Trace elementyclingin Bangladesh shrimp aquaculture systems: Implications for food and

water security

By
Matthew John Dietrich
Dissertation
Submitted to the Faculty of the
Graduate School of Vanderbilt University
in partial fulfillment of the requirements
for the degree of
DOCTOR OF PHILOSOPHY
in
Earth and Environmental Sciences
June 302021
Nashville, Tennessee
Approved:

John C. Ayers, Ph.D.
Steven L. Goodbred, Ph.D.
Jessica L. Oster, Ph.D.
Alan R.Bowers, Ph.D.
Jonathan M. Gilligan, Ph.D.



ACKNOWLEDGEMENTS

| owe so many people thanks foritheupport on this wild PhD journey. Obviously, whatever |
write here wild/ not fully capture my gratitud

First, | owe my famiy everything for supporting me on this journey. They always supported my
educational endeavors, and for that, Il coul dn
Dr. Dietrich for serving as @ P hrdde modeb regarding howto be a family man, maof strong
Christianfaith, man of the outdoors, man of good health, and a man of science. You and

Grandma Dietrich have been an inspiration to me through your support and kindness. To my
Grandma and Grandpa Prominski, | will miss you forever, and yoyosupf all my endeavors

meant so much to me. To my parents and brother Josh, you have always been there when |
neeadyou and have helped keep me going when the going getstazggln | dnét have dol
without you.l love you all, now and forever.

| am also so thankful for all my friends and colleagues in Nashville who have provided
camaraderi@and support on this journeyo my friends in the department, both past and present,
thank you for the Kay Bo p&droom@dnd@mund Stevenson and f u
Thanks especially to Chris, Moyo, David, Cam, and Jess, for letting me bombarde you with
guestions and send random research papersalsmextremelyhankful for the running

community | have found in Nashville, which has helped keep me sane, particularly during the

times of COVID19. Joey, Ricky, Matt, Brent, YulNick, St evené t he | i st goes
for giving me a life outside of graduate sohdAnd lastly, to my roommates over the years in

Nashville. Carsen, Alan, Eric, thank you for being great company and helping me grind through

the PhD even during Covighen we were all stuck at home

| deeplyowe the Earth and Environmental Science Department at Vanderbilt. Thank you for
providing me the opportunity to explore so many different research avenues and feed my
intellectual curiosity. | have learned more in my four years here than | have evedlbafare.
Special thanks to my advisor, John. You have helped me grow so much as a sciehtise

been a great exampdd how to be an amazingsearchermMy tripsto Bangladesh would not

have been possible without you. | also need to thank my coeemn#teve, Jessica, Alan, and
Jonathan, for their great support and advice during my PhD, as well as all the staff in the
department who have helped my PhD come to fruition over the years. Gale, Dallas, Chantry, and
Jewell, thank you so much for your teek support, especially when there were times | was
ordering lab materials every other dageemedLastly, none of my work would have been
possible without the laboratory assistance of Rossane, RiGardy,and James. Thank you for
helping processomany of my samples and dealing with my unending abundance of questions.

Lastly, | owe all of my Bangladeshi friends, colleagues, and Coastal SEES collaborators a deep
debut of gratitude. bhe of my research would have been possible without them. | esadd

Kelsea much thanks for not only helping me gather samples, but falling in a shrimp pond for me!
| particularly oweall my sampling success in Bangladesh to Zahid, who not only proved to be

the most helpful field assistant, translator, and guidea lgaiod friend as well. Much

appreciation goes out to the great crew at Pugmark Tours, partidddathy for taking great

care of our research teams and making sunedyagot to the sampling locations that | needed



to get to. Lastly, to my friendg ®haka University, Saddam and Abrar, | thank you so much for
your kindness and hospitality that allowed méath feel welcome and be able to process my
samples before heading back to the United States.

My work was supported throudghe National SciencBoundatiorNSF Coastal SEES
Collaborative Research Grant OQBE00319.



Table of Contents

Page

ACKNOWLEDGEMENTS ...ttt ceeesi e e e e e e e e e e s smnteeeeeeaeaaaaeaeaaaeassssrmmneeeens i

LIST OF FIGURES ...ttt e sttt et e e e e e e s semr e e e e e e e e e e aeeas Xi
Chapter

l. INTRODUCTION ...ttt ereii bbbt a e e e e srr e e e e e e e e e e e e e e e e e s s s s s nmmme s 1

I A = 7= T (o T o 11 ] o P PPPUOURR 1

1.2 Researchobjectives andOVeIVIEW...........cooiiiiiiiiiiiiieee e 4

Il. INFLUENCES ON TIDAL CHANNEL AND AQUACULTURE SHRIMP
POND WATER CHEMICAL COMPOSITION IN SOUTHWEST

BANGLADESH ..ottt e e e e e e s annnrr e 6

1 g0 [Tt i o ISP PPPPUPPPPPPY 6.

2 MethodS and STUAY @rEa.............uuuuuiiiiiiii e e eee e e e e e e e e e e e ee e nees 7

2.1 STUAY @reaA.......coieeeeeeeeei et emenr e e e e e e e e e easanennenaaeeeaaas i

2.2 SAMPIE COBCHION. .....eeeiiiieieiieee e 8

2.3 FIeldmeasUrEmMeNtS.........cooiiiiiiiiieeee e ceena e eeeeeaeeas 11

2.4 Sample preparation and analySES............ueviiiiiiiieeeiiiiiiii e 11

2.5 QUAIILY CONLIOL.....uiiiiiiiiiiiiiieiiie e nne s 12

P22 G TN B - 1= W (=0 (1o 1o ) o I 12

3 RESUIES. .o e e e e e e e e eree e s e e e e e e e e e e e e e e eeeeeetnnneeeeeeaeeeeeeeeenrrrnnnns 12

3.1 Geochemical CONCENratioNS............ooeiiiiiiiiieeee e ceeee e 12

3.2  Element and geochemical parameter correlations...............cccceceeeevvvveennne. 13

3.3  Monthly composition differences amtement enrichment relative to seawatés

3.4  Tidal channel versus shrimp pond COMPOSIION.........ccvvviiiiiiiiieaniiiiieeeeenn. 20

3.5 Oxygen and hydrogen isotopes specific trends...........cccooeeviiieemeiiiiiiiieeeeenn, 21

3.6  Surface water evaporation MOUeIS............oovvvviiiiiireiee e 26

3.7  Selenium and arsenic spatial and seasonal variability...................cceeeee. 27

3.8 Multiple lIN@Ar rEgreSSION........cceviiiiiiiiiie e 28

4 3 o U 73 o ] o R 28

4.1  Trace element enrichmeimt surface Waters.............ooevvvvvvvviimmmneeeeeeeeeeneninnnns 28

4.2  Tidal channel and shrimp pond CONNECHIVILY.............cceiiiiiiieemeciiiiiie e, 31

iv



4.3  Enrichment of AS and Se.........ooooiiiiiiiieeer e 31
4.4  Surface water isotopic composition, trends, and evaporeffieets.................. 32
4.5  Multiple linear regression and predictors of As and.Se.............ceeeevveeeennn. 34
4.6  Applicability of Se and AS MOdelS..........coooriiiiiiiiiiic e 35
4.7  Selenium and arsenic antagonistic relationship..............ccccevveeeni e, 36
(@] (o 11 5] o] o H PRSP PPPPPPPPPPP 36
ACKNOWIEAGEMENTS .. ..o e e e e e e e e e e e e e aneer e e as 36
REIEIENCES. ... bbb 37
ELEMENT TRANSPORT AND PARTITIONING ALONG TIDAL
CHANNELS IN SOUTHWEST BANGLADESH .....cccccciiiieeeeeceeeeeeee 45
oo 11 o 1o o PSS 45
111 To 0 £SO 47
2.1 SAMPIE COBCHION. ...t A7
2.2 Field MeasUremMENIS.......cooiiiiiiiicieree s cnenss e e e e eeeaeeeas 49
2.3 SamPle AnalYSES.......cooii i e 50
2.3.1 Water/solid sample Prep.......cccoooiiiiiiieiiiieeee e 50
2.3.2 Water sample analySes..........ccccouuuiiiiiiimemiiiiee e 50
2.3.3 Solid sample analysis..............uuuuuiiiiicreeee e 51
2.3.4 Transmission electron microscopy (TEM)...........uuuveiiiiiiiiiicecvnnnnnne. 51
2.3.5 Grain Size analySiS...........uuuiiiiiiiii e 51
2.3.6 Powder Xray diffraction (XRD)........ccuuiiiiiiiiiiiiiiiiiiicieeeeee 52
2.4 QuUAlItY CONIOL.....ccoi e 52
22T B T 1= W (=0 (1o 1o ) o ISR 53
RESUIES. . e e e e e e e ereer s e e e s e e e e e e e e e e e ee e e e et nnneeeeeeeeeeeeeeeearnrnnnns 53
3.1  Grain size distribution and sediment nu@Ogy............ccccvviiiiiiiiiieeeiiiee 53
3.2 Dissolved and suspended load concentrations (SSC) and geochemical parameters
............................................................................................................................... 53
3.3  Partition coefficient values (Kd) between suspended and dissolved loads and the
proportion in the dissolved [0ad (D) ...........uuuuiiriiiiiiiieeeiiiiiiiieeeeeeeee e 63
3.4  Element correlations/relationsISip..............oeiiiiiiiiceiic e 64
3.5 Element trends with increased seawater mixing along the transect........... 64
3.6  Solid/dissolved phase disequilibrium and possible sample incubation effetis
3.7  TEM particle imaging...........cceeeeiiiiiiiiiiieeseiieieeeeeeeeeeeeeeeesesimmee e d
3 o U 73 o] o S 73
4.1  Elementenrichment/depletion in the dissolved and suspended loads........ 73
4.1.1 The dissolved load.............ccoeeiiiiiiiiieeee e 73



4.1.2 The suspended 10ad..........cccooviiiiiiiicceeiicci e 73

4.2  Fe solid phase correlations & element partitioning................cccccemererinnnnes 74
4.3  Geochemical trends with increased seawater MiXing.............cceeeeerieeeeeennnns 76
4.3.1 Evidence of trace metal desorption along the transect................... 76

4.3.2 Barium trends along the transect..............oovvviviiicce e, 7

4.3.3 Arsenic and selenium trends along the transect.................cccceeee. 77

4.4  Possible sample incubation effects.........cccccvvvvvviieee e 19
4.5  Summary of geochemical mechaniSms..........cccooviiiiiiccce e 80
(@] 3 Tod 1817 T0] o SR PPPPPUPPPPRR 81
ACKNOWIEAGEMENTS ... e eeae 81
(] (=] =] o =S 81

GEOCHEMICAL PARTITIONING AND POSSIBLE HEAVY METAL(LOID)

BIOACCUMULATION WITHIN AQUACULTURE SHRIMP PONDS .......... 87
oo 13 o 1o o S 87
Methods and StUAY @rEa.............uueiiiiiiii i eeer e e e e e e e e e e 89
2.1  Southwest Bangladesh............cccuuviiiiiiiieeeiiiiiiiii e 39
F S T 1 1] o] 11 Vo PP 89
2.3 SAMPIEPIEPAIALION. ....uuveeeiiiiiiiiiii ettt Q0
2.4 ANAIYSES. ..ot e ————————————— 91
2.5  QUAIILY CONTIOL... ..ttt 92
2.6  Health risk calculations and bioaccumulation factor (BAF) calculatians.....93
2.7  Partition coefficient (Kd) calculations..............oooiiiiiimn e 9
2 T B T 1= W o] o Tot =11 o PP 95
RESUILS. ... ettt e ennr bbbt eeaaaaaaeeas Q5
3.1  Extract and shrimp pond partition coefficients.............cccccoovvveeeeiiiiieininnnn, a5
3.2 Shrimp pond sediment concentrations and pond water general compaositigé
3.3  Shrimp and fish feed element concentrations.............cccoeoeiieeecvicieeeeenn. 96
3.4  Sedimenwatershrimp geochemical correlations amdationships................. 96
3.5 Partitioning between different environmental media and pond water.......100
3.6 Healthrisk assessment of aquaculture Shrimp..........cccccceviiiieeciiiinnnnnnn. 101
3 o U 7] o) o 101

4.1 Sedimemwater element partitioning and equilibration in shrimp ponds....101

4.2  Pond sedirant element depletion and enrichment..............cccccvvieeevvinnnee. 106
4.3 Pond sediment element relationships with other sediment parameters....107
4.4  Arsenic and selenium potential bioaccumulatian...................cccoceeeeniinnn 107
4.5  Geochemical distributions between water, feed, sediment, and shrimp in
AQUACUNMITE PONAS. ..ceiiiiieiiieeeeee e 108

Vi



4.6 Healthbased risk assessment for consumers of Bangladesh aquaculture shrimp

.................................................................................................................. 109

5 (@] o Tod [0 1[0 o H 110

ACKNOWIEAGEMENTS ... e 111

] (= (=] o =TT 111

V. SYNTHESIS ..o e e e e e e e s annnseeeeeees 116

5.1 Overall imPliCAtIONS. .........uuuuiiiiiii e eeeecrrs e eeer e e e e e e e e e e e e ee e n—— s 116

5.2 Future researChendEaVvVOrS.......cccccoeeiiiii i e e 117

Chapter | and V REfEIENCES............cooiiiiiieeeeeee e e e e e e e e eneas 119
Appendix

A. Supporting Information for Chapter Il ..., 122

B. Supporting Information for Chapter [l ..o e 142

C. Supporting Information for Chapter [V ........ccccueiiiiiiiiiiceeeieeee e 160

vii



Table

Al

A2

A3

A4

A5

A6

A7

LIST OF TABLES

Page

Sampleocation information, irsitu measurements, and saturated minerals in solidon

Measured geochemical ParametersS. ... iiiiiiecci e 16
Isotopic measurements relative t0 VSMOML........coooviiiiiiiiiiiicceeee 22

Tidal channephysicochemicaimeasured parameters and sampling locations....... 55

Dissolved load concentrations iN Mg/ .......eeviiiiiiiiiiiiiiee e 57
Suspended load concentrations iN MGKG ........cccoueuiiiiiimmmni e 61
Pond sediment element CONCENTIAtIONS..........oovviiiiiiiiieeiiii e 97
Shrimp and fish feed element CONCENIrAtIQNS.........ccovvviiieiiiiieeceeeeeeeee e 99

Concentrations of elements in seawater compiled from the literature:

Pilson, 1998 (a), Sarma et al., 201RIN Transect (b), Ogawa and Tanoue, 2003
Upper range of Indian Ocean values (c), Srichandan et al.,i20pger limit

off NW Bay of Bengal (d)Mason, 2013 (e), and Open University, 1995 (f).

For simplicity, all elements are listed at total concentrations, although major
elements (a) and DIC (b) in seawater are derived from their predominant ion
concentrations in mg/kg but written here as migécause the density

conversion is negligible (~1.02) for an already genestimation............................. 124

Geochemi stds Workbench React program
model, modeling evaporation of tidal channel input water while in the irrigated
£ 0110 oI o 0] 2 o PO PPPRPTRR 124

Multiple linear regression output for selected primary predictor variables based
on multiple linear subset regression fOLAS........ccciiiiiiiiiieee e 125

Multiple linear regresion output for selected primary predictor variables based on
multiple linear subset regression fOr.Se. ... iiieeen e 126

Multiple linear regression output for selected primary predictor variables based on
multiple linear subset regression fOr.Se..........ccoovvviiiiiiieeee e 126

Multiple linear regression output including an isotope predictor variable for. As.127

Multiple linear regression output including isotope predictor variables for.Se....127

viii

SCri

p



A8

A9

Bl

B2

C1

C2

C3

C4

C5

Multiple linear regression output for important predictor variables for As from data
in Table S4 in Boral et al. (2020), from the upper Ganges.........ccccccccvvvveemeeeneene. 128

Multiple linear regression output for important predictor variables for As from tidal
channel surface wer data (including a duplicate sample) in Ayers et al. (2020), from
lower Ganges tidal tribULariesS............oovviviiiiiee e 128

Calculated Log10 Kd (bulk solid concentration/dissolved concentration) values
(L/kg) used in this study (with MDLs used when suspended sedimermtsval
<MDL). The medians and standard deviations are also provided...................... 158

Trace element concentrations in surface water samples in recent studies
in Southwest Bangladesh..........ooo e 158

Additional pond sediment physiochemical data: Aquaculture pond sediment data
for grain size (in um) from laser granulometry (Dx values refer to the percentile
of the sample grain size distribution data, thus Dx (50) is the median), total
carbon (TC), ttal inorganic carbon (TIC), total organic carbon (TOC), and

loss on ignition data for adsorbed water (HRa&nd structural water content

NIST 1566bi Oyster Tissue concentrations and volatilization correction factors:

NIST 1566bi Oyster Tssue reference material element concentrations of regular

digested material and ashed material compared to the NIST standard values, with %

recovery for urashed material on the IGPES, and the Ash/Raw digested ratio
representing thketiwnl dtaicltioz @&t iodn tder rel emen
process for 1 hour @ 350°C. All concentrations in mg/kg............ooooeecciieeneeennnns 161

NIST 2711i Montana Soil concentrations and volatilization correction factors:

NIST 2711i Montana Soil reference material results (3 replicatakwing LiBO2

fusion methods and solution analysis on the-@ES and ICAMS. Arithmetic mean

and standard deviations of % recovery a
correction factoro results, which are t
sanples/reference value of the reference standard, and essentially the same as NIST
oyster Avolatilization correction factors,
in the LiBO2 fusion method, nearly all elements were volatilized significantly....162

Instrument method detection limits (MDLSs): Method detection limits (MDLSs) for all

analytical instruments used in this study in pg/L. OSU stands for Ohio State University

Log10 Kd values: Calculated log10 Kadlues of shrimp pond data and sediment
extract data, with arithmetic means and standard deviations also provided. Units are



C6

C7

C8

Batch extract concentrations:-B4 sediment extract concentrations in mg/L after
fIItration @t 0.45 M ...eiiiiiiiieieieeeeee e e 166

Bioaccumulation factors (BAFs): Calculated bioaccumulation factors (BAFs) of
shrimp/water element concentrations. Elements included when there was not a
significant abundance of missing values due to concentrations <MDL.............. 168

Average water concentratigmg/L) and log10 Kd (L/kg) values for shrimp, sediment,

and feed: Kd values (partition coefficients) between mean-pbbde element
concentrations in feed, sediment, and shrimp over mean water element concentrations.
Bioaccumulation factor is the samethe Kd value of shrimp/water. The method
detection limit (MDL) was inserted for Tl in water...............uviiiiiccceeiiiiiii 169



LIST OF FIGURES

Figure Page

1 Location of Southwest Bangladesh outlined in black..................cooemiiiii . 3.

2 Severaldifferent processes possibly affecting element transport, fate, and mobility in the
Southwest Bangladesh environNmMent............oovviviiiiiicccr i e 5

1 Conceptual diagram of the water cycle within Southwest Bangladesh and example

images of tidal channels that irrigate shrimp ponds (both a typical main channel
like that sampled in this study (A) and an inlet from a smaller, connective channel
(B). A typical shrimp pond (C). A video of tidal channel irrigation to a shrimp

pond is provided as supplementary material..................uiccciieeeiiiiiiiee e 9

2 Map of the study area and the sample sites in Southwest Bangladesh, with the dark
green area representing the Sundarbans natural margrese................c.ccvvvvvnneeee. 10

3 Spider diagram of tidal channel arithmetic mean log10 concentrations, arranged
from |l eft to right with decreasing concent

given. lllustrates the seasonality between tidal channel samples, with larger
variation in July because of early monsoonal rains coupled with tidal influence.
July tidal channel samples RIZ, P321 and P32 were averaged instead of

other July tidal channel samples because of proximity to the shrimp ponds they
T ( N L g o = 111 T PP TP PP TRTPPPPPPR 21

4 Spider diagrams of arithmetic mean log10 concentrations in July (excluding
KA-10) and May shrimp ponds. Slight seasonality is apparent between July and
May shrimp ponds irrigated with tidal channels (A), albeit with overlap within
138 er r or entationssin shridp poeds normalized to seawater (B), with
log10(geometric mean/seawater) instead of arithmetic mean of log10
concentrations, with points above 0 showing relative enrichment and points below
0 showing relative depletion compared to seéawawo Si values are omitted from
the July shrimp pond data because of anomalous negative values...................... 23

5 Spider diagrams showing arithmetic mean log10 concentrations in shrimp ponds
(excluding KA10) and tidal channel waters. Strong similarity is seen between
May shrimp ponds and the tidal channels irrigating them (A). Less similarity is seen
in July (B), with large variance seen in July tidal channels and lack of overlap
between the two water types. Two Si values are omitted from the July shrimp pond
data because of anomalous negative ValLES...............evviiieeciiiiiiiiiiiiiiiiee e 24

6 Bi var i at® p AHlisotoped froniiMay shrimp ponds and May/July tidal

channelsDry season represents samples collected in May, wet season in July. Local
meteoric water lineL(MWL ) taken from Majumder etal., 20li.Seawat er 0 i s t h.

Xi



seawater at® *80 a AHj withi a large symbol plotted to represent deviation from
exact @ isotopic values in the Bay of Bengal............cccvevviiiiiiemniiiiiiceie 25

Bivariate plot of 0180 from May shrimp pon
DOC increasing with enrichment of isotopes in shrimp ponds. Speaomnatation

coefficients (DOCisnomor mal |y di stri buted) of 0.92 be
shrimp ponds (p = 0.00047) and 0.095 in tidal channels (p = Q.84).........ccccc.uuu.. 26

Multiple linear regression models for grouped variables initially selected for Se and
As, with adjusted R2 values along thaxis. The best model was computed for each
subset size (e.g., each amount of predictor variables utilized in the overall model).

n = 25 because of some samples missing predictive variable measurements and thus
being omited, which also explains the slight discrepancy between multiple linear
regression analyses completed with more samples (i.e., Table.A4).................... 29

Map of the sample sites along the tidal channel transect (BHaupbhaBhadraShibsa

as the main rivers) in Sthwest Bangladesh, with the triangle representing the city of
Khulna. The Sundarbans (natural mangrove forest) is the dark green area to the south of
the sample locations. The Bay of Bengal is to the south of the Sundarbans. The colored
lines along the trasect represent the main channels sampled fréBnals: Bhairab

(orange), Rupsha (green), Bhadra (purple), and Shibsa (yellow).......................... 48

Conceptual diagram of seawater mixing along the river transect. The proportion of
seawater in the tidal channel increasethe south. Solid black lines represent
velocity profiles within the water column, and black dots represent suspended
sediment. Above the conceptual diagram is a graph of measured salinity along the
ETAINSECL. ...ttt et e e et e e e e e e e e e e e na e 49

Approximate grain size distributionsofn suspended sediment samples along the
sampled tidal channel transect, based on % volume of several grain size bins
agglomerated tOgether............iiiii i ———— 54

(A) Element concentrations in suspended sediment are normalized to upper continental
crust (UCC) (Rudnick and &, 2003), with arithmetic mean log10 concentrations above
0 enriched relative to UCC and elements below 0 depleted relative to UCC. (B)
Arithmetic mean log10 Kd values in L/kg (bulk concentration sphdse/

concentration dissolvephasg. (C) Estimated geometric mean proportion of

each element in the dissolved load (D) within the upper 1m of the water column.

The remaining proportion is the proportion of the element in the suspended load.

For all graphs, the elements included arergyea to show increasing mobility

during weathering and transport from left to right along tagig (Gaillardet et al.,

2014). The red bars are 1 standard devi at:i
for solid-phase concentrations <MDL to preventsdiawards greater concentrations.
T PP PERUEPPRPRR 66

Xii



Salinity trends of Ni and Co Kd values (Log10 (L/kg)) with increased seawater mixing
from higher to lower latitudes (upper row) and salinity trends of dissolved Co and Ni
values (mg/L) with increased seawatgking from higher to lower latitudésdashed

blue lines represent average open ocean concentrations (Mason, 2013) (lower row).
Shaded regions represent the 95% confidence interval about the linear regressiéa line

Various relationships of Ba witlatitude and Fe, with (A) Ba concentration in the
suspended load vs latitude, (B) Ba Kd values (L/kg) vs latitude, (C) Dissolved Ba vs
latitude broken into two subpopulations with differing linear regression, and the blue
dashed line representing averagavegter (Open University, 1995), (D) Suspended
sediment Ba vs Fe concentrations in the suspended sediment load. Pearson correlation
coefficient values are given with correspondinggtues in (A) and (B). Shaded regions

are 95% confidence intervals about tinear regression lines in (C) and (D)...........! 69

Dissolved selenium concentrations versus latitude, with the U.S. EPA drinking water
maximum contaminant level (MCL) represented by the red dashed line, average open
ocean concentration (Mason, 2013) repre=bly the blue dashed line, the

approximate latitude of Khulna City marked with a star, and samples circled that
were collected in a separate-Bdur period..........ccccoeveeiiiieiiiieeeiiii e 70

TEM analysis of a representative particulate from tidal channels in SW Bangladesh

(Sample B2-TC; Dietrich and Ayers, under review). (A) TEM image shows a

platel i ke particle with a striateahglsurface ab
annular darKield (HAADF) imagery illustrates the heavier atoms through brighter
luminescence. STENEDS maos are provided for the elements Al (C), Si (D),

Cu (E), and Fe (F), which suggest an alumirsilicate particle with Cu and Féch

nanoparticles or ferric oxide coatings potentially on the surface. (G) The EDS

spectrum of the sample with large peaksdach of the elements mapped, with Cu

amplified because of the CU TEM gri..........ouuiiiiiiii e eeeee e 72

Location of shrimp pond sampling sites in Southwest Bangladesh, where paired soil,
water, and shrimp samples were collected...........ccoooiiiiiieeciiiiiii e, 90

Spidergranfigures of arithmetic mean bulk Log10(Kd) values, with elements
Arrangedin order of increasing mobility during weathering and transport from left

to right along the saxis (Gaillardet et al., 2014), with P also added. Several elements
have omitted vales depending on the sample type. The top figure (A) compares
sediment/pond water Kd values with-Bdsediment/extract Kd values (n=11 both
types, both samples at KB3--underwater and not submergee included), while

the bottom figure (B) comparesdiment/extract Kd values from this study to

Ayers et al . (2020) (al'l sample types, me a
15-minute batch experiments instead offk4 bat ch experi ments wer e
sample variation error bars geovided inred...........ccoooeeiiiiiiiicceiie e 102

(A) Log-normalized arithmetic mean element concentrations in shrimp pond sediment
(n=11, both samples at site K¥8--underwater and not submergede included)

Xiii



Al

A2

A3

A4

A5

relative to upper continent al ampl vasation( UCC)
error bars are provided in red. Concentrations in sediment are volatilization corrected for
the LiBO2 fusion analytical method based on NIST 2711 Montana soil element

recoveries from three replicate samples and are also corrected fondiggstion (LOI)

mass loss. (B) Logormalized ratios of nehOl or volatilization corrected shrimp pond
sediment (SP) element geometric mean concentrations (n=11), normalized to tidal

channel (TC) and Sundarbans (SB) sediment samples (n=15; Ayer262@)., Sulfur

was omitted because of anomal ous variance
geometric mean) and Sb and Se upper and 1| o
were omitted and marked with an asterisk and vertical dotted red taadesample

standard deviations of each element were greater than the sample geometric.h€ans

(A) Principal component analysis (PCA) biplot for sediment (volatilization corrected
values), fish feed, water, sediment extracts, and shrimp based Orelegient

concentrations (ppm) where all values were >MDL for each sample type (Al, Ba, Ca,

Cu, K, Mg, Mn, Na, P, S, Si, Sr). 80% confidence intervals are provided for ellipses.

(B) Heatmap with dendrograms on each axis made using complete linkage and

Euclidean distance based on log10 element concentrations (ppm). The same elements as
plot (A) were used iN PIOt (B)......ueeeeiieeei e eeeei e eeeeeeeeee e e e 104

Logl0 Kd values (mean sampl e/ mean water el
sample variation error bars are provided when both piperuiand lower limits could

be calculated. Because there were only two feed samples, no sample variation is

1o 18 [T PP PUURPPRRR 105

Pearson correlation coefficient matrix between log10 transformed elements analyzed
in surface water samples, excluding rainw@gromitted because of several negative
values, and pH, ORP and SpC omitted because of missing values).................. 129

Pearson correlation coefficient matrix between log10 transformed elements analyzed
in shrimp pond samples (Si omitted because of several negative values). For the
correlation matrix, ORP (relative to Ag/AgCI redox couple) is interchangeable with Eh
even hough Eh values relative to the standard hydrogen electrode (SHE) are +187 mV
compared t0 ORP VAIUES.........cccoiiiiiiiiii et 130

Comparative box plot illustrating the slight seasonality seen between July and May
shrimp ponds irrigated with tidal channels via log transformed @&ata................... 131

Spider diagram showing relative enrichment or depletion of elements in tidal channel
water when normalized to average seawater concentrations (Table Al; values above O

are enriched relative to seawater, values <0 are relatively depleted)................. 131
Geochemi stds Workbench evaporation model o]
(SpC) in solution during evaporation of a tidal channel sample towards the
composition of the irrigated shrimp pond s

calculatedrom the analysis are slightly different from the figlebasured value, likely

Xiv



because of discrepancies between the Geoch
greater uncertainty of field measurements at high salinity.................ccoeeeevvvnnnnns 132

A6  Arsenic concentrations in ship ponds and tidal channels from May and July 2018
2019. Large spatial heterogeneity is seen, with most concentrations over the WHO
gui del ine v.al.ue..0f...L0.. 8.0 L. 133

A7  Selenium concentrations in shrimp ponds and tidal channels from May and July 2018
2019.Large spatial heterogeneity is seen, with many samples over the EPA MCL of 50
o B O OO PPPPPRPPPPPPPP 134

A8 Bivariate plot between SpcC..and..nl180Q3% n May

A9 Bar chart plot of ratio between concentration in shrimp pond and a tidal channel
directly adjacentd it as an irrigation source. All values >1 (red line) indicate higher
shrimp pond values than tidal channel values.............ccccoieeeiiiee 135

Al0 Bivariate plot of As and Se (pphb)..wBt h UG18

A1l Logl0 transformed Pearson correlation coeffi e nt matri x bet ween 01
elements and other geochemical parameters in May shrimp pond water samples. For
the correlation matrix, ORP (relative to Ag/AgCl redox couple) is interchangeable with
Eh even though Eh values relative to the standaddoiggen electrode (SHE) are +187
MV compared t0 ORP VAIUES...........cooiiiiiiiii e 137

Al12 Multidimensional scaling (MDS) plot by Aitchison distance (using the classical
method) of July shrimp ponds (SPJ), Mayimp ponds (SPM), July tidal channels
(TCJ), and May tidal channels (TCM) for all geochemical variables except stable
i sotopes, with missing data replaced via t
MDS compl eted via the fpr2020)elmadditioret® package
illustrating the compositional difference between July and May samples, MDS shows
the similarity in May tidal channel and shrimp pond composition, and the disconnect
among July shrimp ponds and tidal channels. MDS is useful beitalets samples
based on multiple compositional variables in abstract Cartesian space, where samples

that are more similar plot closer together.........cccooviiiiiiiicceeiiic e, 138
Al3 Piper diagram created in The Geochemistds
samples plot withi typical seawater COMPOSItION...........cccevvivieiiiimeeneeeeeeeeeeeeeeeinnns 139

Al4 Predicted versus measured As in surface water samples in (A) the Ganges River
(Boralet al., 2020) and (B) Ganges tidal channel tributaries (Ayers et al., 2020), with
the solid black line representing a 1:1 ratio. A Pearson correlation coefficient is also
provided for @ackDIOL...........ccooiiiiii e 140

Bl Log10 element concentrations in metal buckets vdogli) mean concentrations of
elements in plastic buckets, with a 1:1 ratio line inserted in black....................... 142

XV



B2 Powder XRD analysis of suspended sediment (>2.5um) in the upper 1m of a tidal
channel (MDTC-18) and a shrimp pond sediment samplectionKA-4; Dietrich and
Ayers, 202) in Southwest Bangladesh. Major mineral phases are identified with their
corresponding peaks. Feldspar is-adnponent of FeldsparK (Al Si3 O8). The
y-axis depicts observed intensity and is truncated for better visualizatian.......... 143

B3  Dissolved element concentrations normalized to average riverine element
concentrations (Gaillardet .e.t..al... . 12401 4) w

B4  Dissolved load Spearman Rank correlation matrix (several elements are non

normally distributed) witt ol or bar scale. fADayso stands f
to | ab filtration and ALato for | ati tude.
CONCENLIAtION WAS INSEITEA. ... e ettt e eenns 145

B5  Suspended sediment load Spearman Rank correlation matrix (several elements
are nornomally distributed) with color bar scale (detection limit values
substituted in for element values <MDL). i
to lab filtratian..and..ilLat.a..f.or..l.atldet ude

B6  Several elements that showed significant positive correlations with Fe in the
suspended sediment load. Concentrations <MDL are excluded. Pearson
correlation coefficients andyalues are given.............ccoovvvvviiiieeee e 147

B7  Salinity trends of As and Se Kd values in Log10 (/kgsults <MDL excluded)
along the transect with increased seawater mixing. Pearson correlation coefficients
aNd PVAIUES Are QIVEIN........ooeeeiiiiiiiii et e s e e e e e emnea e e e e e e e e e e e e e e eeeeenenas 148

B8  Cobalt and nickel suspended sediment concentration plotted against salinity, with
Pearson correlation coefficiennd pvalues...........cooooiiiiiiiiiiiiccc e 148

B9 Dissolved As versus latitude. Correlation coefficients are ommitted because of the
anchoring effect of the three high latitude values in the Bhairab River. Large
scatter with no definitive trend is apparent between all other sandpesage
open seawater As is 0.0017 mg/L (Mason, 2013) and is marked by the blue dashed
line, while the WHO guideline/EPA MCL (0.01 mg/L) is marked by the red dashed

B10 Element concentrations in the suspended sediment (SSC) load versus
coneentrations in the dissolved load. Values <MDL are omitted. The shaded gray
regions represent the 95% confidence interval about the linear regression line, with
linear regression statistics omitted because of the large scatter in the data (as seen
with large confidence INLEIVAIS).........covvuiiiii i eeee e 150

B11 Comparison of field filtered dissolved load concentrations (0.45um; Dietrich and
Ayers, 2020) with lab filtered dissolved concentrations (0.2 um; This study). Each

XVi



B12

B13

B14

B15

B16

B17

C1

C2

set of samples were at the same study site. Black lines are for 1.1 comparison
between sample types, with a slope of 1 amatgrcept of 0. Samples falling on
the black line indicate the same concentrations in both setsgles...................... 151

Days since sampling to lab filtration versus Co and Ni Kd values. Linear regression
[INES Are PrOVIAEM......oiiiiieee et eeene e 152

Days since sampling to lab filtration versus the dissolved Se concentration. The
linear regression liNe IS Provided.........ccooeiiii e i ceeecccce e 153

TEM analysis of gaveral Ferich particles from samples MIDC-7 (first two columns)

and MD-TC-11 (third column), specifically showing: Column (AHigh-angle

annular darkield (HAADF) image, STEMEDS maps, and EDS spectra with several

element peaks identified foran-hiec h parti cl e (about 0.5 em i
with several transition metals such as Mn, Ti, Cu, and potentially Ni; Colunin (B)

HAADF image and STEMEDS maps of Al, Si and Fe, showing therie
nanoparticle (~0. 2 ¢ mheilangerdlundnome dilieate) associ a
particle; Column (C) HAADF image, STEMEDS maps and EDS spectra,

showing an Fesulfide particles ~0.5um in diameter...........cooeeeiiiiiiiceeiiie e 154

TEM imaging of a Ksilicate particle, potentially muscovite with other small
crystals/oxides presgrfrom sample MBTC-11 with: a highangle annular

darkfield (HAADF) image, STEMEDS maps, EDS spectra, and approximate

wt.% and at. % concentrations of major elements present, assuming other
contributions are relatively negligible...........ccooooe e 155

Dissolved A), solid-phase suspended sediment (B), and Kd values of Cu (C) plotted
against salinity. Linear regression lines are provided for each.plot..................... 156

Watershed map for samples north of Khulna along the BhRirady (smaller outlined
watershed) and for samples south of Khulna along the Rupsha River (larger outlined
watershed). Several sample sites are depicted as black dots, and the green dots
represent the watershed drainage POINt...............iiiiiceceeiiviiiiee e eeeen 157

NIST 1566bi OysterTissue reference material % recovery forasied material on

theICROES (A), and the fAvolatilization correc
mat erial 6s el ement -asledsampetypegB).iSevaral i n as hed
elements that were <MDL in either the ashed or unashed oyster tissue did not have
volatilization correction factors calculated, although it is important to note that Sb,

Se, B, and V underwent significant volatilization while Co and Li were concentrated

in ash significantly enough to raise concentrations >MDL.................cceeeeeeeieennn. 171

Powder XRD Rietveld method calculated intensitieaXis truncated for better

visualization) for two May shrimp pond sediment samples and the NIST 2711 Montana
soil standard. Major minerat®rresponding with diffraction peaks are also indicated.

