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High resolution sediment microfabric and geochemical analysis reveals
seasonal scale redox mineralisation, anthropogenic environmental
change and pollution in England's largest natural lake T Windermere
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Elevation (m)
9745

Study Site N

Located in NW England, Lake District National Park, 0
Windermere is England's largest natural lake.

U 17km long, ~1km wide

U 2 Hydrologically distinct basin; deeper North Basin (max.
dept;\: 64m) and shallower South Basin (max. depth:
42m

U Urban Centres Ambleside (North) and Windermere Town/
Bowness (middle)

U Main rivers: Rothay, Brathay, Trout Beck (North), Cunsey
Beck (South Basin)
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Population, land use and human impact

U Prominenttourist destinationfrom late 18" century
U Aprotectedrurallandscape
U Variety of pollutants excessnutrients (N,P,Si,K toxic metals (Ph

As

U FreshWater Biology Association(FBA)water quality monitoring
sincethe 19405

U Currentlymesotrophicg eutrophic
U Anoxicat depth duringthermalstratification

U P stripping at water treatment works (WWTW 1990 BUT water
quality remains poor - moderate (EUWater FrameworkDirective,
2016
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Coring

Studyobjectives
U Extent of anthropogenic pollution in the Core ID Location  Water Length
catchmentbefore monitoring began? depth (m) (cm)
U Impacton lakesediments? 68 Deep North 53.9 40
Basin
Methods
64 Shallow 26.1 35
U Palaeolimnologyhighlighted as an essential North Basin
tool for catchment management(Saulnier 67 Shallow 29 30.5
Talbotet al., 2016 South Basin '
U Multi-proxy geochemical and sediment g7 Deap South 39.1 35
fabricinvestigation Basin

U Fourgravity corescollected2014 (right)
Radiochronology!°Ph 137Cs “C

Above Coredataleft Corelocationmap

Below Coringon Windermere

Hementgeochemistry

- WD-XRF

- CorescanningXRKitrax)
OrganicChemistry(TC,TN,C/N,1 13C,1 15N)
Scanningelectronmicroscopy

- EnergyDispersiveSpectroscopy

Lightmicroscopy
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Chronology and sedimentation rate oo

210Pp and'3”Cs

{8) SC 68 LSR=0.28 om yr (b) SC 64 LSR=0.14 cmyr' Chronologyand LinearSedimentationRate(LSRY, combinationgravity
Depth "Cs  Unsupporied  Ln  Age Depth Cs  Unsuppored  Ln  Age core data (this presentation)and longerpiston cores(up to 10 m) from
(cm) 29pp (Bg/g)  *"°Pb (em) “9Ph (Bg/g)  *°Pb,

000 050 1.00 000 050 1.00 correspondingsites(Miller et al., 2014).
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% =20 SN S0 DN o oy St Upper core (68 = 27 cm, 64 = 20.5 cm, 67 = 185 cm, 57 = 225 cm)
;I A , : :

'l } jf i o/ S s dated by 2!%Pb and *"Cs, ConstantFlux : Constant Sedimentation
. [ { 1 o (Fieldinget al.,2018).
20 4 s t 20_ ‘ + i\
24 ! _,-’ d 1 SR
28 ; = “ Lower core dated by interpolation to radiocarbondate in the piston
- é \ X cores(Tablebelow).
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Balg Balg Age (Ys. AD) Bl Balg Age (¥rs. AD) LSRan order of magnitudelower in the lower core.
(c) SC67 LSR(0-10.5cm)=0.29 cm yr' (d) SC57 LSR(0-11.5¢cm)=0.27 cm yr'
LSR (10.5 - 30.5 cm) = 0.12 cm yr' LSR (11.5 - 35.5cm) = 0.12 cm yr ; ; ; ; ;
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o os o8 00 02 04 05 biogenicsediment(SabaterandHaworth,1995 Schillereffet al., 2019.
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Stratigraphy and geochemistry Cnm o

North Basin South Basin
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Interpreting the geochemistry and stratigraphy

Sediment and Fabric type

Element Environmental or climatic driver Study

A Pervasively pelleted
silty clay

Fe, Mn, Redoxconditionsof the water sedimentinterface: Mn, Fereducedin (Sugiyamaet pellet diam. 50- 350pm

occurs in all Units but less

As, S anoxic condition and (re)precipitate in oxic conditions Fe oxidises al. 1992
in Unit Il

more rapidly (and reduces more slowly) than Mn. IncreasedMn Davison

accretioncanonly occurunder prolongedoxic conditions Asis often 1993

. . . H ity
sequesteredby Fe and Mn oxyhydroxidesSulphideformation occurs croogsnsdesily cay
may contain some pellets

in lakessedimentsdue to the brake down of organicmatter in anoxic
occurs in all Units

conditions

Pb, Zn, Anthropogenicpollution: Enrichmentof Pb, Zn,As,HgandCuto be (Miller et al.

