-
perature records and the Diss Mere Ca., record supports
interpretations that the lake was sensitive to climate variability
through its varved history. However, the results of this study
reveal that human activity had a strong influence on lake
functioning over the past 2000 years, potentially disrupting the
sensitivity of Cag, as a proxy for temperature. Although the
resolution of the LMR is annual, the correlation between Cag,
and the LMR has been calculated at a 50-year resolution to
account for some of the chronological uncertainty from the
Diss Mere record over the last two millennia. Whilst the
weaker chronological precision here may result in lower
correlations, the correlation coefficient between the LMR and
Cagy is significant (r=0.50, p < 0.005). This highlights that the
Ca, record continues to resemble the reanalysis temperature
variability during the last two millennia. However, despite this,
there are some differences in the amplitude of variability
between both timeseries. For example, both show proportional
variability between 2000 and 1000 cal a sp, but in the second
millennium of the common era (1000 cal a Br to present)
the amplitude of variability in the LMR is increased (Fig. 6).

J. Quaternary Sci., Vol. 39(6) 972-986 (2024)

85UB01 7 SUOWILIOD BAIERID 3 |qeol(dde ayp Aq peusenoh a1e sajone WO ‘@SN JO S9N 1o} A%eiqiT 8UlUQ /8|1 O (SUORIPUOD-PUR-SLUBY/W0D A8 1M AeIq 1 BulUO//SdRY) SUORIPUOD PUe SWB | 8U3 885 *[7202/80/80] U0 AriqI8ulluO A8]IM ‘Z4D Wepsiod wniueZ-z)oywRH Ag 9¥9€ sbIZ00T 0T/10p/woo A8 |mAreiq el juo//Sdny Wwoj papeojumoq ‘9 20z ‘LTyT660T


http://GraphReader.com
http://wileyonlinelibrary.com

HOLOCENE CLIMATE EVOLUTION AND HUMAN ACTIVITY 983

At approximately 1100 cal a sp, both records reveal a change
in their mean values (Fig. 6d). In the Diss Mere record, the
difference in the mean values between the first and second
millennium of the common era is more substantial than in the
LMR and is probably influenced by the impact of intensified
human activity on the geochemical composition of the Diss
Mere sediments. However, the significant correlation to the
LMR remains. This is an interesting and important finding as it
highlights that even when Ca., could be considered a
Holocene temperature proxy from the Diss Mere record, the
proportionality of the temperature-proxy relationship is not
stationary through time. In other words, the amplitude of
temperature changes may not be comparable between the
three lake phases identified in this study due to the influence of
human activity on the lake. Thus, further work would be
required to fully assess the relationship between climate and
the geochemical record at Diss Mere with the superimposed
human influence over the past 2000 years.

Conclusions

This investigation combines XRF core scanning data and
sedimentological information from Diss Mere, a lake in
Norfolk, UK, to identify the changes in lake evolution, climate
trends and human activity through time.

The three phases of lake evolution and human activity,
identified through the geochemical and sedimentological re-
cords, highlight the complex interactions between climate and
human forcing. The minimal disturbance from human activity in
the earliest phase allowed the lake to respond naturally to
changing seasonal fluctuations in the climate system, and long-
term Holocene climate evolution. The second phase with
intermediate human activity demonstrated the role that human
activity had on the functioning of the lake. The beginning of this
intermediate phase was marked by the end of the preservation of
varved sediments due to the influx of detrital material through
landscape changes relating to increased human activity. The third
phase represents the most significant changes to lake functioning
coinciding with intense human activity and the building of the
town of Diss during the Early Medieval period.

The results from this investigation have shown a clear
interplay between humans and the environment leading to a
distinct superimposed signal of human activity on the
geochemical record. However, by identifying the timings of
more intense human activity at Diss Mere, a better interpreta-
tion of the sensitivity of the lake to climate can be made. These
results provide support for further methodological develop-
ments for the analysis of the climate signal from Diss Mere.
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Supplementary Figure 1. Diss Mere composite stratigraphic
record against depth. With core photos, facies, and geochem-
ical units adapted Martin-Puertas et al. (2021). The uppermost
160 cm are not included due to the moisture content of the
sediments causing reflections in the core images.

Supplementary Figure 2. Concentration of radionuclide
fallout profiles. a) total 2'°Pb (blue rhombus) and supported
219pb (pink line), b) unsupported '°Pb (blue rhombus), and c)
137Cs (rhombus) and **'Am (triangles) concentrations versus
composite depth from Diss Mere.

Abbreviations. XRF, X-ray fluorescence; CLR, centred-log ratio; PCA,
principal component analysis; NGRIP, North Greenland Ice Core
Project; LMR, Last Millennium Reanalysis; CIC, constant initial
concentration; PC, principal component; GU, Geochemical Unit;
AMOC, Atlantic Meridional Overturning Circulation; HTM, Holocene
Thermal Maximum.
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