Xvii



Phyllosilicates are difficult to differentiate with powder XRD, but the general
presence/predominance of-8l sheet minerals and quartz in all three samples is
i kel y. 2d-70° avith gne@suneraests everyf0.01°.............ooovvvvvvvrieeee.. 172

C3  Spearman correlation coefficient matrix for paired water and volatilization corrected
sediment data in Shrimp PONAS..........oooii e 173

C4  Spearman correlation coefficient matrix for paired shrimp and volatilization corrected
sediment datan shrimp ponds. KAL3U (submerged sediment sample) was paired
with shrimp sample KALS........ooo e 174

C5  Spearman correlation coefficient matrix for paired shrimp and water data in shrimp ponds

C6  Spearman correlation coefficient matrix betweerh24edimenbatch extract element
concentrations and volatilization corrected sediment element concentrations in paired
SAMIPIES ..t —————————————————— 176

C7  Spearman correlation coefficient matrix for select paired sediment data (volatilization
corrected element values) in shrimp pondsluding median grain size in pm
[Dx (50)], mode grain size in um (Mode), total % carbon (TC), total % inorganic
carbon (TIC), and total % organic carbon (TQEC)........ueveeiiiiiiiiiiieeriiieeeeeeee, 177

C8  Spearman correlation coefficient matrix for select paired sediment dstteinmp ponds,
including median grain size in um [Dx (50)], mode grain size in um (Mode), total %
carbon (TC), total % inorganic carbon (TIC), and total % organic carbon (TOC),
adsorbed water content (H2Qand structural water content (H2Q+).................... 178

C9 Bivariate comparison between total organic carbon (TOC) in the solid sediment
samples and the dissolved organic carbon (DOC) in tHe 8édiment extract
samples. The Spearman correlation coefficient andlpe are provided.................. 179

C10 Target hazard quotienTHQ) values for each shrimp sample for each element of
health concern in children (A) and adults (B). Thallium makes up the vast proportion
of calculated health risk. The horizontal dotted red line represents a THQ value of 1,
above which adverse health effects are more likely to occur. The stacked THQ
values of all metals combined represents the total THQ, although Tl is clearly the
elementf greatest THQ CONriDULION..........cooooiiiiiiiii e 180

Cl1l1 Spearman correlation coefficient matrix between pond sediment Kd values and
[0T0T 0 YV (=T o o]~ H P SSPPPPPN 181

Cl1l2 Spearman correlation coefficient matrix betweerh24ediment batch extract Kd
values and filtered extract pH. Sca8b excluded because of missing values....... 182

C13 Concentrations of (A) As, (B) Se, and (C) Tl in different pond media shown through

Xvili



box and whisker plots. Concentrations <MDL and those not reported (because of
nearly all values <MDL in water and sediment) were omitted.................oceeeeueeees 183

XiX



CHAPTER |
INTRODUCTION
1.1  Background

Bangladesh is one of the most densely populated countries in the woldslsérious
concerns in regards to water security. Specifically, Bangladesh sits within the &anges
Brahmaputrd Meghna delta and supports more than 160 million people, which is anticipated to
approach 180 million in 2025 (Uddin et al., 2019 and the mneéexetherein). However,
particularly in Southwest Bangladesh (Fig. 1), both groundwater and surface water quality are
threatened by arsenic (As), manganese (Mn), and high salinity due to saltwater influence from
the Bay of Bengal (e.g., Ayers et al., 202@16; Hasan & Ashraf Ali, 2010). Additionally,
Southwest Bangladesh is particularly vulnerable to stresses on water security from climatic
changes and surface water chemistry/quality routinely fluctuates between seasons because of
Bangl ades h 6lsnaten(e.qn, Benoneyveotth etcal., 2016; Roy et al., 2018), where
approximately 80% of the total annual rainfall in Bangladesh occurs from June to September
(e.g., Chowdhury, 2010).

Although a significant amount of research has been done in Southwesad=sigand
Bangladesh in general regarding trace element contamination (primarily As) of groundwater
(e.g., Anawar et al., 2003; Ayers et al., 2016; Neumann et al., 2009), relatively little
comprehensive research has been performed on Southwest Banglatbeshvgater chemistry
(e.g., Akter & Ahmed, 2019; Roy et al., 2018; Shammi et al., 2017), particularly near the Bay of
Bengal (BoB) and the Sundarbans mangrove forest. Only one published study has completed a
detailed geochemical examination of multiplece elements in Southwest Bangladesh surface
waters over multiple seasons (Ayers et al., 2017).

In coastal Southwest Bangladesh, rice agriculture and shrimp aquaculture are prevalent
(e.g., Barai et al., 2019; Kabir et al., 2016). Shrimp farming hasased in the region within
the last 1015 years (Barai et al., 2019), with the practice of rotational farming popular in
Southwest Bangladesh, where shrimp are raised in ponds during the dry season, and rice is
grown in paddies during the wet season wial thannel waters are less saline (e.g., Ayers et
al., 2017; Azad et al., 2009). Water is essential to agriculture and aquaculture, and surface water
from tidal channels is commonly used for irrigation of both rice paddies and shrimp farms in
Southwest Bngladesh (Ayers et al., 2017), although there is local variation in farming practices.
Thus, the concentrations of trace elements as well as other ions in surface water used for
irrigation is relevant to the health of local agriculture and aquacultutensys

Trace elements such as As and Mn of are particular concern because of their known
adverse human health effects when consumed in excess quantities. For example, As is very well
categorized as a toxin to humans (e.g., Bowell et al., 2014; Hughe$, 2002verexposure to
Mn can affect the central nervous sSsystem, res
disease or cognitive impairment in children (e.g., Frisbie et al., 2012; Rahman et al., 2017).
Trace elements can also adversely affeosgstems. For example, excess selenium (Se)
bioaccumulation in fish and birds can lead to toxic effects sutdra®genesiand reduced



growth (e.g., Hamilton, 2004), and excess As bioaccumulation is toxic to biota as well (e.g.,
Eisler, 1994). Althouglpredominantly found in groundwater in Bangladesh, high levels of As
and Mn can still be found in surface waters, particularly during the dry season within tidal
channels (As) and shrimp ponds (As and Mn) in Southwest Bangladesh (Ayers et al., 2017).
Because of the prevalence of arsenic in Bangladesh (e.g., Anawar et al., 2003), the detailed
documentation of both its acute and chronic toxicity (e.g., Hughes, 2002), and the inadequate
study of arsenic in surface waters, arsenic is one of the elements oinfdicissdissertation.

Elevated levels of As in surface waters can come from a variety of sources, such as from
geothermal springs, arsefrich groundwaters, mine waste, or industrial waste discharge
(Smedley and Kinniburgh, 2002). However, in Banglad#dsire is some debate about the
underlying causes of enriched As in surface waters. Ayers et al., 2017 attributes elevated surface
water As in Southwest Bangladesh to several possible causes (i.e., groundwater exfiltration;
groundwater irrigation from upgam; remobilization of As from sediments after transport from
the Himalayas via Fexyhydroxides), albeit no explanations entail anthropogenically derived
As.

Bhuiyan et al., 2015 attributes high levels of As in the Buriganga River near Dhaka,
Bangladsh to be primarily from anthropogenic sources, with 48% of the variability in As
concentrations likely coming from municipal wastes and phosphate fertilizers. Saha et al., 2017
looked at several metals (and As) and how their concentrations varied siedrally major
industrial zone just north of Dhaka. Saha et al., 2017 found significant decreases in the
concentrations of Pb, Ni, Cr, Zn, Cu and Cd away from the industrial zone, but not for As or Mn.
They ascribed As and Mn to geogenic sourcing becaube ¢dck of spatial trends and separate
grouping in principle component analysis (PCA) results, although did not elaborate further on
this hypothesis. Part of this dissertation will therefore focus on trying to better constrain the
transport and nature éfs as a pollutant in Bangladesh waterways, in addition to other trace
elements that may be of health concern, such as Se.

Understanding the partitioning between the solid and aqueous phase of trace elements is
essential in interpreting the mobility andrisport of these elements in the environment. A
partition coefficient (Kd) represents the ratio between the concentration of an element in the
solid phase over the concentration of an element in the aqueous phasgiqtdus
Csolid Caqueous Kd values can be used to describe partitioning between suspended sediments and
surface water or between deposited surface sediments and surface water, with the surface water
element concentrations essentially representing the more bio accessible/mobiledfaction
elements in a system (aqueous phase). Kd values can be influenced by a variety of factors, such
as pH, dissolved organic carbon (DOC) and caginchange capacity (CEC) of sediment
(Gooddy et al., 1995; Janssen et al., 1997; Van den Hoop, 1995). Falustiag geochemical
properties of sediment and water in a system is paramount to understanding possible effects on
element partitioning and thus element transport and mobility.
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Figure 1. Location of Southwest Bangladesh outlined in black.




1.2 Researchobjectives andoverview

The overall prevailing theme of this dissertation is to holistically characterize the
geochemical system in Southwest Bangladesh to get a better grasp on the transport, mobility and
fate of trace elements such as As. Onstfully understand the passive (stationary, geochemical
processes) and active (mixing and physical transport) proggsgeg)at work in Southwest
Bangladesh in order to prevent or mitigate potentially harmful accumulation of trace elements in
the enwronment. The primary research objectives by chapter include:

Il. Characterize the surface water chemistry in Southwest Bangladesh (particularly
aguaculture shrimp ponds) and assess the effects of seasonal variation, irrigation,
evaporationgdilution, mixing, and pollution;dentify the geochemical controls on
trace metal(loid)s such as As and Se.

[l Characterize the main input system of shrimp ponds in Southwest Bangladesh, tidal
channels, using in situ field measurements, GIS to evaluate ipbf@itutant sources
(e.g., Khulna City), geochemical/mineralogical analysis of suspended sediment, and
comparison of elemental compositions in the suspended load to the dissolved load
during seawater mixing.

V. Investigate elemergartitioningbetween impdant environmental media within
aguaculture shrimp ponds, including the sediment, pond water and shrimp,
particularly to assess whether shrimp are accumulating toxic trace elemieicts
may pose a health hazard to consumers

Chapter Il looks at statistally predicting aquaculture shrimp pond and tidal channel
water trace element concentrations. With onlyiBdependent variables, Se and As
dissolved concentrations can be moderately predicted. Furthermore, this chapter examines
how certain processes assential to water chemistry, such as seasonal water dilution,
evaporation, and irrigation source. It is shown how even early wet season monsoonal rains
begin to dilute most element concentrations, but this is more pronounced in tidal channel
waters comped to shrimp ponds. Furthermore, As and Se may have an important
relationship in regard to toxicity, which is discussed. This work preludes the importance of
looking at other components of the shrimp pond system, sediment and the shrimp, to gain a
betterunderstanding of geochemigartitioning in the natural environment

Chapter Il focuses on the main input into shrimp ponds in Southwest Bangladesh, tidal
channels. Suspended sediment and the dissolved load of water samples taken along a transect
from Khulna, Bangladesh down to the Sundarbans near the coast of the Bay of Bengal were
analyzed. We found that several trace elements increase in dissolved concentrations along the
transect because of desorption processes (i.e. Ni and Co), while Se decreases in
concentrationlikely because of conservative mixing/dilution with seawater after
nonconservative anthropogenic sourcing upstream. Arsenic does not show a clear mixing
trend along the transect and is likely largely geogenic in origin.

Chapter IV focusemore holistically on the relationship between pond water, sediment,
feed,and shrimp within shrimp ponds. This is essential for understanding the entire impact



trace elements may have on the aquaculture system in Southwest Bangladesh. Data show that
shrimpelemental composition is more related to fish feed composition than water, sediment,

or sediment pore waters (represented by batch experiment sediment extracts). Partition
coefficients and concentration relationships between sediment extracts and sedggest

that while chemical steady state may happen quickly, chemical equilibrium takes much

longer due to the highly weathered sediments and high mineral saturation indices of the
waters. Aquaculture shrimp were also found not to contain measurablSeespite

elevated water concentrations of Se and As, but did contain elevated thallium (TI)
concentrations, which poses a significant health risk to consumers.

Chapter V holistically ties together the importance of the dynamic geochemical system in
Souhwest Bangladesh, and the implications this has for both Southwest Bangladesh and
consumers of agricultural products from the region. Additionally, this chapter points out
possible future research directions for better understanding of elemariitning in the
region.

Dissolution/

Sorption/
Desorption

Flocculation

accumulation Precipitation

OYBANBYYSY il f

Figure 2: Several different processes possibly affecting element transport, fate, and mobility in
the Southwest Bangladesh environment.




CHAPTER Il
INFLUENCES ON TIDAL CHANNEL AND AQUACULTURE SHRIMP POND WATER
CHEMICAL COMPOSITION IN SOUTHWEST BANGLADESH !
Abstract:

Detailed geochemical studies of both major and minor elements in Bangladesh surface
waters are sparse, particularly in shrimp aquaculture pond environments. Thevatere
samples from shrimp aquaculture ponds and tidal channels were colleligh precipitation
(July) andlow precipitation(May) months from 2022019 in SouthwedBangladesh and
analyzed focomplete water chemistr§elenium (Se) and arsenic (Aggre elevated above
WHO guidelines in 50% and ~87% of samples, respectively, but do not show any recognizable
spatial patternsshrimp pond and tidal channel water compositions in the dry séslsgn are
similar, illustrating their connectivitgnd mininal endogenous effects within shrimp ponds.
Tidal channels are less salimeJuly thanshrimp ponds stilirrigated bytidal channels,
suggesting that either farmers limit irrigation to continue farming saltwater shrimp, or the
irrigation flux is low and leads to a lag in aquaculttidal channel compositional
h omo g e ni®%a & BHlisotipicGompositiongrom sampes in May of 2019evealtidal
channel samplegrecloser to the local meteoric water line (LMWL) than shrimp pond samples,
because of less evaporatibfowever, evaporation in May shrimp ponds has a minimal effect on
water composition, likely because efjular drainage/exchange of pond watBissolved
organic carbon (DOC)iposi ti vel y c ot® ed ddtinastimpyponddy bot h
suggesting thads evaporation increases, DOC becomes enridheitiple linear regression
reveals that As and Se caa imoderately predicted (adjustet\Rlues between 0-@.7, p <0.01)
in surface waters of our study with oni43ndependent predictor variables (e.g., Ni, V and
DOC for Se prediction; Cu, V, Ni and P for As predictioius, this general approach should
be followed in other regions throughout the world when measurements for certain hazardous
trace elements such as Se and As may be lacking in several samples from a dataset.

Keywords: Trace elemenisarsenic, seleniupsurface water chemistrpquaculture

1 Introduction

Althoughthere has been much research in Bangladegiroundwateand contaminants
such as arsenic (A¢¢.g.,Anawar et al., 2003; Ayers et al., 2018 arlet and Polya, 2006
Knappett et al., 2016; Neumann et 2aD09; Nickson et al., 2000ess emphasis has been placed
on surface water chemistry, especially in Southwest Bangladesh. Multiple studies in Bangladesh
have geochemically examined tidally dominated rivers (hereafter called tidal channels) and
adjacent weerways in both temporal and spatial wé&yg.,Akter et al., 2020; Akter and

I Chaptemublishedopen access n i Ge o ¢ h e mi ¢ antirepfodueed with thé permission of the publisher
(Springer Natureand my ceauthor(Dr. John Ayers)Dietrich, M., & Ayers, J. C. (2021). Influences on tidal
channel and aquaculture shrimp pond water cheroaabosition in Southwest Banglade§eochemical
Transactions22(1), 222.https://doi.org/10.1186/s129321-000742
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Ahmed, 2019; Datta et al., 2020; Haldar et al2@®Roy et al., 2018; Shammi et al., 2017)

Studies havealsolooked at trace element concentrations in aquaculture pmaithe coastal

region of Banglades{Das et al., 2017; Guhathakurta and Kaviraj, 2000; Sarkar et al., @016)

in coastal Bangladesh rivers (Islam et al., 2020; Proshad et al., 2020) and nonspecified
lakes/ponds (Ahmed et al., 2026)owever, these studidésve focused more on risk assessment,
general reporting of trace element or major element concentrations, and overall water quality.
While reporting concentrations and changes in water chemistry is useful for preliminary work,
more detailed understandingsafrface water geochemical relationships is imperative for

predicting where waters may have elevated concentrations of certain hazardous elements such as
As or selenium (Se), and what ultimately controls the element concentrations.

Studies thus far alsake not thoroughlyesearchethe relatimship of tidal channel
waters with aquaculturghrimp ponds, which are often irrigated with tidal chanveglerduring
the dryseasonn Southwest Bangladesiistead of groundwatéAyers et al., 2017)Fig. 1)
Recent studies indicate that tidal channel waters often have elevated arsenic, especially in the dry
season (Ayers et al., 2017; Dietrich and Ayarsjer revie, so there is concern that shrimp
ponds and the shrimp grown in them may also have high arsenic.

Particularly reliant upon surface water in Southwest Bangladesh (e.g., Satkhira and
Khulna districts) are aquaculture and agriculture, where rice farming, fishinghang
farmingare the primary sources of income for people in the areaBempeywoth et al., 2016)
and shrimp farming in particular has increased dramatically since the (¥9&@set al., 2009)
Shrimpponds (bottom lefof Fig. 1) are typically 1m or less in depth on average and vary
largely inarea although averaging around 3 ha,ilelthe tidalchannels irrigating thernave
variable depths ranging up to several meters.

In general, critically understanding relationships between trace elements in surface waters
in Bangladesh is particularly needed because trace element chemisignirivers is poorly
understood (Gaillardet et al., 2014), and the aquaculture shrimp ponds and tidal channels in
Southwest Bangladesh are an innate offshoot of the large Ganges River system. Additionally,
better understanding of water chemistry in Badgkh aquaculture environments has worldwide
applicability to coastal aquaculture systems in other countries such as India and Taiwan. Thus,
this study aims to holistically examine possible influences (i.e., precipitation, evaporation,
irrigation) on the omposition of tidal channel and shrimp pond water in Southwest Bangladesh,
and to use multivariate techniques to assess whether As and Se concentrations can be predicted
in surface waterslhe main research questions are: 1) Do early monsoonal rainsvedtect
compositions of shrimp ponds and tidal channels differently? 2) Are any elements or other
geochemical parameters sensitive to endogenous changes within shrimp ponds following tidal
channel irrigation? and 3) Can Se and As surface water concergria¢gisaasonably explained
and modeled by a small subset of other variables through multiple linear regression modeling?

2 Methods and study area

21  Study area



Southwest Bangladesh is a tidaltyluencedarea near theoast of the Bay of Bengal
(Fig. 2), with the tidal influence extending just nodhKhulna City in the dry season (e.g.,
Brammer, 2014)Studies in the area have shown that tidal influence on tidal channel water
composition varies by season and the amount of freshwater disct@argegdstream (Rahaman
et al., 2014, 2013). Specifically, salinity ranges betwegrp@rts per thousand (ppt) between the
tides, and pH ranges®@4 units between tides throughout the year depending on location within
the Sundarbans (Rahaman et al., 2@D4,3).This tidal area has not been as extensively studied
as the northern floodplains in theBsM delta or the Himalayan foothills, where river water and
sediment compositions were previously researched Bidakle et al., 2018; Lupker et al., 2012;
Sain et al., 1989; Singh et al., 2003hetidal region includes part of the Sundarbans mangrove
forest, although much of this forest was converted to agricultural islands back in thel2966s
(e.g.,Peters et al., 2019 and the references cited thefdiaye agricultural islands are also
known as fApolders, 0 and are surrounded by emb
surges or tidal inundatiofAuerbach et al., 2015; Peters et al., 2019)

Bangladesh experiences a strong monsoonal climatrevbiseasonal precipitation
causes approximately 80% of yearly rainfall to occur between the months of June to September
(e.g.,Benneyworth et al., 2016; Chowdhury, 2010; Peters et al., 20h) large seasonal
difference in precipitation can lead tastchangesn surface water chemistry during different
seasons, particularly in coastal regions (&gter and Ahmed, 2019; Roy et al., 2018; Shammi
et al., 2017)

22  Sample collection

Surface water samples were collected in both the early mossason in July of 2018
and 2019, and during the end of the dry season in May of 2QlBaverage precipitation in
Khulna is ~363mm, while May average precipitation is ~180mm (BARC, 288&amples
were taken within the general vicinity of Southwesh@adesh, and predominantly within the
Khulna District (Fig 2). All but one shrimp pond aquaculture sample (K& were irrgated
with tidal channel water

Samples were collected as follows:

91 July: 11 shrimp ponds + 5 tidal channel samplesraidwater sample (n=17)
1 May: 10 shrimp ponds + 4 tidal channel samples (n=14)

May and July shrimp pond samples were taken in the same relative locations to avoid
differences in tidal influence and thus allow more direct comparison. Tidal channel samgles we
taken at different locations between seasons, but those used for dissoleedcentration
comparisonn spider diagrams (P32C, P321 and P32 in July; MDTC-16, MD-TC-18, MD-
TC-19, and MDTC-22 in May) were collected in channels that irrigated the studied shrimp
ponds in both seasons. One rainwater sample was collected in July of 2018 from a tin roof
collection device.
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Figure 1:Conceptual diagram of the water cycle within Southwest Bangladesh and example
images of tidal channels that irrigate shrimp ponds (both a typical main channel like that sampled
in this study (A) and an inlet from a smaller, connective channel (B)pigal shrimp pond (C).

A video of tidal channel irrigation to a shrimp pond is provided
https://doi.org/10.1186/s129321-000742.
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Figure 2. Map of the study area and the sample sites in Southwest Bangladtesthe dark
green area representing the Sundarbans natural mangrove forest

Surface water samples were collected \pitisticsyringes and buckets from the upper
1m of the vater column and were rinsed at least once between each sample. Samples were
filtered in the field with a syringe and 0.45polypropylenefilter into 60- and 125mL bottles.
May 2019 and July 2019 samples were all filtered into 60 mL battigkthe bottles were
completely filled to preverdxygen and hydrogen isotopgchange with headspace before
analysisOnly 2019 samples were collected for isotopic analysis because in our lab, analytical
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capabilities for oxygen and hydrogen isotopesewast yet available in 2018he July 2018 tidal
channel and rainwater samples were placed in 500 mL bottles, wiidahehannel sample
filtered i n the polytrapyleadilterr(not filkeied imthedield).. 4 5 & m

23 Field measurements

A Hach Hydrolab DS5 was used to gather in situ surface water measurements of pH,
oxidationreduction potential (ORP) in millivolts (mV), specific conductivity (SpC) in
mi crosiemens per centimeter (OS/ cm) 20l&nd temp
shrimp pond, May 2019 shrimp pond, and May 2019 tidal channel safolbegng the
methods of Ayers et al. (201duly 2018tidal channel SpC was measured with a kiaeld SpC
Hanna probe while one July 2018 shrimp pond sampleIK8pC value wasstimatedthrough
total ion summation.

ORP measurements from the Hach Hydrolab B8Eeused fordistinguishingoxic and
anoxic conditions for surface water samples, as describ&geirs et al., 2017, 201©ORP
(relative tothe Ag/AgCI redox coupleyvasconverted to Eh (relative to the standard hydrogen
electrode (SHE)) in Table 1 by adding 187 mV to each field measurement.

24  Sample preparation and analyses

2-10 mL of each filtered sample was acidified with a drop of concentrated nitric acid
(HNO:s) in the laboratory for inductively coupled plasma (ICP) analysis, while approximately 20
30 mL of sample was left unacidified and used for ion chromatography (IC) and total organic
carbon analysis (TOCApproximately 2 mL of filtered, unacidifiedlay and Jly 2019 samples
were transferred to glass vials via plastic pipette immediately upon opening the 60 mL bottles for
0  a AHdisotbpe analysis.

All acidified water samples were analyzed daeakin EImer NexION 2000BCP-MS in
both standard arkinetic energy discrimination (KEDnodesusing EPA Method 60208t
Vanderbilt University for the elements As, Be, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Se, Ti,
Tl, V, and Zn. All acidified surface water samples were alstyaed on & Agilent 5110 VDV
ICP-OES using EPA Method 6010& Vanderbilt University to report the ions: Al, As, B, Ba,
Ca, Fe, K, Mg, Na, P, S, Si, and Sr. All 2018 filtered, unacidified surface water samples were
analyzed for inorganic and organic carlmemtent with a Shimadzu model TQCCPH/CPN
using ASTM Method Br57309 at Vanderbilt University, as describedAipers et al., 2017,

2016 while samplesrom 2019were all analyzed via a Shimadzu model FOCPH usingEPA
Method 9060A Unacidified water amples were also analyzed for CI, F, Br,a3NPQ;, and SQ
with a Metrohm 881 Compact IC Pro usi8gv-846 EPA Method 9056N0s, PQr and F were
omitted from the reported results because nearly all values were <MDL.

May and July 2019 water samples were run on a Picarro L2$8@pe and gas
concentration analyzer at® VarfHdisetipbvaldegreldivei ver s i
to Vienna Standard Mean Ocean Water (VSMO®Bgch sample was run twice, with thean
of four measured injections (following four preparatory injectians)e d t o ®*@ander at e U
PH isotope valuefor each sample ruverage values of the two sample runs are reported.
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Average pecision(1) between replicate sample rumas~0.1a f BHand~002 &4 f®0r
Salt liners were used to prevent damage from salt precipitates. USGS standards USGS45,
USGS49 and USGS50 were useaddorect measured sample values throtghUSGS LIMS

for Lasers data reduction scheme

More details orsample preparation are included in the Supplementary Document.
25  Quality control

Method blanks of samples were taken with deionized water in the field in July 2018 and
May 2019 and analyzed for complete chemical analysis (IC, TOGMSRCROES), ad
routinely show concentrations at or belowtirod detection limits (Table.2For samples run on
the ICRMS, ICROES, IC and TOC analyzerseriodically measured concentrations in
standards were required to be within 15% of the known \aaldeblanks weresquired to be
below the method detection limit (MDLA duplicate shrimp pond sample from May 2019
showed all concentrations except Mn in very close alignment with one a(®@0#raverage
difference in concentrations for aiportedelements (includig DIC and DOC}hat had
concentrations >10pphillustrating the representative nature of each sarnvpdhod detection
limits are listed in Table.2Average charg®alance error was 4.6%, similar to the average
chargebalance error ilyers et al., 2016f 3.9%.

26 Data reduction

Maps were generated using ArcGIS 10.6.1 and QGIS 3.10, while RStudio and Microsoft
Excel were used for figure generation and statistical analyses. Multiple linear regression subset
selection used t he 8fdriablasused aspha mdx augnber of subs&s wi t h
(Lumley, 2020). The Geochemistds Workbench 14
an evaporation model in the React program, using sampld GH22 as the input basis. HGO
concentrations (from measurdidsolved inorganic carbon (DIC)), charge imbalance, and
mi neral saturation indices were calculated us
Workbench 14.0 with the default thermo.dat database (Bethke, 2007). Uncertainties are reported
as sample standadiviation (11).

3 Results
3.1 Geochemicatoncentrations

Dissolved concentrations tend to be lognormally distributed, so they are summarized
using the geometric mealBlement concentrations reflect relatively saline waters in shrimp
ponds regardlessd seasonshownby highconservative ion concentrations approaching average
seawater concentrations (Table Bidal channel waters show more variability in conservative
ion concentrations between sampling months compared to shrimp ponaggu&sin both
sampling monthare generally consistent and positinesurface watersndicative of oxidizing
conditions(422 = 48 mV). Including both sampling months (because of minimal seasonal
variability in DOC), the mean shrimp pond DOC concerdrais 7.3 + 4.3 mg1, while the
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mean tidal channel DOC concentration is 3.1 = 1.0 rig.€ompared to a river world average of
58mg.:1land12mgtl medi an value i n the worldodos eutro
the references thereirpH valuesshow relatively little variabilityegardless of sampling month
although shrimp pond wateas 8.4 + 0.4are markedly more alkaline than tidal channel wadéers
7.6 £ 0.1 Out of elements with known adverse health outmexcessive quantities, Cr @6t
3.6¢ g -1land Mn (3N 1 7 -1)xogeralLsurface wateralues are all well below levels of
health concerfWorld Health Organization, 201, Avhile Pb,Be, Cd, and Tiwereeither close to
detection limit or below detection limit and thus not reporfedSb,Fe and Mo values are also
not reported because of either low val(eg., nearly all May samples had negative reported Fe
values)or concerns with interference on the ICP. However, bot{2Bs 19¢ g -1)land S€45

+ 45¢ g -1)are at levels opotential health conceircross both sampling monthased on

WHO and EPA drinking water guidelineshich are 1& g -1 for As for both the EPA and
WHO, and-150 aad-1deBpedcivly, for Se EPA and WHO guidelifgsS. EPA,
2009; World Hedah Organization, 2017)

3.2  Element and geochemical parameter correlations

Concentrations of st conservative elemerdase strongly correlatedhdicative of their
similar mobilities in solution (Fig. AL Concentrations of any elementghat tend to bhave
nonconservativelguch as As and Se do not show strong correlations, indicative of redox
conditions and sorption/desorption mechanisms possibly affecting concentrations. However, pH
andEh measured in shrimp ponds do not correlate well with any elestfég. A2). DOC,
important in groundwater chemical reactions in Bangladesh, does not show strongi@asrela
with any elements (Fig. Al

3.3 Monthly composition differencesmid elemenenrichment relative to seawater

In general, loweelementconcentrations are seen in July tidal channel waters relative to
May tidal channel waters (Fig).3Concentrations iduly tidal channel waters, however, show
much more variance, although nonconservative elements have less consistency in.uargtion
and May shrimp ponds show slight differences in average compositions, albeit with most overlap
contained withilk & e r r or )bHaweser, 8e-CugCr, antl £0 are all elevated in July
shrimp ponds relativetday s hr i mp p o n diationoJulysisrimplpendedre 10 v ar
slightly less saline on average than May shrimp ponds (Fig.\&Ben normalizing shrimp pond
(Fig. 4b)and tidal channel (Fig. Adoncentrations to that of seawatealues from literature;
Table Al) several elements areselrly enriched, sicas Ba, As, Se, and ZAdditionally, DOC
is well enriched in shrimp ponds relative to values typicsdign in the Indian Oce&®gawa
and Tanoue, 20033hown through DOC plotting well above 0 in Figure 4a
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Table 1: Sample location information, in-situ measurements, and saturated minerals in

solution
Sample Type Latitude Longitude Date- CIB (%)® | Saturated pH SpC Eh
Time? minerals (uS/cmy¥ | (mV)9
KA-1 Shrimp | 22.47861853 89.47911456 7/6/2018 0.65% Kfs, kin, 8.09 | 28403.0 | 399.0
Pond July Ms, Dol,
Cal, llt
KA -2 Shrimp | 22.50075958 89.43157628 7/7/2018 | -3.61% Kfs, Ms, 8.50 | 20200.0| 357.0
Pond July Dol, Cal, It
KA-3 Shrimp | 22.69571769 89.16967095 7/8/2018 | -3.41% Ms, Dol, 9.00 | 6541.0 | 377.0
Pond July Cal
KA -4 Shrimp | 22.67178417 89.25978431 7/8/2018 | -2.54% Kfs, kin, 8.26 | 20398.0 | 407.0
Pond July Ms, Dol,
Cal, It
KA-5 Shrimp | 22.57789021 89.30023656 7/9/2018 1.63% Ms, Dol, 8.61 | 29595.0| 390.0
Pond July Cal
KA -6 Shrimp | 22.58252190 89.34350180 7/9/2018 2.03% Kfs, kin, 8.44 | 28264.0 | 391.0
Pond July Ms, Dol,
Cal, lit
KA -7 Shrimp | 22.44306661 89.61203278 7/10/2018| -3.90% Dol 8.08 | 12203.0 | 600.0
Pond July
KA -8 Shrimp | 22.45236994 89.61284144 7/10/2018| -3.87% Kfs, kin, 8.38 | 9053.0 | 445.0
Pond July Ms, Dol,
Cal, lit
KA-9 Shrimp | 22.55983540 89.60069553 7/10/2018| -1.71% Ms, Dol, 8.19 | 16466.0 | 437.0
Pond July Cal
KA-10 Shrimp | 22.65947095 89.59243177 7/11/2018| -1.44% Dol, Cal 9.28 | 1505.0 | 389.0
Pond July
KA-11 Shrimp | 22.70397053 89.46984816 7/11/2018| -0.83% Dol, Cal 8.41 | 22440.0| 436.0
Pond July
P32TC Tidal 22.5195770Q 89.49199400 7/6/2018 8.00% 6990.0
Channel
July
KA-8RW | Rainwater| 22.45236994 89.61284144 7/10/2018| -1.16%
KA-12 Shrimp | 22.49975329 89.43115749 5/6/19 7.48% Kfs, Ms, 8.65 | 27731.0 | 390.0
Pond 15:42 Dol, Cal, It
May
KA-13 Shrimp | 22.51984753 89.49248609 5/7/19 8.46% Kfs, kin, 8.05 | 31367.0| 431.0
Pond 9:37 Ms, Dol,
May Cal, Ilt
KA-14 Shrimp | 22.45304998 89.62798504 5/8/19 4.34% Kfs, kin, 7.97 | 26077.0| 414.0
Pond 10:00 Ms, Dol,
May Cal, It
KA-15 Shrimp | 22.55608476 89.64831928 5/8/19 4.33% Kfs, kin, 8.15 | 25749.0 | 418.0
Pond 12:30 Ms, Dol,
May Cal, lit
MD-TC- Tidal 22.55505854 89.64806772 5/8/19 3.33% Kfs, kin, 7.67 | 25339.0| 454.0
22 Channel 12:50 Ms, Dol, It
May
KA-16 Shrimp | 22.57374567 89.29286777 5/9/19 4.66% Ms, Dol, 8.77 | 28851.0 | 404.0
Pond 10:10 Cal
May
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KA-17 Shrimp | 22.58665928 89.33286479 5/9/19 6.70% Kfs, kin, 7.96 | 33034.0| 443.0
Pond 11:25 Ms, Dol,
May Cal, Ilt
KA-18 Shrimp | 22.6749898(0 89.26152243 5/9/19 4.79% Kfs, kin, 8.55 | 11285.0| 403.0
Pond 14:00 Ms, Dol,
May Cal, lIt
KA-19 Shrimp | 22.69974406 89.16632039 5/10/19 7.03% Kfs, Ms, 8.86 | 17557.0| 359.0
Pond 10:10 Dol, Cal
May
KA-20 Shrimp | 22.69793983 89.47640710 5/11/19 3.90% Kfs, kin, 7.77 | 32046.0| 474.0
Pond 9:00 Ms, Dol,
May Cal, Qz, It
KA-21 Shrimp | 22.64063033 89.58598250 5/11/19 6.41% Kfs, Ms, 8.61 | 26270.0| 430.0
Pond 11:00 Dol, Cal, It
May
MD-TC- Tidal 22.38292227 89.44586719 5/6/2019 4.18% Kfs, kin, 7.56 | 36334.0| 450.0
16 Channel 10:55 Ms, Dol, It
May
MD-TC- Tidal 22.56935935 89.49654172 5/7/2019 4.07% Kfs, kin, 7.64 | 29662.0 | 458.0
18 Channel 10:55 Ms, Dol, It
May
MD-TC- Tidal 22.86607737 89.55133013 5/7/2019 4.13% Kfs, kin, 7.63 | 25837.0| 445.0
19 Channel 15:27 Ms, Dol, It
May
Hiron Tidal 21.8174400Q0 89.4600000Q 7/22/2019| 10.53%
Point Channel 10:05
July
Site-1 Tidal 22.45839000 89.28765000 7/25/2019| 9.34%
Channel 19:55
July
P321 Tidal 22.51326000 89.43369000 7/26/2019| 10.47%
Channel 8:10
July
P32-2 Tidal 22.5640400Q0 89.46957000 7/26/2019| 3.74%
Channel 14:50
July
Pond and 4.60% 8.27 | 19842.57| 421.69
Tidal
Channel
Geometric
Mean
Pond and 0.45 | 8959.77 | 48.00
Tidal
Channel
Std Dev

Bangladesistandard Time (BST or GMT+6).

bCharge imbalance error (%) between major ionic species in solution.