As, Hg, associatedvith Mining, fossilfuel combustionand sewagetreatment 2014) Laminated silty clay

Cu output. alternating more and less
porous laminae
P Excessnutrient loading Increasedlevels of P are often found in (Sgndergaar porous laminae often

with Fe/ Mn minerals

excesdn lake sedimentsaffected by excessutrient loading P,along d et al
occurs mainly in Units |

with N, is usuallylackingin natural freshwaterecosystemsandthusis 2003 & Il and core tops

typicallya controlling nutrient of productivity. Introduction of excess Dark silty clay

P can cause primary production to increase and lead to high organic content

L elevated TOC, S
eutrophication

Right: Photograph and BSEI of sediment types and fabrics found through out the Windermere

sediment, the occurrence of which are detailed in slide 5. Pelleting is the result of bioturbation by AR et 7 SR

tubificid oligochaetes or chironomid lavae (McCall and Tevesz, 1982; Fielding et al, 2020) and are : — S ——— NS

present in all but the most impacted sediments. Further details of other sediment types follow.

defines Unit Il




Organic chemistry and diatoms

(OROM

L B 0 5 b by = Low values High Values
&« & 4@ (s AD) 290 285 280275 270 6 7 8 9101 112 13 14
2§ fﬁi‘f TOC Lowerorganic productivity Higher organic productivity
2 - TN Lower organigroductivity Higher organic productivity
: 113C Land plants Hp D0l 2: f | ez
115N > algal productivityp primary
sewage or farm runoff
C/N Lacustrine algae-40 Plant matter >20
Organicchemistry v e s
o g G ok R A)Aulacoseirasubarctica(1997 -
98) and B) Asterionellaformosa = ®
(197071) laminar in sediment -
Both species are associated -
eutrophicconditions s
A
34: i- B
E Laminated mud D gl;;;nic § Mineral rich mud

D Un-laminated mud
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Sediment

Type

Mn & Fe
Pb

As

=}

TOC
113C
115\

Status

Sediment
Type

Mn & Fe
Pb

As

=)

TOC

113C

1 15N

Status

Values

Continuous laminated,
Pelleted

1-3% & 1113 %
149-194 ppm
42-52 ppm
0.46 %

7%

-HT dn ::
o®dp ::

Continuouslyarying
oxygenation and trophic
state at depth.

Values

Unlaminated, pelleted
0.8% &8%

244ppm

28 ppm

0.51 %

Well ventilated through
out the year.

Early 19' century ¢ Baseline (Unit 1)

Sediment

Type

Mn & Fe
Pb

As

=]

TOC
113C
115\

Status

Sediment

Type

Mn & Fe
Pb

As

P

TOC
113C
115\

Status

Values

Unlaminatedpelleted

04%&9%
37ppm
20 ppm
0.54 %

Well ventilated through
out the year.

Values

Some lamination,
pelleted

05%&7%
55ppm

16 ppm
0.53 %

6 %

-HC Ppc 3%
ndHC 3¢

Occasional varying
oxygenation at depth.

e

U At the start of the 19" century
Windermere could be considered
unaffected in a significant way by
anthropogenigoollution.

U Sedimentsare pelleted suggestinggood
ventilationfor muchof the year.

U Laminatedsedimentsn the deeperbasin
indicateseasonabxygendepletion

U Organic chemistry is consistentwith a
mixedalgalg plant matter input.



Sediment Values

Type

Mn & Fe
Pb

As

P

TOC
113C
115\

Status

Continuous laminated,
Pelleted

1% & 12%
169 ppm
41 ppm
0.41 %

6 %

-HT ©n
odyT

Continuouslyarying
oxygenation and trophic
status at depth.

Sediment Values

Type
Mn & Fe
Pb

As

=)

TOC
113C

1 15N

Status

Lower:

Dark muds
0.8% & 8%
533 ppm
45ppm
0.31%

Poor ventilation,
occasionally eutrophic

High

Late 19" century ¢ Onset ofpollution (Unit 1 ¢ II)

Sediment Values

Type
Mn & Fe
Pb

As

=)

TOC
113C

1 15N

Status

Sediment
Type

Mn & Fe
Pb

As

=)

TOC

113C

1 15N

Status

Unlaminated, pelleted
0.3 % & %

44 ppm

17 ppm

0.52 %

Well ventilated through
out the year.

Values

Dark muds
0.9 % & 10 %
597 ppm

45 ppm

0.31 %

5 %

-Hc ®dnT
p®nH

Poor ventilation,
occasionally eutrophic

Depth Photograph elemental maps
(cm)

26.5 —

27.0 —

27.5 =— |

Above: laminated Mn - Fe sediments in core 68
(date: 1905-1919), with optical thin section, Energy
Dispersive Spectroscopy (EDS) elemental map.
Resulting from preferential precipitation from the
water column in over turning (Winter) oxygenated
water following a period of dysoxic water
(Summer/Autumn). Likely signifies 6 u s wcanditidns
and water quality.

Left: Generally increasing toxic metals shcw tie
onset of pollution to the lake. \



Mid-20" Centuryg Peak pollution andeutrophication (Unit II)

Sedime Values Unlt ” (1950) Sediment Values
nt Type Dark mud,
Type Dark mud, diatomatious,
discontinuougpelleting Mn&Fe 0.4%&9%
Mn & Fe 0.6 % $10 % Pb 476 ppm
As 42 ppm

Pb 465 ppm
As 63 ppm P 0.58 %
P 0.64 % Toc
TOC 7% LHC
113C -HT OHY 3t LN
115N noT T Status Poor ventilation,
eutrophic. Line scan
Status Poor ventilation, o
eutrophic,
20
Sediment Values Sediment Values - 15
Type Dark muds Type Dark muds ) Lo
Mn&Fe 11%&9% Mn&Fe 16%&8% L5
Pb 498 ppm Pb 593 ppm 0
As 72 ppm As 69 ppm b . lesi . | f
b 0.44 % 5 0.43 % A ove: Barite-ang e”'slte mln_erad rth
Toc . - umt I in 68. usually gssouate_ wit
) . . mine waste and contaminated soils.
113C L13C -Hcdnc ::
115N 115N cdmo 3¢ . .
. - Left: Peak toxic metal concentration,
Status Poor ventilation, Status Poor ventilation, . . . . .
eutrophic. eutrophic, increasingly low 1 13C indicative of hlgh algal organic

, polluted from sewage. - jnnt, high 4 15N continuedinput sewage
Lower: High



