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Contaminated legacy sediments contribute to modern pollution loadings, particularly trace metals. These contribu-
tions are challenging to quantify as metal histories reconstructed from sediment records cannot be easily divided
into legacy and concurrent contamination. In particular, the contribution from re-mobilization and delivery of legacy
metals stored in catchment soil, colluvial, and fluvial environments are rarely considered or quantified when interpret-
ing sediment records. Here, extended records of metals accumulation for a set of three lakes in Yunnan, China are com-
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pared with endmember chemistries using Monte Carlo-Markov Chain mixing models to help identify source
contributions to the sediments. This approach allows attribution of metals transported by atmospheric and fluvial
mechanisms in a region with a history of mining and metallurgy spanning millennia. These analyses reveal distinct
source mixtures and demonstrate the sensitivity of lake records to basin sediment dynamics. In particular, substantial
proportions of elevated metal concentrations in these lake systems seem to arise from soil contributions more than
from atmospheric deposition of smelting emissions. The largest soil contributions seem to be in Erhai, a lake with ero-
sion prone soils closely “connected” to the lake. Moreover, these invesigations illustrate the potential for mixing ap-
proaches to accommodate and clarify uncertainties in metal source and extraction as differences in extraction
efficiency can be incorporated into source uncertainty estimates. Ultimately, these approaches emphasize the need
to account for fluvial metal transport in interpretation of sediment histories.

1. Introduction

Bartlein, 1997) to chemical contaminants (Spliethoff and Hemond, 1996;
Callender and Rice, 2000; Mahler et al., 2006). However, modern sediment

Lake sediment records enable reconstruction of past conditions ranging
from climate (Liu and Fearn, 1993; Colman et al., 1995; Smol et al., 2005)
to vegetation (Hu et al., 1993; MacDonald et al., 1993; Whitlock and
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chemistry analysis approaches are challenged in precisely attributing sedi-
ment metals among anthropogenic and background sources. The most com-
mon approaches are the use of lithogenic element normalization and
enrichment factors, i.e., comparisons of sediment metal content to concen-
trations expected in the background sediment (Boés et al., 2011). If land-
scapes have numerous depositional environments, comparison of the
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record of interest with records dominated by atmospheric signal (i.e., large
lake surface/catchment area ratios (Urban et al., 1990), ice cores (Beaudon
et al., 2017), or peat cores (Shotyk et al., 2000)) can separate atmospheric
contributions from non-atmospheric contributions. Finally, isotope compo-
sitional approaches can differentiate among ore bodies and human sources
that 1) rely on single or limited ore bodies and 2) have metal compositions
distinct from local geochemistries (Shi et al., 2021). However, none of these
approaches alone can clarify the complicated mix of human activities that
dictate the sediment chemistries observed in most systems with substantial
human populations.

Denser human populations are more likely found in larger catchments,
and metal contributions to lake sediments grow more ambiguous as multi-
ple potential transport pathways and source variety (including legacy sedi-
ments) are integrated into the delivered signal. Other approaches generally
quantitatively attribute the excess metal content to the disturbance (in this
cases humans). This simple attribution precludes the apportionment of
these materials to distinct human driven processes (e.g., are they enriched
as soil? Enriched further (or even depleted) during alluvial storage?).
Both soils and sediments accumulate contamination, and create a distinct
and additional source of metal contamination to lake sediments once they
are mobilized. This accumulation cannot be resolved by normalization ap-
proaches without substantial additional sampling and analysis. In the liter-
ature, while methods to reconstruct “human loadings”, particularly
atmospheric loadings, are well developed, methods to partition sediment
chemistry among these landscape sources and provide appropriate con-
straints during interpretation of these records are not well developed.

The clarification of fluvial inputs is particularly relevant given the re-
cent recognition of the importance of legacy sediment in geomorphic sys-
tems. Sediment chemostratigraphy has long been used to infer floodplain
processes (Knox, 1987; Marron, 1992; Hudson-Edwards et al., 1997; Bain
and Brush, 2005). We know that mobilization of metal contaminated legacy
sediments can be devastating to in-stream biological systems (Moore and
Luoma, 1990). However, the connection between trace metal legacy con-
tamination and the delivery of metal contamination to receiving waters is
only rarely recognized and considered in material budgets (Spliethoff and
Hemond, 1996; Pizzuto, 2014). Addressing legacy sediment challenges re-
quires tools to assess the risks they pose to downstream areas.

