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Abstract Annually resolved sedimentological
records (including annual varves) can be used to
develop precise chronologies for key climatic and tec-
tonic events. Varved records, however, are most com-
mon in high latitude lakes, resulting in a spatial bias
with respect to annually resolved records in tropical
regions. Here we report on the sedimentology of two
sediment cores from Lake Izabal, eastern Guatemala,
that contain a well-preserved thinly laminated sec-
tion spanning ca. 2200 years of the mid-Holocene.
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We integrate radiocarbon age-depth modeling, sedi-
mentological observations, laminae counting, pX-ray
fluorescence scanning, and multivariate statistical
analyses to constrain the nature and chronology of
the laminations. Our sedimentological and geochemi-
cal results suggest that the alternating clastic (dark)
and biogenic (light) laminae couplets were deposited
annually. Dark laminae are characterized by an abun-
dance of detrital grains, organic detritus, total organic
carbon, and terrigenic elements, and most likely
formed during times of increased discharge during the
rainy season. In contrast, light laminae are character-
ized by a decrease in detrital grains and total organic
carbon, and an increase in biogenic silica constitu-
ents, and were likely deposited at times of increased
lake productivity during the dry season. We compare
a floating varve chronology that spans ca. 2200 years
with three radiocarbon-based age-depth models. Con-
sistency between the varve chronology and one of the
models partially supports the annual character of the
laminated section in Lake Izabal. This laminated sec-
tion, one of the first annually resolved sedimentologi-
cal records from Central America, can help explore
mid-Holocene hydroclimate variability and regional
tectonic processes in this understudied region.

Keywords Elemental abundances - Varves - Lake

Izabal - Lacustrine sediments - Guatemala - XRF-core
scanner
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Introduction

Paleolimnological investigations in Central America
have highlighted the sensitivity of lake systems to
past environmental, tectonic, and climatic changes
(Leyden et al. 1994; Hodell et al. 1995, 2001; Cur-
tis et al. 1996, 1998; Hillesheim et al. 2005; Muel-
ler et al. 2009; Brocard et al. 2014; Wahl et al. 2014;
Stansell et al. 2020). For example, several hydrocli-
mate records indicate that Central America experi-
enced relatively wet conditions during the early and
mid-Holocene, followed by gradual drying during
the late Holocene (Leyden et al. 1994; Hodell et al.
1995; Mueller et al. 2009; Wahl et al. 2014). This pat-
tern of hydroclimate variability was interpreted as a
response to a gradual shift in the mean position of the
Intertropical Convergence Zone (ITCZ; Haug et al.
2001). Recent studies from the Guatemalan high-
lands, however, suggest that oceanic and atmospheric
processes acting on much shorter time scales also sig-
nificantly influenced Holocene hydroclimate in the
region (Stansell et al. 2020; Winter et al. 2020). Addi-
tional highly resolved proxy records could provide
key information to constrain sub-decadal and multi-
decadal oceanic and atmospheric processes influenc-
ing precipitation in the region (Steinman et al. 2022;
Obrist-Farner et al. 2023), such as the El Nifio-South-
ern Oscillation (ENSO) and the North Atlantic Oscil-
lation (NAO).

Laminated sediments are commonly preserved
under meromictic lake conditions with strong sea-
sonal contrasts and in absence of bioturbation, post-
depositional erosion, re-suspension, and re-deposition
(Ojala et al. 2012; Zolitschka et al. 2015). Although
annually resolved (varved) laminated records can be
found worldwide (Ojala et al. 2012; Ramisch et al.
2020), only a few varved records have been reported
in Central America and the Caribbean region
(Hughen et al. 1996; Brocard et al. 2014). Here we
report on the sedimentology of a record from Lake
Izabal, located in the eastern lowlands of Guatemala
(Fig. 1), which was potentially deposited seasonally
(i.e., varved). If the laminations are indeed varves,
Lake Izabal will be a valuable location for high-res-
olution quantitative paleoclimatic and tectonic recon-
structions in Central America and the Caribbean dur-
ing that period.

Although Lake Izabal is currently shallow and
well-mixed, a marine transgression during the early
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Holocene established a chemocline that turned Lake
Izabal into a meromictic lake, with persistent bottom-
water anoxia that lasted approximately 3500 years,
from ca. 8370 to ca. 4800 cal year BP (Obrist-Farner
et al. 2022). Anoxia decreased bioturbation in the
deeper parts of the basin, facilitating preservation
of a sequence of thinly laminated sediments (Duarte
et al. 2021). Despite preliminary research results sug-
gesting that the laminated sediment interval could be
varved (Buckley and Obrist-Farner 2019), limited
chronological constraints and difficulties in establish-
ing correlations between overlapping cores have ham-
pered a robust examination of the laminated section
and the processes that led to their formation.