“Arithmetic mean of absolute value (%).

dSaturated minerals have saturation index >0 (log(Q/KJ}s K-feldspar;KIn kaolinite; Ms muscovite;
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Dol dolomite;Cal calcite;Qzquartz;llt illite (Note: No Feminerals because of no reported Fe).

®Acronym represents specific conductivity (SpC).

'Field measurement likely inaccurate based on major ion concentrations.

9Eh is relative to tl standard hydrogen electrode (SHE).

Table 2: Measured geochemical parameters

MDL 0.0034 | 0.00013| 0.00026| 0.00016| 0.00011| 0.00026| 0.00020

(mg/L)

Sample Type Alt Vv Cr Mn Co Ni Cu

KA -5-Blank Blank 0.004 0.000 0.001 0.000

KA -7-Blank Blank 0.001 0.000 0.000 0.000

KA-17- Blank 0.000 0.004 0.003 | 0.0003 | 0.005

Blank

KA -20- Blank 0.000 0.003 0.000 0.000

Blank

KA-1 Shrimp 0.160 0.008 0.010 0.006 | 0.0013| 0.011 | 0.018
Pond July

KA -2 Shrimp 0.152 0.008 0.009 0.001 | 0.0009 | 0.009 | 0.016
Pond July

KA-3 Shrimp 0.250 0.013 0.008 0.007 | 0.0009 | 0.007 | 0.016
Pond July

KA-4 Shrimp 0.145 0.016 0.010 0.005 | 0.0011| 0.011 | 0.021
Pond July

KA -5 Shrimp 0.242 0.021 0.013 0.002 | 0.0016 | 0.024 | 0.019
Pond July

KA -6 Shrimp 0.228 0.020 0.013 0.013 | 0.0018 | 0.024 | 0.013
Pond July

KA -7 Shrimp 0.134 0.004 0.008 0.003 | 0.0008 | 0.006 | 0.012
Pond July

KA-8 Shrimp 0.073 0.007 0.006 0.049 | 0.0005| 0.000 | 0.019
Pond July

KA-9 Shrimp 0.121 0.009 0.008 0.000 | 0.0008 | 0.009 | 0.017
Pond July

KA-10 Shrimp 0.066 0.005 0.004 0.001 | 0.0002 | 0.007 | 0.009
Pond July

KA-11 Shrimp 0.155 0.007 0.010 0.001 | 0.0011| 0.014 | 0.018
Pond July

P32TC Tidal 0.016 0.000 | 0.0001| 0.002 | 0.010
Channel
July
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KA -8RW

Rainwater

0.003

0.000

0.004

KA-12

Shrimp
Pond May

0.093

0.022

0.004

0.005

0.0004

0.006

0.008

KA-13

Shrimp
Pond May

0.092

0.021

0.003

0.004

0.0003

0.004

0.007

KA-14

Shrimp
Pond May

0.093

0.017

0.006

0.004

0.0004

0.006

0.005

KA-15

Shrimp
Pond May

0.093

0.017

0.005

0.002

0.0003

0.006

0.007

MD-TC-22

Tidal
Channel
May

0.094

0.018

0.004

0.004

0.0004

0.006

0.006

KA-16

Shrimp
Pond May

0.093

0.019

0.005

0.004

0.0003

0.006

0.004

KA-17

Shrimp
Pond May

0.094

0.019

0.004

0.004

0.0004

0.006

0.007

KA-18

Shrimp
Pond May

0.085

0.011

0.005

0.004

0.0004

0.007

0.004

KA-19

Shrimp
Pond May

0.086

0.018

0.004

0.004

0.0002

0.003

0.005

KA-20

Shrimp
Pond May

0.100

0.020

0.004

0.003

0.0003

0.004

0.005

KA-21

Shrimp
Pond May

0.092

0.019

0.005

0.084

0.0004

0.000

0.003

MD-TC-16

Tidal
Channel
May

0.104

0.021

0.004

0.003

0.0003

0.006

0.005

MD-TC-18

Tidal
Channel
May

0.114

0.019

0.005

0.002

0.0004

0.007

0.005

MD-TC-19

Tidal
Channel
May

0.090

0.018

0.005

0.004

0.0004

0.007

0.006

Hiron Point

Tidal
Channel
July

0.140

0.017

0.013

0.005

0.0009

0.013

0.017

Site-1

Tidal
Channel
July

0.182

0.023

0.018

0.003

0.0016

0.019

0.026

P321

Tidal
Channel
July

0.039

0.004

0.009

0.001

0.0002

0.000

0.016

pP32-2

Tidal
Channel
July

0.039

0.001

0.009

0.000

0.0001

0.002

0.021
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Pond and 0.101 0.012 0.0066 0.003 | 0.0005| 0.005 0.010
Tidal
Channel
Geometric
Mean
Pond and 0.056 0.007 0.004 0.017 0.0005 | 0.006 0.006
Tidal
Channel Std
Dev
MDL 0.00045 | 0.00018| 0.00031| 0.0023| 0.0016| 0.0065| 0.0032| 0.0035| 0.0056
(mg/L)
Sample Zn As Se B Ba Ca K Mg Na
KA -5- 0.003 0.000 | 0.005 | 0.171 0.096 | 0.389 2.27
Blank
KA -7- 0.003 0.085| 0.002| 0.16 | 0.093 | 0.189 2.65
Blank
KA-17- 0.002 0.004 0.503 | 0.002 0.032 | 0.037 1.93
Blank
KA-20- 0.003 0.006 0.500 | 0.000 0.024 | 0.029 0.60
Blank
KA-1 0.007 0.034 | 0.076 | 2.43 0.16 | 174.62| 279.68| 541.62| 5279.52
KA -2 0.006 0.043 | 0.076 | 1.83 0.22 | 168.61| 186.15| 407.08| 3798.48
KA-3 0.006 0.036 | 0.073 | 1.56 0.27 | 143.92| 149.33| 366.38| 3388.44
KA -4 0.005 0.095 | 0.095 | 1.68 0.28 |178.91| 179.83| 415.85| 3812.76
KA-5 0.006 0.015 | 0.091 | 2.28 0.25 | 212.77| 289.88| 622.51| 6033.30
KA -6 0.005 0.018 | 0.198 | 1.57 0.19 | 227.05| 218.08| 609.45| 5270.34
KA -7 0.005 0.017 | 0.074 | 0.89 0.16 | 119.44| 91.32 | 228.58| 1976.76
KA -8 0.006 0.059 | 0.069 | 0.56 0.11 | 93.10 | 58.21 | 176.56| 1414.74
KA-9 0.004 0.007 | 0.119 | 1.16 0.25 | 122.30| 137.19| 330.07| 2929.44
KA-10 0.004 0.001 | 0.060 | 0.12 0.10 | 40.87 | 12.46 | 31.79| 146.68
KA-11 0.006 0.003 | 0.168 | 1.58 0.14 | 176.36| 205.94| 468.59| 4312.56
P32TC 0.000 0.019 | 0.014 | 0.47 0.07 | 70.25| 54.13 | 124.34| 1375.98
KA -8RW 0.760 0.000 | 0.004 0.00 154 | 042 | 0.72 6.41
KA-12 0.007 0.039 | 0.035 | 3.40 | 0.24 | 237.80| 293.90| 631.90| 5781.00
KA-13 0.003 0.033 | 0.034 | 3.56 0.19 | 247.80| 342.60| 703.80| 6546.00
KA-14 0.003 0.033 | 0.031 | 2.90 | 0.26 |232.70| 271.80| 594.30| 5532.00
KA-15 0.004 0.030 | 0.015 | 2.94 | 0.30 | 214.40| 283.00| 597.80| 5501.00
MD-TC- 0.004 0.043 | 0.012 | 250 | 0.25 |198.60| 278.20| 567.00| 5405.00
22
KA-16 0.004 0.032 | 0.029 | 3.10 | 0.26 | 221.90| 311.60| 662.30| 6091.00
KA-17 0.007 0.025 | 0.034 | 3.54 | 0.22 | 249.60| 372.20| 778.10| 7148.00
KA-18 0.003 0.027 | 0.035 | 1.47 0.24 | 122.30| 101.30| 244.10| 2353.00
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KA-19 0.003 0.049 | 0.037 | 2.15 | 0.19 |141.80| 175.50| 368.80| 3741.00
KA-20 0.004 0.041 | 0.054 | 3.29 | 0.22 |266.80| 351.30| 763.90| 7007.00
KA-21 0.004 0.026 | 0.029 | 2.52 | 0.25 | 219.50| 265.10| 630.70| 5718.00
MD-TC- 0.018 0.038 | 0.056 | 3.69 | 0.11 | 264.70| 422.80| 865.10| 7938.00

16
MD-TC- 0.011 0.042 | 0.015 | 2.85 | 0.25 | 223.00| 331.20| 668.80| 6378.00

18
MD-TC- 0.010 0.039 | 0.030 | 2.57 | 0.30 | 204.60| 291.10| 589.90| 5492.00

19

Hiron 0.014 0.020 | 0.101 | 3.48 | 0.07 |184.21| 240.62| 571.61| 7481.70

Point

Site-1 0.029 0.041 | 0.055 | 3.56 | 0.09 |267.85| 383.72| 877.00| 10726.32

P321 0.008 0.054 | 0.039 | 0.82 | 0.06 | 4455 | 22.37 | 71.70 | 817.12

pP322 0.006 0.006 | 0.008 | 0.41 | 0.03 | 25.72| 3.01 | 7.15 23.04
Pond and| 0.005 0.025 | 0.045 | 1.75 | 0.17 | 155.51| 158.16| 361.47| 3254.04

Tidal
Channel
Geometric

Mean
Pond and| 0.006 0.019 | 0.045 | 1.09 | 0.08 | 70.12 | 118.31| 243.64| 2498.31

Tidal
Channel
Std Dev

MDL 0.0068| 0.0058| 0.0038| 0.0037| 0.0101 | 0.0064| 0.0254 0.15 | 0.18

(mg/L)

Sample P S Si Sr Cl Br SOs | HCOs | DIC* | DOC*
KA-5-Blank | 0.075 | 0.539 0.002 | 0.768 0.93 0.450| 2.85
KA-7-Blank | 0.032 | 0.252 0.915 1.23 0.470 | 2.09

KA-17- 0.012 0.019 0.272 | 0.47

Blank

KA -20- 0.225| 0.58

Blank

KA-1 0.089 | 450.94| 0.95 3.66 | 9250.22| 35.42 | 1108.30| 151.60| 29.84 | 5.71

KA -2 0.100 | 352.72| 0.70 | 2.84 | 7321.86| 29.82 | 860.10 | 152.90| 30.10| 8.42

KA-3 0.112 | 284.38| 0.57 2.55 | 6516.78| 28.48 | 707.86 | 137.60| 27.09 | 10.30

KA -4 0.070 | 335.78| 2.01 291 | 7224.22| 30.46 | 830.56 | 193.00| 38.01 | 8.38

KA-5 0.021 | 525.91| 0.28 | 4.32 | 10412.60, 38.84 | 1251.36| 93.76 | 18.46 | 9.10

KA -6 0.086 | 461.14| 1.38 3.91 | 9182.44| 36.72 | 1108.48| 167.50| 32.98 | 22.0

KA -7 0.080 | 202.47 1.59 | 3920.46| 22.42 | 515.96| 41.29 | 8.13 6.56

KA -8 0.326 | 122.60| 1.40 1.17 | 2798.86| 20.58 | 306.78 | 193.00| 38.00 | 11.82

KA -9 0.067 | 252.14| 0.22 2.22 | 5463.42| 26.82 | 614.10| 169.20| 33.32 | 8.15

KA-10 0.032 | 21.93| 1.59 0.29 | 283.54 | 1492 | 50.80 | 131.90| 25.97 | 8.58
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KA-11 0.059 | 396.27 3.18 | 7885.82| 31.98 | 925.68 | 138.30| 27.24 | 7.20
P32TC 0.013 | 94.68 | 1.95 0.86 | 1980.40 258.52 | 176.60| 34.78 | 5.70
KA-8RW | 0.012| 0.63 | 0.25 9.34 1.99 7.97 1.57 2.60
KA-12 0.035 | 498.20| 1.43 | 4.05 | 8721.00| 51.54 | 1518.00| 122.10| 24.04 | 8.02
KA-13 0.052 | 551.30| 0.91 | 4.52 | 9562.00| 64.54 | 1793.00| 159.90| 31.49 | 3.77
KA-14 0.026 | 442.10| 1.94 | 3.76 | 8895.00| 48.85 | 1444.00| 162.20| 31.93 | 4.73
KA-15 0.038 | 448.10| 1.21 3.84 | 8916.00| 45.87 | 1341.00| 157.80| 31.07 | 4.11

MD-TC-22 | 0.054 | 436.30| 2.12 3.65 | 8869.00| 44.86 | 1337.00| 146.40| 28.82 | 2.86
KA- 16 0.050 | 501.30| 0.60 | 4.22 | 9755.00| 56.42 | 1544.00| 122.30| 24.08 | 5.28
KA-17 0.030 | 589.20| 1.75 | 4.98 | 10920.00| 61.37 | 1872.00| 148.70| 29.28 | 3.19
KA-18 0.049 | 171.70| 2.34 1.64 | 3733.00| 11.14 | 531.30| 179.70| 35.38 | 6.91
KA-19 0.238 | 231.00| 1.00 | 2.38 | 5674.00| 22.88 | 724.70| 181.60| 35.75| 15.62
KA-20 0.036 | 560.00, 2.89 | 4.76 | 11380.00| 70.65 | 1822.00| 196.20| 38.64 | 5.55
KA-21 0.021 | 445.20| 1.55 3.76 | 8926.00| 48.64 | 1347.00| 94.31 | 18.57 | 7.60

MD-TC-16 | 0.065 | 671.00| 1.48 5.52 |12810.00| 88.36 | 2081.00| 143.80| 28.31 | 2.36

MD-TC-18 | 0.027 | 518.40| 1.91 | 4.28 | 10250.00| 62.98 | 1649.00| 145.60| 28.67 | 3.14

MD-TC-19 | 0.048 | 453.30| 2.29 3.76 | 8837.00| 47.60 | 1457.00| 150.80| 29.69 | 3.20

Hiron Point 440.44| 2.24 | 3.69 | 10285.90] 30.60 | 1165.50| 114.60| 22.57 | 2.74
Site-1 0.014 | 663.41| 1.35 5.52 | 15269.20, 48.40 | 1765.20| 137.40| 27.05| 3.05
P32-1 51.26| 2.90 | 0.52 | 1116.12| 3.84 | 137.68 | 100.70| 19.83 | 3.12
pP32-2 498 | 3.16 0.11 32.09 0.13 13.50 | 95.03 | 18.71 | 2.80
Pond and | 0.050 | 275.20| 1.34 | 2.47 | 5350.28| 28.51 | 766.12 | 138.10| 27.19 | 5.67
Tidal

Channel

Geometric
Mean

Pond and | 0.068 | 187.98| 0.77 1.52 | 3724.62| 20.35| 587.11| 3491 | 6.87 | 4.25
Tidal

Channel Std
Dev

Al measurements in mgi, including method detection limits (MDL). Omitted values are
negative reported values.

*Acronyms represent dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC).

3.4  Tidal channel versus shrimp pond composition

May tidal channels and shrimp ponds have similar average compositions, although there
is more variability in the nonconservativeralents such as Zn and Ni (Fig. S&)July however,
tidal channel and shrimpondcompositions are nas similar, although it is noted that there is
high variability within July tidal channel samples (Fig.)5# general, July shrimp ponds have
higher average concentrations of elements and DOC compared to July tidal channels.
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Figure 3: Spider diagranof tidal channel arithmetic mean log10 concentratiansnged from

left to right with decreasinconcentrations in seawateti 1 e r r or b #lustsatesithee gi v en
seasonality between tidal channel samples, with largeatiariin July because of early

monsoonal rains coupled with tidal influence. July tidal channel samples®32321 and

P322 were averaged instead of other July tidal channel samples because of proximity to the

shrimp ponds they were irrigating.

3.5 Oxygen and hydrogen isotopes specific trends

80  a AHdfrond tidal channel samplé¥able 3)plot relatively close to thiocal
meteoric water lineL(MWL ) (Fig. 6. Furthermore, they plot linearly between the LMWL and
the expected value for seawater.iBlpr ponds plot farther off the LMWL than tidal channel
samplesand their stablesotope values are heavier (more positive) than tidal channel isotope
values.

80  a AHdshoiv a strong positive correlation with DOC in shrimp sofitfO and
DOC,; Spearman = 0.92, p = 0.00047) (Fig.).7As shrimp ponds become more enriched in both
180 and?H isotopes, DOC increases. Tidal channel samples do not show this same relationship
( 10 and DOC; Spearman= 0.05, p = 0.8), with DOC valuesremani ng qui e st ab]l
a n dH intrease
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Table 3: Isotopic measurements relative to VSMOW

Sample Type utto  (VBMPW | 0PH  ( VEMPW
KA-12 Shrimp Pond May | 1.9 9.1
KA-13 Shrimp Pond May | -0.1 -3.6
KA-14 Shrimp Pond May | 0.1 -2.3
KA- 15 ShrimpPond May | -1.2 -10.3
MD-TC-22 | Tidal Channel May | -2.2 -15.5
KA- 16 Shrimp Pond May | 0.6 0.8
KA-17 Shrimp Pond May | -0.9 -7.3
KA-18 Shrimp Pond May | 2.8 13.8
KA-19 Shrimp Pond May | 3.7 21.8
KA- 20 Shrimp Pond May | 1.0 2.4
KA-21 Shrimp Pond May | 2.7 13.3
MD-TC-16 | Tidal Channel May | -1.4 -9.2
MD-TC-18 | Tidal Channel May | -1.5 -11.4
MD-TC-19 | Tidal Channel May | -1.6 -12.1
Hiron Point | Tidal Channel July | -2.6 -15.6
Site-'1 Tidal Channel July | -1.0 -7.0
P321 Tidal Channel July | -6.7 -44.0
pP322 Tidal Channel July | -7.2 -46.8

VSMOW|sotope values are delta values relative to VSMOW (Vienna Standard Mean Ocean Water)
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Figure 4: Spider diagram of arithmetic mean log10 concentrations in July (excludinglRA

and May shrimp ponds. Sligeeasonalitys apparenbetween July and May shrimp ponds
irrigated with tidal channels (Anlbeit with overlap within fi error bars. Concentrations in
shrimpponds normalized teeawater (B)with log10(geometric mean/seawater) instead of
arithmetic mean of log10 concentrations, with points above 0 showing relative enrichment and
points below 0 showing relative depletion compared to seawater. Two Si valoesithee from

the July shrimp pond data because of anomalous negative values.
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Figure 5: Spider diagrams showing arithmetic mean log10 concentrations in shrimp ponds
(excluding KA-10) and tidal channel waters. Strong similarity is seen betweersiMegp

ponds and the tidal channels irrigating them (A). Less similarity is seen in July (B), with large
variance seen in July tidal channels and lack of overlap between the two water types. Two Si
values are omitted from the July shrimp pond data becHwss®wmalous negative values.
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Figure 7: Bivariate ploto f *¥0trom Mayshrimp ponds and May/July tidal channels showing
DOC increasing with enrichment of isotopeshrimp pondsSpearmarcorrelation coefficiers
(DOC is nornormally distributedpf 092b e t w &@ and WOC in shrimp pondp €

0.00047 and0.095in tidal channels (p = 0.84)

3.6  Surface water evaporation models

Through the React program in Geochemistos
model was performed (Table A2) from the initial 1kg solution of sampleTdER2 to estimate
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the amount of watenaporation that would yield the concentrations of conservative elements in
the irrigated shrimp pond (KA5) directly adjacent to sample MDC-22.

The model estimates that only a relatively small fraction of water evaporatior10%)b
is needed to concentrate n@active major conservative ions in solution to the concentrations
observed in the irrigated shrimp pond (KA). When looking at modeleglinity (essentially
grouping all major seawater ions together);2% evaporation of water can explain the relative
increase in salinity observed from tidal channel to shrimp pond water (Fig. A5), which is close to
intersample variability.

In addition to the aforementioned malsalance focused geochemical model, relatively
straightforward isotopic equations can be used to estimate the amount of evaporation in a shrimp
pond after tidal channel input. Using several simplifying assumptions such asdieamic
equilibrium and an equilibrium fractionation
sampling temperatures were ~306 e C $¥0/*fOoexchange (Majoube, 1971), a Rayleigh
distillation equation may be used to estimate the residual fradtwater (f) left in a system
(Eq. 1;Gat, 1996)

Y 'YzQF (1)

Where R is the isotopic ratio of the residual water agi$ Bhe isotopic ratio of the initial water.

In a system where water is evaporating and the liquid phase is known to be more enriched in the
heavier stable isotope (i.6%0),t he term for the fractli)dnation f
causing isotopic @ichment in the residual liquid phase as f decreases. After convertittf@he

value of the irrigating tidal channel (MIDC-22) to an*®0/*®0 ratio and employing the Raleigh
equation, ~10% of evaporation of the initial amount of material can explainateeanriched

180/1€0 ratio of the directly irrigated shrimp pond (KE5). However, this also assumes no other
influences on stable isotopes in the shrimp pond, such as precipitation, and assumes that all water
was derived from the tidal channel. Theseraesonable assumptions, as during the sampling

period in May 2019 no measurable precipitation was observed, and the impermeable clays lining
most of the ponds prevents groundwater exfiltration or seepage from other water sources (Ayers
et al., 2017, 2016).

The discrepancy between the estimated 2% evaporation based on salinity and 10%
evaporation based on isotopes may be in part due to sligitomservative processes occurring
in ponds such as ion exchange that affect saltwater ionguansbtopic evporation model is
merely an estimate, as we assume an open system with Rayleigh fractidnaiatity, the
system is likely somewhere between an ideal open and ideal closed gydtitmonally, if
assuming fractionation between the liqirabor phase@redominantly occurred at the surface
water interface in our water samples, atemperature €30 woul d change the ev

-

estimate to ~11% because of a different U val
3.7  Selenium and arsenipatial and seasonatariability

Arsenic concentrans in shrimp ponds and tidal channels@dose to or above WHO
drinking wat er -lgnubothMay and Rily sahddéroughgut 3W Bangladesh
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(Fig. A6). There does not appear to be any spatiaielationbetween measured arsenic values
in both shrimp ponds and tidal channédlditionally, selenium values aokose to or above
WHO drinking wat e-i)thgughodt &SW BamgasesH irtidal chanpnels and
shrimp pond, with seemingly random spatiebncentration trends (Fig. A7in general, spatial
heterogeneity in surface wateace element compositierappears to be the narm

While both Se and As are withinli Yariation in May and July tidal channels (Fig. 3), Se
is greater in July shrimp ponds compared to May shrimp pomdgdle of fi variation (Fig. 4a).
Arsenic is within fi variation when comparing May and July shrimp ponds (Fig. 4a).

3.8  Multiple linear regressin

Best subsets multiple linear regression (details on variable selection in the Supplementary
Document) sugests that the variables Cu, P, V and Ni can explain most As variance (Fig. 8),
with an adjusted Rof 0.39 (p = 0.006) (Table A3). Their significance is supported by V, Ni, and
Cu each having-palues <0.05 when looking at those four variables togetheetiasar
regression fit for As (Table A3). For Se, linear regression using the concentrations of only V, Ni,
DOC, and Cl result in one of the best adjustédd@ues .74 (Table A4; Fig. 8), and each
variable has a-palue <0.01 (Table A4). When remouii€l from the predictive model, the
adjustedR? becomes 0.67 (p <0.0001) with each variable (V, Ni and DOC) havingahup
<0.01 (Table A5)

Details of other models and violations of multiple linear regression assumptions are
provided in the Supplemenyabocument.

4 Discussion
4.1 Trace elemet enrichment in surface waters

Trace elements of initial focus in this study were Mn and As, because of their known
elevatedconcentrationgn groundwater in the regig@and potential to enter surface water
through groundwater irrigation upstream or exfiltratianjl known adverse health effects in
excessive quantitigg.g., Frisbie et al., 2002; Harvey et al., 2002; Rahman et al., 2017,
Rodrigues et al., 2016urthernore, Ayers et al., 201heasured elevated As >20g -1 L
(WHO drinking water guidelina)Vorld Health Organization, 20}t 78% of shrimp ponds on
Polder 32n SW Banglades(several samples in this present study are from/around the same
polder) with 71% & May tidal channelaround Polder 32ontaining As >1@ g -1 &as well.
Ayers et al., 2013also measured Mn >4@0 g -1 WHO healthbased valueyvorld Health
Organization, 2017in 6% of surface water samples
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Figure 8: Multiple linear regression modefor grouped variables initially selected for Se and

As, with adjusted Rvalues along the-gxis. The best model was computed for each subset size
(e.g., each amount of predictor variables utilized in the overall modelR5 because of some
samples nssing predictive variable measurements and thus being omitted, which also explains
the slight discrepancy between multiple linear regression analyses completed with more samples
(i.e., Table A4).
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In this study, however, no dissolved Mn concentrations aleoee the WHO health
based val u-&(WorldHetlth@rganigatidn, 201¥) either shrimp ponds or tidal
channels, which is expected based on Mn solubility decreasing when pH is >6, due to the
formation of solidphase Mn oxides and hydroxidesd, Holloway et al., 2016)rhus, elevated
Mn valueswerereported in some dkyersetal.,201ds s hr i mp despiedimiapbhhp | e s
and redox conditionsArsenic was elevateabove the WHO standand almost all shrimp pond
and tidal channel samplesgardless of season, with ~8¢#ntaining As >1@ g -1 [Table 2.

This supports data fromtyers et al., 201Where elevated As in SW Bangladesh surface waters
was also reportetHowever, dssolved As is not expected to be as elevated inmeatral pH,
oxidizing conditions such as those seen in surface wgeys Ayers et al., 2017; Smedley and
Kinniburgh, 2002)and thus more research on As cycling at the groundwatéace water
interface in Bangladesh is needed (e.g., Berube et al., 2018).

Arsenc values were >16 g -1in 75% of July samples (shrimp pond and tidal channels)
during the early monsoan this studywhile Ayers et al., 201 easureanly 11% of tidal
channels in Octobevith As > 10¢ g -1.LThis suggests that the monsoon rainfall has not yet
reached a high enough continuous level in July to thoroughly dilute the source of surface water
As compared to Octobdn Khulna the average precipitation in the preceding four months were
~1,261mm inOctober, only ~142mm in May, and ~627mm in J@ARC, 2020).

Because thereere no previous reports high Se in SW Bangladesh surface waters, it
was not an initial element of concern going into this study. Furthermore, Se has been reported as
low in Bangladesh groundwatée.g., Frisbie et al., 2009, 2002; Rahman et al., 2Gt6¢ven if
heavy groundwater irrigation or exfiltration could affect surface water concentrations, Se was not
expected to be elevated. However, dissolved Se was found to lsg 50 (EPA MCL; U.S.
EPA, 2009)n 50% of all samples and > 40g -1 (WHO guideline;World Health
Organization, 2017n 50% of all samples (Tablg,2vith substantially higher average
concentrations in théuly shrimp ponds compared kbay shrimp pondsHig. 43. While low
levels of Se intake can lead to nutritional deficiencies in humans such as impaired growth, or
thyroid function abnormalities (e.gVinkel et al., 2012)excessive Se intake can be toxic for
humans and animals, particulafbyr inorganc species of SeSpallholz et al., 2004However,
whenshrimp ponds areftenconverted to rice paddies in the wet season in SW Banglatiesh
chemicallyreducingpaddysedimentikely leads to the formation of insolubééemental Se
(Winkel et al., 202).

When normalized to average concentrations in seawater, As, Se and Mn aretaiden
in shrimp ponds (Fig. 4bwhile As and Se are also enriched in tidal chaniiéds A4). Thus,
the sourcing of thesg e n r i etementd cannot be explained by satvfrom the Bay of
Bengal alone, and must have outside sources such as riflenwnéirect anthropogenic input
(fertilizers or other chemical supplements) groundwater flow. ThaigherSe concentrations in
July shrimp ponds versus May shrimp porgldifficult to explain (Fig. 4p particularly because
the same distinct seasonality is seen in tidal channels (Fig). A possible explanation is that
desorption mechanisms are at work in the July shrimp ponds, although there are no correlations
betwesn Se andth or pH to suggest this iedox or pH influenced (Fig. A2Because colloids
can have an important influence on trace elements in solution (e.g., Gaillardet et al., 2014),
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future spectroscopy and speciation analyses may help identify whetfignily an important
role in enrichment and seasonality in Bangladesh.

4.2  Tidal channel and shrimp pond connectivity

Strong compositional similarities were seen between May shrimp ponds and the tidal
channel surces irrigating them (Fig. harhis suggests that there is little compositional change
within the shrimp ponds after irrigation, although there is more variance between
nonconservative elements, suggesting that sorption/desorption reactions may be occurring after
shrimp ponds have ba irrigated. This may particularly be true for cation species like Ni and Zn,
which may undergo desorption in more saline waters due to competition for sorption sites with
salt cations such as Ca and Na (elg.SouzaMachado et al., 2016; Samanta anda&018)

Across all dissolved water samples in this current study, moderate positive correlations between
metal cations such as Co, Ni, and Cu (Fig. A1) suggest similar geochemical processes occurring
in the natural environmenguch as sorption/desoign effects July shrimp ponds show much

less compositionalverlapwith July tidal channels (Fig. $bHowever, there isigh variance of
dissolved ion concentratiomgthin July tidal channel sampléBig. 3), which could be

indicative ofsalinity fluctuation closely tied to rainfall and river dischargaly shrimp ponds

and tidal channels may not be as similar compositionally because of shrimp farmers limiting
irrigation of less saline watets prolong harvest of brackish water shrimp varieties, oalmse

of slow mixing rates between the irrigation source (tidal channels) and the shrimpploictis

may not become complete untitdan the monsoon season (i.atel August or September).

Future work analyzing water fluxes in and out of shrimp poneds totme would help better

guantify the mixing of pond water and irrigation source.

4.3 Enrichment of As and Se

Arsenicand seleniuntconcentrations vary widely throughout the regidowever, they
arebothubiquitously elevatg >WHO drinking water guidales in May and Julghrimp pols
and tidal channels (Figs. A6 &A.7The widespread occurrencehogh As and Seoncentrations
throughout the regiosuggests that As and Se gredominantly not locally powsourced.

Arsenicmay be sourced fromrsenierichgroundwater n t he r egi o-f) (often
as previously suggestédyers et al., 2017)upstream weathering in the Himalayas,
anthropogenic effluent ruaff from cities upstream such as Khulna. Because As shows little to
no correlation with caservativeions found in seawater and tends to behave nonconservatively
(Fig. Al), it is difficult to deduce whether As increases as more groundisgiezsent in the
system, particularly because there are two poskibler salinityendmembers (riverine flow
from upstream and groundwater flow) wihtentiallydifferent As concentrationdt.is noted
that a January (dry season) freshwater river sample in the nearby Meghna River (where
groundwater As condehat rAst i<oliBerubergeall, 2008, € g. L
although this river has a different drainage basin.

Arsenic concentrations in this study are also much greater than surface waters sampled in

2016 in the same geographic region (Ayers et al., 202@) difference#n As concentrations
between Ayers et al., 2020 and both this study and Ayers et al., 2017 may be attributed to small
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sample size, overall less saline (and thus potentially more diluted) samples in Ayers et al. (2020),
and sample location heterogeneityaighree studies used similar methodology. For example, if
groundwater exfiltration is a possible source of As to surface waters, sampling locations from
Ayers et al., 2020 may receive different exfiltration rates of groundwater because of widespread
gedogic heterogeneity in the area (e.g., Ayers et al., 2016).

Sdeniumconcentrationsigher than average seawater in estuaries can be caused by
conservative mixin@f polluted/enriched Se river water and relativelydépleted seawater,
such asn the Solent area in misouthern EnglanfMeasures and Burton, 197&) the Rhone
river delta off the Mediterranean S@guan and Martin, 1991Anthropogenic input of Se wa
documented in the San Francisco Bay estuary from both sewage treatment plants and oll
refineries, albeithe concentrationgn the mixed estuary samples wenech lower than those
seen her¢Cutter, 1989; Cutter and San DieljlcGlone, 1990)Selenium wasilso elevated
relative to natural background in agricultural irrigation drainage in central California in the mid
1980s (Lemly, 2004). Thus, Se may be sourced from sewage, oil refineries, or agricultural runoff
in the area. It is also interesting thatc®acentrations are much higher in our samples from 2018
and 2019 (regardless of season) compared to results from surface waters in the same general
study area in 2016 analyzed using the same methods (Ayers et al., 2020). One possible
explanation for thiss that Se is anthropogenic and the source of its release into the dissolved
load began after sampling in 2016, potentially from industrial centers in Khulna (Dietrich and
Ayers,under revieyy, while another possible explanation is that the overall lesgessmples
taken in 2016 were more diluted with rainwater or other sources than ours in 2018 and 2019, thus
lowering Se concentrations.