Mixing models are a fundamental approach for attribution of contami-
nants in complicated source mixes. These models range in complexity
from linear mixing of components derived from factorial approaches
(Hooper et al., 1990) to simple and direct mixing of distinct isotopic compo-
sitions in very specific chemical species (Bouchaou et al., 2008; Cole et al.,
2011). To date, mixing approaches are less common in sedimentary analy-
ses relative to water analyses. However, mixing model approaches are one
potentially powerful means to partition the trace metal content observed in
sediment records. Specifically, Monte Carlo Markov Chain (MCMC) ap-
proaches have emerged to interpret food webs (Parnell et al., 2010;
Layman et al., 2012; Phillips et al., 2014) with substantial overlaps in
source compositions and variability in source signatures. For example,
these approaches have been adapted to urban stream chemistry to estimate
loadings from poorly constrained sewer sources and denitrification pro-
cesses (Divers et al., 2014; Xia et al., 2017). The further application of
these MCMC approaches to sediment chemistries can allow portioning of
metals among complicated and uncertain sources, in this case, atmospheri-
cally and fluvially delivered metal contaminants. Further, the MCMC ap-
proach allows for the potential to account for differences in operational
sediment extraction methods when predicting source mixes.

This paper applies MCMC mixing model methods to lake metal sedi-
ment records from the Yunnan province in China and partitions observed
metal content to relevant sources. The Yunnan is one of the only field loca-
tions where examination of a long (>500 yrs) history of legacy extraction
and refining can be compared with abundant lake sediment records
(Hillman et al., 2014, 2015, 2018). This paper partitions the trace metal his-
tories recorded in three lakes, Erhai, Xingyun, and Dian based on literature
geochemistry values to characterize the relative contributions of fluvially
transported metals to these lake systems.
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2. Study site and methods

Yunnan Province is located in southwestern China and home to numer-
ous lakes formed by tectonic processes (i.e., development of fault basins)
(Zhu et al., 1989). This study focuses on lake sediment records of metal con-
tent from three lakes: Erhai, Xingyun, and Dian (Fig. 1, Table 1). These
lakes have long histories of metal accumulation, with accumulation of Pb
and Hg apparent in Xingyun 1500 years before present (Hillman et al.,
2014), the accumulation of Pb in Dian 2000 years before present
(Hillman et al., 2018), and a substantial peak in Pb contamination in
Erhai ~700 years before present (Hillman et al., 2015). In addition, all of
the analyzed lakes are impacted by substantial increases in soil erosion
and deposition associated with local forest clearance (Hillman et al.,
2014, 2015, 2018). Therefore, more recent metal inputs could be associ-
ated with sediments stored in fluvial/colluvial environments before trans-
port to the lake.

2.1. Core chronology

Core geochronologies were developed using identifiable terrestrial mac-
rofossils including leaves and charcoal (Table S1). Samples were processed
at the University of Pittsburgh (Abbott and Stafford, 1996) and analyzed at
the W.M. Keck Carbon Cycle Accelerator Mass Spectrometry Laboratory at
the University of California Irvine following standard pretreatment (Olsson,
1986). The INTCAL20 calibration curve (Reimer et al., 2020) was used to
calibrate the measured ages. >'°Pb, 2*Pb, and '*"Cs activities were mea-
sured in the Xingyun and Erhai lake cores to constrain the ages of the
upper 20 cm of sediment. The constant rate of supply *'°Pb age model
(Appleby and Oldfield, 1983) was used to estimate >!°Pb stratigraphy. In
the Dian sediment core the >'°Pb never reached supported concentrations
estimated from 2'*Pb activities. This study relies on previously published
data and therefore reflects evolution in age-model development. Sediment
ages were input into the BACON 2.2 code (Blaauw and Christen, 2011)
(Xingyun and Dian) or the CLAM 2.2 code (Blaauw, 2010) (Erhai) to esti-
mate most likely age models in the statistical software package R (R Core
Team, 2013). We did not reassess the Erhai model as the differences be-
tween Clam 2.2 and BACON 2.2 lie in the assessment of uncertainties and
resultant sedimentation rates are not distinct enough to justify reassessment
(Trachsel and Telford, 2017), particularly as all of these age models have
been evaluated in peer review. Age models are laid out in greater detail
in the respective papers (Hillman et al., 2014, 2015, 2018).

Given the strongly contrasting time periods the cores represent, for this
paper we focus on core sediments younger than 4000 years BP to simplify
inter-core comparisons. This scope allows a deeper analysis of this inter-
lake comparison than would be possible if changes across tens of thousands
of years were considered. Though the earliest human activities in the region
are of considerable interest (Yao, 2005; Yao and Zhilong, 2012; Yao et al.,
2015), there are substantial activities to untangle in more recent human his-
tories. The longer time scales are beyond the scope of this paper and will be
analyzed separately.

2.2. Core sediment geochemistry

The chemostratigraphies of the cores were reconstructed by extracting
metals from 0.5-1.0 cm core increments every 3-5 cm down-core for
metal analysis. Increments were freeze-dried and homogenized. A ~ 0.1 g
subsample from each increment was extracted with 1 M HNO; for ~24 h
(Graney et al., 1995). This method is designed to extract anthropogenic
metals and metaloids, in particular, both those associated with exchange
sites and most of the other non-residual phases.