This study integrates sedimentological, radiocar-
bon age-depth modeling, smear-slide analysis, lami-
nae counting, pX-ray fluorescence (UXRF) scanning,
loss on ignition, and multivariate statistical analysis
from a 400-cm-thick thinly laminated silty clay sec-
tion collected from two sediment cores retrieved from
the deepest part of Lake Izabal (Fig. 1). We use these
analyses to demonstrate the annual character of the
laminations and provide an improved chronology for
the laminated interval. Laminations are sedimento-
logically and geochemically distinct, with differences
in color, thickness, grain size, composition, and bio-
genic and organic matter content.

Geological background

Lake Izabal, located in the eastern lowlands of Gua-
temala, is a shallow lake with a surface area of 672
km? (Fig. 1). It occupies the eastern side of the Lake
Izabal Basin, a pull-apart basin that developed~12
Myr ago along the North American-Caribbean plate
boundary (Bartole et al. 2019; Obrist-Farner et al.
2020). The lake has a catchment area of~8740
km? and it is bounded by the Santa Cruz Mountain
Range to the north, the Minas Mountain Range to the
south, and the Mico Mountains to the east (Fig. 1).
The watershed contains a variety of rocks and units,
with the northern part composed of early Cretaceous
ophiolitic units, partially serpentinized and heavily
weathered, with sporadic carbonate sections (Mota-
Vidaure 1989; Rosenfeld 1993). The southern part is
mostly composed of Paleozoic metamorphic rocks,
Cretaceous ophiolitic units, Cretaceous carbonate
rocks, and Permian limestone. The eastern part is
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Fig. 1 Location of Lake Izabal showing the bathymetry of
the lake and the main topographic features. Red dots show the
locations of the two sediment cores (cores 1 and 2) used in this
study. Yellow dot shows the location of sediment core 5 men-

relatively rich in Carboniferous clastic rocks, Permian
limestone, Cretaceous carbonate rocks, and Neogene
strata exposing the initial infill of the basin (Mota-
Vidaure 1989; Obrist-Farner et al. 2020).

Climate and hydrology

Lake Izabal is a polymictic and hydrologically open
lake with a maximum water depth of 15 m (Fig. 1).
The main tributary is the Polochic River, contribut-
ing~70% of the water input to the lake (Brinson and
Nordlie 1975; Obrist-Farner et al. 2019). The water-
residence time in the lake is ~6 months, and the lake
drains into the Caribbean Sea via the Dulce River
(Brinson and Nordlie 1975; Fig. 1). Precipitation
in Lake Izabal is seasonal, with a May to Decem-
ber rainy season, and a January to April dry season

ki

Mico Mountains

Caribbean
Sea

Pacific Ocean

tioned in the text. The bathymetric contour lines represent 2 m
intervals. Inset map shows the location of the study area (red
square) in the eastern lowlands of Guatemala

leading to an annual mean precipitation of ~3300 mm
(Duarte et al. 2021). Modern limnological observa-
tions indicate that the lake is highly sensitive to pre-
cipitation seasonality (Brinson 1973; Brinson and
Nordlie 1975). For example, during the wet season,
lake level increases (maximum of 1.5 m; Medina
et al. 2009) and increased runoff delivers abundant
terrigenous sediment and allochthonous organic detri-
tus to the lake (Brinson 1973). In contrast, during the
dry season, decreased river input results in lower lake
levels, lower terrigenous sediment input, and phyto-
plankton blooms (Brinson 1973; Brinson and Nordlie
1975; Medina et al. 2009). Paleolimnological studies
have also illustrated that this system responds to long-
term changes in nutrient input, erosion, precipita-
tion, and sea-level changes (Obrist-Farner et al. 2019,
2022, 2023; Duarte et al. 2021; Mongol et al. 2023).
In summary, seasonal climate variability, driven
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mainly by the seasonal migration of the ITCZ, has
significant effects on lake-level variations, lake pro-
ductivity, and sediment and organic matter input into
the lake.

Materials and methods

Two parallel and overlapping sediment cores (cores 1
and 2),~6 m apart, were retrieved in 2018 from the
deepest area of Lake Izabal using a modified Living-
stone corer (Deevey 1965). Because of rough weather
conditions, the uppermost unconsolidated mud-water
interface sediments were not collected. Consolidated
sediment sections (individual drives of 1 m) were
collected at 185 cm below the lake-sediment surface
for core 1 (15° 28" 47.95" N, 89° 15’ 34.26" W) and
225 cm below the lake-sediment surface for core 2
(15° 28" 48.08" N, 89° 15" 34.10" W). The sediment
cores (555 cm for core 1 and 470 cm for core 2) were
kept in their polycarbonate-core tubes, sealed, and
shipped to the University of Florida.