Recently, in the Ganges River system, fihot
concentrations ( r rthestudy)were dbservédmearcldcgg urlmanand 0 i
industrial areas, but these concentrations became diluted by other river tributaries downstream
(Boral et al., 2020). Thus, a city like Khulna could be a source of Se or other trace elements, and
dilution islimited until either the tidal channels empty into the Bay of Bengal or it becomes peak
monsoon season. Regardless of the source, a dramatic increase in Se input would be necessary
for an increase in surface water concentrations from26.5 -1 in 2016to ~10200¢ g -1in
20182019.

4.4  Surface water isotopic compositidrends and evaporative effects

80 a AHdisotdpes in surface waters can be useful proxies for illustrating mixing or
evaporative processesny samples plotting othe local meeoric water line (LMWL)are
theoretically local precipitation, while samples plotting to the righbefLMWL have
undergone fractionation, which can be interpreted as evapo(@ain1996), or mixing with
isotopically enriched water such as seawabridal channel samples plot close to the LMWL
andtrendtowards the isotopic value of seawater as they become heavier or more enriched,
suggesting they have undergone minimal evaporation and represent mixing breimwesater
and seawater (Fig)@Dry season (May)lsr i mp pond s amp¥Oe @ AHlandi heavi ¢
plot farther off the LMWL compared to tidal channel samples, suggesting they have undergone
more evaporation and are not simply depicting mixing between rainwater and seawater.
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However, even though shrimp ponds are likely undergoing more evaporation, there is not
a positive correlation with isotopeluas and salinity (SpC) (Fig. A8A positive correlation
would be expected, because as water evaporates, conservative ionstyouldolution and
become more concentrated.€Tlack of an observed positive correlatistikely a consequence
of each shrimp pond having different starting salinitd®wing irrigationfrom tidal channels,
with concentration variations e tidd c hann el i rrigationlysource
minor effects of evaporation on conservative salt ions. However, when looking at a shrimp pond
andirrigatingtidal channel directly adjacent to it, slight evaporative enrichment occurs with
conservativeelements, while several nonconservative elements are depleted in shrimp ponds
(i.e., Mn and P; those less likely to desorb from saltwater cation exchaogsibly due to
mineral precipitation or sorption onto sediment surf§Eegs A9).

=)}

Evaporative rodels further illustrate the aforementioned point that although evaporation
is likely occurring in the shrimp ponds more than the irrigating tidal channels, the amount of
evaporation has little overall influence on major element concentrations in sgritioA5).
Evaporation appears |l ow in May (010%) and doe
in shrimp ponds. This is likely a result of regular shrimp pond drainage of wastes and
replenishment from new tidal channel water, which would redwuater residence time and the
effects of evaporation. However, the evaporation models were based on a sample close to high
tide and are thus minimum estimates of evaporation, although in the nearby Bangladesh
Sundarbans, salinity changes between high amditk in the dry season tidal channels are often
around ~1ppt or less, with some tidal channels seeing practically no salinity change between
tides at all (Rahaman et al., 2014, 2013).

Trace elements of interest, such as As and Se, also do not sholwaaryems with
stable isotopes (Fig. A)YOWeak to moderate relationships are seen witbth#r elements as
well (Fig. A11). Essentiallygvaporations not great enough to overcome the large variance in
starting compositions of the shrimp pond watethe effects of nonconservative element
behavior are larger than the effects of evaporation, effectively erasing any possible correlation
between stable isotopes and nonconservative behaving elements.

DOC shows a strong positive relatioisvith stablesotopes (Fig. ¥ .  #0s atdHd U
isotopes become heavier in shrimp ponds, DOC increases atikegllbecause these variables
are affected by endogenous processes in shrimp ponds (e.g., biological processes or evaporation),
while other geochemical paneters are more affected by exogenous processes (e.g., upstream
rock weathering, seawater mixingor exampleas shrimp pond waters undergo more
evaporation, they become more stagnittt lower flow conditions, algadch, and produce
DOC throughalgalphotosynthetic activity (e.g., Cole et al., 198®ditionally, all shrimp
ponds have similar DO€oncentrations in their irrigation sour@s seen with littleariation in
tidal channel DOC values in Fig), hich allows identification of the small eéimges caused by
evaporationDOC values do not show a relationship with isotopes in tidal channels because tidal
channel isotopic values are predominantly influenced by raimsatarater mixing instead of
evaporation.

Lastly, it must be noted that expamgl isotopic analysis of shrimp pond waters to other
months/seasons may be useful for helping determine geochemical relationships as well,
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particularly because when excluding isotopes, multidimensional scaling (MDS) shows July
shrimp ponds are distinct froother samples (Fig. A12).

4.5  Multiple linear regression and predictors of As and Se

Nearly all our samples plotted similarly to seawater in a Piper diagram (Fig. A13), and
were thus collectively used in multiple linear regression to assess important predictor variables
for As and Se, even though most elements showed large variability in concentration.

Multiple linear regression illustrates that Ni, P and V are importatigtor variables for
Se and/or As in most water samples (Fig. 8).
As, and like As (as pentavalent arsenate) in oxidized aqueous environments, P is mainly in an
oxyanion form (as P§J) (Strawn, 2018). Howeer, in the main predictive model for As, P is
positively correlated (Table A3), which would suggest that even though both elements are likely
negatively charged species in solution, their concentrations are not explained by competitive
adsorption. Vanadm is likely predominantly an oxyanion as well given the pH and oxidizing
conditions of the surface water samples, with the most common ion of V bait@yHh natural
waters (Crans and Tracey, 1998). Because V is positively correlated with As in tlotiyeedi
model (Table A3), it may also behave similarly in solution but not compete directly for sorption
sites. However, Ni is most often a cation species with a valence of +2 in natural waters
(Langmuir et al., 2004). When analyzing primary influencingaldes for As (Cu, V, Ni and P),
it is clear that only Ni is negatively correlated, illustrating that Ni may improve the model
because of different chemical behaviors (i.e., sorption affinities) as a cation in solution (Table
A3).

Selenium also exists axyanions in oxidizing environments such as surface waters
(Winkel et al., 2012). When looking at the predictive variables V, Ni, and DOC for Se; V has a
negative coefficient in the model while Ni has a positive coefficient (Table A5). This is opposite
that of the main As model (Table A3). Thus, for Se, even though V is likely an anion in solution
and Ni a cation, the anion is associated with a decrease in Se in the model. This may be due to
competitive sorption properties of Se and V on solid particlesesf (particularly with selenite
on Feoxyhydroxides or clay minerals), which would increase V in solution as Se sorbs. Ni may
complex with aqueous species that behave similarly to Se but do not compete with sorption sites.

pH is important to include imodeling because of its known effects on speciation and
mobility of Se and As (e.g., Strawn, 2018; Winkel et al., 2012). However, models that include
pH do not significantly improve As or Se prediction (Fig. 8), potentially due to relatively small
variancein pH values (Table 1). Thus, pH does not likely have a large, statistically significant
influence on either Se or As concentrations in these surface waters, although it is acknowledged
that pH is important in speciation of these elements and thus iearical characteristics in
solution.

When adding isotopes to predictive modeling to determine whether evaporation/mixing
may affect Se and As predictability, the adjustéd@ues for both Se and As increase to both
0.70 (p = 0.016) and 0.90 (p = 0.004espectively (Tables A6 & A7), but only 14 samples are
included in the analysis, omitting all July shrimp ponds. The influence of isotopes must be taken
with care, as clear bivariate relationships between Se, Ag'¥Dda n dH) dre not apparent
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(Fig. A10), and the inclusion of both isotopeg®0 a AHJ in the Se model (Table A7) clearly
violate the multiple linear regression assumption of no multicollinearity among predictor
variables. However, future work investigating the predictive nature lolessotopes for trace
elements in surface water or groundwater modeling may be warranted because as proxies of
mixing or evaporation, O and H isotopes may provide additional insight as to where certain
elements originated from or if evaporation conceattalements in solution.

Additionally, because organic matter such as Dsag affect trace elementsnmultiple
ways, such as complexing with Apecies or competing for sorption sites (e.g., Lin et al., 2017;
Williams et al., 2011)it was another geochemical parameter worth examifiogSe, it was
found that the predictor variables DOC, V, and Ni resulted in an adjustfdOR7 (p < 0.0001)
(Table A5).Thus, Se maglso be affected by DOC, such as by surface watatidation of
biogenic elemental Se (BioStatoriginatedfrom microbes (Winkel et al., 201%#) high DOC
waters.More research in shrimp pond elemental cycling would help isisgght on this. Lastly,
it is apparent that adding Cl as a representative saltwater ion to the variables DOC, V and Ni
improves the predictive model (Table A4), which may be indicative of slight seawater mixing or
seasonality effects on aqueous Se. Howeaves noted that Cl does have a strong positive
correlation with V (Fig. Al), and thus violates the assumption of no multicollinearity for
multiple linear regression.

4.6  Applicability of Se and As models

While these models do not identify the medkars that control As and Se concentrations
in shrimp ponds and tidal channel waters, they are very useful in gauging what
elements/geochemical parameters are most important in influencing As and Se concentrations in
surface waters. This extends to upstréaonheadwaters) Ganges River samples (Boral et al.,
2020; their Table S4), where Cu, Vi, and Ni result in a great multiple linear predictive model fit
for As (adjusted R=0.64 p =7.2e-15) (Table A8). Additionally, when examining tidal channel
samples from Ayers et al. (2020), predicting As with Cu, V, Ni, and P results in a great overall fit
as well (adjusted R=0.74, p =0.024 (Table A9). However, Se predictive modeling for tidal
channels in Ayers et al. (2020) is much poorer, with DOGnd, Ni only resulting in an
adjusted Rof 0.24 (p =0.17). Nevertheless, the general approach of multiple linear regression
with several important predictor variables such as Ni and V or other geochemical analogues
appears to be applicable to other stefavater bodies, particularly rivers, and can be especially
useful in better understanding and predicting the concentration of As in solution. Further
research in quantifying Se in surface waters will help in understanding what controls/predicts its
geochenical variability.

These models also provide a way to estimate As and Se concentrations in Bangladesh
surface waters without direct measurements of As oM8del validation using other published
datasets indicates that the model parameters obtainkeid study do not produce model
predictions that agree well with observed As and Se concentrat®nBi¢. A14). However, the
general approach used hesn help improve predictions and measurements in other regions
throughout the world, particularly veh several geochemical parameters may be missing from
samples within an area. For example, if a study has only analyzed As or Se in 15% of samples,
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but the remaining samples contain potentially important predictor variables such as Nior V, a
modeling soltion can be applied to estimate As or Se in the remaining samples.

Although this study assumed linear relationships in predictive modeling, future work
involving nonlinear predictive modeling techniques such as machine learning techniques (i.e.,
boosted egression trees) is warranted, as these techniques have been shown to outperform
multiple linear regression predictive modeling in groundwater (Nolan et al., 2015).

4.7  Selenium and arsenic antagonistic relationship

Se is known to combat the toxic effedf As and As is known to inhibit Se toxicity
(e.g., George et al., 2013; Spallholz et al., 2008, 2@dyated Se and Asanbe taken up by
biological organisms, and may eventually sorb onto soils/sediment. This is particularly relevant
for As in thearea, asnanyshrimp ponds are utilized for rice farming in the wet seg¢8gers et
al., 2017) where flooded soils could remobiligerbedAs through reductive dissolution of Fe
oxyhydroxidege.g., Roberts et al., 201However, even if Se becomes &&d in soils from
tidal channel irrigation, the reducing conditions in flooded rice paddy soils could lead to
immobile elemental selenium being formed, which is not bioavai(@iekel et al., 2012)
Thus, rice could potentially take up arsenic, butssbénium, with humans therefore lacking the
detoxifying effects of selenium when ingesting the rice. Further work is needed to explore the
cycling and antagonistic reélanship between Se and As in Southwiahgladesh, such as
identifying if sediments icontact withSe and Agich waters are elevated looththose
elements, what fraction is bioavailable, and if Se concentrations in tidal channel waters in the
peak monsoon season become heavily dilldiough much research in Bangladesh has
examined As in crops such as rice (ekpan et al., 2010; Williams et al., 2011, 2006)
crop/aquaculture Se should be more heavily researched in Southwest Bangladesh as well,
particularly where Se water concentratiamns high.

5 Conclusion

Through examining surface water chemistry in Southwest Bangladesh in two different
months over a wide spatial area, it was deduced that: 1) Monthly precipitation differences
between May and July has a greater effect on tidadreavater composition compared to
shrimp pond composition; 2) There is a large compositional difference between shrimp ponds
and the tidal channels irrigating them in the early monsoon (July), but not in May; 3)

Evaporation in shrimp ponds and endogenuusd effects in general have a relatively minimal
impact on surface water trace element and major ion chemistry based on May pond data,
although DOC has a strong positive correlation W0 a AHdisotdpes and thus evaporation;

4) Arsenic and seleniuponcentrations are elevated above WHO drinking water guidelines in

the majority of surface water samples and are correlated with other trace elements in solution
such as Ni and V; and 5) Predictive modeling of hazardous trace elements in surface waters may
prove useful in future studies throughout the world when measurements of certain toxic elements
cannot always be easily made.
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CHAPTER Il
ELEMENT TRANSPORT AND PARTITIONING ALONG TIDAL CHANNELS IN
SOUTHWEST BANGLADESH?
Abstract:

Studies of element partitioning between suspended sediment and water with increased
seawater mixing are sparse, particularly in Bangladdstvever, these studies angportant for
understanding elemental cycling and inorganic pollution trangeeduse of the large amount of
water and sediment discharge to the oceans and abundance of life in estuarine environments,
such as the Sundarbans meove forest in Southwest Bangladeshus, water samples collected
within the upper 1m of the water column along a tidal channel transect in Southwest Bangladesh
during the dry season were analyzed for dissolved and suspended sediment element
concentratios and other geochemical parameters. While most elements in the suspended load
were close to or depleted relative to upper continental crust (UCC), several trace elements such
as Sb, As, Cd and Se were slightly enriched. Additionally, most trace elemémsdissolved
load were well above world average riverine concentrations, particularly Se and As, which were
also above World Health Organization (WHO) drinking water guidelines. Dissolved load Ba and
Se displayed mostly conservative mixing trends waédwgater after nonconservative sourcing,
with Ba likely originally sourced from sediment desorption in addition to groundwater
exfiltration, while Se may have been anthropogenically sourced from the city of Khulna or
farther upstream. Dissolved As did nadmlay conservative mixing trends, and may ultimately
be geogenic in origin, possibly from groundwater. Ni and Co show trends consistent with
desorption from competitive seawater cation exchange along the transect, similar to a study in
the nearby Hooghl¥stuary in West BengdBecausdhumans andtherorganismsaresensitive
to anthropogenic perturbations and fluctuations of trace elements due to their limited natural
abundance in the environmentonitoring of trace elements in coastal riverine systams i
imperative for protection of natural areas and agriculture many people depdrdsos.
particularly true for Se, which is likely anthropogenically sourced from effluent discharge
upstream near Khulna city, which only environmental controls and mimgjtoan effectively
limit.

Keywords: Estuary mixing; element partitioning; trace metals; suspended sediment transport;
Southwest Bangladesh

1 Introduction

Estuarine environments can have important wpéeticle reactions due to the mixing of
upstream feshwater and seawafefThese interactions are important to quariiégause of
their profound impacts on thiverinefluxes of both soligphase and dissolved phase elem#mnts
the oceansSpecifically, changes in pH or the influence of seawater ions in an estuarine
environment can affect elements through processes swsdration flocculation,or ion

2Chapterunder reviewf or pub |l i ¢ at iEovitonmental Sclerc@®jooeasas & impacid wi t h Dr . Joh |

Ayers as coauthor.
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exchange?® For example, desorption from suspended sediment due to competitive sorption
with Na can increase some element concentrations in the dissolved load and decrease their
concentrations in the suspended lb&diditionally, changes in pH and dissolved oxygiure to
seawater mixingan cause certain elements such as Mn to precifiitaesolution® Research in
estuarine environments throughout the world have shown how changes in river chemistry with
increasing amounts of seawater mixing are often more complex than simple conservative mixing
processe$?®’and thus these dynamic environments require thorough investigation.

Although previous work has analyzed geochemical changes in the dissolved and
suspended loadirectly to the wet of Bangladesh in thgooghly Estuary in Indi&®there have
been no detailegeochemicaéxaminations oélements irthedisolvedandsuspended load in
Bangladesh riverduringseawater mixingpesides Ba and Ra°It is imperative to quantify
these geochemical changes and understand the underlying mechanisms behind them, not only for
improving general kneledge of riverineocean elemental fluxesd elemental cycling within
global estuarigdbut because potentially harmful met@isexcess amountsyjch as Ni and Co
may have increased mobility in some pristine estuary environments due to competition with
seawater cations for adsorptibhCoastal Bangladesh is an ideal natural laboratory for these
detailed geochemical investigatsoecause of the large influx of sediment, abundance of river
tributaries, and profound tidal influence from the océiais. alsoanalogougo other déaic
systems throughout the world, such as the Mississippi River or Red River deltas, making
research finohgs here relevant to other coastal settings.

Bangladesh lies between India and Myanmar (Burma), with the Bay of Bengal along its
southern coastline (Fig. 1). Bangladesh mostly sits in eelewation deltaic environment, filled
with alluvial deposits frm the Himalayas carried by the Ganges and Brahmapwi) (Bers,
and experiences a strong seasonal monsoon climate, with about 80% of annual rainfall occurring
between the months of June to Septembe&his strong seasonality leads to large differences in
surface water chemistry in coastal areas, with tidiaflyienced rivers experiencing vastly lower
levels of salinity during the monsooeason compared to the drier months

Southwest BangladegRig. 1)is in a tidal deltaand its tributaries stefrom the Ganges
River, originating in the western Himalayddieseriver tributaries experience a large inundation
of seawater during the dry seaswith the tidal influence extending just north past Khiuthand
are hereafter called tidal channéeliese tidal channels experience sdiainal tide$® andin the
wet seasotidal channels encounter highly saline watezar the coastlthough the salinity
front extends much less inlandrapared to the dry seasadridal cycle influence on water
composition in the dry season in Southwest Bangladesh tends to be relatively minimal, with
salinity in the dry season often changing ~1ppt or less between high and low tide in Sundarbans
tidal channés near our study aré&!’

Hale et al® extensively examined the properties of several tidal channels in this region.
They found that one of the larger tidal channels sampled in our shedg$htbsa, has widths of
~1-2 km and depths up to 20m in some locations, while one of the smaller tidal channels in our
study, the Bhadra, only has widthsio15 0.3 km The differences between the larger (e.g.,
Rupsha and Shibsa rivers) and smaller cebnfe.g., Bhairab and Bhadra rivers) in our study
has an important influence on suspended sediment loads, for even though tidal channels in the
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region generally contain more suspended sediment and greater suspended sediment
concentrations in the wet seaghan the dry season, smaller channels experience more
seasonality in suspended sediment concentrations compared to larger channels whose sediment
loads are predominantly influenced by tidal variability. Most of the water exchanged through the
tidal chanmels in this area is tidally reworked, with estimates suggesting that within our study

area in the Shibsa River, neafly10' m3of water is moved through the channel each Year.

Southwest Bangladesttsocontains the largest mangrove forest in the world, the
Sundarbangdark green in southern extent of Fig, Which is susceptibland sensitive to
anthropogenic pollutio®?° A potentid anthropogenic pollutant source upstream of the
Sundarbans is the city &hulna along the Bhairab and Rupsheers, which is the third most
populated urban center in Bangladesh with ~1.5 million pe8bulna holds everal industrial
and municipal sources that may contribute effluent discharge to the surrounding rivers, such as
oil refineries, power companies, and jute milis.

This study aims to utilize measured datdéhe suspended and dissolved lofidm a
tidal channel transe¢BhairabRupshaBhadraShibsa riversin Southwest Bangladeghig. 1)
to examine geochemical changeh increasing seawater mixing along the transect (Fig. 2), as
well as identify whether any toxic elements (i.e., Se and As) that may prove hazardous to the
Sundarbans/rural agricultural areas are sourced from the city of KRflfacus are Ba, Ni and
Co because of previous research of these elements near the studi*&asayell as As and Se
becase of the relatively limited research of these potentially toxic elements in Southwest
Bangladesh surface watéfg? Hypothesized mechanisraffecting elements in the solid and
dissolved loadare desorption, conservative seawater mixmigeral dissolutionand ion
exchangeCharaterizingthe geochemicglrocessewithin the tidal channelwill give important
insighss into elemental cycling and mobilizatitmat can be @pliedto other estuaries around the
world, particularly pristine ecosystemsatimay be exposed tocreased inpts from
anthropogenic perturbations upstream.

2 Methods

2.1  Samplecollection

Water samples from the upper 1m of the water column were collected in metal (samples
MD-TC-14 and MDTC-15) and plastic buckets, which then filled 1L plastic HDiRHtles (with
minimal headspace and with the bucket water well mixed to prevent sediment settling). No
anomalous metal(loid) concentrations in the metal bucket samples were detected besides
elevated dissolved Siin MIDC-14 (Fig.B1). Samples were takencim the upper 1m of the
water profile because the slesettling sediments and coexisting water in the upper portion of the
water column are what are likely being input into aquaculture ponds in the area via irrigation
ditches. Additionally, sampling in thgper portion of the water column is much easier
logistically, although future water/sediment sampling at various depths in the water column
would be useful, since the composition and mineralogy of suspended sediments are known to
change dramatically withepth?® Buckets were rinsed ibetween each sample. Filtering of the
samples was not performed in the field. Attempts were made to ensure representative samples,

a7



with samples taken from a boat near +oicinnel where river flow was constant and not
stagnant. Samples were collected at the end of the dry season in May, @0éBigerated upon
return to Vanderbilt University.

Bhairab River

‘,\?,\‘M\ Bang'adesh ‘ KhulnaA

A/

Rupsha River

Bay of Bengal “L\fi(,a : ~ Bhadra River

Shibsa River f

LN

Sundarbans

89.30 89.40 89.50 89.60 89.70

Figure 1: Map of the sample sites along the tidal channel transect (BHaupbhaBhadra
Shibsaas the main rivers) in Southwest Bangladesh, with the triangle representing the city of
Khulna. The Sundarbans (natural mangrove forest) is the dark green area to the south of the
sample locations. The Bay of Bengal is to the south of the Sundarbarldiesl lines along
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the transect represent the main channels sampled frf8nad\l Bhairab (orange), Rupsha (green),
Bhadra (purple), and Shibsa (yellow).
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Figure 2: Conceptual diagram of seawater mixing along the river transecpropertion

of seawater in the tidal channel increases to the south. Solid black lines represent velocity
profiles within the water column, and black dots represent suspended sediment. Above the
conceptual diagram is a graph of measured salinity alongaihsett.

2.2 Field measurements

A Hach Hydrolab DS5 was used to gather in situ surface water measurements of pH,
oxidationreduction potential (ORPurbidity (NTU), salinity (ppt) Eh in millivolts (mV),and
specific conductivity (SpC) in microsiemeper centimeter (uS/cm) fall water samplesAfter
sampling from the upper 1m of the water column with the buttketlydrolab DS5 plastic
sensor cover was filled about 80% after rinsingp@tween samples, with the Hydrolab sensors
then immersed into ghwaterFor accurate turbidity measurements, the Hydrolab was filled
before sediment settling could significantly occur in the bucket. However, turbidity would
decline during the measurement because of sediment settling around the Hydrolab sensors.
Calibration of the Hydrolab DS5 was performed before field use for ORRupbidlity, and SpC
with standard calibration solutions-situ ORP measurements are intended for differentiating
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between oxic versus anoxic conditions instead of quantifying specities;asuch as described

in Ayers et at*2*ORP(relative b the Ag/AgCl redox coupleyvas converted to Eh (relative to

the standard hydrogen electrode (SHE)) in Table 1 by adding 187 mV to each field measurement.
GPS coordinates were also recorded at each sample site and are listed in Table 1.

2.3  Sample analyss
2.3.1 Watersolid sample prep

Water samples were filtered with a 2.5 um What@®ashless papdilter via a vacuum
suction device to collect the suspended sediment following refrigerated storage at Vanderbilt
University (days from sampling to filtration shown in Table 1). Although the filter size was 2.5
pm, additional smaller particles were likedgptured through cohesion of silty clay particles.
Following filtration at 2.5um, a homogenized and wallixed subset of each sample was filtered
at 0.2 um with aNalgenePolyvinylidene Fluorid¢PVDF) filter. 2mL of the 0.3um filtered
samples were aditkd with a drop of HN@ and diluted with deionized water to achieve a 5:1
dilution for inductively coupled plasma analyses (IB and ICPOES). A 10:1 dilution was
performed for a reanalysis of Na on the 1OES. A 2030mL subset of the filtered undikd
water samples were used for ion chromatography (IC) and total organic carbon (TOC) analysis.

The filter paper full of the suspended sediment was dried overnight #&0°€5
following filtration. The filter and suspended sediment were then weighedeordee
suspended sediment concentrations (SSC) from ~1L of the water that was filtered (to prevent
headspace, slightly more than 1L of water filled each bottle that was filtered). The weight of the
filter paper (weighed after drying at ~85°C overnighbefore filtering the water sample) was
subtracted from the dried filter + suspended sediment weight to determine SSC. Because
sediment was uniformly distributed across the filter paper, splits betweef.6.85ams of the
filter paper + sediment were paed for acid digestion.

2.3.2 Water sample analyses

All 5:1 diluted andicidified water samples were analyzed dteskin EImer NexION
2000B ICRMS in both standard and kinetic energy discrimination (KED) modes using EPA
Method 6020Bat Vanderbilt Uniersity for the elements As, Be, Cd, Co, Cr, Cu, Fe, Mn, Mo,
Ni, Pb, Sb, Se, Ti, Tl, V, and Zn. All acidified surface water samples were also analyzed on a
Agilent 5110 VDVICP-OES using EPA Methofi010Dat Vanderbilt University to report the
ions: Al, As,B, Ba, Ca, Fe, K, Mg, Na, P, S, Si, andSrerun for Na at a 10:1 dilution was
performed for the ICFDES because of elevated Na concentrations from seawater mixing.
Essentially, the same ICP methods were employed in previous investigations by the!&étho
All filtered, unacidfied surface water samples were analyzed for inorganic and organic carbon
content viaa Shimadzu model TOCLCPH using EPA Method 9060AJnacidified water
samples were also analyzed for ClI, F, Br,sNEQ, and SQ with aMetrohm 881 Compact IC
Pro usingSW-846 EPA Method 9056-, NOs and PQ were routinely below detection limit and
thus not reportedlheelements Fe and As are reportezhirthe ICPMS instead of ICFOES,
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because oimproved precision on the IGKS for these elements dueltaver detection limits
compared to the IGBES Method detection limits (MDLS) are listed in Table 2.

2.3.3 Solid sample analysis

0.250.5 grams of each filter paper + suspended sediment subsample were digested
according to EPA Metho8051A at The Ohio State University Service Testing and Research
Laboratory (STAR Lab) for analysis on Agilent 5110 ICPOESfor the elementsAl, As, B,

Ba, Be, Ca, Cd, Co, Cr, Cu, Fe K, Li, Mg, Mn, Mo, Na, Ni, P, Pb S, Sh, Se Si, Sr, Tl, V and

Zn. It is noted that EPA Method 3051A does not lead to complete digestion of silica, and thus Si
was excluded in the reported values. Suspesddiunent element concentrations were estimated
using the fAsuspended sedi ment concentration f
suspended sediment mass)/suspended sediment mass. This assumed a uniform ratio of suspended
sediment distributed overdHilters, which was observed consistently. This concentration factor

was multiplied by the measured sedimel@ment concentrations to account for the weight

dilution of the filter paper (filter paper element concentrations determined by running blanks ar

all very low (Table 3), but take up a significant mass comparable to the sample and are mainly
comprised of unanalyzed elements such as C, O and H). The filter paper and suspended sediment
digestion and filtering methods are similar to previous stidi®@s|though the concentration

dilution from the filter paper is explicitly described/addressed in this study. Approximate MDLs
based on a 200x dilution factor for solid acid digestion are listed in Table 3.

2.3.4 Transmission electron microscopy (TEM)

A droplet from one unfilteretidal channesampletaken in the upper 1m of the water
column in the study arg®32TC??) was mounted via drepasting suspension on a lacey
carboncoated copper TEM grid, dried, then analyzed on a Tecsias@quipped with SuperX
guad EDS detectors with an accelerating voltage of 208ki8pended sediment from samples
MD-TC-7 and MDTC-11 were also analyzed on the Tecnai Osiris TEM after removing the
sediment from the filter paper, mixing widppropanaglsonicaing for about 2 minuteghen
pladng a drop onto a carbecoatedcopperTEM grid and wiking away the excess solvent.

TEM and STEMEDS maps were generated to characterize solid particulates that are present in
tidal channel water, with STENMDS raps drift corrected with Bruker Esprit version 1.9 with a
beam current of approximately 1nit. and at. % element quantification based on EDS spectra
was performed using standardless cliff Lorimer approximaifi&@M work was performed at the
Vanderbilt Institute of Nanoscale Science and Engineering (VINSE).

2.3.5 Grain size analysis

A duplicate, unfiltered water sample of MOC-21 wasanalyzed for particle siaga
lasergranulometrywith a Malvern Mastersize2000at Vanderbilt UniversityMost of the
homogenized sample filledld. beaker after running deionized water through the instrument to
establish background concentrationbe smple vasthen deflocculated via sonication before
analysisA homogenized siset of dried, filtered (>2.5um) suspended sediment from several
representative samples (including a replicate sample) along the transect were mixed in a 1L
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beaker of water using the same procedures as above, but with a MahstansizeB000 at
Vanderbit University.

2.3.6 Powder xray diffraction (XRD)

Dried, homogenized powder samples of suspended sediment from sami€U®
and deposited sediment adjacent to shrimp pond (sample siti83Kwere dry cast on 20 x
20mm square sagoke glass holders with a 0.2mm indent. The samples were then analyzed with a
Rigaku SmartLab powder-¥ay diffractometeat Vanderbilt Universitwi t h a Cu KU (| a
0.154 nm) source at 40 kV and 44 mA. The detector was a D/teX Ultra 250 1D silipon stri
detectorPDXL software identified the mineral phases associated with the intensity peaks.

24  Quality control

Samples were refrigerated upon arrival to Vanderbilt University, although it is noted that
~1-2 weeks of time passed without refrigeration of samples. Additionally, a significant amount
of time passed between sampling and filtration. Thus, several chec&swade to decipher
whether storage time in general had any effect on suspended sediment and dissolved load
composition due to element exchange. The days between sampling and filtering are displayed in
Table 1, and results/discussion of possible elemarftasmge over time between the dissolved
load and suspended load within the 1L bottles are addressed in Sections 3.6 and 4.4.

Three 1L deionized water blanks were filtered under the same lab methodology as the
tidal channel samples at the beginning, redthd end of the sample filtration process (with the
same beakers that were cleanetiétween samples) for a total of 3 blanks with 0.2 um filtered
dissolved element concentrations and element concentrations of the filter paper itself. These
valueswere out i nely | ow or below detection | imit,
Tables 2 and 3.

Filtered water samples analyzedh the ICRMS, ICROES, IC and TOC analyzeas
Vanderbilt University were run witktandardsolutions and blanks. Standamwere required to
be within 15% of the known valuwhile blanks were required to be below the MDbhe
geometric mean charge balance error for water sampleappasximately 77%, slightly higher
than the charge balance errors for studies in the laa¢ased similar methods (3.9964.6942).

Additionally, duplicate samples that were filtered in the field at 0.45 pm and analyzed for
the same water parameté&ras this study were compared to the 1L duplicate subset of water
samples filtered in the lab (in this study), for possible digzancies between methodologies. It is
noted that several trace elements such as Cr, Cu, Se, Zn, P, Co and Ni did not match well in
several samples, possibly because of differences in filter size/methodology. The results are
presented in Section 3.6 anddalission is elaborated in Section 4.3.3.

Overall, despite sampling/analytical challenges due to the logistics of our research in a
remote coastal environment, contamination of samples should be minimal aisdppsing
effects on element concentrationghe dissolved and suspended load should also be relatively
minimal, thus not affecting our main data interpretations.
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25 Data reduction

QGIS v.3.10.8 was utilized for map generation and ArcGIS Online was used for
watershed maps. RStudio aklicrosoft Excel were used for figure generation and statistical
analyses. The Geochemistdés Workbench 14. 0 was
dissolved HC@ concentrations (from measured dissolved inorganic carbon (DIC)), and charge
balanceerror using the default thermo.dat datat’dse&ncertainties are reported as sample
standard deviation (A for all elemental and geochemical results. Final reported element
concentrations in the dissolved load from ICP analyses (Table 2) are basednonglpgecise
5.1:1 and 10.2:1 dilutions used, although the 2% difference of rounded values used in figure
generation is deemed negligible and less than that of the figure lines/points. Reported Kd values
(TableB1) use the original 5:1 and 10:1 dilutioadause they are log ratio values and the 2%
change in dissolved concentrations is often negligible compared to the much greater
concentrations in the suspended load.

3 Results

3.1  Grain size distributiorand sediment mineralogy

Suspended sediment from an unfiltered duplicate water sampleTGABL duplicate;
upstream in Bhairab River) had a median grain size of 12.2 ym and a voeigiged mean
grain size of 16.0 um. Approximately 98.6 % of the particle volume was > 2.5 unerglesp
sediment recovered from 2.5 um filters for the samples ™18, MD-TC-5, MD-TC-9, and a
replicate of MDTC-9 (MD-TC-9-Dup) had median grain sizes of 14.8.9 um; with volume
weighted mean grain sizes between 21.3 and 23.3 um. These samples ibothdgustream
and downstream portions of the transect, as™MD18 and MDTC-9 were taken >40 km
downstream of MBT'C-21 near the confluence of the Bhadra and Dhaki rivers off the Rupsha
(MD-TC-9) or within the confluence (MIXC-18). Their approximate gmaisize distributions are
shown in Fig. 3, which are unimodal, overlap significantly, and are similar to previously reported
grain size distributions in the upper water column of the Ganges and Brahmaputr& rivers.

XRD data illustrate several noticeable peaks in the suspended sediment samyJIE{MD
18) and the sediment adgnt to a shrimp pond (KA42%?) (Fig. B2). These peaks are associated
with minerals such as quartz, muscovite, dolomite, and clay minerals such as chlorite and illite.
Qualitatively, the peaks between sample WMO-18 and KA4 are quite isnilar and overlap
significantly (Fig.B2).

3.2 Dissolved and suspended load concentrat{@®Cland geochemical parameters

Because not all geochemical results follow a normal distribution and are closest to being
lognormally distributed, means are ogfed as geometric means, with variability reported as
sample standard deviation. In general, tidal channel samples weeeodéial in pH with very
little variation (7.61 + 0.09) (Table 1). Conditions were generally oxidizing based on the positive
measued Eh values4db6+ 10 mV), and suspended sediment concentrations varied significantly
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along the tidal channel transect (0.49 + 0.56 g/L). Although the mean SSC in this study is
significantly less than the ~1.1 g/L averages in the Ganges and Brahmamrs#® suspended
sediment in this Asian river system can be quite variable by deptti by seasoff. The mean
SSC (0.49 g/L) in this study was still greater than the world average of 0.35WAter samples
were commonly saturated i-feldspar, kaolinite, muscovite, dolomite, illite, barite, albite,
gibbsite and witheritéTable 1) Tidal channel samples have a high salinity of 18 + 3 ppt,
indicative of mixing with seawatdérom the Bay of Bengal (BoB).