A subset of sediment samples were also extracted in aqua regia to eval-
uate the potential contriubtion of residtual mineral matrix chemistry to
ratio signals. Small subsamples of freeze-dried, pulverized sediment
(0.03-0.04 g) were refluxed in aqua regia (3:1 vol:vol HCI:HNO3) and
dried down until detrital material was no longer observed in the digestion
liquid. Once the material was digested the final aqua regia digestate was
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Fig. 1. Location of lakes, including lake catchment boundaries. Inset shows location of map in China (grey box is the extent of the larger map). Historical mine locations and
type shown with symbols: diamonds (zinc), squares (silver), and copper (triangle) (Kim, 2011).

dried down and the digested materials dissolved in sub-boil distilled 2% ni-
tric acid (the ICP matrix).

All extractants were diluted in 2% sub-boil distilled nitric acid for matrix
consistency during measurement of metal concentration on a PerkinElmer
Nexion 300x inductively coupled plasma mass spectrometer (ICP-MS) at
the University of Pittsburgh. Every 10th sample was run in duplicate. In
the metals presented here, duplicate concentrations were always within
10% of each other and within 5% the vast majority of the time. During mea-
surement blanks were run every 10 samples to assess memory effects. In ad-
dition, drift checks were run every 10 samples to assess instrument drift.

2.3. Mixing space definitions

The mixing space was developed empirically. Element-element relation-
ships were examined using scatter matrix plots of all core metal data to iden-
tify linear or multiple linear relationships (such relationships indicate
consistent ratios between elemental compositions useful in end-member
mixing analysis). Ratios identified in the scatter plot were compared in
ratio-ratio plots to identify strong candidates for mixing analysis (e.g., the tri-
angular cloud in Fig. 2). Finally, these clouds were compared with literature
elemental ratios for appropriate endmembers to assess how these
endmembers bracketed the data in ratio-ratio space. The Pb/Cd vs Cu/Zn
mixing space emerged from this process, particularly given the ratio-ratio

Table 1
Lake and core characteristics of cores discussed in this study.

composition of potential endmembers important in the differentiation
among various legacy contaminated sediment sources:

1) “Background”: Ideally, this endmember reflects the geochemistry of
source rocks local to the geographic scope of the mixing analysis. In a
complicated geologic environment such as the Yunnan, some sort of
weighting is generally used in determining average values. For example,
weighting based on the relative weathering rates of specific mineral
components in the bedrock allows accurate estimates of endmember
contributions (Bullen et al., 1997; White et al., 1999). However, in
many cases geochemical data on all of the bedrocks encountered simply
do not exist. In these cases broad aggregations such as upper continental
crust (UCC) concentration are used. Here a systematic measurement of
elemental content in rocks characteristic of the Yangtze craton (Gao
et al., 1998) is used. While Erhai is located just outside of the Yangtze
Craton, we assume that the trace metal information from the Yangtze
Craton will be more representative than UCC estimates drawn from
broader geographic regions.

“Smelter”: This endmember should represent the chemistry of industrial
emissions from metal refining operations. Reliance on modern measure-
ments of actual stack emissions will be strongly biased by technological
improvements in efficiency and emission controls. Therefore, for this
endmember we rely on measurements of soil chemistry near smelters,

2

—

Lake Lake Surface Area Catchment Area Lake Max. Year Core Core site Water depth at core  Number of sediment samples  Drives and depths
(km?) (km?) Depth (m) Collected coordinates site (m) analyzed
Erhai 250 2300 21.5 2012 25°43’38”N 11 121 Composite depth 2.59 m
100°12017E
Dian 300 2800 5 2012 24°53’09”N 102°40’02"E 5 53 Composite depth 3.96 m
Xingyun 34 380 11 2008 24°21’57”N 11 79 D-1: 2.65 m
102°47°29”E D-2:2.49 m
D-3:2.33m
D-4:2.71 m
D-5:2.6 m

No overlaps
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Fig. 2. Sediment increment chemistries plotted in trace metal ratio space (grey symbols) defined by relevant endmember chemistries, as labeled (large orange symbols). The
near smelter soil samples are shown with orange dots encompassed by the grey area. Determination of the endmember is based on the average of the dots and the bounds of

the grey area.

collected in the Yunnan (Lanping: Peng, 2009). In the near smelter envi-
ronment, we assume that the magnitude of emissions will be sufficient
to make the smelting emission chemistry dominant in the anthropo-
genic portion and that the emissions near site are reflective of emissions
over wider spatial areas. This chemistry collected from the literature is
consistent with spatially broader estimates of emissions chemistry
(Pacyna and Pacyna, 2001).