Magnetic susceptibility (MS) was measured at
0.5 cm resolution using a loop sensor in an auto-
mated core logger (Geotek MSCL-S). Then, sediment
cores were split lengthwise, and cleaned core surfaces
were scanned at 20 pixels mm™! to acquire line-scan
images using a Geotek Geoscan at the University of
Florida. The working halves of the split cores were
shipped to Missouri S&T for initial core description,
while the other split halves were stored at the Land
Use and Environmental Change Institute (LUECI) at
the University of Florida. The initial core description
was carried out by visual inspection of the cleaned
core surfaces and the digital core-scan images fol-
lowing the protocol outlined by Schnurrenberger
et al. (2003). We constructed a composite-sediment
profile via cross-correlation of the line-scan images
using Schlumberger’s Techlog® 2017.2 software. The
lithological description facilitated identification of
three sedimentary zones and 38 stratigraphic laminae
markers, which could be correlated between cores, to
develop a spliced sequence that eliminated sediment
intervals at the top of each core drive with evidence
of disturbance caused while coring (Supplementary
Figure [SF] 1; SF 2).

To characterize laminae composition and struc-
ture, we analyzed thin sections and smear slides, and
measured grain size and carbon content. Thin sections
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were prepared from sediment slabs from core 1 at the
Continental Scientific Drilling (CSD) Facility at the
University of Minnesota Twin Cities using the freeze-
drying technique of Normandeau et al. (2019). First,
sediment slabs (7%x2.5 cm) were submerged in lig-
uid nitrogen dioxide (NO,) and subsequently freeze-
dried for four days. Slabs were then impregnated with
Spurr resin and thin sections were prepared following
standard techniques. Smear slides were prepared from
untreated sediment and mounted into glass slides
with Norland Optical Cement 61. Percent carbon
(Wt% C) was measured for 20 samples using a Carlo-
Erba elemental analyzer at LUECI. Samples of dried
bulk sediment (3 mg per sample) were analyzed from
623.8 to 625.7 cm of core 1. Grain-size distribution
was determined for 10 samples in the laminated inter-
val of core 1. To avoid contamination from nearby
laminations, sampling was carried out in the central
part of the laminae using a micro spatula and~2 mg
per sample was collected. Grain-size distribution
was measured on a Microtrac S3500 laser diffraction
particle analyzer at Missouri S&T with sonication to
avoid particle flocculation. Two 30 s runs were car-
ried out for each sample. Grain-size distributions are
reported as mean grain size (M,) with one standard
deviation (Folk and Ward 1957).

Micro X-ray fluorescence (uXRF) core scan-
ning was conducted on both cores at 0.5 mm steps.
Because the laminations in the Izabal cores are, in
some intervals, thinner than 0.5 mm, we scanned one
impregnated thin section chip (from 520 to 517 cm)
at 0.04 mm steps. The uXRF measurements were
performed with an ITRAX™ core scanner at the
Large Lakes Observatory at the University of Min-
nesota-Duluth, using a Cr X-ray source, operated at
30 kV and 55 mA and with a 15-s dwell time. The
ITRAX™ core-scanner beam is 20X 0.2 mm, with
0.2 mm in the sample-length direction; therefore, the
0.04 mm resolution scan has overlapping steps, with
each step exposing 0.04 mm of new material (of the
0.20 mm sampling footprint). Measured elemen-
tal abundances are reported in total counts (tc), and
elemental ratios are reported on a log scale to avoid
ratio asymmetry (Weltje and Tjallingii 2008). Prin-
cipal component analysis (PCA) was performed to
summarize the relationship between elemental vari-
ables, where vector length indicates the amount of
variance of each element and angles among vectors
indicating their association (Jolliffe 1986). Elemental
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counts were standardized (as z-scores) before PCA
analysis to avoid confounding effects of dimensional
heterogeneity.

Chronological control for both cores was estab-
lished using accelerator mass spectrometry (AMS)
radiocarbon (1*C) ages of five wood fragments. Sam-
ples were pretreated with standard acid—base-acid
chemistry at the Center for Accelerator Mass Spec-
trometry (CAMS, Lawrence Livermore National Lab-
oratory) and at Beta Analytic. Radiocarbon ages were
combined into a composite-core chronology through
the established stratigraphic correlation between the
cores. Since the radiocarbon ages are not in strati-
graphic order, we constructed three possible radio-
carbon age-depth models using the Bacon package
in R (Blaauw and Christen 2011) with the IntCal20
calibration curve (Reimer et al. 2020). Radiocarbon
dates are in calibrated years before present (cal year
BP) and are reported with the modeled 95% confi-
dence range. The probability distribution of each cali-
brated age from the age-depth models was used with
a Markov Chain Monte Carlo (MCMC) approach
to produce a series of potential age models for the
laminated section (Blaauw 2010). We extracted 1000
Monte-Carlo age-depth iterations for each of the three
radiocarbon models using the Bacon package in R
(Blaauw and Christen 2011) and plotted them using
the MATLAB software.