Suspended sediment particle size distributions

154
MD-TC-18
= 191 == MD-TC-21-D-2
S == MD-TC-5
2 = MD-TC-9
MD-TC-9-Dup
5_
04 - N
1 10 100 1000
Particle size (um)
Figure 3: Approximate grain size distributions from suspended sediment samples along the

sampled tidal channel transect, based on % volume of several grain size bins agglomerated
together.

Due to the largeeawater influence, major conservative ions in solution (e.g., Na, Cl, Mg,
Ca, K, SQ) were routinely elevated above world riverine dissolved concentréftidrable 2).
Dissolved organic carbon (DOC) (3.4 + 0.6 mg/L) was within the lower range found in world
river systems, similar to rivers such as the Connecticut, Fraser, Sanayanissrivers?28
Most trace elements (i.e., V, Zn, Cr) are elevated well above average riverine dissolved element
concentrations (Fig33), similar to other recent surface water studies in the area (Baple
Dissolved Se and As are well above average river concentrations (0.07 pg/L and 0.62 pg/L,
respectivelyf® The mean concentration for As in the dissolved load5¥as 17 pg/L, well
above the WHO guideline of 10 pg/L, while the mean concentration for Se was 39 + 63 ug/L,
near the WHO guideline of 40 pghand the U.S. Environmental Protection Agency (U.S. EPA)
maximum contaminant level (MCL) of 50 pug? Other elements of interest such as Ba (222 +
71 pg/L), Co (1.0 £ 0.1 pg/L) and Ni (17 £ 4 pg/L) were significantly greater than average world
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river dissolved concentrations (23 pg/L, 0.148 ug/L, and 0.801 pgépectively¥® but were

below levels of health concern based on WHO guidelines or the lack of a guideline valéfe (Co).
Some elements (i.e., Be, Pb, Tl) analyzed had very low concentrations close to or below
detection limits, or negative values, and these elements were thus omitted from the reported
results. Eventhough dissolved Cd values were quite low and sometimes below detection limit,
none were negative, and were thus included for Kd calculations.

Table 1: Tidal channelphysicochemicalmeasured parameters and sampling locations

Sample ID MD-TC-1 MD-TC-2 MD-TC-3 MD-TC-4 MD-TC-5 MD-TC-6
SpC (uS/cm) 24137.00 25313.00 25857.00 26922.00 28120.00 28893.00
Salinity (ppt) 14.60 15.39 15.75 16.47 17.28 17.80

TDS (g/L) 15.45 16.20 16.55 17.23 18.00 18.49

pH 7.36 7.60 7.64 7.69 7.70 7.71
Eh (mV) 473.00 449.00 450.00 459.00 466.00 472.00
Turbidity 426.00 349.00 215.60 91.10 240.30 506.00
(NTU)
Suspended 1.02 0.52 0.39 0.16 0.79 1.75
Sediment (g/L)
Date-Time¢ 5/5/2019 21:48 5/5/2019 22:21 5/5/2019 5/5/2019 5/5/2019 5/6/2019 0:23
22:54 23:21 23:51
Charge 8.93% 8.05% 8.66% 10.93% 9.34% 7.19%

Imbalance®

Saturated Ab, Brt, Kfs, lIt, Ab, Brt, Kfs, IIt, | Ab, Brt,Kfs, Ab, Brt, Kfs, | Ab, Brt, Kfs, | Ab, Brt, Kfs, Ilt,

Minerals® Kln, Ms, Dol, Gbs,| Kin, Ms, Dol, IIt, IIt, Kln, IIt, Kln, Kln,

Wth Gbs, Wth, Tlc | KiIn, Ms, Dol, | Ms, Dol, Gbs,| Ms, Dol, Gbs,| Ms, Dol, Gbs,
Gbs, Wth, Tlc,| Wth, Tlc, Mgs| Wth, Tic, Mgs| Wth, Tlc, Mgs
Mgs
Days since 79 73 71 73 71 80
sampling®
Latitude 22.81702538 22.76224381 22.74769729| 22.72856242| 22.70444525| 22.66798745
Longitude 89.57321226 89.57451887 | 89.53284087| 89.5218279 | 89.52907948| 89.53078144
Sample ID MD-TC-7 MD-TC-8 MD-TC-9 MD-TC-10 MD-TC-11 MD-TC-12
SpC (uS/cm) 29001.00 28936.00 29558.00 31243.00 33148.00 33933.00
Salinity (ppt) 17.88 17.83 18.26 19.41 20.73 21.28
TDS (g/L) 18.56 18.52 18.92 20.00 21.21 21.72
pH 7.71 7.72 7.71 7.66 7.57 7.49
Eh (mV) 475.00 455.00 464.00 463.00 464.00 453.00
Turbidity 500.00 182.20 709.00 491.00 122.00 48.70
(NTU)
Suspended 0.91 0.61 1.49 1.29 0.31 0.10
Sediment
(g/L)
Date-Timed 5/6/2019 0:53| 5/6/2019 6:48 | 5/6/2019 7:20| 5/6/2019 7:50 | 5/6/2019 8:16| 5/6/2019 8:51
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Charge 8.64% 5.50% 10.60% 8.26% 5.62% 6.81%
Imbalance®
Saturated Ab, Brt, Kfs, | Ab, Brt, Kfs, Ilt, | Ab, Brt, Kfs, | Ab, Brt, Kfs, IIt, | Ab, Brt, Kfs, Ab, Brt, Kfs,
Minerals® IIt, Kin, Kin, IIt, Kin, Kin, Ilt, KIn, IIt, KIn,
Ms, Dol, Gbs,| Ms, Dol, Gbs, | Ms, Dol, Gbs,| Ms, Dol, Gbs, | Ms, Dol, Gbs,| Ms, Dol, Gbs,
Wth, Tlc, Mgs| With, Tlc, Mgs | Wth, Tlc, Mgs| With, Tlc, Mgs Wth, Tlc Wth, Tlc
Days since 80 78 93 94 87 94
sampling®
Latitude 22.64350791 22.5986723 22.55395565| 22.51145926 | 22.48714206| 22.46372446
Longitude 89.52470658| 89.52175022 89.4939169 89.49418736 | 89.48211993| 89.4671845
Sample ID MD-TC-13 MD-TC-14 MD-TC-15 MD-TC-16 MD-TC-17 MD-TC-18
SpC 34298.00 34846.00 35681.00 36334.00 36537.00 29662.00
(US/cm)
Salinity 21.54 21.92 22.50 22.96 23.11 18.33
(ppt)
TDS (g/L) 21.95 22.30 22.84 23.25 23.38 18.98
pH 7.44 7.56 7.57 7.56 7.57 7.64
Eh (mV) 451.00 452.00 454.00 450.00 447.00 458.00
Turbidity 176.10 141.80 200.40 195.20 125.60 836.00
(NTU)
Suspended 0.48 0.33 0.48 0.31 0.22 2.07
Sediment
(g/L)
Date- 5/6/2019 9:22 5/6/2019 9:51| 5/6/2019 10:25| 5/6/2019 10:55| 5/6/2019 11:27| 5/7/2019 10:55
Timed
Charge 5.30% 7.13% 6.73% 5.15% 5.82% 7.76%
Imbalance®
Saturated Ab, Brt, Kfs, llt, Ab, Brt, Kfs, Ab, Brt,Kfs, Ab, Brt, Kfs, Ab, Brt, Kfs, Ab, Brt, Kfs,
Minerals® Kln, IIt, Kin, IIt, Kin, IIt, Kln, IIt, Kln, IIt, Kln,
Ms, Dol, Gbs, Wth| Ms, Dol, Gbs,| Ms, Dol, Gbs, | Ms, Dol, Gbs, | Ms, Dol, Gbs, | Ms, Dol, Gbs,
Wth, Qz, Tlc Wth, Tlc Wth, Tlc Wth, Tlc Wth, Tlc, Mgs
Days since 101 99 101 64 101 113
sampling®
Latitude 22.4369582 22.41967732| 22.40707043 | 22.38292227 | 22.35398457 | 22.56935935
Longitude 89.4542072 89.45118633| 89.44664501 | 89.44586719 | 89.43466793 | 89.49654172
Sample ID MD-TC-19 MD-TC-20 MD-TC-21 Geometric Standard Deviation
Mean
SpC 25837.00 24607.00 23203.00 29521.25 4278.22
(uS/cm)
Salinity 15.74 14.91 13.98 18.24 2.93
(ppt)
TDS (g/L) 16.54 15.75 14.85 18.89 2.74
pH 7.63 7.61 7.62 7.61 0.09
Eh (mV) 445.00 443.00 443.00 456.38 9.77
Turbidity 225.10 193.40 143.00 230.87 210.54
(NTU)
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dMeanof absolute value of charge imbalance (%)

Suspended 0.46 0.19 0.18 0.49 0.56
Sediment
(9/L)
Date-Timed | 5/7/2019 15:27 | 5/7/2019 15:57| 5/7/2019 16:30
Charge 10.40% 9.54% 8.99% 7.67% 1.79%
Imbalance®
Saturated Ab, Brt, Kfs, llt, Ab, Brt, Kfs, Ab, Brt, Kfs,
Minerals® Kin, It, Kln, Ilt,
Ms, Dol, Gbs, Ms, Dol, Gbs, | Kln, Ms, Dol,
Wth, Tlc Wth, Tlc Gbs, Wth, Tlc
Days since 113 107 107
sampling®
Latitude 22.86607737 22.89758088 | 22.94333535
Longitude 89.55133013 89.5190009 | 89.49288593

bSaturated minerals have saturation index >0 (log(Q/K)) albite; Brt barite; Kfs Kfeldspar;

KiIn kaolinite; Ms muscovite; Wth witherite; Dol dolomite; Gbs gibbsite; Qz quartz; Ilt illite; Tlc

talc; Mgs magnete

“When the 1L refrigerated samples were filtered for suspended sediment for analyses following

field sampling

dBangladesh Standard Time (BST or GMT+6)

“Based on original dilution ratios of 5:1 and 10:1 for the ICP analyzed elements.

Table 2: Dis®lved load concentrations in mg/L

Sample ID | MD-TC-1 | MD-TC-2 | MD-TC-3 | MD-TC-4 | MD- | MD- MD- | MD-
TC-5 | TC6 | TC-7 | TC-8
Al 0.14 0.14 0.15 0.15 016 | 015 | 015 | 0.15
As 0.073 0.069 0.036 0.065 | 0.044 | 0073 | 0.070 | 0.072
B 2.29 2.30 2.43 2.48 254 | 258 | 263 | 265
Ba 0.31 0.29 0.30 0.28 028 | 026 | 027 | 027
Ca 208.6 205.7 218.2 2183 | 2298 | 231.0 | 2341 | 236.0
Cd 0.00011 | 0.00009 | 0.00002 | 0.00010 | 0.00011| 0.00009| 0.00007| 0.00006
Co 0.0009 | 0.0010 | 0.0009 | 0.0011 | 0.0010 | 0.0011 | 0.0010 | 0.0010
Cr 0.015 0.016 0.014 0.016 | 0.015 | 0.015 | 0.014 | 0.014
Cu 0.027 0.018 0.020 0.019 | 0.021 | 0018 | 0.018 | 0.015
Fe 0.0009 | 0.0057 | 0.0051 | 0.0040 | 0.0024 | 0.0037 | 0.0037 | 0.0044
K 2315 231.7 247.4 258.7 | 2733 | 2817 | 289.4 | 2904
Mg 560.2 570.4 605.7 621.7 | 659.2 | 665.8 | 683.1 | 688.1
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Mn 0.0013 0.0016 0.0011 0.0012 0.0009 | 0.0011 | 0.0008 | 0.0008
Mo 0.0041 0.0018 0.0049 0.0049 0.0055 | 0.0056 | 0.0049 | 0.0055
Na 6634.1 6789.1 7135.9 7664.3 8077.4 | 7727.5 | 8044.7 | 8292.6
Ni 0.011 0.014 0.013 0.013 0.016 0.016 0.017 0.017
P 0.041 0.088 0.006 0.001 0.005 0.020 0.009
S 427.0 434.4 462.1 481.2 504.4 513.2 524.6 526.3
Sb 0.0007 0.0007 0.0006 0.0007 0.0007 | 0.0006 | 0.0006 | 0.0007
Se 0.234 0.214 0.156 0.093 0.091 0.105 0.103 0.093
Si 2.02 2.00 1.93 1.76 1.65 1.55 1.57 1.59
Sr 3.63 3.64 3.92 4.02 4.24 4.29 4.36 4.42
Ti 0.011 0.011 0.010 0.009 0.010 0.011 0.011 0.011
\Y 0.016 0.017 0.015 0.018 0.017 0.016 0.015 0.015
Zn 0.029 0.013 0.011 0.010 0.012 0.011 0.009 0.012
Cl 9375.7 9765.7 10108.9 10305.4 | 11281.1| 11352.4| 11432.6| 12485.5
Br 28.4 29.2 30.1 30.6 33.0 33.0 33.3 35.9
SO4 1101.5 1113.0 1241.8 1269.8 1290.0 | 1314.8 | 1368.5 | 1476.3
DIC 31.02 29.81 29.59 26.74 28.55 27.55 26.85 28.05
DOC 3.82 3.74 3.84 3.65 3.53 3.27 3.15 3.19
HCOgs 116.00 113.20 111.50 99.73 105.40 | 102.40 | 99.07 | 103.20
Sample MD - MD-TC- | MD-TC- | MD-TC- | MD-TC- | MD-TC- | MD-TC- | MD-TC-
ID TC-9 10 11 12 13 14 15 16
Alt 0.15 0.16 0.15 0.17 0.17 0.20 0.17 0.19
As 0.067 0.074 0.063 0.065 0.069 0.067 0.066 0.072
B 2.56 2.79 2.93 2.98 3.04 3.13 3.17 3.12
Ba 0.24 0.22 0.18 0.17 0.16 0.14 0.12 0.11
Ca 230.1 248.4 259.9 263.3 266.1 268.8 270.6 275.6
Cd 0.00010| 0.00008 | 0.00004 | 0.00005 | 0.00012 | 0.00010 | 0.00006 | 0.00014
Co 0.0010 | 0.0010 0.0011 0.0012 0.0011 0.0012 0.0011 0.0012
Cr 0.014 0.013 0.013 0.013 0.013 0.013 0.013 0.013
Cu 0.015 0.020 0.014 0.018 0.021 0.023 0.022 0.025
Fe 0.0025 | 0.0025 0.0014 0.0013 0.0017 0.0038 0.0017 0.0012
K 287.8 317.1 342.3 352.0 358.8 374.0 380.2 387.3
Mg 675.5 743.3 786.5 800.5 817.9 850.1 864.2 886.0
Mn 0.0007 | 0.0008 0.0007 0.0009 0.0007 0.0006 0.0007 0.0008
Mo 0.0054 | 0.0056 0.0054 0.0061 0.0062 0.0066 0.0064 0.0064
Na 9036.2 | 8919.9 9541.1 | 10622.3 | 10076.6 | 10374.4 | 10062.3 | 10803.8
Ni 0.016 0.017 0.019 0.020 0.021 0.022 0.021 0.024
P 0.001 0.016 0.013 0.030 0.004 0.002 0.022 0.003
S 517.1 568.4 604.5 616.8 625.3 647.5 653.7 666.7
Sb 0.0006 | 0.0006 0.0006 0.0005 0.0005 0.0005 0.0004 0.0004
Se 0.082 0.077 0.067 0.063 0.054 0.056 0.040 0.041
Si 1.52 1.45 1.41 1.43 1.41 6.92 1.22 1.27
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Sr 4.30 4.75 5.05 5.17 5.22 5.37 5.48 5.60
Ti 0.011 0.011 0.011 0.012 0.011 0.012 0.012 0.012
Vv 0.015 0.014 0.014 0.015 0.014 0.014 0.019 0.018
Zn 0.011 0.012 0.009 0.010 0.020 0.035 0.028 0.029
Cl 12098.8 | 12783.2 | 14419.2 | 15434.2 | 15242.6 | 15197.8 | 14948.6 | 16464.0
Br 34.8 42.4 46.2 48.4 48.2 48.2 47.4 51.0
S04 1448.7 | 1447.1 1554.6 1710.8 1707.6 1658.2 1666.0 1766.2
DIC 27.53 26.77 29.24 27.53 28.55 24.97 26.49 25.70
DOC 2.86 2.84 3.16 3.05 2.99 2.60 3.36 3.36
HCOgs 99.96 96.75 104.10 95.83 99.84 87.19 92.90 89.00
Sample | MD-TC- | MD-TC- | MD-TC- | MD-TC- | MD-TC- | Geometric Mean| Standard Deviation
ID 17 18 19 20 21
All 0.17 0.19 0.16 0.14 0.14 0.16 0.02
As 0.075 0.060 0.027 0.031 0.025 0.057 0.017
B 3.17 2.55 2.06 1.92 1.76 2.59 0.41
Ba 0.11 0.27 0.30 0.31 0.32 0.22 0.07
Ca 273.4 248.3 210.9 202.9 194.7 236.5 26.0
Cd 0.00155 | 0.00009 | 0.00011 | 0.00004 | 0.00010 0.00009 0.00032
Co 0.0011 0.0010 0.0008 0.0007 0.0008 0.0010 0.0001
Cr 0.013 0.013 0.012 0.013 0.012 0.014 0.001
Cu 0.026 0.025 0.023 0.021 0.022 0.020 0.004
Fe 0.0023 0.0027 0.0052 0.0031 0.0029 0.0026 0.0014
K 387.8 300.4 238.5 230.9 213.0 293.5 57.8
Mg 883.5 711.2 586.9 549.6 518.8 692.0 117.2
Mn 0.0008 0.0004 0.0004 0.0002 0.0003 0.0007 0.0003
Mo 0.0069 0.0058 0.0054 0.0047 0.0046 0.0052 0.0011
Na 10952.8 | 8935.2 7400.1 6816.7 6767.7 8485.9 1463.2
Ni 0.023 0.019 0.014 0.013 0.012 0.017 0.004
P 0.003 0.015 0.005 0.009 0.003 0.008 0.020
S 668.0 538.1 442.1 421.7 393.6 528.1 88.3
Sb 0.0005 0.0006 0.0006 0.0006 0.0006 0.0006 0.0001
Se 0.035 0.008 0.001 0.001 0.001 0.039 0.063
Si 1.21 1.62 1.85 1.95 1.99 1.72 1.19
Sr 5.60 4.59 3.76 3.58 3.38 4.44 0.72
Ti 0.011 0.008 0.005 0.005 0.004 0.010 0.002
Y 0.016 0.013 0.012 0.011 0.011 0.015 0.002
Zn 0.031 0.020 0.020 0.024 0.039 0.017 0.010
Cl 16361.0 | 12868.4 | 10058.7 | 9480.8 9399.4 12195.3 2453.2
Br 50.4 42.6 29.8 28.6 28.3 37.2 8.5
S04 1856.6 1403.0 1169.4 1066.7 1106.7 1396.2 243.3
DIC 26.33 30.47 27.77 26.66 27.64 27.76 1.56
DOC 3.06 3.58 4.20 3.14 5.58 3.38 0.63
HCOg3 91.04 110.30 104.20 101.30 105.60 101.08 7.70
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Blanks | DI B.1 | DI B 2 | DLB 3| MDL?
AlL 0.0132 | 0.0160 | 0.0029 | 0.0034
As 0.00066 | 0.00057 | 0.00038 | 0.00018

B 2.65 2.15 1.75 | 0.0023
Ba 0.0003 0.0016
Ca 0.0065

cd 0.00022 | 0.00015| 0.00005| 0.00009
Co 0.0004 | 0.0003 | 0.0002 | 0.00011
Cr 0.0017 | 0.0016 | 0.0016 | 0.00026
Cu 0.0008 | 0.0004 | 0.0006 | 0.0002
Fe 0.0001 | 0.0002 | 0.0002 | 0.00073
K 0.008 0.005 0.0032
Mg 0.004 0.0035
Mn 0.0006 | 0.0006 | 0.0004 | 0.00016
Mo 0.0004 | 0.0004 | 0.0003 | 0.00016

Na 0.0056
Ni 0.00026
P 0.0068
S 0.0058
Sb | 0.0003 | 0.0003 | 0.0002 | 0.00007
Se 0.00031
Si 0.14 0.09 0.06 | 0.0038
Sr 0.0043 | 0.0060 | 0.0033 | 0.0037
Ti 0.0030 | 0.0027 | 0.0025 | 0.00023
v 0.0001 | 0.0001 | 0.0001 | 0.00013
7n 0.0002 | 0.0002 | 0.0002 | 0.00045
cl 0.011 0.010
Br 0.000 | 0.000 | 0.000 | 0.0064

So4 | 0.000 | 0.000 | 0.057 | 0.0254
DIC 0.004 | 0.003 | 0.005 | 0.5
DOC | 0011 | 0018 | 0036 | 0.18

HCO3z

INegative values are omitted for all elements.

’Method detection limifMDL)

Suspended sediment elemeahcentrations (Table 3) are often less than or close to that
of average upper continental crust (UC&3Jthough several trace elements are notably enriched
relative to UCC such as Sb, Se, and Cd (Fig. 4A). Concentrations are generally greater than UCC
for the most mobile elements during transport/weatgdright portion of Fig. 4A), while
concentrations are less than UCC for the least mobile elements during transport/weathering (left
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portion of Fig. 4A). Suspended sediment barium concentrations are particularly low (72 £ 16
mg/kg; Table 3). Element coastrations (particularly major elements) may be slightly less than

if they were measured on an anhydrous basis. For comparisons to UCC, trace elements with
measurements below detection limit were replaced with their detection limit values, rather than
omitting the values below the MDL to prevent bias towards larger mean values. However, this
may still slightly inflate the actual mean concentrations of several trace elements, such as Cd and

Se. Several elements analyzed in the suspended sediment werdyrbelme detection limit
and were thus omitted from the reported results (i.e., Be, Mo, TI).

Table 3: Suspended load concentrations in mg/kg

Sample ID | MD-TC-1 | MD-TC-2 | MD-TC-3 | MD-TC-4 | MD- MD- MD- MD-
TC-5 | TC-6 | TC-7 | TC-8
Al 26567.84 | 22975.51 | 26913.94 | 32199.62 | 17797.5| 24306.5| 23678.0 | 24203.8
2 8 9 0
As 8.33 8.31 9.86 9.08 793 | 1172 | 11.74 | 12.96
B 9.63 9.62 12.76 18.71 7.15 9.64 950 | 10.83
Ba 85.73 75.66 83.87 98.11 | 60.68 | 72.67 | 71.18 | 78.89
Ca 978279 | 5836.48 | 6088.12 | 5957.90 | 8672.92| 11054.4| 8626.32| 8757.89
3
Cd 1.97 1.87 2.13 2.90 1.71 1.92 2.01 2.08
Co 16.17 16.22 16.94 19.02 | 1409 | 1573 | 16.45 | 17.02
Cr 4279 40.49 44.94 5205 | 33.15 | 43.78 | 4117 | 4255
Cu 32.24 31.11 32.20 37.00 | 28.04 | 2961 | 3392 | 31.28
Fe 30803.74 | 31403.67 | 33489.86 | 37625.56 | 26372.6| 29798.0| 30712.3| 32294.0
9 4 9 4
K 588122 | 5410.86 | 6169.50 | 7527.49 | 4527.69 | 5453.18| 5350.73 | 5677.88
Li 21.10 12.06 19.23 15.72 | 1517 | 1965 | 20.18 | 18.96
Mg 12720.12 | 12339.92 | 13495.90 | 15476.54 | 11267.6 | 12393.0| 12624.7| 13145.7
7 0 5 6
Mn 662.23 | 681.32 | 698.10 | 77420 | 597.08 | 638.49 | 674.98 | 697.31
Na 464478 | 6384.29 | 9809.38 | 15802.49 | 7280.16| 4968.18 | 594555| 7459.04
Ni 40.76 40.85 4517 4860 | 3620 | 39.76 | 4211 | 43.77
P 47793 | 46322 | 47137 | 536.08 | 419.50 | 453.38 | 458.85 | 460.75
Pb 18.77 18.65 19.58 22.06 | 1740 | 17.96 | 1957 | 19.61
S 854.38 | 977.82 | 1309.65 | 1843.07 | 1071.34| 894.23 | 975.64 | 1117.67
Sb 151 2.05 1.17 3.33 1.60 1.67 2.27 1.68
Se 3.73 9.06 12.09 0.90 0.90 2.48 0.90 4.19
Sr 34.19 29.07 33.67 4029 | 31.30 | 3460 | 3249 | 34.41
Y; 48.47 45.93 51.27 60.23 | 39.17 | 4568 | 46.86 | 49.07
Zn 73.79 74.89 82.51 9354 | 6575 | 6867 | 78.87 | 78.18
Sample | MD-TC- | MD-TC- | MD-TC- | MD-TC- | MD-TC- | MD-TC- | MD-TC- | MD-TC-
ID 9 10 11 12 13 14 15 16
Al 26106.98 | 15855.49| 22097.53| 23337.61| 14811.00| 28873.56| 19292.24 | 27281.27
As 10.08 8.17 9.81 0.85 8.60 0.85 4.96 8.86
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B 9.85 7.60 13.31 28.32 9.60 17.26 12.71 17.66
Ba 74.81 53.34 62.00 67.08 42.29 79.42 51.71 71.32
Ca 9561.59 | 7975.96 | 4987.37 | 5431.92 | 3948.46 | 7135.96 | 5335.59 | 5465.12
cd 1.93 1.53 0.85 0.85 0.85 1.91 0.85 0.85
Co 16.11 13.57 14.71 13.48 10.88 16.99 12.09 15.80
Cr 42.10 30.64 38.02 39.97 27.37 46.12 32.27 44.12
Cu 30.59 26.04 26.34 19.81 20.47 28.36 21.80 28.25
Fe 29943.37 | 24894.96| 28561.00| 27622.86| 21100.49| 33156.55| 23708.46| 30876.86
K 5733.03 | 4211.99 | 5389.03 | 7142.16 | 3989.15 | 7027.62 | 4966.82 | 6801.88
Li 22.47 13.22 14.71 6.80 10.31 20.11 9.55 20.11
Mg 12487.10| 10427.40| 11913.24| 15217.09| 9192.88 | 14054.94| 10652.52| 13850.36
Mn 655.42 586.71 618.16 569.43 451.00 698.14 477.75 624.16
Na 5008.55 | 5368.31 | 11226.44| 37690.68 | 10049.75| 11612.34| 12885.07 | 17238.57
Ni 40.63 33.42 38.23 33.13 28.15 41.75 29.71 41.22
P 444.00 394.87 391.96 382.76 311.86 468.87 330.59 423.16
Pb 18.14 16.67 19.13 14.23 13.97 17.89 13.55 16.56
S 944.58 999.70 1492.61 | 398291 | 1321.61 | 1754.94 | 1686.56 | 2115.27
Sb 2.40 0.61 1.54 0.36 1.30 1.12 0.36 1.92
Se 0.90 3.87 0.90 0.90 1.65 13.35 0.90 4.37
Sr 33.85 27.95 30.57 51.91 24.15 36.53 29.69 38.16
\V; 47.04 35.46 42.67 44.63 31.30 52.44 35.62 49.14
7n 73.67 60.31 68.48 71.80 66.98 75.96 61.43 89.03
Sample | MD-TC- | MD-TC- | MD-TC- | MD-TC- | MD-TC- | Geometric Mean| Standard Deviation
1D 17 18 19 20 21
Al 25280.22 | 16640.24 | 28249.64 | 33811.23| 28638.19 23675.78 5140.59
As 14.37 9.07 10.17 13.78 15.78 7.81 3.76
B 19.22 6.31 10.64 16.14 12.24 11.95 5.21
Ba 65.95 57.94 92.52 107.74 94.01 71.87 16.42
Ca 4718.54 | 9099.62 | 8477.63 | 6000.39 | 5326.80 6791.79 1999.87
cd 0.85 1.61 2.15 0.85 0.85 1.42 0.62
Co 15.35 13.92 18.00 18.66 17.84 15.53 2.10
Cr 42.13 31.53 47.39 53.49 48.66 40.58 6.98
Cu 29.44 28.74 32.16 33.46 31.88 28.83 4.39
Fe 30623.52 | 25372.14 | 34565.28 | 37321.87| 35656.18 29967.83 4369.25
K 6382.05 | 4336.53 | 6834.87 | 7846.07 | 6654.60 5769.55 1108.48
Li 10.46 15.14 21.16 19.61 11.74 15.34 4.61
Mg 13123.98| 10896.26 | 14150.09| 15095.35| 14387.02 12695.73 1681.16
Mn 600.99 603.49 728.94 783.87 730.51 639.68 84.62
Na 15222.63| 5319.67 | 6177.97 | 12184.65| 11262.39 9134.13 7315.94
Ni 38.30 34.68 46.14 47.43 45.31 39.38 5.62
p 432.46 412.07 485.05 504.40 520.78 436.47 56.68
Pb 17.43 16.78 20.25 21.79 22.81 18.06 2.49
S 1911.37 | 1013.86 | 1056.91 | 1528.81 | 1439.62 1336.38 692.32

62




Sb 1.11 1.41 1.54 2.21 2.00 1.39 0.70
Se 0.90 5.55 2.66 0.90 4.47 2.30 3.70
Sr 34.00 29.85 35.08 38.69 35.14 33.68 5.59
Vv 47.88 36.93 54.75 61.63 55.92 46.09 8.02
zn 85.55 67.86 91.77 103.65 129.46 77.82 16.03
Filter DI B1|Dl_B2|DlB 3| MDL*
Blanks

Al 4,962 3.937 4696 | 0.138

As <0.851 | <0.851 | <0.851 | 0.851

B <0.851 | <0.851 | <0.851 | 0.851

Ba <0.851 | <0.851 | <0.851 | 0.851

Ca 27.930 | 20.910| 19.700 | 0.937

cd <0.851 | <0.851 | <0.851 | 0.851

Co <0.851 | <0.851 | <0.851 | 0.851

Cr <0.851 | <0.851 | <0.851 | 0.851

Cu 0.206 0.263 0.522 | 0.060

Fe 15.850 | 5.640 5.464 | 0.131

K 1.710 5.802 | 19.700 | 14.569

Li <0.171| <0.171| <0.171 | 0.171

Mg 4769 | 4.450 3.627 | 0.661

Mn 0.259 0.121 0.072 | 0.016

Na 35.350 | 27.430 | 17.160 | 6.371

Ni 0.230 | 0.217 | <0.115| 0.115

p 1.323 1.725 0.065 | 0.719

Pb <0.418 | 0.494 | 0.446 | 0.418

S 6.197 8.311 | 10.780 | 2.402

Sb <0.360 | <0.360 | <0.360 | 0.360

Se <0.895 | <0.895 | <0.895 | 0.895

Sr 0.062 0.032 0.040 | 0.020

vV <1.000 | <1.000 | <1.000 | 1.000

7n 3.639 | 4.188 3.624 | 0.271

*Approximatemethod detection limit\]DL ) based on 200x acid digestion dilution factor.
Non-blank concentrations in bold are where detection limits wmserted for concentrations

below detection limit for mean and standard deviation calculations. Values <MDL were not
reported from STAR lab at OSU.

3.3  Partition coefficient values (Kd) betwesaspended and dissolved loads and the
proportion in the disslved load (D)
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Partition coefficients, known as Kd values, represent the bulk suspended sediment
element concentration/total dissolved element concentration in L/kg in this study Blable
Most element Kd values decrease from left to right alongdscin Fig. 4B, although there
are several exceptions. Mn and several trace elements like Co, Sb, As, Se, and Cd show higher
Kd values than expected based on mobility trends (Fig. 4B). It is noted that trace elements such
as As, Sh, Se, and Cd also hauspended sediment average element concentrations greater than
UCC (Fig. 4A).

If the suspended sediment concentration (SSC; kg/L) is known, along with the Kd value
of an element (L/kg), the dissolved proportion of that element can be calculated by:

o —F (1)

Where D is the proportion of the element in the dissolvedbb@add on mass within a theoretical

1L parcel of watethat containsuspended sedimefftThe proportion of the element in the
suspended load is2. As element mobility during transport and weathering increases from left

to right along the saxis, the proportion of the elemts in the dissolved load also increases (Fig.

4C). Notable elements strongly deviating from the general trend are Co, Mn, Sb and Cd. For
about half of the elements, transport in the dissolved load is dominant. Several elements such as
Ni, K, Ba, Na and Stend to have dissolved load proportions closer to the Rio Negro (typical low
suspended sediment river) than the Rio Solimoes (a typical turbid river), although it is noted that
the dissolved proportion of Co in this study is closer to that of the Rim&edt®

34  Element correlations/relationships

Major ions in solution (e.g., Mg, Ca, K, Cl, Na, §@hat are derived predominantly from
seawater are well correlated with one anotherlerdome trace elements (e.g., As and Se) tend
to poorly correlate with other elements in the dissolved load Baig.However, Ni and Co are
well correlated with most conservative ions in solution.

Concentrations of many transition metals in the susggetsddiment load display strong
positive correlations (Fid35). In particular, trace metals are very well correlated with Fe and Al,
likely because they are associated withokeles and Adsilicates or Aloxides in the siltyclay
suspended sediment. Mametals (and P) show very strong trends of increasing concentration
with increasing Fe content in the suspended sedimentBB)gThe metalloid As shows a
moderate positive correlation with Fe in the suspended load.

3.5 Element trends with increased sester mixingalongthetransect

Despite slight tidal cycle variations during the sampling period, a relatively consistent
salinity trend can be seen with latitude (Fig. 2). As latitude decreases with increasing proximity
to the Bay of Bengal, salinity aneases, indicative of greater seawater mixing. This is also seen
with strong negative associations between latitude and conservative ions in soluti@4)Fig.

As seawater mixing and thus salinity increases, Ni and Co concentrations increase in the
dissolved load while their Kd values simultaneously decrease (Fig. 5). Arsenic and selenium,
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which have concentrations above health guidelines in the dissolved load, show moderate to no
relationship between Kd values and salinity along the transectBFig.

Elements in the suspended load predominantly show moderate to weak positive
correlations with latitude and thus negative correlations with salinity BE)gFor example, Ni
and Co specifically show moderate negative correlations with salinitygBjgand thus
moderate positive correlations with latitude (FB#.). These negative correlations with
suspended load Ni and Co versus salinity are similar to trends seen with Ni and Co Kd values
versus salinity and opposite the trends seen with Ni and Goleksl concentrations (Fig. 5).
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L/kg (bulk concentration soligphase/concentratiatissolvedphase)(C) Estimated geometric

mean proportion of each element in the dissolved load (D) within the upper 1m of the water
column. The remaining proportion is the proportion of the element in the suspended load. For all
graphs, the elements incled are arranged to show increasing mobility during weathering and
transport from left to right along theaxis?® The red bars are 1 standard deviatio)(&rror

bars and MDLs are inged for solidphase concentrations <MDL to prevent bias towards

greater concentrations. n = 21.

Barium shows unique trends in both the dissolved and suspended load as seawater mixing
increases along the transect (Fig. 6). Dissolveddtaeases as latitude decreases and seawater
mixing increases, but not in a singular linear fashion. Instead, two different linear slopes of best
fit are apparent along the transect. Additionally, Ba has a moderate positive correlation with its
suspendedesliment concentration and latitude, albeit there is significant scatter. The Ba
extracted from the suspended sediment through the EPA 3051A method dlitjd€tion) used
in this study is strongly positively correlated with the extracted/measured Fe ustiended
load (Fig. 6). Barium Kd values are highest at lower latitudes close to the Bay of Bengal.