3) “Soil”: This endmember is based on the metal content of local soils and
is assumed to reflect the geochemistry of soils that have accumulated at-
mospheric deposition of metals over millennia of human occupation in
the province. We rely on average data reported for the Yunnan as “back-
ground” soil content, i.e., these soils were sampled in areas not subject
to contamination directly downwind of known point sources (China Na-
tional Environmental Monitoring Center, 1990; Chen et al., 1991). This
choice was intended to use values less impacted by human activities
over the 4000 year period.

4) “Coal”: Coal s historically one of the primary fuels in China (Conti et al.,
2016). The geochemical signature of coal combustion emissions is an-
other potential endmember contribution to lake sediment geochemistry.
We gathered a wide variety of coal chemistry measurements from Yun-
nan and western Guizhou coals (Dai et al., 2003, 2004, 2006, 2007,
2008a, 2008b, 2014; Wang et al., 2012). In addition, we relied on the
review and aggregation presented by Tian et al. (2015).

2.4. Mixing models
We utilized the SIAR mixing model approach (Parnell et al., 2010) based

on Monte Carlo-Markov Chain (MCMC) methods to reconstruct relative con-
tributions of endmembers to the sediment chemistry observed in the cores.

This mixing model was developed for use with stable isotope ratios in food
webs with substantial overlap in the isotopic compositions of food sources.
Here we use elemental ratios derived from the sediment core chemistry
and the potential endmembers. We have adapted this approach because
both isotope ratios and elemental ratios are used to probe dynamics systems
with wide variance in concentration. Isotopic approaches allow examination
of dynamics within a single element. We assume the relatively low assimila-
tion rate of most trace metals by most biotic and geophysical processes pre-
serves ratios in trace metal content and allows examination of source
mixing. Further, in many cases, once trace elements are associated with a
mineral surface or organic matter, they remain associated unless they en-
counter relatively rarer chemical conditions (e.g., reducing zones). There-
fore, even if these metals are stored for significant periods on the
landscape, we expect ratios of metals to remain relatively consistent, preserv-
ing the terrestrial sediment signature. That said, if one element in a ratio pair
is dramatically consumed by a particular process, this is equivalent to a frac-
tionation processes in stable isotopic analysis and these processes can be sim-
ulated in the SIAR framework.

We utilized SIAR mixing models with all four endmembers described
above and with smelter/soil/background endmembers (i.e., coal was omit-
ted). Concentration dependencies were not used in SIAR models as interest
is in estimates of proportional source contributions. Fractional corrections
were not incorporated as we assumed minimal fractionation in the elemen-
tal ratios for this initial adaptation of the methodology. The SIAR defaults
for prior probabilities of source proportions were used so initial proportions
were Dirichlet distribution (Parnell et al., 2010). Models were run for
500,000 iterations, with a burn-in of 5000. Chains were thinned by 15
and convergence evaluated with the diagnostics built into the SIAR
package.
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Table 2
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Endmember ratio values used in mixing models discussed in this study. Parenthetical values are standard deviations used to define uncertainty. End member values were

developed as described in Section 2.3.

Scenario Background Smelter Soil Coal

Pb/Cd Cu/Zn Pb/Cd Cu/Zn Pb/Cd Cu/Zn Pb/Cd Cu/Zn
Base 0.013(0.00853) 0.415(0.172) 12.7(15.4) 31.9(16.8) 140(18.0) 0.501(0.354) 28.2(21.6) 0.815(1.02)
Base, Smelter Sensitivity 0.013(0.00853) 0.415(0.172) 12.7(15.4) 15.0(16.8) 140(18.0) 0.501(0.354) n.a.

2.5. Sediment connectivity

Sediment connectivity between upland areas and the lakes was assessed
using methods developed by Cavalli et al. (2013). These methods define
sediment connectivity as the ratio between the upstream sediment produc-
tion potential and the gradient of the downstream path.

3. Results & discussion
3.1. Endmembers

The endmember values (Table 2) determined from the literature gener-
ally bracket the metal chemistries measured in the cores (Fig. 2). In the case
of the coal endmember, the variability in the measured coal chemistries
was larger than the variability in observed core chemistries (Fig. S1). How-
ever, re-examination of these values revealed that many coal chemistries
were measured as geological oddities (e.g., examination of a coal seam
that had interacted with hydrothermal waters (Dai et al., 2004)) or were
measured in coals that were not primary energy sources historically or at
present (Dai et al., 2004). Available literature did not provide sufficient

. Background Soil

data to create a weighted value, therefore, during subsequent analyses we
have used the aggregated chemistry of coal from the Yunnan Province re-
ported by Tian et al. (2015) as the representative coal endmember (Fig. 2).