The varve chronology for the composite core was
established using a manual approach and a semi-
automatic counting method. Manual counts were per-
formed by one person using high-resolution line-scan
images and measured in the software Techlog 2017.2.
Manual counting uncertainty was established by rep-
licating varve counts and thickness measurements
along five different core segments (5 cm per segment)
and providing five iterations for each segment. An
estimate of counting error was calculated following
Ji et al. (2021), by subtracting the maximum and the
minimum number of counted varves and dividing the
results by the average number of varves. Semi-auto-
mated varve counting was carried out using count-
MYvarves, a varve counting toolbox (Van Wyk de
Vries et al. 2021). CountMYvarves uses sliding-win-
dow autocorrelation to count the number of repeated
patterns in core-scan images and provides multiple
independent counts (five iterations along each of 12
different transects) to evaluate counting uncertainty
(Van Wyk de Vries et al. 2021). CountM Yvarves uses

as input parameters the resolution of the digital image
(20 pixels mm™') and the estimated sedimentation
rate (estimated to be 0.8 +0.02 mm year_l; Obrist-
Farner et al. 2022). Finally, a comparison of manual
and semi-automatic varve-counting methods was
undertaken. An estimated age at each point along the
core depth for the thinly laminated zone was estab-
lished based on the cumulative thickness of the man-
ual laminae counts and the median of all the models
performed by countMYvarves. Similarities between
the varve chronology and the range of radiocarbon
age-depth models generated with Bacon were used to
assess the potential annual character of the laminated
interval.

Results
Core sedimentology and geochemistry

The core contains three sedimentological zones: (1)
homogeneous to bedded mud; (2) thinly bedded mud;
and (3) thinly laminated mud. We focus here on the
thinly laminated mud zone, which is 351 cm thick
in core 1 and 325 cm thick in core 2 (Fig. 2). The
thinly laminated mud zone is characterized by low
MS (~5 SI) relative to overlying sediments (Fig. 2).
This zone is also characterized by low and relatively
constant Ti abundances while S abundances show the
opposite pattern (Fig. 2; SF 3). Silica and Fe abun-
dances have similar patterns, with highly variable
abundances (SF 3). This variability is also observed
in elemental ratios. For example, the log(S/Ti) ratio
is characterized by high values, while the log(Si/Ti)
ratio is characterized by a slightly upward increasing
trend (Fig. 2). The most conspicuous feature of the
thinly laminated mud zone is the consistent presence
of dark and light laminae, which are very similar in
thickness but differ in their color. For example, dark
laminae are composed of dark grayish brown silty
clay (I0YR 4/2), while light laminae are composed
of light brownish gray silty clay (10YR 6/2). Dark
laminae have a mean thickness of 0.67 mm and a
thickness range of 0.39-0.79 mm (Fig. 3), while light
laminae have a mean thickness of 0.62 mm and a
thickness range from 0.39 to 0.77 mm. Light and dark
laminae couplets have a mean thickness of 1.28 mm
and a thickness range of 0.85-1.55 mm (Fig. 3).
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Fig. 2 Simplified lithological description, magnetic suscep-
tibility (MS), titanium (Ti), and the log(S/Ti) and log(Si/Ti)
ratios of the two sediment cores retrieved from Lake Izabal.
Sediment cores were correlated using 38 laminae markers
(gray lines). MS is expressed in international standard units

Observations, including high-resolution line-scan
images, microscopic analysis of smear slides, and
grain-size measurements, indicate that the dark and
light laminae are sedimentologically different. Dark
laminae contain a larger proportion of detrital miner-
als (i.e., quartz, plagioclase) and terrestrial organic
matter constituents, such as plant-cuticle fragments
and amorphous organic matter (Fig. 4). Dark laminae
also contain low abundances of lacustrine biogenic
constituents, such as diatom fragments and sponge
spicules, and contain a relatively high total carbon
content (1.90-2.25 wt% C; Supplementary Table
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(SI) and Ti is expressed in total counts (tc). Radiocarbon dates
for cores 1 and 2 are in calibrated years before present (cal year
BP). The sections (S) represent the individual sediment drives
retrieved from Lake Izabal

[ST] 1) and a high abundance of microscopic pyrite
grains (Fig. 4). Dark laminae have a mean grain size
of medium silt (M,=0.026 mm=+0.008; n=5) and
are composed of 6.98+3.70% clay, 78.41+5.92%
silt, and 15.21 £7.72% sand (SF 4). In contrast, light
laminae are characterized by a lower abundance of
detrital minerals and organic matter constituents, are
enriched in biogenic constituents, and contain a rela-
tively lower total carbon content (1.31-1.77 wt% C;
ST 1) and moderate abundances of microscopic pyrite
grains (Fig. 4). Light laminae have a mean grain size
of fine silt (M,=0.010 mm+0.002; n=5) and are
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«Fig. 5 a Principal component analyses (PCA) for element
abundances in the thinly laminated mud zone for core 1 (left)
and thin section chip (right). b Digital core-scan image with
elemental abundances in total counts (tc) for a section of the
thinly laminated mud zone in core 1. ¢ Thin section radio-
graphs (darker is higher density) showing elemental abun-
dances in tc for the thin section chip from core 1

composed of 16.22+4.75% clay, 76.38 +3.88% silt,
and 7.40+8.51% sand (SF 4).