Both dissolved As and Se concentrations in the Bhairab River (that runs from the north of
Khulna and meets the Rupsha River) are lower than values deamstf Khulna at lower
latitudes (Fig. 7 & FigB9). While As does not show gradually decreasing concentrations south
of Khulna towards the Bay of Bengal (FBR), Se does (Fig. 7).
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3.6  Solid/dissolved phasgisequilibrium and possible sample incubation effects

Due to thesignificant storage time of unfiltered samples, possible reactions such as
sorption/desorption or dissolution may have occurred that changed the composition of both water
and suspended sediment samples. There are mostly poor linear trends with sige#ittant
between element concentrations in the suspended and the dissolved loBA@Figvhen
comparing the lab filtered samples (0.2 um) in this study with duplicates filtered in the field
(0.45 um) from a companion studCo andNi in the lab filtered samples are significantly
elevated in concentration, along with Cr, Zn and Cu Bid.). Most other elements are similar
in concentration. Additionally, Co and Ni have slight negative trends between the dissolved and
solid load conentrations (FigB10). However, no trends are seen between Co and Ni Kd values
and time from sampling to filtration (Fi§12). There is little correlation between days from
sampling to filtration and concentrations of almost all elements in the dissoidesblid load
except for Se, Mn, Cr, and V in the dissolved load (Bgs& B5). An element of interest in this
study, Se, does show a moderate negative correlation between days from sampling to filtration
and dissolved concentration (FEB13).

3.7 TEMparticle imaging

TEM work on particulates from tidal channel suspended sedwwidnh the study area
(sample P32IC)?? and from this study (METC-7 and MDTC-11) routinely revealed small
particlesrich in Al and Sjlikely to beclay minerals or other phyllosilicates (Figs. 888.4).

Some of thesparticleshad other elements such as Cu, Ti, and Fe associatedamiticrystals or
coatings on their surfacésapped via STEMEDS). A characteristic sample illustrates a striated
surfacecontainingseveralreas with higher concentrationska and Cu, potentigilattached to
the larger particle surface as oxide nanoparticles (frigre&ich particles <1um were also
common, including an Fparticle near the filter size (0.2 um) used iis tstudy and several Fe
sulfide particles ~0.5 um in diameter (FgjLl4). Several transition metals such as Mn, Ti, Ni,
and Cu were found to be associated with thesedReparticles, although it is noted that the
copper grid amplifies the Cu signal in E@Rnd elemental mapping, and the Ni EDS signal is
weak (Fig.B14). Additionally, while mineralogical identification of the specific nanoparticles
was difficult, a Ksilicate particle with substantial K, Si and Al was identified that was likely a
muscoviteparticle based on approximate wt.% and at.% proportions of Al, Si, O and K (Fig.
B15).
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4 Discussion
4.1  Element enrichment/depletion in the dissolved and suspended loads
4.1.1 The dissolved load

Several trace elements (Ba, Ni, Co, Se, As) (Table 2) normally seen in low congestrati
in riverso dissolved | oads are elevated well
concentrations (Fig83). These element concentrations are similar to shrimp ponds and tidal
channels from a previous study in the same region, which are also ol aberage seawater
concentrationg? However, relative to other recent studies of surface waters in the region, mean
As and Cu concentrations were much greater in this study, while Cd, Fe, Mn, Pb, and Zn were
much lower than the othstudies (Tabl®2). These differences may be in part due to temporal
sampling variability, spatial variability, or analytical procedures.

Arsenic and Se are elevated above WHO drinking water guidelines in nearly all samples
of this study, affirming thathere must be a significant source contributing these elements to the
river system. Possible sources of As include geogenic sources such as leaching from sediments
that contain As originally derived from the Himalayas, or groundwater due to exfiltration or
irrigation'® because groundwater in the region contains elevated levats?dfArsenic can also
be derived from anthropogenic sources, such as pesticides, herbicides, wood preservatives, and
even animal feed®¥.However, because of the prevalence ofrise groundwater in the area,
groundwater is deemed more likely as the ultimate source. This idea will be expanded upon in
Section 4.3.3. While Se is less toxic than As and an essemti@nutrient, it may still be
harmful at elevated concentrations and may originate from fossil fuel bidfmimgnicipal
sewage or oil refinery effluert,certain fertilizer# or the interaction of water with Seh
rocks2® However, significant geogenic sourcing of Se thus far ingBalesh has been shown to
be limited, as soil concentrations are either typical of average world Se soitdeveigen
lower* and groundwater Se concentrations haen well below health standards thus*ff:
Possible anthropogenic sourcing of Se will also be discussed in more detaiiom 8e:8.

While these tidal channels are not used for drinking water purposes during the dry season
(i.e., early May) because of their high salinity, the WHO drinking water guidelines are still an
effective benchmark to illustrate that these waterwagsignificantly enriched in Se and As in
Southwest Bangladesh. For example, the high concentrations of dissolved Se and As may pose
problems via accumulation in other biota, particularly because Southwest Bangladesh is an
agricultural region that has beiereasingly reliant upon shrimp aquaculture in recent §Rars
and uses tidal channels extensively for agriculture/aquaculture irrigafion.

4.1.2 The suspended load

While most major elements (e.g., Al, Fe, K, Gk) are depleted in the suspended
sediment load relative to upper continental crust (UCC), several trace elements (Se, As, Sb, Cd)
are enriched in most samples relative to UCC (Fig. 4A). Comparing elements in the suspended
load to a reference materialcsuas UCC can give insight into regional enrichment or depletion
of solidphase elements from transport, weathering or anthropogenic processes, assuming the
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source material is similar in composition to the reference material (e.g., UCC). While the
compositon of the source material in this study (eroded Himalayan crust) is difficult to constrain
with certainty?® average UCC can still provide a reasonable source comparison, as various
Himalayan formations that may contribute to the source material have major element
concentrations relatively similar to average U€C.

The large depletiomiCa, Sr, Na, and K relative to UCC is likely representative of the
significant weathering of mobile elements that occurs in the Ganges floodplain prior to
deposition in the lower tidal plai¥;*®or grain size srting effects. This depletion should hold
true even if the major element concentrations in this study are slightly lower than they would be
on an anhydrous basis like those used in UCC calculatidtrevious work looking at deposited
rice paddy and tidal channel sediment in Southwest Bangladesh alatededepletion of
mobile elements susceptible to weathering such as Sr, Na, and Ca, but saw enrichment of K
relative to UCC' The discrepancy between K concentrations between our study and Ayers et
al*%is perhaps partly attributable to grain size sorting, because the veleigieted mean grain
size of the deposited sedimenisre oftentimes-3 times greater than the grain size of
suspended sediment samples in this study. This is reflective of the upper portion of the water
column (i.e., upper 1m used in this study) containing the finest grained sediment compared to the
rest d the water columni® The coarser material in Ayers et*amay have greater abundances of
K-rich minerals such as Keldspar, which was seen in suspended sediment profiles in the
Ganges and Brahmaputra rivers as grain size increases with/tleptiuever, mineralogical
data in this study for both suspended sediment and shrimp pond sedimeBR}Fsgremarkably
similar to the sediment in Ayers et*dbased on qualitative observations of diffraction peaks,
suggesting that grain size sorting within the silt sized range may not have a large effect on
mineral abundance. This similar mineralogy is also consistent with the shrimp pond sediment
being sourced from the tidal channel. Additionally, TEM analyses idedhigfiksilicate particle
that is likely muscovite in our suspended sedintErgt. B15), illustrating at least one of the K
phases present in sediment.

The enrichment of several trace elements such as Se, Cd, As and Sb and dissimilarities to
thecomparatively lower concentrations of several trace elements such as Sb, Cd and As in Ayers
et al?® could be partly due to the finer grain size of the suspended sediments in the upper 1m of
the water column. The smaller grain sizes (with presumably larger surface area) may be more
effectiveat scavenging elements like Cd and As than the slightly coarser grains in Ayefs et al.
The elevated trace element concentrations may also be in part due to anthropogerfit inputs,
such as from the city of Khulna, or because of volatilization of several trace elements during the
LiBO2 flux fusion procedures in Ayers et“dlleading to trace element depletion in that study.
Enrichment of tracelements such a&s, Se, Cd, and Stelative to UCC was also reported in
suspended sediment in the upper Gaigssggesting that the geogenic contribution of these
trace elements from sediments in the Ganges river system may be greater than typical crustal
values.

4.2  Fe solid phase correlations &ement partitioning

Based on bulkkhemistry suspended sediment correlations, it is apparent that most trace
metals/metalloids are associated with Fe in the suspended sediment lo&®)FiGarzanti et
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al.2® proposes that many trace elements plotted inBBgsuch as As, Co, Ni, Cu and Pb are
associated with the formation of secondary minerals (i.g/s daoxyhydroxides) that are

present in the shallow suspended loads of the Ganges and Brahmaputra rivers, which would
include Fe minerals. The hypothesis of several trace elements associated mwitiefeds is
supported by TEM imaging, where aluminumcsite particles have metals such as Cu associated
with Fe on their surface (Fig. 8), and <1um particulatd&aring minerals are associated with
transition metals such as Mn, Ti, Ni and Cu (B@4). However, besides the Fe coatings and
likely presence bFe-oxyhydroxides, Fesulfide particles were also identified (FE§14).

Additionally, the metalloid As shows moderate correlations with Fe in the bulk suspended load
(Fig. B6), suggesting some association between As andiferals such as Fexyhydroxices,

as proposed by previous researcRérs This also promotes the hypothesis that As in the
Ganges floodplain sediments are derived from dissolatignimary minerals from the

Himalaya, followed by sorption onto secondary mineral phases suchoxyiaroxides?>>4

These secondary minerals are transported in rivers as suspended sediment and deposited
throughout the floodplains in Bangladesh.

In general, as elements become more mobile in weathering and transport processes, their
Kd values decrease and their dissolved proportions increase (Fig. 4C). However, several
elements such as Mn, Co, Cd and Sb are exceptions to this trend, with adld¢nesets
partitioned into the solid load more than expected (Fig. 4C). Many of the most mobile elements
also have elevated Kd values relative to what would be expected based on Kd values of less
mobile elements (Fig. 4B).

One reason for elevated Kd vadumay be that several of the trace elements in the solid
phase were close to detection limit on the-lGPS and may have concentrations artificially
enhanced in the solidad due to substitution of MDLs in Kd calculations for Figure 4B.
Additionally, someCd values were close to or below detection limit in the dissolved load,
similar to values in blank samples (Table 2).
dissolved values are very low and thus make the Kd values large. A more likely explanation
that the abundance of fexides in the dominantly silized suspended load leads to the
enrichment of elements such as As and Cd that tend to sorb onto surfaces of these minerals. This
may lead to increased Kd values because of greater concentrdtasents in the solid phase.
Because of similar grain sizes in upstream and downstream samples along the transect (Fig. 3),
grain size likely has a consistent effect on adsorption onto mineral surfaces.

The elements Mn, Co, Cd and Sb may have much Ipvegrortions in the dissolved load
than expected because of resistance to desorption processes and/or dissolution reactions
occurring in estuary water, i.e., disequilibrium. Selenium and arsenic (likely as oxyanion species
in most natural waters), howevenay have greater concentrations in the dissolved load (and
thus lower Kd values compared to Cd, Sb, Mn and Co) because of less affinityolkidee
compared to trace metal cations in the oxidizing and slightly alkaline conditions of surface
waters in ts study (pH between 7.3672; Table 1). This is seen with relatively weaker
correlations (concentrations <MDL excluded) between Fe and Se (r = 0.39, p = 0.21) and Fe and
As (r = 0.58; p = 0.0092) compared to metals often speciated as cations in gelgtioGo, Cd,
Cr, Ni; Fig.B5), and is also supported by literature estimating the points of zero charge (PZC)
and isoelectric points (IEP) of hydrous ferric oxides (HFOs) such as ferrihydrite and goethite
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oftentimes between ~78.55° If the pH of the waters in this study is above the PZC or IEP of
the sorbing HFOs, then cations will be favored for sorption over dissolved anion species.

Several elementsuch as Ni, K, Ba, Nand Sr tend to plot closer to the dissolved element
proportions of a typical low suspended sediment river (Rio Negro), while Co plots much closer
to a typical high suspended sediment river (Rio Solimoes) (Fig?®48pwever, the average
suspended sediment loads of those rivers (Rio Negro <0.01 g/L; Rio Solimoes ~@%parg/L
less than the average suspended sedimentridats study (0.49 g/L; Table 1). This is likely
indicative of the large seawater influence of many soluble elements such as Ni, K, Na and Sr,
which would increase the proportion of these elements in the dissolved load in Ganges tidal
channels even if #re is a relatively large amount of suspended sediment present. Barium may
be primarily in the dissolved load even though its concentrations decrease with seawater mixing
(Fig. 6C) because of previous desorption from suspended sediment upstream doa to cati
exchange, even where seawater influence was mifioxdrom groundwater input as suggested
occurs significantly to the Bay of Bendgaf®

4.3  Geochemical trendwith increased seawater mixing
4.3.1 Evidence of trace metal desorption along the transect

As latitude decreases along the tidal channel transect and the sample locations approach
the Bay of Bengal, salinityncreases (Fig. 2). Thus, any spatial trends associated with latitude
can also be interpreted as trends with salinity. The trace metals Ni and Co typically exhibit
nonconservative behavior and have dissolved concentrations that are well above ¥eawdater
increase linearlyas salinity increases (Fig. 5). Thus, the increasing dissolved concentrations of
these metals with increased seawater mixing cannot be explained by simple conservative mixing
of seawater. A source other than seawater must be responsible for the inareasamgration of
these trace metals.

A likely source of dissolved Ni and Co is suspended sediment, as desorption of Co and
Ni from suspended sediment has been documented in a nearby estuary (Hooghly Estuary, ~100
150 km to the west of the study area)witcreased seawater mixih@hat study saw the same
linear trends of increasing dissolved Cal & with increasing salinity.Furthermore, that study
showed Kd values decreasing with salingyggestive of desorption from competitive cation
interactions, which is consistent with the Kd trends of Ni and Co in our study (Fig. 5). Our lower
suspended sediment concentrations of Ni and Co at higher salinities also supports some level of
desorptioroccurring (Fig.B8). While the Kd values from Samanta and Dalare based on the
exchangeablsolid fractions of Ni and Co, the bulk Kd values used in this study can still provide
a similar approximation of partitioning. However, Samanta and Pallsd showed Cu exhibiting
similar characteristics to Ni and Co with increased seawater mixing, which our study did not
observe (FigB16). Additionally, Samanta and Dalaittributed the desorption processes largely
to competition with Na for sorption sites, which we did not see direct evidéia@sed on our
Na concentrations. This may be because Samanta and ized data from sysended
sediment that was rinsedth Milli -Q water which may have removed some Na, Mg, and K
from sea salt that was likely included in our suspended sediment analysis (the lack of rinsing
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salts from our suspended sediment samples may also be the reastevated relative to UCC
(Fig. 4A), because of soluble sulfate minerals precipitating from seawater after drying).

4.3.2 Bariumtrends along the transect

Dissolved Ba in general exhibits decreasing concentration as salinity increases (Fig. 6C).
This is indicative of conservative mixing with seawater, which is seen in other studies in the
region at salinities equivalent to this study (>10 BgPHowever, a distinct change in linear
regression slope is observed at a latitude of ~22.6 in this study (Fig. @)ee the transect
transitions from th&upsheRiver to the Bhadra River. This may indicate a decrease of Ba
supplied to the dissolved load from sediment desorption (and thus increasing the rate/slope of
conservative mixing), as both Ba Kd values and endpd sediment concentrations either
remain stable or increase at lower latitudes (Figs. 6A & 6B). Other studies of Ba in the region
indicate dissolved Ba increasing at low salinities due to sediment desorption from cation
substitutiorf *° which would explain the Ba conagations in this study being well above
average riverine Ba concentratiéhi§ Ba desorption occurred upstream of our study area.
Barium is stronglycorrelated with Fe in the sedimentdioas well(Fig. 6D), suggesting that the
fraction ofsolid-phaseBaanalyzed irthis study isassociated with Feinerals such as Fe
oxyhydroxides, which a large portion of labile Ba is associatedith.

Barium may also be introduced into tidal channels from groundwater exfiltration,
particaularly because average Ba (380 pgfli3 elevated in groundwaters in the area relative to
tidal channel samples in this study (~220 ug/L) and GaBgakmaputra river representative
values (~21 ug/LF® Mooret® and Dowling et at® insist that a large flux of théissolved Ba in
the Bay of Bengal is indeed from groundwater discharge. However, because desorption of Ba
from tidal channel sediment or upstream river sediment is likely contributing substantial
dissolved Baand the proportion of groundwater exfiltration to tidal channels is probably less
than to the Bapf Bengal, groundwater Ba contribution to tidal channels is likely less than that
of sediment desorption upstream.

4.3.3 Arsenic and seleniutnends along the transect

Arsenic and selenium have been previously documented in concentrations above WHO
guidelines in Southwest Bangladesh surface wafe¥and thus this study set out to investigate
whether the large city of Khulna could possibly be a source of these elements downstream.
Previous work found sever al potenti al Ahot spo
study area through artificiahussel monitoring, albeit pollution was less in Khulna waterways
compared to thBuriganga Rivein Dhaka?! However, hat study did not analyze for Se or As,
and As and Se were >WHO guidelines in the dissolved load in this study (Table 2).

Both selenium and arsenic exhibit the lowest concentrations in the Bhairab River along
the more northern extent of Khulna at thehasgt latitudes in this study (Fig. 7 and ).
However, while As did not display any definitive mixing trends downstream BRijg.Se
showed conservative mixing with decreasing latitude and increased salinity for all samples but
the three Bhairab Rivesamples and another sample downstream (which was taken within a
separate 2hour sampling period at a similar time of day as previous nearby samples, and during
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the same 24hour sampling period as the three Bhairab River samples) (Fig. 7). Conservative
mixing of dissolved Se with seawater has been documented before, specifically when it was
anthropogenically sourced to San Francisco Bay in thedH8wever, the dissolved Se
concentrations in this study are much higher than in polluted estuary samples of other studies and
are much closer to direct oil refinery effluent Se concentradioii«hulna holds two large

petroleum companies along the southern reaches of the Bhairab, which are a possible source of
the downstreames However, based on watersheds of both the Bhairab and RuyeskgFig.

B17), itis possible that Se may have been sourced upstream of Khulna. Selenium has no known
geogenic sources of such high concentrations in the area, 4%“8aif&l groundwatéf +* are

not anomadusly high in Se in Bangladesh. Thus, Se is likely anthropogenic. Our interpretations
of anthropogenic Se support recent work in the Ganges river system in India, where trace
element pollutant hotspots have been identified near cities, but typically demstt

downstream because of dilution from additional river tributafiés. our case, the dilution is

caused by seawater mixing in lieu of other river tributaries.

Because dissolved As is relatively ubiquitously elevated in samples irrespective of
latitude with no definitive trends (Fi@9), a possible source may be from groundwater during
dry season low river flow, as previously suggested by Ayers'&Halwever, assuming
groundwater contribution was consistent along the transect, itwewexpected that there
would be conservative mixing of arsenic as the seawater fraction increases along the transect,
unless some of the reworked tidal channel water from the Bay of Bengal contains As from
submarine discharge. However, it is unlikelgttthe water from the Bay of Bengal would
contain elevated As. Thus, either As is not sourced predominantly from groundwater or
additional nonconservative processes are at work regarding As mobilization and transport,
perhaps because of interactions ofugdwater at redox zones between the sediwater
interface as suggested by Berube &P Aisenic from reducing groundwaters may sorb onto
sediments in oxidizing environments before discharging into rivers, although if riverine
dissolved As isourced from groundwater, there must be exfiltration points where sorption is
limited and redox conditions are thus not suitable for complete As sorption. Thus, variability in
these redox transition zones of groundwater exfiltration may partially expkin t
nonconservative mixing seen between As and seawateB®ig.

Samples with high concentrations of dissolved selenium that fall on a conservative
mixing trend may specifically be sourced from an anthropogenic effluent flushing event (Fig. 7).
The foursamples with the lowest concentrations were taken in a differemb@4period (Fig.

7). However, the relatively ubiquitously elevated Se concentrations in July shrimp ponds and
May shrimp ponds in Southwest Bangladesh relative to average riverine catiorst

suggests that if the Se is ultimately sourced from effluent discharge, it is not from isolated
events. Lastly, it is important to note that Se was an order of magnitude lower (1 pg/L vs 30
Hg/L) in a sample of the Bhairab Rivia this study compared to Dietrich and Ay@i(§ig.

B11), who field filtered at 0.45 pum at the same location. One likely cause of the discrepancy
between samples is the filtration size difference (0.2 um in this study versus OidDetrich

and Ayer$?), where small, colloidalike particles (organic or inorganic) may increase filtered
idi ssolvedo®concentrations.
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Both As and Se Kd values aot show any obvious trends with salinity (and therefore
seawater mixing) along the transect (BJ). This suggests that these elements are not strongly
influenced by sorption or dissolution reactions along the transect as salinity increases. However,
aralysis of the extractable fractions of each element (at lower instrument detection limits) will
provide better insight into possible element exchange, particularly for As, which is likely
experiencing nonconservative processes based on the lack of ctmweenrging seen along the
transect (FigB9).

4.4  Possible sanlp incubation effects

Because several effects may occur during long incubation times of unfiltered water
samples (i.e., dissolution, sorption reactions, biological reactions), the effectbétion time
on several geochemical parameters of interest was examined. Most dissolved and solid phase
elements and geochemical parameters were not strongly correlated with days between sampling
and lab filtration (FigsB4 & B5). Additionally, mostitace elements that may undergo
desorption or dissolution processes showed significant scatter between the dissolved and
suspended loads, suggesting disequilibrium partitioning B4ig). Thus, even though the
suspended sediments were in contact with the water for an extended period of time, slow kinetics
likely prevented exchange equilibrium. Also, the residence time of water in the tidal channel
during which reactions between sedirnand water can occur was likely similar in magnitude to
sample incubation time, because most water in this area is tidally rewotkastly, because of
the highly saline nature of the waters, lack of significant headspace in the sealed samples during
storage, sample refrigeration, and relatively low DOC compared to world fgitdpgical
reactions were also likely limited. This was additionally shown by poor correlation between
DOC and days from sampling to filtration (FEB4).

Specifically regarding Ni and G¢d values, the lack of any trends with days from
sampling to filtration suggests that the desorption from salt cations occurred predominantly
before the samples were stored (H#2). Postsampling effects of Se however, are possible,
although there isalck of sufficient evidence to conclude that a significant amount of Se was
sorbed, desorbed, or-quecipitated on suspended sediment during sample storage. The first line
of insufficient evidence is the lack of exchange equilibrium between measurableatissnd
suspended Se (FiB10). Second, there is only a slight negative correlatfon (x48; Fig.B13)
between dissolved Se and the days from sampling to filtration. If there was a strong effect on the
dissolved Se during sample storage, one woubgexthe correlation to be stronger, particularly
if Se ranged 2 orders of magnitude in the dissolved load (Table 2). Third, when excluding four
sampl es from - h¢tl s-aqutsanplihgperod, Senis more strongly
correlated with salinityr?> = 0.76) relative to days from sampling to filtratioA=%r0.25),
implying the trends are indeed from mixing with seawater and not induced by sample incubation.
Lastly, Se concentrations in duplicate samples filtered in the field for sampleBOMIB and
MD-TC-19 were 15 pg/L and 30 pg/L, respectively, both less than anfjiteted samples in
this study taken during the proposedir effluent release event. Thus, even if some of the
dissolved Se became immobilized in the solid phase during inonl{as suggested by the
negative correlation between dissolved Se and days to filtering), the dissolved concentrations
from the field filtr adfifolnwsrperickiedstl lowerthamal s eco
the Se concentrations in the ma#hr sampling period, supporting our Se anthropogenic
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effluent interpretations. However, slight sorption/desorption or coprecipitation of Se during
sample storage cannot be fully discounted, particularly because of the differences in
concentrations of Sa duplicate field filtered and lab filtered samples (lBd1) and that

several other redox sensitive metals (Cr, V, and Mn) showed moderate negative correlations with
days from sampling to filtration (Figg4).

4.5 Summary of geochemical mechanisms

The primary mechanisms hypothesized to affect the distribution and partitioning of
el ements along this st u-dxghage, and conseneativée mixangr e d
with seawater. Changes in pH and dissolution might also be expected to inflleeneatel
partitioning in an estuarine environment, although direct evidence of these mechanisms causing
changes along the transect is lacking. pH measurements showed very little variation along the
transect (i = 0.09; Table 1), and although the pH valuesadewer than one might expect
based on mixing with seawater, the lack of variation indicates that pH has little effect on
changing element concentrations throughout the transect. However, the slightly alkaline pH
(mean = 7.61) likely leads to preference dation adsorption on HFOs as opposed to anion
species such as arsenate, selenate, or selenite, because the points of zero charge and isoelectric
points oftentimes are estimated as betweeB.5Tor HFOs>®> While dissolution can play an
important role in element partitioning in coastal environments, it is difficult to deduce the extent
it occurs in the natural environment, particularly in this study because of difficultygdistimng
dissolution processes in highly saline waf@idowever, minerals it are major components of
river sediments in BangladeésifFig. B2) and are present in suspended sediment such as quartz,
kaolinite and illit€° have low laboratory dissolution rates and are saturated in our water samples,
(Table 1) suggesting that dissolution of suspended sediments during transport was low in our
study area. Furthermore, annual dissolution in seawater isagstito be close to 0% for those
minerals®® Lastly, Ayers et af® classifies sediment weathering in this studyioa as likely
transport limited, and thus dissolution reactions are slow if they are occurring.

Because of the focus of this study on trace elements rather than major elements, it is
unclear to what extent major elements exchanged with one anotheitbsustace sites via ion
exchange. However, there is evidence of saltwater major cation substitution leading to desorption
of Ni and Co along the transect of this study with increased mixing of seawater. This may have
significant impacts on dissolved estne fluxes into the ocean, particularly if there is an
upstream pollution spill of Ni or Co, or a similar metal cation species. While these cations may
adsorb effectively onto suspended sediment in lower salinity water, they may be mobilized in
higher sahity water, which could pose a threat for biota in ecosystems such as the Sundarbans,
or for farmers who irrigate with the saline tidal channel water for aquaculture. Lastly, while
conservative mixing of elements such as saltwater ions may be obviouscrghsed seawater
contribution, conservative mixing of other elements such as Ba and Se following a
nonconservative input source (desorption or effluent) provides more insight into the dilution and
behavior of these elements in estuarine environmentss, Hil hypothesized geochemical
mechanisms affect element partitioning to some degree, but elements are affected in different
ways. Better understanding of which elements are likely associated with certain processes can be
useful for research in other eaty environments throughout the world, such as the Mississippi
River delta or Red River delta.
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5 Conclusions

Multiple processes affect element mobility and transport along tidal channels in
Bangladesh, such as desorption;éxchange, andonservative mixing. The elements Ni and Co
are affected by desorption processes induced by exchange with saltwater cations. Barium shows
trends consistent with conservative mixing with seawater, although it too is likely affected by
desorption processeapeit largely upstream in lower salinity waters. Selenium and arsenic are
elevated past drinking water guidelines in nearly all samples, with slight enrichment relative to
upper continental crust in the suspended load as well. While Se is likely angmogatiy
sourced from the city of Khulna or another site farther upstream, As is likely predominantly
geogenic and may be partly sourced from groundwater exfiltration, like Ba.

Most trace elements are elevated above average dissolved river concentaations,
further monitoring of anthropogenic pollution sources upstream is needed to protect the
Sundarbans natural mangrove forest. If there is any significant release of metal cations upstream
such as Ni and Co, they may be increasingly mobilized in theesastuarine environment of
the Sundarbansoé tidal channels, particularly
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CHAPTER IV
GEOCHEMICAL PARTITIONING AND POSSIBLE HEAVY METAL(LOID)
BIOACCUMULATION WITHIN AQUACULTURE SHRIMP PONDS 3
Abstract:

Limited work has been conducted on trace metal(loid) exchange between sediment,
water, feed, and shrimp, particularly in estuarine aquaculture environmententify
metal(loid) sources and the processes controlling bioaccumulation in stwenamalyzegbaired
aguaculture watesedimentand shrimp samples collected in Southwest Bangladesh in the late
dry season (May), as well as several common artificial feetiitionally, we analyzed
sediment extract samples from-Bdur laboratory batcbxperiments as an analogue for
aguaculture pond sediment porewater to examine element mobilization from pond sediment.
Weak correlations between element concentrations in extracts, pond water, and bulk sediment
indicate equilibrium with sediment was nohaved in extract experiments or ponds, and that
sediment composition has little influence on pond water or shrimp compogitjaaculture
shrimp metal(loid) concentratiomgere similar to artificial feed but not pond sediment or pond
water, suggesting #t shrimp composition isiostlyinfluenced bydiet Althougharsenic As)
andselenium £ were present at high concentratiomshrimp pond waters and sedimehey
were often below detectian shrimp However, the highly toxic metal thallium (TI) was
detected in shrimp at levels th@dse significanhumanhealth risks based aralculatedarget
hazard quotient (THQ) valueshus, further research into potential TI contamination in
Bangladesh aquaculture environments is warranted.

Keyword:Trace elemets, elemenpartitioning inorganic pollution, aquaculture, estuarine
geochemistry

1. Introduction

A recent concern with shrimp farming is the possible accumulation of toxic heavy metals (in
this work we are also referring to metalloids such as arsenic when mentioning inorganic metals)
in shrimp, which may pose a health risk for consumers. Althougldwil® there have been
many surveys of heavy metal concentrations in aquaculture species (e.g., Jiang et al., 2014; Ju et
al., 2017;Marriott et al., 2020; Martins et al., 201¥okhtaret al., 2009; Wu and Yang, 2011),
there has been relatively limited eximation of aquaculture species for heavy metal
accumulation beyond routine surveys for risk assessment and metal bioaccumulation in shrimp
(e.g., Biswas et al., 2021, Islam et al., 20MMastafizet al., 2020; Sarkar et al., 2016).

Even though previougsearch has pointed out potential health hazards of aquaculture shrimp
consumption, minimal work has focused on the distribution of metals in aquaculture systems or

3 Chaptempublishedimi Sci ence of t h eandraptoduded Viédth the permissioreof thedpublisher
(Elsevier)and my ceauthor(Dr. John Ayerk Dietrich, M., & Ayers, J. Geochemical partitimg and possible
heavy metal (loid) bioaccumulation within aquaculture shrimp pddcignce of the Total EnvironmeiiBs,
147777 https://doi.org/10.1016/j.scitotenv.2021.147777
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the processes that control the partitioning of metals between shrimp pond environmdiatal me
Knowledge of the entire environmental system is essential for elucidating potential sources of
heavy metals in shrimp. These sources include the water, sediment, fish feed, or natural biota
within the ponds that the shrimp may eat.

What aquaculturensimp consume depends largely on the intensity of the farming system,
with traditional and extensive farming relying predominantly on natural octust artificial
feed, while more intensive aquaculture farms rely more upon nutritionally formulatecfged (
Paul and Vogl, 2011 and the references therein). Most Bangladesh shrimp farms are
traditional/extensive farms (e.g., Paul and Vogl, 2011 and the references therein), which is
representative of our sampling area in Southwest Bangladesh, where mess fae sampled
from used either natural or lewost artificial fish feed, or a combination of both.

Most studies of aquaculture environments have not characterized all potential sources of
metals in farmed species. For examf@eahathakurtandKaviraj (2000) sampled sediment,
water, shrimp®. monodo#, and mullet (. parsig) from tidally irrigated ponds in the coastal
Indian Sundarbans and found that shrimp and mullet consistently had elevated concentrations of
lead (Pb) and zinc (Zn), but did not cafesi food sources. In Southwest Taiwan, aquaculture
pond water sourced from groundwater with dissolved arsenic (Asjug/LQWHO guideline
for safe drinking water) contributed to elevated total As in tilapianjossambicQsnd shrimp
(P. monodoh but £diment and feed were not analyzed (Kar et al., 2011). Ju et al. (2017)
measured heavy metals in aquaculture tilapia in Southwest Taiwan and found predominantly
weak to no correlations between heavy metals in the water, sediment, and different body tissues
of tilapia, but did not analyze any samples of fish feed. Mosafiz et al. 2020 estimated
bioaccumulation factors of heavy metals based on the concentration ratio of the metal in giant
freshwater prawn and water in coastal Bangladesh but did not examipesailyle correlations
between the shrimp and water, and did not sample feed or sediment in the ponds.

Ayers et al. (2017) and Dietrich and Aye2921) found elevated concentrations (>WHO
drinking water guidelines) of dissolved As and selenium (Se) uth8@st Bangladesh
aguaculture waters. Bioaccumulation of As and Se from water into shrimp may thus pose another
health hazard for consumers (e.g., Kar et al., 2011).

Lastly, previous research (Ayers et al., 2020) suggests that the cherathéring regime in
Southwest Bangladesh is transplortited and thus likely supporting a slow rate of trace metal
exchange between waters and sediment because of the abundance of highly weathered materials
and minerakaturated waters. This suggestd thieect or indirect trace metal exchange between
aguaculture species and sediment may be limited.

The primary research objectives of this study are thus to: 1) Measure partition coefficients
between pond sediments and water usingpr2gediment extractxperiments to determine if
shrimp pond waters and sediments are in chemical equilibrium, which would suggest rapid
element exchange between sediment and water and the potential indirect transfer of metals from
sediment to shrimp, 2) Determine whether elegaoncentrations of arsenic and selenium in
aquaculture water or fish feed lead to elevated trace element concentrations in aquaculture
shrimp, 3) Measure partition and correlation coefficients of major and trace elements between
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water, feed, sedimentnd shrimp to determine whether there are any dominant element transfer
mechanisms in the environment, and 4) Estimate health risk for consumers who regularly
consume Bangladesh aquaculture shrimp.

2. Methods and study area
2.1  Southwest Bangladesh

CoastalSouthwest Bangladesh experiences a seasonal monsoonal climate, with the
monsoon season contributing about 80% of the total annual rainfall between the months of June
to September (Chowdhury, 2010). The distinct monsoon season in Bangladesh contributes to
large compositional changes in tidal channel salinity in coastal areas depending on the season
(e.g., Akter and Ahmed, 2019; Ayers et al., 2017), because riverine freshwater during the
monsoon season dilutes saline tidal water from the Bay of Bengal aCawests of Bangladesh
are predominantly rural and agricultural, particularly focused around shrimp farming in recent
decades (e.g., Benneyworth et al., 2016 and the references therein), with the two primary farmed
species being giant tiger praw®. (nonodn) and giant freshwater pravM. rosenbergii (e.g.,
Shamsuzzamaet al., 2017 and the references therein).