3.2. Scenarios — base

The first mixing model scenario used all four basic endmembers
(Table 2). Each lake was run separately and source contributions to metals
observed in the cores estimated (Fig. 3). This scenario reveals limitations in
the analysis methods. The metal ratio combination characteristic of coal is
located essentially in the middle of the data cloud, resulting in a strong like-
lihood of the model predicting a substantial portion of the mix from coal to
sediment metal concentrations. The coal endmember is predicted to con-
tribute roughly a third of the mix consistently across cores and through
time (Fig. 3). This contribution is predicted throughout the entire sediment
record (including sediments older than 4000 bp), yet the earliest docu-
mented use of coal in China is ~4000 bp (Dodson et al., 2014). Further,
this analysis assumes that the coal contribution reflects raw coal content
despite the strong likelihood of fractionations in metal content during com-
bustion and rain out processes. The widespread use of coal would suggest a

Smelting . Coal

Erhai

0 1000 2000

3000

Dian

Proportion of Source

0.25

Xingyun

0 1000

2000 3000

YearsBP

Fig. 3. The relative contributions of source endmembers to lake sediment chemistries through time. These results are from a mixing model that includes the coal endmember.
Summary measures of each data series including uncertainties are presented in Figs. S2-S4.
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relatively diffuse contribution across the landscape, a signature that is likely
redundant with the soil signal. For these reasons, the mixing analysis was
conducted without the coal endmember for all subsequent analysis.

3.3. Scenarios — base without coal

The second mixing model scenario considered only the background,
soil, and smelter endmembers (Table 2) and was run for each of the lakes
separately to partition metals to each source (Fig. 4). The mix of source con-
tributions varies among the lakes. At ~4000 bp, all three lakes have similar
endmember contributions, roughly 50-60% background, 20-30% soil, and
10-20% smelter. This proportion remains relatively consistent through
2000 bp.

In more recent periods (2000 bp to present) the source contributions are
more variable and dynamic. Between 800 bp and 500 bp in Erhai is a period
where the soil endmember dominates sediment chemistry. In contrast, the
sediment records reconstructed from the other two lakes indicate metal
source proportions are more consistent. Dian has a period where the impor-
tance of the soil endmember grows (1500 bp to 500 bp), but the shift to soil-
like chemistry is not nearly as stark as Erhai. In more recent periods Dian
has the highest contribution of background material, with roughly three
quarters contributed by background sources. Finally, Xingyun has the
most consistent mix of sources through time, with minimal deviations
from the mix observed beginning around 4000 bp. Some this variability ap-
pears to result from basin geologic and topographic characteristics, dis-
cussed in detail below.

Available data and natural heterogeneity do not allow quantitative com-
parison among lakes. For example, variability in bedrock chemistry likely

. Background

| s
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contributes to the variability of the relative contributions of background
and soil among the lakes (e.g., background contributions are more impor-
tant in Dian than Erhai). Assigning an accurate, lithology-weighted chemis-
try to a single basin is a challenge in itself. Further, this lithology weighted
estimate, if possible, does not account for wide variation in mineral
weathering kinetics and the distribution of geochemical environments
(e.g., wetlands or fracture zones) in a particular basin. Therefore, the vari-
ation in the background/soil mix from lake to lake likely results from
local variations in geochemistry and geomorphology rather than differ-
ences in absolute background and soil contributions. Additional sampling
of basin geologic materials may reduce this interbasin variability.

In addition, we fully expect the soil end member evolved through time.
However, it is not at all clear this evolution was monotonically to more con-
taminated status. Soil erosion preferentially operates on shallow soils,
zones with relatively greater amounts of organic material and iron
oxyhydroxides, or areas where metals would accumulate. Therefore it is
likely this endmember fluctuated through time as accumulations were
eroded and new soil materials formed. The endmember is based on mini-
mally impacted soils (China National Environmental Monitoring Center,
1990), which should minimize fluctuations to a more contaminated status.
Beyond that, there seems no good way to characterize these changes
through time. This evolution may explain the gradual increased “soil” con-
tribution from 4000 to 2000 years BP in all lakes (Fig. 4). That said, these
uncertainties are greatest in the early periods, periods that are relatively
consistent in relative contributions (Fig. 4).