X-ray fluorescence results from the cores and
thin section chip, combined with PCA results, indi-
cate that the dark laminae are characterized by a high
abundance of Ti, Fe, S, Mn, Zr, and Ca. In contrast,
light laminae contain higher abundances of Si, K, and
Al (Fig. 5). PCA of the pXRF data shows three main
modes of variability. The first mode of variability is
a relationship between S, Fe, Mn, and Ca, which are
associated along the positive side of the principal
component 1 (PC1) in core 1 (27.4% of variance),
along the positive side of PC2 in core 2 (27.6% of
variance; SF 5), and along the positive side of PC 1
in the thin section (34.1% of variance; Fig. 5). The
second mode of variability is the relationship between
Si, K, and Al, which are associated along the nega-
tive side of PC2 in core 1 (23.4% of variance), along
the negative side of PC1 in core 2 (33.9% of variance;
SF 5), and along the negative side of PC1 in the thin
section (34.1% of variance; Fig. 5). The third mode of
variability is a relationship between Ti and Zr, which
are between the two main modes of variability in both
cores and thin sections (Fig. 5; SF 5).

Elemental ratios also show that the laminae are
distinctly different. For example, dark laminae in
the cores and thin section chip are characterized by
high log(Fe/Ti), log(Mn/Ti), log(Z1/K), and log(S/
Ti) ratios (Fig. 6). Light laminae, on the other hand,
are characterized by high log(Si/Ti) and log(Al/Ti)
ratios (Fig. 6). The PCA results on the ratios indicate
a relationship between log(Fe/Ti), log(Mn/Ti), and
log(S/Ti), which are associated along the positive axis
of PC2 in the core section, explaining 26.3% of the
variance (Fig. 6). In contrast, the log(Si/Ti), log(Al/
Ti), and log(Zr/K) ratios are statistically different and
are aligned to the PC1 axis, which explains 43.8%
of the variance. The log(Si/Ti) and log(Al/Ti) ratios
are aligned to the negative axis and the log(Zr/K)
ratio is align to the positive axis of PC1. Similarly,
XREF ratios on the thin section chip are characterized
by a relationship between log(Mn/Ti), log(Fe/T1i),

and log(S/Ti) ratios, which are associated with the
positive axis of PC2 (28.1% of variance). In contrast,
log(Si/Ti), log(Al/Ti), and log(Zr/K) ratios are asso-
ciated with PC1 (44.9% of variance). The log(Si/Ti)
and log(Al/Ti) ratios are aligned to the negative axis
and the log(Zr/K) ratio is align to the positive axis of
PC1 (Fig. 6).

Radiocarbon-based chronology

The radiocarbon ages obtained in cores 1 and 2 are
not in stratigraphic order, so their interpretation is
not straightforward (Table 1). To examine the possi-
ble range of ages for the composite core, we gener-
ated three radiocarbon-based age-depth models with
differing assumptions (Fig. 7). In addition to the
radiocarbon ages, the age of 4800 cal year BP (95%
range =4520-5105) was added at 312 cm depth in
the composite profile. This age is derived from the
age-depth model of Duarte et al. (2021) for core 5
(6 km away from core 1; Fig. 1) and marks the transi-
tion from brackish to freshwater conditions in Lake
Izabal (Duarte et al. 2021; Obrist-Farner et al. 2022).
The transition between oxic and anoxic conditions is
marked by a rapid increase in MS and Ti, and a rapid
decrease in S and in the log(S/Ti) ratio after 312 cm
depth in core 1 and 325 cm depth in core 2 (Fig. 2; SF
3, SF 5). Based on the lithostratigraphic correlation
between core 5 and cores 1 and 2 of Obrist-Farner
et al. (2022), the date was placed at 312 cm depth in
the composite profile.