2.2  Sampling

Samples of paired shrimp, sediment, and water were collected in Southwest Bangladesh
during May of 2019 at the end of the digason within enclosed aquaculture ponds that were all
irrigated with tidal channel water. Locations of the sample sites are provided in Fig. 1, which are
just north of the Sundarbans natural mangrove forest and the Bay of Bengal, and the same May
shrimp @nd sample locations as used in Dietrich and Ay2021), which examined the shrimp
pond watersdé composition. At each site, a | ar
within the upper 10 cm of the sediment profile. For all sample sites exeepifsit2, sediment
samples were submerged underwater. Additionally, 50 mL of water was filtered at 0.45 pm in
the field at each site, and at least one shrimp sample from each site was collected. All shrimp
collected were giant tiger prawR.(monodohexcef for one tiakashrimp(P. indicug and one
harinashrimp(M. monocerols Two samples of commonly used fish feed in the region {LSF
Shrimp feed for larger shrimp (Apon shrimp/prawn nursery feed); SBfimp feed for smaller
shrimp (unidentified manufaater)] were also collected netlre city ofKhulna. Two method
blanks of water samples using deionized (DI) water were processed in the field (Dietrich and
Ayers,2027), sample duplicates of sediment and water were collected at sigl K&nd a
sample of sbmerged and not submerged sediment were collected at sit K& comparison.
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Figure 1. Location of shrimp pond sampling sites in Southwest Bangladesh, where paired soil,
water, and shrimp samples were collected. GPS coordinates for sample sitesidesl fin
Dietrich and AyersZ021).

2.3  Sample preparation

All shrimp samples were kept in cold storage within several hours of sampling until they
were rinsed with DI water and deshelled, with only the edible tissue portion (not the head or the
tail) utilized for analysis. The shrimp tissues were cut into smaikees with a stainlesseel
knife and first dried overnight in an oven at 105°C. A subset of each tissue sample was then
ashed in a higllemperature muffle furnace for approximately 1 hour at 350°C, similar to
methods employed by Sarkar et al. (2016},dt a lower temperature and for less time in order
to minimize element volatilization. Fish feed samples were also prepared with the same
drying/ashing methods as the shrimp.

Sediment samples were -gried, then dried overnight at ~45°C before siexahd mm
and homogenizing before all analyses except total carbon (TC) analyses, where samples were
just dried at <50°C and homogenized. Pond sediment batch experiments with a sediteent
slurry were performed to measure geochemical concentrations filtéhed extract as a proxy
for porewater. The sediment extract experiments were based on EPA Method 1313, with an
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approximate ratio of 1 g of dry sediment/10 mL DI water (water was measured based on mass,
assuming 1 g =1 mL). We chose to use only 5gediment in our batch experiments instead of
the EPA Method 1313 recommended minimum of 20 g because of the homogenous nature of the
sediment and to maintain some consistency with extract experiments performed in Ayers et al.
(2020). Consistent with EPKethod 1313, we chose 24 hours of contact time between the water
and sediment, because >85% of each pond sediment sample was <300 pm in gréabkze (

C1). Each slurry was mixed with magnetic stirrers for ~24 hours, then filtered with coarse filter
pape before filtering at 0.45 um to prepare the extract for complete chemical analysis. Each
filtered extract sample was measured for pH wikisher Scientifiaccumet AB1%asic pH
meterand aFisher Scientifiaccumet pHprobe. A subset of each extractinfR) was acidified

with a drop of HN@ and then diluted to a ~5:1 ratio with DI water for inductively coupled
plasmaoptical emission spectroscopy (ICFES) and inductively coupled plasmeass

spectrometry (ICRMS) analyses.

Approximately 23 g. of dried sieved (<1 mm), and homogenized pond sediment from
each sample was used for loss on ignition (LOI) in a high temperature muffle furnace to measure
for adsorbed water content at 105°C (HRénd structural water content at 1000°C (H20+)
following methodaused in Ayers et al. (2020). Following LOI, approximately 100 mg of sample
was mixed with 600 mg of LiB&and homogenized with mortar and pestle, then placed in a
1100°C muffle furnace for ~10 minutes to form a molten bead. The bead was then poured into 50
mL of heated 1M HN®and stirred until fully dissolved. The solution was then poured into a 50
mL centrifuge tube and diluted with additional 1M HN@ntil the volume again reached a total
of 50 mL. The same methods were employed in Ayers et al. (2020).

Details of filtered pond surface water sample preparation can be found in Dietrich and
Ayers 021).

2.4  Analyses

All acidified,filtered sediment extrasampledrom the 24hour batch experiments and
the sediment solutions fromBO» fusionwereanalyzedon aPerkin EImer NexION 2000B IGP
MS in both standard and kinetic energy discrimination (KED) modes at Vanderbilt University
usingEPA Method is 6020Bor the elementés, Ba (extracts only)Be, Cd, Co, Cr, Cu, Fe
(extracts only)Mn, Mo, Ni, Ph, Sh, Se Ti, Tl, V, Zn (extracts only)Sevenpoint calibration
curves from 0.5 an acidfiécd@xtracgahdlLiB@sediment soleiteord . Al |
samplesvere also analyzed on &gilent 5110 VDVICP-OESusingEPA Method is 6010t
Vanderbilt Univesity to report the ions: Al, B, B@ediment samples onlyla, Fgsediment
only), K, Mg, Na, P, S, Si, $Sand Zn (sediment samples onlif)ve-point standard curves
between 0.1 and 500 mg/L were utiliz&bdiment extracts that welikered andunacidfied
were analyzed fadissolvednorganiccarbon (DIC)anddissolvedorganic carbofDOC) content
with aShimadzu model TOLCPH usingEPA Method 9060AUnNacidifiedextractsamples
were also analyzed for Cl, NOPQ;, and SQ with a Metrohm881 Compact IC Pro usirgw-
846 EPA Method 905&ssentially, the same above methods were also employed in Dietrich and
Ayers @02]) for all filtered water samples.
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All ashed shrimp and fish feed samples were analyzed at the Ohio State University STAR
Labfor the elementsAl, As, B, Ba, Be, Ca Cd, Co, Cr, Cu, Fe K, Li, Mg, Mn, Mo, Na, Ni, P,
Pb, S, andSbon the ICPOES. Results for As, Be, Cd, and Co were omitted because all values
were below method detection limit (MDL). 6045 g. subsamples of shifish feed ash were
dissolved inl5 mL HNO3, and thersamples were filteredt 0.45 pmand diluted 1€fold before
running onanAgilent 5110 ICPOES

Analysis of~50mg of sediment sample flmtal carbon (TC) and total inorganic carbon
(TIC) in shrimp pond sediment samples was performed on a Shimadzu modélQRC
combined with an SSNB0O00A unit for solid samples at Vanderbilt University, with the
difference between the two calculated aaltotganic carbon (TOC).

A dried, sieved (<1 mm), and homogenized subset of each sediment samalelyasd
for particle size via laser granulometry with a Malvern Master82e0 at Vanderbilt
University.A 1L beaker of DI water was first run throudtetinstrument to establish background
concentrations, then each subset of sediment samaglenixed inta 1L beakeof DI water.

The sample was then deflocculated via sonication before an&@gsigle measurements were
averaged over three analyses.

Dried andhomogenized powder samplespaind sediment sampl&A-19, KA-21,and
NIST SRM 27117 Montana Soilwere dry cast on 20 x 28m square sample glass holders with
a 0.2mm indent. The samples were then analyzed with a Rigaku SmartLab powaler X
diffract omet er at Vanderbilt University with a Cu
44 mA. The detector was a D/teX Ultra 250 1D silicon strip deteCtlculated intensities were
reported using the default Rietveld methddvia t esoftware identifiedhe mineral phases
associated with the intensity peaks

Details on fieldfiltered pond water instrument analyses can be found in Dietrich and
Ayers 021).

2.5  Quality control

NIST 1566bi Oyster Tissue unashed (desiccator dried) reference materiahalgzeu
at the Ohio State University STAR Lab on the {OES(in a separate batch from shrimp
samples¥ollowing standard microwave digestion procedures (Isaac et al., 1985; Jones et al.,
1991) to measure precision of the instrum@mithmetic mearelemen % recovery was 109.7%
for 15 elements and can be viewed graphidalliyig. Clawith data in Tabl€C2. Additionally,
an ashed subset of NIST 1566b sample (heated at 350°C for ~1 hr) was simultaneously analyzed
on the ICPOES to determine how ashing amganism of a similar organic matrix with known
reference values affected el ement concentrat.i
correction factoro was then determined for ea
element in the ashed NIST X@6sample/concentration in the unashed NIST 1566b sdFiple
Clb; TableC2). Final shrimp element concentrations were then calculated based on these
volatilization correction factors to correct for volatilization during the ashing process, while
elementwithout a volatilization correction factor had their concentrations calculated based on
the original dry weight of the shrimp at 105°C. All final shrimp element concentrations carry
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some degree of uncertainty because of volatilization, but the relaticerpations of
volatilization corrected elements should be reasonably accurate.

For LiBO: fusion sediment samples, NIST SRM 271Montana Soil was analyzed with
triplicate samples prepared. Because significant volatilization of most eleocentsed due to
the high temperature of the furnace during LiB@sion (most element % recoveries <100%
after correction to an anhydrous basis based on T&hleC3), a correction factor based on the
average concentration of the NIST SRM 2711 stand&ed biBO. and mass correction for LOI
divided by the given value of the standard was calculated for each elementG3pahbtas noted
that the Co and Cr reference values from NIST 2711 are noncertified values. These volatilization
correction factors werused to generate the final table of pond sediment element concentrations
(Tablel), because the Montana soil was likely of similar general composition as the Bangladesh
samples in this study [i.e., similap®+ (9.0%) and k- (2.1%) values during LQkbnd similar
bulk mineralogy (FigC2)] and thus likely experienced similar effects of element volatilization.
LiBO2 fusion method blanks of only LiB{powder and no sample were also prepared in
triplicate, and all reported element values were either atgess$ than MDL, or <8% of
measured values. B and Mo were not reported because of high concentrations in the LiBO
method blanks.

Duplicate and replicate sediment samples showed consistency in element concentrations,
with replicate samples for KA6 havng an arithmetic mean element concentration difference of
5.2% and duplicate samples each taken at sit€ KAaving an arithmetic mean element
concentration difference of 4.8%. At site KIB, the submerged sample was similar in
composition to the unsubnggrd sample, with an arithmetic mean element concentration
difference of 10.1%, although Ca, S and Al were three major elements (>100 mg/kg) with
noticeably higher concentrations (>10%) in the submerged sample. Thus, both the submerged
and norsubmerged saphe were included in all generated results except for paired sediment
shrimp correlations (where submerged-K3 was included).

Water pond sample method blanks (DI water) collected in the field were consistently near
or below method detection limit (MDLfpr analyzed elements, and May pond water samples had
a geometric mean charge balance error of ~6% (Dietrich and 2029,

A method blank for the 2hour sediment extract batch experiment that used DI water
contained element concentrations and DAC/Boncentrations that were consistently close to or
below MDL on the analytical instruments, although P, Sr, and B were measured at
concentrations 10% or greater of their sample geometric means.

For samples run on the 1GRS, ICROES, IC and TOC analyzeat Vanderbilt
University, periodically measured concentrations in standards were required to be within 15% of
the known value and blanks were required to be below the method detection limit (MDL).

Approximate MDLs for all samples analyzedvanderbilt University and The Ohio
State University (shrimp and oyster tissue) are listed in the supplemerahigC4).

2.6  Health risk calculationgnd bioaccumulation factor (BAF) calculations
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Healthbased risk assessment for consumption of aquaetshrimp containing
potentially hazardous inorganic metals was based on the target hazard quibtignequation
often used for seafood (e.Ravanbakhsh et ak02Q Storelli, 200§ and which wa®riginally
developed in th&).S. EPA Region lll riskbased concentration tablgrfith 1995.

THQ = (EFx ED x FIR x C)/(RfD x WAB x TA) x 103 1)

A THQ >1 indicates a greater likelihood that an individual will experience adverse health effects
from consumption of the food (e.§Vang et al., 2005EF is exposure frequency (365

daysl/year); ED is the exposure duration (70 years); FIR is the food ingestion rate (crustaceans:
5.42 g/person/dafpr adults; Storelli, 2008 and the references therein; and 2.71 g/person/day for
children kecause children consume less than adults50%, i.e., 54% was usedRavanbakhsh

et al, 2020); C is the metal concentrationthe aquaculture shrimipng/kg); RfD is the oral

reference dose in mg/kg/day, which is 2®Eor Tl (Soluble salts, U.S. EP&020), 1.4E01 for

Mn (Diet, U.S. EPA, 2020), 2.681 for Ba (U.S. EPA, 2020), 4.6 for Cu (U.S., EPA,

2020), 3.0E01 for Zn (Zinc and Compounds, U.S., EPA, 2020); WAB is average body weight
(adults 70 kg; children 16 kg), and TA is the averaging ton@bnrcarcinogens (365 days/year

x ED). The MDL of Tl was used for sample K25 to calculate the THQ for TI.

Bioaccumulation factors (BAFs) are commonly used in the literature to estimate the
uptake of an element in shrimp or fish compared to their @mviental surroundings, such as the
water (e.g., Kar et al., 201Mostafizet al., 2020Ravanbakhskt al., 2020), which is calculated

by:
BAF = Cshrimp/Cwater (2)

Where GhimpiS the concentration of the element in the shrimp (mg/kg) aag S the
concentration of the element in the water (mg/L).

2.7  Partition coefficient (Kd) calculations

Bulk partition coefficients (Kjlvalues were calculated based on bulk element
concentrations in the standing pond water, sediment extracts, and pond sediment. Kd values are a
ratio of the concentration of the element in the solid phase (i.e., pond sediment) over the
concentration of thelement in the dissolved phase (i.e., filtered extract solution or filtered pond
water overlying the submerged paired sediment sample), conveyed in the equation:

Kd = Csoli/ Cwaterextract (3)

Where Guiid is the concentration of the elementfie solid phase, whileaierextractis the

concentration of the element in the dissolved phase (water or sediment extract solution). Because
the original solid sediment sample must equilibrate with DI water in the extract batch
experiments, we assumesfgi s sl i ghtly affected by equilibra
sol i do el e me ngidred msed an mass mlanceocarredtidn:
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Csolid-res= (Cbulk | XextracCextracD/ Xsolid-res (4)

Where Xxtractand Gxiractare the masgdction of the extract and concentration in the extract

solution, respectively, ki is the element concentration in the entire 55 g. DI wsgeiment
experimental setup, andsefdaresiS the mass fraction of the residual solid. Thus, all calculated Kd
values for sediment extract solutions (except S) are mass balanced corrected, similar to Ayers et
al. (2020) even though Kd values hardly change after the correction. Sulfur was not mass balance
corrected because due to its high variability and highly laalaiture, Goidresvaluesvere often

negative.

2.8  Data processing

All data was compiled and analyzed in Microsoft Excel and RStudio, with the study site
map generated using ArcGIS Online. The principal component analysis (fRiAgode
available on GitHubhttps://github.com/dietrimj/bangladegi@ochem
code/blob/3502c2d8c9b66ad4feedelc539819e84bc53c0a9/Ch3_PCA) e drReated in R
using the nf alkassambarand Mundt,20260)laral @ keatinap (code available on
GitHub--https://github.com/dietrimj/bangladegi@ochern
code/blob/3502c2d8c9b66ad4feedelc539819e84bc53c0a9/Ch3_heatmap wade@nerated
with the ACompl exHeat mapodo package in R (Gu et
minerals in sedimentéxr act sol uti ons were calcul ated with
SpecE8/. 14 software and the default thermo.dat database (Bethke, 2007). Unless specified, all
reported means are geometric means due to theommality of several element distributions,
and 10 uncertainties are reported as sample standard deviation.

3. Results

Element concentrations, partition coefficients (Kds), and other geochemical parameters
(i.e., pH, DOC) across all collected environmental media were measured to help assess: 1)
Whethe 24-hr batch experiment Kd (sediment/extract) values differ from in situ
Kd(sediment/pond water) values, 2) Whether arsenic and selenium or any other trace elements of
concern accumulate in shrimp, 3) What the relationships between element concenitrations
different environmental media are, and 4) Whether a heaklassessment of Bangladesh
aquaculture shrimp reveals significant consumption risk.

3.1  Extract and shrimp pond partition coefficients

Kd (sediment/extract) and Kd (sediment/pond waterfitpan coefficient values are
reported in Tabl€5 and sediment extract concentrations in T&lleKd values show trends
consistent with the relative mobility of elements during weathering and transport, with highly
mobile elements having low Kd valuesdause of a greater proportion of the element in the
dissolved load (Fig. 2). Several elements across both Kd types in this study that noticeably
deviate from this trend are Si, Cd, Se, As, Sh, and Mg (Fig. 2a), with greater proportions of each
element inthe solid load than would be expected based on Kd values of adjacent elements.
Sediment extract Kd values were broadly similar with shrimp pond standing water Kd values and
showed similar trends (Fig. 2a). Sediment extract Kd values in this study assmgay to
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those in Ayers et al. (2020) with nearly all mean values withinatiation, even though the

batch experiments were only 15 minutes in that study compared to 24 hours in this study (Fig.
2b). Filtered sediment extract solutions wemmmonly sturated in the mineralsibite, barite,
calcite, dolomite, gibbsite, illite, feldspar, kaolinite, microcline, muscovite, and quartz.

3.2 Shrimp pond sediment concentrati@msl pond water general composition

Shrimp pond sediment concentrations (T&blevere similar to upper continental crust
(UCC) for most elements, although samples were notably enriched in Cu, As, Se, Cd and S and
depleted in Zn, Ca, Sr, and Na relative to UCC (Fig. 3a). Shrimp pond sediment was also
compared to tidal channel andriflarbans sediment samples taken in the same general study
area with similar grain size (Ayers et al., 2020) to help evaluate whether there were unique
processes affecting element concentrations in shrimp pond sediment. Most element ratios of
shrimp pond sgiment/tidal channel or Sundarbans sediment were withsainple variation,
although there was distinct depletion of Zn and Na in shrimp pond sediment and enrichment of
several trace elements such as Ni, Co, Cu, and Se (Fig. 3b). TOC concentratioimantsed
were consistent with low variability (mean = 20.4 %), while TIC was generally low in
sediment (mean = 0.070.02%) (Table S1). ¥D+ was consistent among sediment samples as
well (mean = 9.& 1.5%), while HO- was always lower thand@+ (mean = 2.2 0.4%) (Table
C1).

Pond waters are highly saline, with the water type bein@Ngpe during the dry season
(May), plotting near seawater on a Piper diagram (Dietrich and A3@29). Mean salinity was
15.2+ 4.4 ppt. The pH range waemgerally narrow within pond waters (mean =8@.4), and
Se and As concentrations were commonly >WHO drinking water guidelines (Dietrich and Ayers,
2021).

3.3 Shrimp and fish feed elemeincentrations

Shrimp and fish feed were both depleted in &kvalues < MDL despite significant
enhanced concentration during ashing of oyster tissue and thus likely shrimp tissuekig.well;
C1b). Mn and Cr were much higher in both types of fish feed compared to any shrimp samples,
with Cr particularly elevateth the SSF sample (23.1 mg/Kbgble 2).Only one shrimp sample
contained detectible Se, despite the LSF fish feed sample containing approximately 8.1 mg/kg of
Se. Zinc was >38 mg/kg in all shrimp and fish feed samples, while Tl was >0.95 mg/kg in all
sanples except KAL5S (Table 3.

3.4  Sedimentvatershrimp geochemical correlatiorand relationships

Nearly all correlations between concentrations in shrimp, water, and sediment are weak
to moderate, with no discernable trends or geochemical relatigrishged on neparametric
Spearmandés rank correlation coefficients (use
the common nomormality of the data)Higs.C3, C4, C5). However, P in pond water and P in
sediment have a distinctive moderate niegacorrelation =-0.69, p = 0.018) while Mn in
pond water and pond sediment display a strong positive correlpatio.78, p = 0.0047).
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The bioaccumulation factor (BAF) is equal to Kd(shrimp/water). Bioaccumulation factors
for shrimp reveal P, Zrand Cu are elements that bioaccumulate significantly more than other
elements when assuming their source is solely from water, with med68@21+ 94,760,
10,628+ 3,233 and5,695+ 3,924, respectively (Tabl€7). If using the MDL of Tl in water
(0.0001mg/L) because of values <MDL for TL in water, and Tl values based on dry weight of
shrimp at 105°C, the mean BAF48,738 + 34,804when excluding the shrimp sample <MDL.

For each sample type there were several strong correlations beteermts. In pond
water, most elements that tend to behave conservatively in solution were strongly positively
correlated (Ca, K, Mg, Na, S,;3tig. C3), which is also indicative of their ultimate derivation
from seawater. In pond sedimeritpsg negatie correlation®ccurred betweellg and Pb, Ca
and Pb, Sr and Pb, As and Ca, Sr anda@dCd and Cawhile grong positive correlations
occurred betwee@r and Al, Co and Al, Ba and K, Ba and Si, Al and Fe, Ba and Fe, Ba and Mg,
andBa and NgFig. C4). In sediment extracts, most conservative elements in solution such as
Mg, K, Ca, Sr and S are strongly positively correlated, while Al, Fe and Ti are strongly
positively correlated with each otherwsll (Fig. C6). Fe and Mn are moderately negatively
correlted in extract solutions (Fig6).

There was weaknoderate to no relationship between grain size (median grain size = 20.5
um = 7.2 um), LOI, and carbon content in soils with sedirredatnent concentrationkigs. C7,
C8). TOC in pond sediment and DOC in sediment extracts show a weak positive correlation (
0.41), albeit not significant based on a highgtue (0.21) [Fig. C9). TOC in pond sediment and
DOC in pond water showed no relationship=(0.023, p = 0.95) and DO@ pond water and
sediment extract associated with the same sediment samples also showed no significant
relationship { =-0.19, p = 0.57).

Based on principal component analysis (PCA) of log10 transformed element
concentrations, which reduces dimensidygaif the data and illustrates variance, all three
species of shrimp plotted generally together, close to fish feed and distinct from other sample
media (Fig. 4a). When looking at heat maps for all sample types based on log10 transformed
concentrations angroupings based on hierarchical clustering on both axes, there are distinct
sample type groupings (Fig. 4b). Sediment has comparatively high Al and Si concentrations, fish
feed and shrimp have high P, S, and K, and water and extracts have high Nateelative
concentrations of other elements (Fig. 4b). PCA vector loadings also make it clear that the
variance and distinct grouping of aqueous (water and extract) samples is mostly due to lower
concentrations of elements than in solid samples (Fig. 4a), althbagoncentrations of soluble
cations in waters and extracts such as Na are still higher than typically insoluble elements like Al
and Si (Fig. 4b).

Table 1: Pond sediment element concentrations

KA-12 | KA-13 | KA-13 | KA-14 | KA-15 | KA-16 | KA-17 | KA-18 | KA-19
U
Al2 | 72385.3| 77756.8| 89679.7 | 72583.8| 85156.6| 81490.9| 83465.1| 76856.6 | 64554.4
Ba | 449.6 500.1 503.1 470.4 521.0 471.7 512.0 495.1 412.7
Ca | 7018.1 | 11542.4| 13203.6| 7371.3 | 6121.6 | 13887.3| 14003.6| 9340.4 | 6262.6
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Fe | 39879.6| 44054.6 | 45316.2 | 33221.8| 47582.5| 43850.5| 45626.8| 44187.1| 35990.7

K | 23313.2| 25889.2| 26724.9| 25432.5| 27361.9| 27260.1| 28895.2 | 26758.4| 22671.9

Mg | 13197.2| 15122.5| 15724.2 | 12302.7 | 15882.8 | 16773.3| 16354.2 | 15335.7 | 12749.6

Na | 10535.1| 11227.1| 12011.4| 11632.0| 11083.2| 10787.5| 12027.9| 8209.1 7114.9

P 551.2 505.7 528.5 533.3 630.5 521.6 533.7 529.7 480.4

S 406.9 373.1 415.9 383.7 509.5 401.5 562.5 410.6 372.9

Si | 238263.5| 245212.2| 268185.0| 244682.2| 247818.5| 236687.6| 271486.9 253561.5/ 199117.3

Sr 73.9 88.9 95.2 91.8 82.5 99.2 97.9 79.4 69.3

As 14.9 13.6 15.0 19.9 17.0 10.3 11.4 11.1 20.2

Cd 11.5 12.6 15.3 10.7 16.4 6.4 6.8 21.7 13.8

Co 15.0 18.9 194 15.3 18.5 17.5 17.7 16.3 14.1

Cr 85.3 108.3 111.3 88.0 110.0 99.5 98.5 88.7 79.8

Cu 51.4 63.6 65.0 57.9 74.8 56.4 69.9 63.0 45.9

Mn 515.2 721.9 766.4 501.2 426.6 640.6 525.0 483.5 459.4

Ni 33.0 45.3 53.4 31.6 55.7 37.2 52.5 61.2 33.1

Pb 12.1 12.5 14.7 24.2 21.8 6.7 4.7 17.9 23.8

Sb 1.7 0.8 0.9 0.6 0.3 0.2

Se 1.1 1.2 0.8 9.3 5.0 14.7 21.9 30.8 24.3

Ti 4152.4 4394.5 4826.7 4435.8 4748.9 4401.9 4618.6 4450.4 3738.3

\ 89.2 93.0 97.2 86.1 106.2 86.4 85.1 72.1 60.1

Zn 20.2 26.3 34.7 20.2 40.8 25.0 38.1 18.4 25.9
KA-20 KA-21 Geometric mean | Std Dev

Al2 | 80627.4 | 89137.4 79082.8 7624.0

Ba 543.0 571.4 493.7 43.8

Ca | 16962.8 | 11287.5 10045.5 3670.3

Fe 43709.8 | 48199.7 42623.8 4672.9

K 27896.7 | 29456.3 26436.3 2102.0

Mg 16778.9 | 18031.0 15192.2 1827.3

Na | 12073.1 | 12365.2 10684.8 1684.0

P 624.1 549.3 542.7 455

S 565.3 416.9 433.1 72.3

Si | 293929.7| 285071.9 251824.9 26114.6

Sr 103.4 99.7 88.5 11.4

AsS 10.1 12.5 13.8 3.6

Cd 5.0 7.2 10.6 5.1

Co 15.8 17.6 16.8 1.7

Cr 88.8 106.0 96.2 111

Cu 47.6 54.9 58.5 9.1

Mn 470.3 595.1 545.6 111.7

Ni 34.5 40.1 42.3 10.7

Pb 4.4 4.7 11.2 7.7
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Sb 0.1 0.5 0.6
Se |14.0 27.6 7.6 11.1
Ti 4743.8 5155.2 4500.6 373.8
V 71.6 88.3 84.1 12.9
Zn | 34.3 38.9 28.3 8.2

dConcentrationsn mg/kg calculated based on the NIST SRM 27 Montana Soil volatilization
correction factor (Tabl€3) and LOI adjustment

Table 2: Shrimp and fish feed element concentrations

KA-12

KA-13

KA-14 | KA-15 | KA-16 | KA-17 | KA-18 | KA-19 | KA-20
Al2 25.0 29.5 99.6 9.3 33.0 36.5 27.7 27.4 22.5
B 2.2 1.8 1.1 1.7 1.8 5.3 3.2 1.7 3.5
Ba 0.5 0.9 2.5 0.9 1.0 0.7 0.9 1.3 0.8
Ca 1319.4 | 4325.0| 6350.6 | 1269.7 | 1599.9| 1224.2 | 1065.0 | 3251.5| 2098.5
Cr
Cu 13.9 45.3 39.3 39.0 31.5 42.4 51.8 16.5 18.2
Fe 5.2 15.3 153.5 4.9 21.0 23.5 14.7 33.0 12.9
K 10971.5| 11309.0| 10816.3| 10187.8| 10265.4| 10866.7| 8573.9 | 12084.9| 10288.7
Li 0.2 0.2 0.3 0.1 0.2 0.1
Mg 1058.4 | 1305.5| 1251.6| 1215.1| 1266.7 | 1147.6| 990.8 | 1150.3 | 1316.3
Mn 0.8 1.4 9.4 0.9 1.8 1.0 0.9 2.1 2.0
Mo 0.3
Na 5506.8 | 4895.5| 4149.3 | 3760.1 | 3753.8 | 4540.8 | 4002.2 | 6695.5| 3959.1
Ni
P 7131.8| 7608.1| 7516.1| 7311.9| 7644.1| 7051.8| 6467.5| 7231.9| 7416.0
Pb 0.5
S 8387.3 | 6014.5| 8800.9 | 5897.1 | 6330.3 | 8647.2 | 7940.1 | 8532.6 | 5357.7
Sb 0.5 0.4
Se 0.9
Si 630.7 | 675.9 | 1088.4| 633.4 | 700.8 | 6199 | 621.6 | 697.3 | 677.5
Sr 11.9 33.0 38.0 12.2 15.4 14.1 8.9 26.2 23.8
TI 9.4 9.0 1.0 10.6 3.5 8.8 4.5 5.1
\Y 0.7
Zn 41.0 46.9 40.2 42.9 45.1 45.4 38.7 46.1 42.1
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KA-21 LSF SSF Shrimp geometric mean | Shrimp std dev

Al2 38.3 99.6 106.8 29.7 24.2

B 3.2 10.4 15.3 2.3 1.3
Ba 0.9 4.4 7.7 0.9 0.6
Ca | 1311.0 | 4623.9 | 10999.8 1965.0 1750.0
Cr 0.7 23.1

Cu 37.9 191.4 14.9 30.8 13.1
Fe 34.6 148.3 242.8 19.1 43.9
K 10773.6| 9291.6 | 9497.2 10576.6 911.4
Li 0.2 0.3 0.2 0.1
Mg 1240.7 | 2629.2 | 2115.9 1189.8 106.6
Mn 1.9 90.3 68.0 1.6 2.6
Mo 0.3

Na 3013.4 | 2376.4 | 1755.4 4325.4 1049.7
Ni 0.5 0.4

P 8136.4 | 7716.2 | 10153.5 7339.6 439.0
Pb 0.4 0.5

S 6883.7 | 12339.2| 9466.1 7168.0 1320.0
Sb 0.3 0.3 0.4 0.1
Se 8.1 0.9

Si 652.1 1117.7 954.6 690.0 139.9
Sr 11.2 10.2 33.2 17.3 10.2
TI 2.5 15 8.4 4.9 3.5
V 0.7 0.9 0.7
Zn 45.2 76.0 515 43.3 2.8

Bold = based on NIST oyster concentration ratio @350°C

Italicized= based on mass at 105°C prior to ashing

2All element concentrations in mg/kg based on either the calculated NISTi16886ker
Tissue volatilization correction factor or the mass of the shrimp at 105°C

3.5

Partitioning between different environmental media and pond water

Comparing mean element concentrations in feed, shrimp, and sediment to mean element
concentrations in water allows for general Kd value calculations (mean sample/mean water;

TableC8), which reveal that sediment tends to have the greatest concentragtersernfits

relative to water, with feed and shrimp exhibiting very similar Kd values (Fig. 5). Some of the
more mobile elements during weathering and transport (i.e., Sr, Na, Mg, B) tend to have the

lowest Kd values (Fig. 5), indicative of a greater prdparof the element in water.
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3.6  Healthrisk assessment of aquaculture shrimp

THQ evaluations of newrarcinogenic hazardous risk was completed for the elements Ba,
Cu, Mn, Zn, and T(Fig. C10). For TI, because there was no volatilization or volatiiza
correction factor based on standard NIST oyster tissue, concentrations were converted for risk
assessment based on the volatilization correction factor of As. This was because As had one of
the highest volatilization correction factors of all elememtslyzedFig. C1b) due to little
volatilization at 350°C (and thus easily becomes concentrated in the sample) compared to other
elements, and we wanted to ensure we initially did not overestimate risk. Although our reported
THQ values for Tl are a consetive estimate, they are still > the THQ threshold of 1 for all
samples except two adult calculations, and are >5 in children in all but two shrimp sdfiples (
C10). If using the mass loss adjusted Tl values based on initial sample weight@{Tabg 2
instead for THQ calculations and not including A, which was <MDL, the mean THQ values
would increase 6:®ld. All other elements were well below THQ thresholds of 1 in all samples,
although Cu THQs in children had a geometric mean of 0.13. krglechild THQ values were
much larger than adult THQ valudsd. C10) because of a body weight for children in the THQ
calculation that is proportionally less than the adjusted rate of food intake.

4. Discussion
4.1  Sedimentvater element partitioning and equilibration in shrimp ponds

Prior research within the Gangegal delta in Southwest Bangladesh concluded that the
area is likely a transpalimited weathering regime, where chemical weathering is limited by the
supply of fresh, unweathered material (Ayers et al., 2020). Weathering is minimal in the
timescale of garsdecades, with little sediment compositional alteration. The results in our study
generally support this, as concentrations 1in
variation of concentrations in freshly deposited tidal channel and Sundabdiments of
similar grain size (Fig. 3b). Tidal channel and Sundarbans sediment are likely at least several
years younger than aquaculture pond sediment because ponds receive minimal sediment
deposition following excavation except for embankment fadwor tidal river management,
while average fresh sediment deposition in the Sundarbans island interiors/Southwest
Bangladesh tidal delta plain is ~1cm/yr when not sediraamted from embankment
construction (Bomer et al., 2020a; Rogers et al., 2013).
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Figure 2: Spidergram figures of arithmetic mean bulk log10(Kd) values, with elements arranged
in order of increasing mobility during weathering and transport from left to right alongatkie x
(Galllardet et al., 2014), with P also added. Sewdmhents have omitted values depending on
the sample type. The top figure (A) compares sediment/pond water Kd valuesiith 24
sediment/extract Kd values (n=11 both types, both samples-ai3«Anderwater and not
submergedare included), while the bottofigure (B) compares sediment/extract Kd values

from this study to Ayers et al. (2020) (all sample types, mean valuesidrairitheir Table

S3), where 18ninute batch experiments instead oftitdatch experiments were performed. 1
sample variation eor bars are provided.
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Figure 3: (A) Log-normalized arithmetic mean element concentrations in shrimp pond sediment
(n=11, both samples at site KI8--underwater and not submergede included) relative to
upper continental crust (UCC) (Rudnick and Gao, 200B%ample variation error bars are
provided. Concentrations in sediment are volatilization corrected for the:lfilB®@n analytical
method based on NIST 2711 Montana soil element recoveries from three replicate samples and
are also corrected for lossrignition (LOI) mass losgB) Log-normalized ratios of nehOl or
volatilization corrected shrimp pond sediment)8lment geometric mean concentrations
(n=11), normalized to tidal channel (TC) and Sundarbans (SB) sediment samples (n=15; Ayers et
al., 2020). Sulfur was omitted because of anomalous variance in Ayers et al. (Z0@0)J1
was >2x the geometric meaan)d Sb and Se upper and lowérshmple variation error bar limits
were omitted and marked with an asterisk and vertical dotted red line because sample standard
deviations of each element were greater than the sample geometric means.
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Figure 4: (A) Principal component analysis (PCA) biplot for sediment (volatilization corrected
values), fish feed, water, sediment extracts, and shrimp based on log10 element concentrations
(ppm) where all values were >MDL for each sample tye Ba,Ca Cu, K, Mg, Mn, Na, P, S,

Si, Sr). 80% confidence intervals are provided for ellipses. (B) Heatmap with dendrograms on
each axis made using complete linkage and Euclidean distance based on log10 element
concentrations (ppm). The same elements as plot (A) were upkd (B).
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Feed/Water # Sediment/Water # Shrimp/Water
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Figure 5: Log10 Kd values (mean sample/mean water element concentrations) inidL/kg. 1
sample variation error bars are provided when both the upper and lower limits could be
calculated. Because there were only two feed samples, no samplewasiaicluded.