The consistent contribution of the smelter endmember does not neces-
sarily agree with known human history in the region. There are potential,
but unlikely, explanations for the contribution of this endmember such as

Smelter
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2000 3000
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Fig. 4. The relative contributions of source endmembers to lake sediment chemistries with time in the Base without Coal scenario. Specific measures of each data series

including uncertainties are presented in Figs. S5-S7.
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wildfires mobilizing metals from vegetation or soil above local ore out-
crops. However, it is much more likely that this consistency is a result of
the relatively extreme smelter endmember value and the resultant insensi-
tivity of the mixing space to the smelter endmember. In particular, mean
values for smelter contributions seem to be driven by extreme values
given the relationship between the mean and the median in individual
source contributions (Figs. S5-S7). To examine this sensitivity, simulations
were repeated using a mean smelter endmember with a Cu/Zn ratio half of
that in the observed smelter endmembers (i.e., the ratio was decreased from
31.9 to 15, with variability identical to the observed values, Table 2. Note
this value was arbitrary and meant to simplify interpretation of the sensitiv-
ity results.). In these simulations the mixing analysis predicted a 50% in-
crease in the relative contributions of smelter sources (Fig. S8). Since near
smelter sites are strongly enriched in copper, relative increases in copper
concentrations in lake sediments must be substantial in order to move the
predicted mixture toward smelter inputs. This sensitivity analysis demon-
strates that if copper enrichment of near smelter soils were lower, then a
larger portion of lake sediment chemistries would be predicted to be
smelter inputs. Without additional precision in local geochemical condi-
tions, particularly atmospheric deposition chemistry, this mixing space
will remain at least in part qualitative.

Regardless of the limitations arising from imprecision in endmembers
and challenges in the mixing space, the changes in relative contributions
of smelter and sediment bound inputs match well with other reconstruc-
tions of environmental and human conditions based on cores in these
lakes. In Erhai, there is a dramatic shift to dominance by soil endmember
chemistry between 800 and 500 bp. This shift corresponds with the Yuan
dynasty and subsequent periods, an interval of intense human activity
(Hillman et al., 2015). Dian sediments also match with human histories
documented elsewhere. The gradual increase in the contribution of soil
endmember chemistries at ~1500 bp coincides with the intensification of
terraced agriculture in the Yunnan Lakes region and physical changes in
the sediment noted in the core (Hillman et al., 2018). Maximum contribu-
tions from the soil endmember occurs roughly 1200 years BP, and follow-
ing this maximum, the contribution of the soil endmember gradually
declines, replaced by the contributions attributed to the background.
There is a secondary maximum in soil endmember contributions around
900 bp. This increase in soil contributions coincides with a period of lake
level decline due to manipulation of the lake outflow (Hillman et al.,
2018). In more recent core sediments (500 bp to present) the mix returns
to proportions measured prior to substantial human impacts, though
smelter endmembers are increased in these sediments relative to the
older sediments. This signal may result from the proximity of Kunming, a
rapidly growing urban center, adding an urbanization influence not as ap-
parent in the other lakes.

3.4. Metal extraction methods and sediment chemistry signals

The metal extraction methods used in this study have been widely uti-
lized in previous reconstructions of sediment chemistries (Abbott and
Wolfe, 2003; Pompeani et al., 2013; Hillman et al., 2017; Rossi et al.,
2017). However, as we begin to compare metal histories among lakes, it's im-
portant to clarify what signal the extraction captures. The 10% nitric extrac-
tion should effectively extract all exchangeable and carbonate bound metals,
in addition to extracting a substantial, but not necessarily quantitative, por-
tion of the Fe/Mn oxide and organic bound fractions (Tessier et al., 1979;
Horowitz, 1984; Graney et al., 1995). Graney et al. (1995) consider this to
reflect the “anthropogenic” fraction. Therefore, we expect the sediment
chemistry to reflect metals accumulated during recent pedogenesis, transport
to the lake, and scavenging of metals in the water column from atmospheric
deposition to the lake surface during settling. In contrast, the measurements
of the soils, background (i.e., UCC), etc. used to estimate endmembers are
total measures (i.e., complete digestion of the sediments that may include
use of hydrofluoric acid to digest the silicate matrix). While this discrepancy
can influence this mixing analysis, the uncertainty framework allows exam-
ination of these discrepancies and accounting for the uncertainty.
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To examine this source of uncertainty, a subset of thirty-two sediment
samples from Dian and Erhai were digested using a more aggressive aqua
regia total digestion described in the methods. As expected, the different di-
gestion methods measure unique phases of the sediment chemistry, with
relative enrichments in copper and lead in the nitric acid extracted metal ra-
tios (Fig. S9, note this is a plot of ratios). These enrichments result from in-
creased yields of Zn and Cd in the aqua regia extraction that lower the ratio.
This is consistent with Graney et al.'s (1995) interpretation of the extrac-
tion, as the increased relative fluxes of Cu and Pb due to human activity
are captured by the extraction.