Model 1 utilizes three radiocarbon dates
and suggests that the laminated segment of
the composite profile could span~3727 years,
from 7875 (95% range=7717-7995) to 4148
(95% range=3949-4351) cal year BP (Fig. 7).
Median sedimentation rates range from 0.09 to
0.12 cm year™! from 740 to 547 cm and then increase
to 0.13-0.17 cm year' between 547 and 389 cm
(Fig. 8). Model 2 is based on two radiocarbon dates
and the age of 4800 cal year BP (95% range is
4520-5105). Results indicate that the laminated seg-
ment of the composite profile could span ~2500 years,
from 8325 (95% range=7893-9221) to 5822
(95% range=5510-6116) cal year BP (Fig. 7).
Median sedimentation rates range from 0.15 to
0.22 cm year~! from 740 to 435 cm, followed by a
sharp decrease, ranging from 0.15 to 0.22 cm year™!
from 435 to 389 cm (Fig. 8). Model 3 is based on two
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«Fig. 6 a Principal component analyses for XRF ratios from
the thinly laminated mud zone for core 1 (top) and thin section
chip (bottom). b Digital core-scan image showing elemental
ratios for a section of the thinly laminated mud zone in core 1.
¢ Thin section radiograph (darker is higher density) showing
elemental ratios for the thin section chip from core 1

calibrated radiocarbon dates. Results indicate that
the laminated segment of the composite profile could
span~2422 years, from 6518 (6147-6926) to 4096
(3890 — 4288) cal year BP (Fig. 7). Median sedimen-
tation rates remain constant throughout the laminated
interval, ranging from 0.16 to 0.21 cm year‘1 (Fig. 8).

Lamina counting and varved age-depth models

To evaluate the manual laminae counts, we compared
the counts against the minimum, the maximum, and
the median of all the models performed by count-
MYvarves (Fig. 9). Varve chronology, based on
manual counts covers 2186+ 114 years (Fig. 9). On
the other hand, the varve chronology derived from
countMYvarves covers 2102 years, with a maximum
of 2187 years and a minimum of 2000 years (Fig. 9).
We also compared the manual and semi-automated
laminae-count models with 1000 MCMC age-depth
models obtained from the three radiocarbon-based
age-depth models (Fig. 10). The results for model
1 indicate that the sedimentation rate derived from
the varve model is similar to the radiocarbon-based
age-depth models until~590 cm. However, this
similarity breaks down in the lower 156 cm, with
the varve model predicting a higher sedimentation
rate (0.18 cm year‘l) than the radiocarbon-based
age-depth model (0.09 cm year™!). Models 2 and 3
have sedimentation rates (0.19 and 0.18 cm year_l,
respectively) comparable to that of the varve model

(0.18 cm year™!), with the varve-model ages coincid-
ing with the lower age ranges of the MCMC results
for both models 2 and 3 (Fig. 10).

Discussion
Laminae analysis

Our sedimentological observations reveal a detailed
and well-preserved laminated core section in Lake
Izabal (Fig. 9), covering a large part of the mid-
Holocene. Our analyses indicate that the dark and
light laminae are distinct, with differences in color,
composition, texture, and organic constituents. The
larger grain size and abundance of detrital grains and
allochthonous woody organic fragments suggest that
dark laminae formed during times of greater terres-
trial sediment input into Lake Izabal. This inference
is supported by a greater abundance of elements asso-
ciated with increased runoff, such as Ti, Zr, and Fe
(Davies et al. 2015; Fig. 5), as well as by a higher
concentration of total organic carbon (ST 1) and
higher log(S/Ti) ratio, a proxy for organic matter con-
tent (Moreno et al. 2007). The larger grain size is sup-
ported by higher abundance of Zr, which is typically
higher in coarse silt and very fine sand that contain
heavy minerals (Cuven et al. 2010). Our data suggest
that the dark laminae were deposited during times of
increased river runoff, most likely during the rainy
season, consistent with modern observations that
the hydrological regime exerts a significant control
on organic matter and sediment flow into Lake Iza-
bal, and that turbidity increases during the wet season
with input of detritus-laden waters (Brinson 1973).
Light laminae, on the other hand, have smaller
grain size, fewer detrital grains and lower organic

Table 1 Radiocarbon dates on samples from cores 1 and 2 in Lake Izabal, Guatemala

Sample type Accession number Core name MCD (cm) 14C age + 1o Mean age (cal  Error (1o)
(year BP) year BP)?

Wood fragment CAMS-185397 1 364 3645 40 3984 66

Wood fragment Beta-504957 1 428 5730 30 6526 52

Wood fragment Beta-516048 2 542 4530 30 5173 82

Wood fragment CAMS-185398 1 552 8860 80 9943 152

Wood fragment Beta-503614 1 739 7070 40 7895 45

#Radiocarbon ages at depth in the core were converted into calendar ages (cal year BP) using Oxcal 4.4 (Bronk Ramsey 2009) with

the calibration curve IntCal20 (Reimer et al. 2020). MCD denotes master-composite depth
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Fig. 7 Proposed age-depth
models for the composite-
core profile. Age-depth
models were constructed
using the Bayesian soft-
ware Bacon (Blaauw and
Christen 2011). Envelopes
between black dashed lines
show the 95% confidence
intervals. Red curves show
the single best model based
on the mean age for each
depth. See Fig. 2 for the
simplified lithological
legend. NR =core segment
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content (ST 1), and a higher abundance of diatoms
and sponge spicules (Fig. 4). These data suggest a
reduction in detrital input to the lake associated with
an increase in lake productivity. This is supported

@ Springer

by an overall increase in Si and the log(Si/Ti) ratio
(Fig. 6), indicating increased production and deposi-
tion of lacustrine biogenic silica (Brown et al. 2007,
Brown 2011, 2015). The decrease in grain size is
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Fig. 9 Results of the manual laminae counts and the semi-
automated models for the entire thinly laminated mud zone
(lowermost 351 cm of the composite profile). The semi-auto-
mated models were generated using countM Yvarves (Van Wyk
de Vries et al. 2021)

supported by higher abundances of K and Al as these
elements are associated with fine silt and clay layers
(Cuven et al. 2010; Clift et al. 2014). Our inference is
also supported by modern limnological observations
in Lake Izabal that indicate increased primary pro-
ductivity during the dry season (Brinson and Nordlie
1975), most likely as a result of greater light penetra-
tion in the water column due to decreased turbidity.
In summary, our sedimentological observations most
likely indicate that dark and light laminae formed in

within the dark laminae.

Throughout the thinly laminated mud zone, the
observed changes in XRF elemental abundances
do not systematically correlate with the observed
changes in the core photographs. There are two poten-
tial reasons for this discrepancy. First, the uXRF core
scans were carried out at 0.5 mm steps, while lamina-
tions in Lake Izabal are, on average, 0.64 mm thick
but range between 0.39 and 0.78 mm. The variability
in laminae thickness and constant 0.5 mm steps by
the core scanner would have resulted in variable lev-
els of aliasing. Second, the laminations in Lake Iza-
bal are not always parallel to each other and are not
always perpendicular to the core tube. The ITRAX
has an 8-mm wide analytical footprint, so measure-
ments from fine non-horizontal laminae could repre-
sent combined results from two or more laminae. The
thin-section chip was analyzed at a much finer resolu-
tion (0.04 mm) to characterize the laminae at greater
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detail (Marshall et al. 2012), providing a better repre-
sentation of the elemental variability of the laminae
present in the sediment cores.

Age models: laminations as varves
Difficulties in obtaining radiocarbon ages throughout

the core make it challenging to prove that the lami-
nae couplets are annually deposited. However, the
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combination of previous knowledge of basin-wide
geochemical changes (Obrist-Farner et al. 2022),
three radiocarbon age-depth models, manual lami-
nae counting, and the semi-automated varve-counting
method allowed us to infer the annual character of
the laminations. Similarities between the age-depth
relationships established by our manual counts, the
countMYvarves software, and radiocarbon age-
depth models 2 and 3 provide evidence to support
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Fig. 11 Depositional model
of the thinly laminated

mud zone in Lake Izabal. a
Deposition of dark laminae
during the summer wet sea-
son, characterized by a high
abundance of organic mat-
ter and detritus. b Deposi-
tion of light laminae during
the winter and spring dry
season, characterized by a

Summer wet season

Winter/Spring dry season

high abundance of biogenic
silica and reduced detritus

Epilimnion

Chemocline

. Light laminae

Hypolimnion . Dark laminae

Terrigenous
minerals and
organic matter

__ Biogenic silica
#" (diatom
fragments and
sponge spicules)

our interpretation of the laminae as varves. Further,
our methodology helps reduce the time necessary
to provide uncertainty estimations in manual lami-
nae counts (Zolitschka et al. 2015; Zarczyr’lski et al.
2018). For example, countMYvarves provides mul-
tiple simultaneous counts (i.e., five iterations along
12 different transects), which speeds up the counting
process and improves the transparency and reproduci-
bility of the results (Van Wyk de Vries et al. 2021). In
our study, the manual counts are consistent with the
semi-automated counting approach and are within the
uncertainty calculated by the semi-automated model
(Fig. 9). We show that by combining manual counts
with the semi-automatic counting models from count-
MYvarves, laminae counting can be improved and
corroborated, providing objective results that are less
time-consuming.

The scarcity of macroscopic organic fragments
and lack of stratigraphic order in our radiocarbon
results led to substantial uncertainty in our age-depth
models. Several processes could have resulted in the
anomalous radiocarbon dates obtained from the two
cores. Material that is older or younger than the sur-
rounding sediment can be the result of sampling too
close to the outside edge of the core; however, all of
the dated wood fragments were obtained from the
middle of the core where the laminations were intact.
The penetration of roots from emergent or terrestrial
vegetation down into the cored sediments can result
in ages that are too young, but this is highly unlikely

as the cores were collected in deep water and there
is no evidence of root structures in the sediment.
On the other hand, the anomalously old radiocarbon
ages (e.g., 552 cm) in the three radiocarbon models
(Fig. 7) could be attributed to the input of reworked
old carbon material into the lake sediments. The
introduction of old carbon material into younger
sediment is a common feature in Lake Izabal (Obrist-
Farner et al. 2019), especially in cores taken near the
large wetland and river delta located in the western
side of the lake (Fig. 1).