This does present challenges in the interpretation of the mixing model,
as direct comparison of the endmembers and sediment chemistries is not
only uncertain due to normal environmental variance, it is also uncertain
due to extraction biases. Use of the MCMC approach allows accounting
for these differences in extraction. The additional uncertainty can simply
be used to compensate in endmember definitions and match sediment
chemistries. If more aggressive methods extract, on average, more Cd and
Zn, the endmembers can be “adjusted” to reflect the expected results
from a 10% nitric extraction. That is, given the relative enrichment in
Cd and Zn in the nitric extracts, particularly at higher ratios, we can in-
crease endmember values to reflect this systematic difference (Fig. S10,
Table 2).

When endmembers are altered to account for the differences in extrac-
tion methods, background contributions to sediment chemistry is estimated
to increase (Fig. S11). This change mutes the predicted contributions from
the fluvial and smelter sources, though general trends remain the similar to
those in Fig. 4. An enhanced measurement of soil geochemistries in these
catchments would provide a more quantitative comparison across basins.
Regardless, the qualitative differences remain. Further, the MCMC ap-
proach allows flexibility in matching contrasting geochemical data.

3.5. Geologic influences on lake sedimentation and core chemistry

Yunnan's geology influences the measured lake records. Three processes
are identified and discussed here: 1) catchment bedrock and soils, 2) lake-
upland sediment connectivity, and 3) tectonic activity. These processes are
fundamental to the interpretation of the lake records. In these three lakes
observed patterns are consistent with the expected geologic influence.

Bedrock in the Yunnan lake region is complicated and available map-
ping (Province Bureau of Geology and Mineral Resources of Yunnan,
1990) remains coarse (Fig. S12). There are five general geologic materials
forming regional bedrock: granitoid/plutonic materials, carbonate domi-
nated sedimentary/metasedimentary rocks, sandstone dominated sedimen-
tary/metasedimentary rocks, metasedimentary (slate and leptynite), and
near shore deposits. Xingyun only drains metasedimentary and carbonate
bedrock (Fig. S12). Sediment production from both rock types can be
small relative to other lithologies (Syvitski and Milliman, 2007). Carbonate
weathering tends to be dominated by the dissolved load and slate weathers
slowly due to mineralogy and rock morphology. This expected lower sedi-
ment production likely limits delivery and explains the importance of
smelter endmembers to sediment chemistry in Xingyun compared to
Erhai and Dian, which both contain substantial regions of granitoid and
sandstone lithology. Likewise, comparison of the Erhai catchment with
the Dian catchment reveals proportionally more plutonic/granitoid rock
connection to the lake. In the Dian catchment, only a small southern portion
of the lakeshore connects with the plutonic/granitoid materials compared
to at least half of Erhai's western shore. The soils developing above the plu-
tonic/granitoid lithology are mapped as luvisols (Fig. S13), a relatively fer-
tile soil that does not occur widely in the other watersheds. These contrasts
in soil (sediment) production likely contributes to the muted fluctuations in
the soil chemistry endmember contributions observed in the Dian and
Xingyun lake records.

In terms of sediment delivery, near lake soils are disproportionately im-
portant. Sediment mobilized near the lake has the most direct and shortest
path to the lake. In general, the lakes are surrounded by cambisols, red soils
that have not fully formed a clay-rich B horizon (inceptisols), and
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anthrosols, soils dominated by human activities (Fig. S13). However, Erhai
has significant areas of both lixisols and acrisols on its eastern shore.
Both acrisols and lixisols are thick, highly weathered soils (oxisols).
Lixisols are noted for their erodibility. Erhai is the only lake with sub-
stantial coverage by luvisols (alfisols), likely the soils most suitable for
agriculture in the catchment that have not been converted to anthrosols.
Given the relative productivity, these soils may have been preferentially
converted to agriculture during expansion of production from the lake
flats into the surrounding hills. Among these lake records, Erhai has
the largest proportion of soil endmember inputs over the last 4000
years and the most dramatic increase in soil inputs during more recent
(within 1000 yr) sedimentation (Fig. 4). Further, the more erosion
prone (on one side) and fertile (on the other) soils are directly connected
(Cavalli et al., 2013) to the lake (Fig. S14). This connectivity likely made
Erhai relatively more susceptible to soil erosion during human distur-
bance, particularly when compared to the less connected Xingyun and
Dian catchments.

Another fundamental difference in soil distribution is the occurrence of
smaller subsidence depressions that tend to form gleysols. For example, in
the Xingyun watershed, ~5% of basin area is mapped as gleysol
(Fig. S15). Further, this is an underestimate, as mapped anthrosols cover
areas that likely were gleysols (i.e., the near-lake regions of sediment fill).
These soils are the wettest and most fertile, resulting in concentrated
human activity. These smaller subsided areas are also depositional environ-
ments that create upland sediment sinks and reduce sediment connectivity
(Figs. S15 and S16). This disconnection contributes to the insensitivity of
soil endmember contributions to Xingyun core chemistry during recent
(within the last 100 years) human disturbances (Fig. 4).