Despite the difficulties in establishing chrono-
logical constraints in cores 1 and 2, additional sup-
porting information helped us discriminate between
the possible chronologies for the laminated section.
First, the presence of laminae in both cores and their
thickness trends is inconsistent with abrupt changes
in sedimentation rates within the laminated sections,
required by both radiocarbon-based models 1 and 2.
Deposition of laminae with similar thickness indi-
cates that sedimentation rate was relatively constant
during the mid-Holocene. A constant sedimentation
rate for the laminated sediment section is also sup-
ported by the age-depth model and sedimentation
rate from core 5 (Fig. 1; Duarte et al. 2021). Second,
Duarte et al. (2021) reported a linear sedimentation
rate of ~0.08 cm year™! for the laminated segment of
core 5 based on an age-depth model with 11 radiocar-
bon dates. This sedimentation rate is half of the one
reconstructed based on radiocarbon age-depth models
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2 and 3 and based on the varve-age-depth model.
However, the laminated segment of cores 1 (351 cm)
and 2 (325 cm) differ in thickness from the laminated
segment of core 5 (210 cm), suggesting that the sedi-
ment rate in the deeper, more central part of Lake Iza-
bal was at least twice as high as in the core 5 location.
Changes in sedimentation rates and net accumulation
for the deeper part of the basin can be related to sed-
iment-focusing processes (Davis and Ford 1982) and
to the proximity of cores 1 and 2 to the large delta of
the Polochic River (Fig. 1). Finally, model 2 includes
a date of 4800 cal year BP assigned to the transition
from persistent bottom-water anoxia to oxic bottom
waters at the shallower core 5 site (Duarte et al. 2021;
Obrist-Farner et al. 2022). Interestingly, exclusion of
the 4800 cal year BP date from model 3 increases the
similarity between the radiocarbon age-depth model
and the varve model (Fig. 10). This suggests that the
change from brackish to freshwater might not have
occurred at the same time in the deeper parts of the
basin. Instead, our results suggest that the change
may have been gradual, with the brackish to freshwa-
ter transition occurring ~ 730 years later in the deeper
part of Lake Izabal. One plausible explanation for the
gradual change from brackish to freshwater condi-
tions is the differences in water depth between coring
sites. Gradual erosion of the chemocline by the con-
stant input of freshwater into Lake Izabal would have
resulted in time-transgressive changes from anoxic
to oxic waters, with shallower coring sites (i.e., core
5 location) gradually changing to freshwater condi-
tions earlier than those in the deeper part of the basin
(cores 1 and 2).

In conclusion, our results support our infer-
ence that the laminated intervals of cores 1 and 2
are varves and that radiocarbon model 3 is the most
plausible, based on the dates in hand. The implied
changes in sedimentation rates in both radiocarbon-
based models 1 and 2 are not supported by our sedi-
mentological observations. Additionally, the likeli-
hood of the introduction of young carbon is low in
the laminated segment of the Izabal cores. It is likely,
however, that older carbon-bearing materials from
the Polochic wetland were introduced into the system
and transported to the deeper parts of Lake Izabal. If
these inferences are correct, the laminated segment
of Izabal cores 1 and 2 spans around ca. 2200 years
based on our floating varve chronology, spanning
from~6300 to~4100 cal year BP, thus providing the
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first mid-Holocene annually laminated sedimentolog-
ical record from the northern Neotropics.

Conclusions

Sedimentological and geochemical analyses of
thinly laminated intervals in sediment cores from
Lake Izabal provide new insights into the nature
and chronology of the laminations and the pro-
cesses that led to their formation. The laminated
section consists of alternating clastic (dark) and
biogenic (light) laminae couplets that are distinctly
different in their color, texture, and composition.
These couplets most likely formed by the character-
istic seasonality in precipitation observed in west-
ern Central America and were preserved during a
time when Lake Izabal’s bottom water was anoxic.
Despite uncertainty in our radiocarbon age-depth
models, multiple lines of evidence presented here
suggest that the laminae couplets are varves. Addi-
tional cores and radiocarbon dates would help to
further refine and constrain the chronology of the
laminae. Nonetheless, this work provides a detailed
view of the sedimentary, geochemical, and biologi-
cal processes that led to the formation of the lami-
nae in Izabal, documenting one of the first annually
resolved sedimentological records from the region
spanning the mid-Holocene.
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