The tectonic activity in the Yunnan region formed the lake basins
and continued tectonic activity impacts erosion and sedimentation in
the basin. In terms of connectivity, faulting can enhance delivery of dis-
solved materials to the lake by connecting the upland and the lakes with
preferential hydrologic flowpaths. Fault densities (km fault/km? catch-
ment) in these lake catchments are consistent, ranging between 0.07
and 0.08 km/km? (Fig. S12). Further, there are no cases where mapped
faults connect unexpected lithologies to the lakes. So, while faults are an
important consideration in metal delivery, the effects are likely similar
among these lakes.

More important than fault location is the seismic history of these faults.
Earth movement, particularly in wet periods can trigger mass wasting and
rapid delivery of sediments to the lakes and lake tributaries. The long his-
tory of earthquakes in the Yunnan has been reconstructed from recorded
histories (Lee et al., 1976) (Fig. S17). There is limited correspondence
with the sediment record (Fig. 4), but that may result from the contrast in
temporal scales (discrete earthquakes vs. sediments accumulating over de-
cades). Moreover, several of the major pulses of sediment bound metals to
the lake occur well before (i.e., prior to 500 years bp) and therefore earlier
than the period when most of the earthquakes have been reconstructed
(Fig. S17). In particular, mapping of tectonic event locations (Fig. S18) sug-
gest several earthquakes occurred near Erhai and relatively close to areas
with high sediment connectivity to the lake (Fig. S18). Similar events ear-
lier in history may have contributed to the observed spike in soil metal con-
tributions to lake sediment chemistry.

3.6. Metal delivery mechanism and observed sediment chemistry

Metal transport pathway strongly influences observed metal concentra-
tions in lake sediments. Erhai has strong sediment connectivity to its catch-
ment and relatively more erosion prone soils in its catchment. This
arrangement, along with tectonic history, create peaks in lead concentra-
tions much higher than other lakes (Fig. 5). The highly elevated lead con-
centrations observed in Erhai between 900 and 500 years BP are ~four
times higher than the highest concentrations observed in the other lakes.
The mixing approach presented here removes considerable ambiguity in
the interpretation of the differences among the lakes. The highest lead con-
centrations are associated with a period of dominance from the local soil
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endmember to the Erhai sediment chemistries. Without the mixing analy-
sis, comparisons among the lakes suggests Erhai was subject to consider-
ably more metal contamination than the other lakes, and potentially
suggests important holes in the mining historical records (e.g., Fig. 1).
The mixing analysis indicates this period of high Pb deposition resulted
from soil Pb inputs to the lake that have chemistries similar to the soil
endmembers, suggesting a majority of the metal content was transported
on fluvially transported sediments. Clarification of sediment source
through mixing analysis improves our interpretation of historical processes
on the landscape and reveals the importance of remobilized legacy contam-
ination to lake metal loadings.

4. Conclusions

The contribution of legacy contamination to lake sediment metals can
be clarified with Bayesian mixing approaches based on trace metal ratios
in lake sediments and relevant endmembers. For example, the largest ob-
served concentrations of lead in any of the lakes in this study are associated
with a period where upland sediment sources are predicted to strongly
dominate the lake sediment chemistry. While these results are promising,
it's important to note that mixing approaches do not always work. For ex-
ample, overlapping endmembers are hard to resolve as demonstrated by
the coal limitations here. Regardless, the use of trace metal ratio mixing
frameworks to interpret reconstructed metal histories has the potential to
provide substantial insight.

Clarification of the relative contributions of fluvially transported metals
is fundamentally important to the interpretation of the reconstructed core
histories. When elevated lake sediment metal concentrations result from in-
creased erosion, land disturbance is necessarily the fundamental mecha-
nism driving lake sediment chemistry rather than contemporary changes
in metallurgical activity. Mixing analysis clarifies the relative mix of contri-
bution sources, and a Bayesian approach allows the substantial flexibility
necessary to account for the large uncertainties that remain in these
systems. In particular, here we are able to compare metal measurements ob-
tained with distinct digestion approaches, a promising route for untangling
the wide variety of available data.

Finally, these analyses reveal the geomorphology of the drainage net-
works, the distribution of soils and geologic substrates in the catchments,
and tectonic histories are important controls on lake sensitivity to land-
scape disturbance. The specific arrangement of sources and sinks is a pri-
mary control on how lake sediments record land use dynamics.
Clarification of sources and sinks using these methods is fundamental to ac-
curate interpretation of lake sediment records and assessment of the risk of
legacy contamination to downstream receiving waters.
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Fig. 5. Metal concentration histories reconstructed for the three lakes discussed in this study (Erhai is grey, solid, Dian is black, dotted, and Xingyun is black, dashed).
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