The highly weathered state of the sediment contributes to slow exchange reaction
kinetics, as even after 24 hours batch experiments did not reveal any strong correlations between
element concentrations in the extracts and sediment@B)g.This suggests disequilibrium is
pervasive in the shrimp pond environment. However, Kd values-ir Bdtch experiments
overlap substantially with 1&in batch experiments of similar sediments in the area (Fig. 2b),
implying that elements associatediwsurface layer sites on the silty clay sediments are rapidly
leached into solution. The low correlations between element concentrations in extracts and
sediment may be due to the slow equilibration of elements that are essential structural
constituent®f minerals in the sediment, or ions that substitute for therpri@cipitation). Thus,
influence of sediment composition on pond water or pond shrimp composition appears minimal
unless there ar@bnormakmounts of trace metals on sediment surface latgs that can
exchange rapidly with solution.

In addition to the highly weathered nature of material in this area, the fact that most
extract waters and pond waters are saturated in minerals common in sediment in the study area
such as Kreldspar, illite dolomite, muscovite, and quartz (e.g., Ayers et al., 2020; Dietrich and
Ayers,under reviewand Fig.C2) means that dissolution of these minerals should not occur. Kd
values for most major elements that form these minerals are thus not true Kd velueslikeir
equilibrium concentrations can vary in the solid phase but not the aqueous phase. Thus, these
Afapparento Kd values for major el ements are
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sediment than in the water, although disequilibriunhagystem allows for seawater ion
concentration in the dissolved load to also significantly affect apparent Kd values. For example,
the high salinity of the pondwater significantly lowers major element pond Kd values (e.g., Na,
Mg, K) relative to batch exgiments that use DI water (Fig. 2a). However, the relatively
homogenous nature of sediment in the area and similar composition of pond waters in May keeps
major element Kd values relatively stable in both extract experiments and shrimp ponds even
though dsequilibrium is prevalent.

pH often strongly influences element partitioning between solid and dissolved phases
(e.g.,Sansalon@andBuchberger1997), but the pH range in pond waters was quite narréw (1
0.4, min = 7.8, max = 8.9), and there wasditth no correlation between pH and pond Kd values
(Fig. C11). Additionally, narrow pH ranges in sediment extracts (mean = @.4) likely
resulted in little to no correlation of pH with extract Kd values (EtR). The lack of KepH
dependency may aldx indicative of disequilibrium exchange. However, it does not mean that
pH does not influence partitioning in our study samples. For example, the alkaline pH values
likely favor desorption of anion species to solution over desorption of cation spesigngan
lower Kd values for elements often present as oxyanions such as S, Se and As.

Lastly, several elements such as Zn, Cu, Mn, Si, and P have greater sediment/water than
sediment/extract Kd values (Fig. 2a). Elements like Mn, Cu, Zn, Si and P may have greater Kd
values in the field as opposed to batch experiments because they mal@ssociated with
colloidal material (<0.45 um) in sediment batch experiments, and are thus included in the
measured fAdissolvedo | oad. Sedi ment pPngtch exp
material than pond water samples because of a greateresgtater ratio, and thus a greater
likelihood of higher colloidal density in solution. The inclusion of colloidal material rich in
certain elements in the fAdissolved | oadodo woul

4.2  Pond sediment element depletiordamrichment

Relative to UCC, Zn and the mobile cations Ca, Sr, and Na are depleted béyond 1
sample variation in samples (Fig. 3a). The elements Ca, Sr and Na were also depleted in rice
paddy, tidal channel and Sundarbans sediment samples relativtm4@ers et al. (2020), as
well as suspended tidal channel sediment samples taken in the same study area by Dietrich and
Ayers (under review. This is likely a product of both the highly weathered material being
depleted in more mobile cations, as weligaain size sorting effects, with finer sediment likely
containing less abundance of plagioclase feldspar (e.g., Garzanti et al., 2011). Depletion of Na in
shrimp pond sediments relative to Ayers et al. (2020) (Fig. 3b) may be related to physical factors
that affect leaching of mobile cations, such as differences in water exchange in the shrimp ponds
compared to the tidal channel and Sundarbans sediments. However, the mechanisms behind this
are unclear, as the rates of water exchange in tidal channeld bbeaven greater than that of
shrimp ponds.

The significant depletion of Zn in shrimp pond sediment samples (Figs. 3a and 3b) is
unique to this study and not seen in nearby Sundarbans river sediment samples (Islam et al.,
2017b) or tidal channel and aended sediment samples in the study area (Ayers et al, 2020;
Dietrich and Ayersunder revie where Zn concentrations more closely resemble average upper
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continental crust. It is unclear what may have caused such substantial depletion in Zn
concentratios, as even correcting for potential volatilization processes duringolfisidn still
resulted in low Zn values.

The enrichment of Se, As, Cd and Cu relative to UCC in aquaculture shrimp pond
sediments may be partly attributed to anthropogenic inptasirimp ponds, such as fish feed
or agrochemicals (e.g., Paul and Vogl, 2011). The elements Ni, Co, and Cu are also slightly
enriched in shrimp pond sediment relative to tidal channel and Sundarbans sediment, albeit close
to 10 variation (Fig. 3b), poimhg to anthropogenic sourcing in the pond environment. For
example, fish feed in our study contained Cr, Cu, Se, Ni, andi&ibe(3 while fish feed
analyzed by Islam et al. (2017a) contained Cd and Co. However, if fish feed is contributing to
enrichmenbf trace elements in pond sediment, it may be from leaching into the water column
and then subsequent sorption to sediment, as farmers in Bangladesh often measure out their fish
feed carefully to avoid significant solid waste. Future work with batch leg@&xperiments of
fish feed would be useful to determine element mobility from the feed.

4.3  Pond sediment element relationships with other sediment parameters

Pond sediment element concentrations are not strongly correlated with sediment
parameters s as grain size, TOC, or TIC (Fig7), mainly because the variancé)for these
parameters was low (Tab@l). Pond sediment TOC was about double that seen in Sundarbans
nearsurface sediment samples (Boreeal., 2020b), which is likely related to higher DOC
content in shrimp pond waters relative to tidal channels in the area and accumulation of dead
vegetation at the bottom of the ponds (Dietrich and Ay$2]). Although TIC was low in
sediment, it wastill detected in trace amounts (Takl&), which is likely indicative of
carbonate minerals present that help buffer both pond water and extract solutions to alkaline pH
values. This is also consistent with mineralogy work in the area where dolomitedmas b
detected in solid samples and is almost always saturated in water samples (e.g., Ayers et al.,
2020; Dietrich and Ayersinder review.

4.4  Arsenic and selenium potential bioaccumulation

Two elements of initial focus of possible shrimp bioaccumaatvere As and Se,
because of their previously documented concentrations >WHO drinking water guidelines in the
shrimp ponds sampled in this study (Dietrich and Ay202]). Of particularly interest was As,
for As bioaccumulation throughout the food charan establishedoncern in aquatic
environments where there is high As in water and/or sediment (e.g., Hull et al., 2021; Kar et al.,
2011).Even if As tends to be in the less toxic organic forms in shrimp and fish species (e.qg.,
Dietrich, 2018; Kar etla 2011), it is still important to document for understanding
environmental cycling and assessing any additional health risks to consumers.

Our results indicate all shrimp contained As <MDL (0.851 mg/kg), and because As
concentration in ashed oysterstie was 11.8 times the original rashed compositior(g.
C1b), this suggests that the As content in the unashed shrimp was likely far less than 0.851
mg/kg. Arsenic was also <MDL in fish feed samples (Eifj3). Collectively, this suggests that
As accunulation was not significant in shrimp even though both water and sediment contained
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As enriched relative to drinking water guidelines, average seawater, or upper continental crust.
Thus, the concentration of As in shrimp diet may be the ultimate indcktdrether or not

there is bioaccumulation, even though Kar et al. (2011) saw a linear relationship between
aguaculture tilapia As and pond water As. Differences between tilapia and shrimp
diet/physiology likely affect the direct comparison of the two.(&gkhtaret al., 2009). Our

results do support those of Martins et al. (2011) though, which found that increased metal
concentrations in aquaculture pond waters did not seem to influence concentrations in Nile
tilapia liver and muscle tissue.

Seleniumalso enriched in pond sediment and pond waters (Fig. 3 & Dietrich and Ayers,
20217), was only detected in one shrimp samplable 3. Selenium was also measured at ~8.1
mg/kg in LSF fish feed (FigC13). However, unlike As, Se was significantly volatilizedur
ashing procedure based on the oyster tissue unashed and ashed sample cohpiale€eit).(
Thus, Se may be more prevalent in shrimp than As, although future research with non
volatilizing digestion methods and lower instrument detection limitddvoe needed to discern
this. Additionally, because Se shrimp bioaccumulation can show temporal variance in natural
lake systems (Wright et al., 2020), more frequent sampling throughout the year can help
elucidate whether temporal variance in shrimp Seraatation also occurs in aquaculture
systems. Ultimately, it is difficult to conclude whether Se is being transferred to shrimp in
significant quantities in this study because of methodology volatilization concerns, and thus if Se
is primarily being trangfrred from the sediment, water, or feed.

4.5 Geochemical distributions between water, feed, sediment, and shrimp in aquaculture
ponds

Shrimp element concentrations do not appear strongly influenced by sediment or water
within aquaculture ponds. Compamisof O and H isotopes (from Dietrich and Ay&t821) and
element concentrations in shrimp pond sediment, waters, and shrimp did not reveal any strong
correlations Figs.C3, C4, C5), suggesting that there is no significant geochemical exchange
between tese environmental media, at least on the timescales of our measurements. However,
this does not mean there is no element exchange between media over longer timescales. For
example, over time, significantly elevated concentrations of Se and As in pondnagtkyad to
accumulation in pond sediment, even if concentrations between contemporaneous sediment and
water are not strongly correlated, because influxes may be slightly larger than outfluxes.
Additionally, if shrimp diets change or aquaculture spediesmge within a pond,
bioaccumulation and thus element transfer from water or sediment to organism may change.

While shrimp food used at each pond was not sampled in this study (i.e., natural or
artificial feed) and it was difficult to acquire precisedewy habits/history for every pond,
commonly used market fish feed had generally similar inorganic element content as that in the
aquaculture shrimp (Fig. 4). Their elemental compositions were distinct from that of other
sample media (pond water, sedimemigl extracts). Because fish feed is usually predominantly
fish meal (i.e., our SSF sample was 40% fish meal) and other organic material, it makes sense
that the general elemental compositions are similar between fish feed and shrimp as opposed to
water anl sediment extracts that are rich in soluble cations or pond sediment rich in aluminum
silicates and other minerals. The difference in relative proportions of elements among sample
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types is visually evident in Fig. 4b groupings, as Al and Si concentratiensrticularly high in
sediment, and Na has relatively higher concentrations within water and extract samples. Another
way to visualize the differences between sample types is through Kd values of sample/water,
where Kd(sediment/water) is commonly gezahan feed and shrimp, albeit all sample types

follow relatively similar trends (Fig. 5). The large overlap between sample/water Kd values for
feed and shrimp (Fig. 5) further illustrate the similarities in element composition within these
samples, anddw certain elements such as S and P are higher in feed and shrimp relative to
sediment in the ponds.

Most shrimp accumulated substantial Ba, Fe, Zn, Cu, Mn and TIl, which was also present
in fish feed Table 3. The fact that all these elements are in fish feed, sometimes even at
concentrations greater than that of pond sediment (Tl, Zn), suggests feed may be an important
source of these metals in most shrimp. Additionally, some shrimp contained detectite Se,

Sb, and V, which were also each present in at least one of the fish feed sdimiples) (
However, because shrimp in several ponds that
(i.e., vegetation) in their pond environment, sediment and water may also be sources of some of
these elements. It is difficult to deduce whether some elerteitare enriched >UCC in

sediment such as Cu or Sb came from sediment, water, or fish feed, particularly because some
elements such as Zn, Cu, Ba and V are also enriched in pond water greater than that of typical
seawater or river water (Dietrich and Agg2021). Furthermore, shrimp sample K8 was
supposedly given no artificial fish feed, yet still had significant Se and Tl accumulation (Table

2), which was also found in fish feed samples. This begs to question whether the shrimp were
indeed only fed ntaral feed within their environment, or if whatever the shrimp are eating is
somehow bioaccumulating trace elements very effectively. Regardless, because shrimp
elemental composition is not strongly correlated with pond water or sediment element
concentrabns and fish feed contains several unique trace elements found in shrimp, it is
reasonable to conclude that fish feed is at least partly contributing to the uptake of several trace
metals such as Tl, Zn, Mn, and Cu in shrimp. Thus, it is most importafairfioers to monitor

feed for toxic metals that may bioaccumulate in shrimp.

While most elements in shrimp are predominantly sourced from feed and not water,
shrimp likely exchange elements with water directly through waste excretion and indirectly
through consumption of vegetation, which would influence values of bioaccumulation factors
(BAFs) between water and shrimp (Taklg). BAFs are useful for identifying elements that
hyperaccumulate in shrimp compared to their natural surroundings, and likelgaepsteady
state values that reflect a dynamic equilibrium. Thus, regardless of source, it is apparent that P,
Zn, Cu, and Tl accumulate significantly in shrimp relative to their ambient environmental
surroundings (water) based on mean BAF values >5080above other measured elements
(TableC7). Other elements such as Ba, Ca, K, Mg, and Na have much lower BAFs (mean values
<50), implying relatively minimal accumulation of these elements in shrimp from their
environmental surroundings.

4.6 Health-based risk assessment for consumers of Bangladesh aquaculture shrimp

Thallium was detected in much higher concentrations in both shrimp and fish feed (Table
2) than anticipated, because nearly all pond sediment and water Tl concentrations were <MDL
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and thushot reported (FigC13). This was likely not due to high background concentrations or
interferences, asl was <MDL in both the ashed and unashed NIST oyster saiftpddlium is a
highly toxic metal, with a toxicity considered even greater than that o€dgand Pb (e.g.,
Karbowska 2016). Thus, THQ calculations were performed to assess noncarcinogenic health
risk of consuming the aquaculture shrimp from the region, particularly with Tl in mind. Most
shrimp are exported out of Bangladesh and consumedetse and not by aquaculture farmers
in the region.

Even when using arsenicbés fivolatilizati on
concentrations of Tl in shrimp (since we could not find an organic standard wathified Tl
valug, THQ values are >1 in almost all samples for both children andtadFig.C10),
indicatinga greater likelihood of adverse health effects occurring from regular consumption of
the shrimp. The actual concentrations of Tl in the shrimp using volatilization conréuti®l
and not As may be even greater, for when combusting sewage sludge, Tl began to volatilize at
<800°C, lower than the minimum volatilization temperature of As (Folgueras, et al., 2003).
Thus, this indicates a significant potential health risk nosic®red by any prior study on
shrimp in the region.

However, it is important to note that due to an elevated method detection limit for Tl in
shrimp and fish feed analyses (1.034 mg/kg), there is an added measure of uncertainty with our
values. Analys of three paper filter method blanks in Dietrich and Ayenslér reviey using
the same ICROES and a similar digestion method also measured 1.15 mg/kg of Tl in one sample
blank. However, the fact that nearly all our shrimp and feed samples were walthbdMDL
indicates that there is some level of Tl accumulation in shrimp, likely from the feed, and that
further research into the health risks and accumulation of this toxic element in Bangladesh
aguaculture shrimp ponds is clearly warranted.

5. Conclusion

Partitioning of elements between pond water, sediment extracts and pond sediment in
Southwest Bangladesh suggests that chemical steady state is achieved rather quickly as elements
on surface sites of sediment partition into the dissolved load. Hoyateanment of chemical
equilibrium appears to be a slow process, as evdmr 8ddiment batch experiments did not
reveal any strong correlations between element concentrations in extracts and sediment. Thus,
significant sourcing or leaching of traceralents to water or shrimp from aquaculture pond
sediment is unlikely. There are predominantly weak to no element correlations between paired
pond sediment, water, and shrimp, suggesting limited element exchange between these
environmental media. In contragite similarity of shrimp and fish feed compositions and several
unique metals in each suggests that the feed is an important source of metal uptake in shrimp.
Thus, aquaculture farmers in Southwest Bangladesh should be more concerned about what is in
shimp feed than what is in water or sediment. Although As and Se were not significantly
detected in shrimp despite relatively high concentrations in water and sediment, Tl was found in
shrimp at levels that may lead to an increased likelihood of adversle é#atts for shrimp
consumers based on target hazard quotient values, and more research on Tl is warranted. Lastly,
it is recommended that aquaculture feed and shrimp be periodically sampled and analyzed to
avoid metal bioaccumulation in shrimp.
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CHAPTER V
SYNTHESIS

5.1  Overall implications

Both major and trace elements are important constituents of biological, lithological, and
agueous environmental media. Trace elements in particular are important to quantify because
many are essential nutrients, some are toxic, and their natural conoestaaé highly variable.

Thus, organisms are especially sensitive to fluctuations of these elements. Additionally, trace
elements can be effective proxies for important processes occurring in the environment, such as
sorption, mineral precipitation, andlfution. This dissertation has attempted to tie together
various geochemical relationships between the lithosphere, hydrosphere, and biosphere in
Southwest Bangladesh to better elucidate the cycling of trace elements, particularly ones of
toxicological camcern such as As and Se.

This research has helped gain a better understanding of how processes in shrimp ponds
and tidal channels affect the concentrations of trace elements in the dissolved and solid phases.
Evaporation in dry season shrimp ponds intBeest Bangladesh occurs at quantifiable levels,
but it affects concentrations of dissolved trace and major elements less than tidal fluctuations.
However, evaporation causes increases in DOC concentrations greater than that of trace or major
elements, whih may reflect DOC being more sensitive to endogenous (biological) processes in
shrimp ponds as opposed to trace element and major element concentrations, which are more
sensitive to exogenous changes.

The predominant exogenous influence on shrimp ponds is irrigation source, which means
that tidal channel inputs dominate shrimp pond inputs. However, element compositions of
shrimp and sediment in the ponds do not seem largely affected by the concentfati@ments
in the aqueous phase, illustrating some disconnect between the exchange of elements in the
system. Furthermore, shrimp element concentrations are more closely related to the composition
of fish feed than water, sediment, or pore water (asuned from sediment extracts). Thus,
other sources of elements such as fish feed likely have larger influences on shrimp composition
relative to water or sedimeritarmers in the region should therefore more closely monitor the
quality of their feed as osed to water or sediment quality.

The highly weathered nature of most sediment in Southwest Bangladesh results in slow
chemical exchange between water and sediment, particularly because most waters are saturated
in the minerals that dominate the sedinsektowever, a relative steady state appears to be
achieved quickly between water and sediment in the area, likely indicative of sorbed elements on
surface layer sites being released quickly into solution.

Arsenic, selenium, and many other trace elements such as nickel and cobalt are much
higher than average riverine dissolved concentrations in both shrimp ponds and tidal channels,
which could have longerm implications for agricultural lands or the Sun@adbnatural
mangrove forest. Most elements are affected by either conservative mixing with seawater, or
saltwater ion induced competitive desorption, which releases large proportions of the elements,
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particularly the metal cations Ni and Co, into the digsthload. Arsenic and selenium are
oftentimes higher than drinking water guidelines in late dry season and early monsoon shrimp
pond and tidal channel waters, which could be problematic even if people in the area are not
directly drinking this water. ThAs and Se from elevated surface waters may accumulate in
sediment, groundwater, or other organisms, and thus eventually prove problematic for both
human and ecological health. However, the antagonistic toxicological nature of As and Se may
alleviate possile adverse health outcomes of these elements if both are consumed
simultaneously.

While prediction and understanding of dissolved As and Se concentrations in shrimp
pond and tidal channel waters is difficult, both can be reasonably modeled throughemultipl
linear regressiarSeveral important geochemical parameters such as Ni, P, dothwate these
models which indicats that the behavior of dissolved As and Se is similar to several chemical
analogs. Furthermore, through closer examination of the miagation source of shrimp ponds
in Southwest Bangladesh, tidal channels, there is strong evidence of Se being ultimately sourced
from anthropogenic processes upstream, while As may be geogenic in origin. Regardless of the
source, As, Se, and other tradengents remain at elevated concentrations in the dissolved load
even under highly oxidizing surface water conditions, reflecting their high mobility in transport.

Farmers in the area and wildlife conservation officials need to continually monitor
surfacewater concentrations of trace elements, particularly ones that can be harmful to humans
and wildlife such as As and Se. Without better pollution monitoring upstream, dissolved
concentrations of most trace elements will likely continue to be greater thegaviverine
values, which may have long term ramifications for agriculture and ecology in Southwest
Bangladesh due to bioaccumulation in plants and organisms. Of immediate concern from a
human consumption standpoint is the further evaluation of aqueeghrimp for the toxic metal
thallium, as we detected it in very high concentrations in three different commercially distributed
shrimp species and two fish feed varieties. This could pose a largersalthconsumers of
shrimp in Bangladesh and abdy particularly children.

Althoughsurface water is rarely used for drinking in Southwest Bangladesh and therefore
may not be regarded with as much importance for inorganic contaminant monitoring as
groundwater, surface water monitoring is still paramdanunderstanding both geogenic and
anthropogenic influences on surface processes in the environmerdriNking water sources
in the environment still affect not only ecological life but may adversely affect certain
agricultural products if not proggrunderstood or assessed.

52 Future researchendeavors

Because of the general lack of comprehensive surface water studies in Bangladesh
beyond simple reporting of dissolved element concentrations, a more holistic evaluation of
additional environmentahedia (e.g., sediment, agricultural products, fish, etc.) is needed to
properly understand the distribution and partitioning of elements in the environment. Due to the
growing of crops oftentimes in the same plots of land as aquaculture ponds, it ithatged
agricultural products be analyzed for potentially harmful levels of Tl, As and Se, among other
elements. Furthermore, lottgrm aquaculture pond and tidal channel river measurements of both
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major and trace elements will help better explain théryof these elements and may give

insight into the times of year when waters are lowest in harmful trace elements and thus most
suitable for irrigation purposes. More insight into trace element speciation is also necessary to
better predict how they wibe cycled throughout the environment. For example, while As and

Se occur predominantly as oxyanion species in the oxidizing surface water environment, actual
guantification of this will enable better prediction of how much of these elements may eventually
sorb or become immobilized on other environmental media such as sediment. Lastly, better
constraining the actual sources of trace elements in this environment is greatly needed,
particularly for As. While surface water As may ultimately be coming frommgtwater, some

may be anthropogenic or in the form of colloidal material mobilized from riverbank natural
reactive barriers, and thus included in the measured dissolved load. Pinpointing the source of As
in Bangladesh surface waters is vital for understanis cycling in the environment and

connection to the groundwater that so many people drink and are poisoned by in Bangladesh.

Only through a holistic examination of the total environment can we truly understand
both natural andnthropogenic sourcing of potentially harmful elements in the environment.
Through using a complete geochemical perspective, we can then begin to identify effective
remediation strategies to reduce risks to both the human and natural enviconment
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Supporting Information for Chapter Il
Detailed Samping Information :

All acidified water samples (including blanks) except for rainwater underwent a 5:1
dilution with deionized water for IGRS analysis because of high salinithe May 2019 water
samples did not undergo dilution for the KOEES analysis, although July 20@cluding
rainwater)andJuly 2019 water samples did undergo the 5:1 dilution.-Nituted samples were
still within the dynamic range of the IGBES.Figures/models contain data based on a 5:1
dilution, but reported dat@able 2) was updated for better precision based on the more specific
5.1:1 dilution. However, the 2% difference is less than the width of lines and points in the plots,
and the dilution ratio change would not impact correlation matrices, nor evaporation a
regression models.

Samples fron2019 were refrigerated after arrival to Vanderbilt University, while
samples fron2018 were not, although they were analyzed within ~2 months for TOC/IC and the
original ICROES run was completed within ~2 months as welkrs et al., 2017 did not see
any significant changes in DIC or DOC over a period e8&2lays, although nitrate did
decrease, but is excluded in this studamplesfrom 2019were completely analyzed within ~2
months of sample collection, while &S and ICROESreanalyss for July 2018inal reported
sample values asconducted ~15 months after sample collecbenause of initial concerns
with potentially pushing the upper range of the {OBS quantification range for Nelowever,
the ICROESreanaysis concentrationwere in excellent agreement for the major cations from
the July 2018 samplesdé original run, i1 ndicat.i
elements was unlikely, and volatilization of elements via atmospheric contact waslisty.
It is noted though that absolute Na concentrations were consistently higher in the initial OES run.

TheJuly 2018 tidal channel sample was not filtered for TOC or IC analysesME&P
results are listed for As, because of better quantificatitim liver detection limits on the ICP
MS versus the ICDES.

Because shrimp pond KAO was not irrigated via tidal channels, it was excluded for all
grouped shrimp pond comparisons. Although-BAvas included because it was irrigated by a
tidal channel, imay have an inaccurate SpC value (Table 1). Shrimp pond water samples in May
were taken in close spatial proximity to shrimp pond sites in July (Fig. 2), so that spatial salinity
gradients are unlikely to largely affect the interpretation of Fig. A3@r4&ilt is noted that tidal
channel sample Site was more saline than any other samples (as seen through Na and Cl
concentrations), but was likely under slightly different tidal influence and fresheedgrater
mixing dynamics than other samples (cakektin the Kobodak cross channel), and was thus only
included in isotope figures.

Additionally, the tidal channel sample (MDC-22) that was used in the evaporation
models was sampled close to the time of high tide at the Pusur River mouth. This coutienea
salinity values and isotopic values of the tidal channel sample were towards the upper range
within daily fluctuating tidal cycles (higher tide means an isotope ratio enriched towards
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seawater and also greater seawater conservative ion concenyrationisus provides an upper
estimate of those measured inputs into the shrimp pond (and a minimum evaporation estimation).

Multiple Linear Regression Modeling:

Variables were selected for inclusion into multiple linear regression anahytsay
based on selecting several elements showing moderate correlations with As or Se, such as V,
Mn, DOC and Co (Fig. A1), or hypothesized geochemical relationships. For example, because
Se shows distinct variance based on slight saltwater ion/gagaisonality (Fig. 4; Fig. A3), Cl
was included as a representative salt ion in modeling to determine whether it could serve as a
predictive variable for Se. Rainwater was excluded in the modeling because it is not affected by
local geochemical procesdessides very minor atmospheric inputs, and thus most element
concentrations are relatively negligible relative to seawater, tidal channel water, and groundwater
(e.g., Ayers et al., 2017).

V and Cl are strongly positively correlated (Fig. Al), violating the assumption of no
multicollinearity in multiple linear regression. When removing Cl from the predictive model of
Cl, V, Ni, and DOC, the adjustd®f becomes 0.67 (p <0.0001) with each ahle (V, Ni and
DOC) having a pralue <0.01 (Table A5), which is greater than the adjust€0.B4, n = 30, p
<0.0001) for Co, Ba and DOC even though these variables appear to be the best predictive
variables for a 3 variable model when 25 samples argidenmed (Fig. 8)Only four samples
with missing values for any of the As predictive variables (n = 26) and only one sample with
missing values for any of the Se predictive variables (n = 29) were omitted from the
aforementioned models (Tables A3, A4, &%).

Using the variable subset of Se, P, V, PO, and pH resulted in an adjusteld® 0.70
for As (p = 0.016) (Table A6), and selecting the variaBle<o, P, Ba, Ni, it?0, (PH andpH
resulted in an adjustérf of 0.90 for Se (p = 0.0041) (Table pAHowever, when including
isotopes, 16 sample observations must be omitted due to missing variables, making a sample size
of n = 14. Furthermore, having bdifO and®H as predictor variables clearly violates the
assumption of no multicollinearity foruttiple linear regression. When omittiigfO from the
Se model, the adjusted Brops to 0.45 (p = 0.14) and omittiiitH reduces the Ro 0.42 (p =
0.16).
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Tables and Figures

Table A1l:  Concentrations of elements in seawater compiled franliterature:

Pilson, 19947, Sarma et al., 2012 MN Transect ), Ogawa and Tanoue, 2003Jpper

range of Indian Ocean valué$, Srichandan et al., 2016Upper limit off NW Bay of

Bengal f), Mason, 20139, andWright and Colling 1995 (). For simplicity, all

elements are listed at total concentrations, although major elerfjeartsl OIC P) in

seawater are derived from their predominant ion concentrations in mg/kg but written here
asmg/L because the density conversion is negligible (~1.02) for an already generic

estimation.
Seawater Concentration Seawater Concentration
(mg/L) (mg/L)
cla 19353 Ba' 0.02
Na? 10781 Ale 0.00054
so4 2712 Pf 0.06
Mg? 1284 As® 0.0017
S 905 Seé 0.00013
Ka 399 Ve 0.0015
Ca? 411.9 Mn¢d 0.00734
DIC® 19.1 Zn¢ 0.0003
DOC® 0.84 Cue 0.00025
Sr2 7.94 Nie 0.0004
B2 25.7 Cre 0.0002
Sif 2 Co® 0.000002

Table A2z Geochemi stds Workbench Reacevagpmtorgr am s c
model, modeling evaporation of tidal channel input water while in the irrigated shrimp pond.

data = thermo.tdat verify

conductivity = conductivityUSGS.dat

temperature =25 C

H20 =1 free kg
Al+++ =93.7 ugl/l
V+++ =18.lug/las vV
Cr+++ =4.4 ugl/l as Cr
Mn++ =4.1 ug/l as Mn
Co++ = .36 ug/l as Co
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Ni++ = 5.6 ug/l as Ni

Cu+ =5.9 ug/l as Cu
Zn++ =4.1 ug/l as Zn
As(OH)4 =42.6 ug/l as As
SeO3- =11.7ug/las Se
B(OH)3 =25mg/las B
Ba++ =.25mg/l as Ba
Ca++ =198.6 mg/l as Ca
K+ =278.2 mg/l as K
Mg++ =567 mg/l as Mg
Na+ = 5405 mg/l as Na
HPO4-  =.054 mg/las P
SO4- =1337 mgl/l
SiO2(aq) =2.12gllas Si
Sr++ = 3.65 mg/l as Sr
Cl- = 8869 mg/l

Br- = 44.86 mg/l

pH =7.67

swap e for O2(aq)

Eh =267 mV

HCO3 =112.5 mgl/l
balance off

react-100 g/l of H20

Table A3: Multiple linearregression output for selected primary predictor variables based on

multiple linear subset regression for As.
Call:
Im(formula = As ~ Cu+ P+ V + Ni, data = data)

Residuals:
Min 1Q Median {0) Max
- 0.020069 -0.008693 - 0.002284 0.005545 0.048094

Coefficients:
Estimate  Std. Error t value Pr(>|t|)
- 0.006741 0.012124 - 0.556 0.5841
1.718763 0.687983 2.498 0.0209 *
0.077547 0.051316 1.511 0.1456
2.041054 0.575027 3.549 0.0019 **
- 1.863999 0.753860 -2.473 0.0220 *

Signif. codes: 06***MO01 6**06.0L 6* .05 6. 0.1

Residual standard error: 0.01448 on 21 degrees of freedom
(4 observations deleted due to missingness)

Multiple R- squared: 0.4839, Adjusted R- squared: 0.3855

F- statistic: 4922 on 4 and 21 DF, p-value: 0.005861
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Table A4: Multiple linear regressionutput for selected primary predictor variables based on

multiple linear subset regression for Se.
Call:
Im(formula = Se ~V + Ni + DOC+ CI, data = data)

Residuals:
Min 1Q Median 3Q Max
-0.032661 -0.019022 -0.002155 0.0138 97 0.040920

Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) 1.416e -02 1.317e -02 1.075 0.292912
Vv - 5.476e+00 1.327e+00 -4.127 0.000382
3.178e+00 9.707e -01 3.274 0.003212
5.713e -03 1.232e -03 4.638 0.000104
7.832e -06 2.706e - 06 2.895 0.007962

Signif. codes: 0O6***M00L 6**6.0L 6* &.05 0.

Residual standard error: 0.02211 on 24 degrees of freedom
(1 observation deleted due to missingness)

Multiple R- squared: 0.7802, Adjusted R- squared: 0.7436

F- statistic: 21.3 on 4 and 24 DF, p-value: 1.317e -07

Table A5: Multiple linear regression output for selected primary predictor variabled base

multiple linear subset regression for Se.
Call:
Im(formula = Se ~ V + Ni + DOC, data = data)

Residuals:
Min 1Q Median 30 Max
-0.039108 -0.019917 -0.003914 0.013867 0.059160

Coefficients:
Estimate Std. Er ror t value Pr(>|t|)
(Intercept) 0.028225 0.013932 2.026 0.05358.
-2.183840 0.777885 - 2.807 0.00954 **
N| 4.782861 0.906714 5.2751.83e - 05 ***
DOC 0.003774 0.001176 3.208 0.00364 **

Signi f . codes: . 6**06 0.01

Residual standard error: 0.02516 on 25 degrees of freedom

(1 observation deleted due to missingness)
Multiple R - squared: 0.7035, Adjusted R - squared: 0.6679
F- statistic: 19.77 on 3 and 25 DF, - value: 8.798e - 07
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Table A6:

Call:
Im(formula

Residuals:
Min

- 0.0059425

Coefficients:

ntercept)

(0
S

Signif.
Residual

Multiple
F- statistic:

Table A7:

Residuals:
13
3.579e -03
20
-4.228e -03

Coefficients:

- 0.0008563

codes:

standard
(16 observations
R- squared:

Multiple linear regression output including an isotope predictor variable for As.

As ~ Se + P+ V + Ni + di180 + pH, data = data)

1Q Median 30Q
0.0000130 0.0007339

Max
0.0047557

Std. Error
0.043684
0.123210
0.022593
0.601300
0.863182
0.001765
0.005586

Estimate t value
0.133264
-0.281884
0.099795
2.113018
2.184351
0.004651
-0.017973

Pr(>[t])
0.01857
0.05599
0.00309
0.00981
0.03920
0.03367
0.01470

0 6 * * *(001

0* *6.01 06* @.05 0.

error: 0.003919 on 7 degrees of freedom
deleted due to missingness)
0.8387, Adjusted R- squared:

6.068 on 6 and 7 DF, p-value: 0.01596

0.7005

Multiple linear regression output including isotope predictor variables for Se.

Se ~ Al + Co+ P + Ba + Ni + dl80 + d2H + pH, data = data)

14 15 16 17 18 19

1.681e -03 4.400e -03 6.696e -05 -3.326e -03 -5.290e -04 -2.544e -03
21 22 23 24 25 26

2.542e -04 -8.720e -04 -5.446e -04 9.332e -04 -1.351e -03 2.48le -03

Estimate  Std. Error t value Pr(>[t|)

6.138e -01
-9.558e -01
- 4.591e+02
- 8.565e -01

1.629%¢e -01

3.139e+00
-2.140e -01

3.773e -02
-3.119e -02

codes:

Signif.

Residual standard

(16 observations
Multiple R- squared: 0
F- statistic:

error:

0 6 * * *03001

deleted
.9604,
15.14 on 8 and 5 DF,

8.430e - 02
2.32% -01
7.981e+01

1.430e -01
6.93% - 02
8.493e -01
4.105e - 02
7.052e - 03
5.868e - 03

6*

0.004016

7.281
-4.104
= 5:793
- 5.991

2.347

3.697
-5.213

5.350
- 5.315

* 6.01

on 5 degrees
due to missingness)

Adjusted
p- value:
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0.000764
0.009316
0.002227
0.001858
0.065798
0.014048
0.003429
0.003064
0.003152

0* @.05 6.

R- squared:
0.004144

of freedom

0.8969




Table A8: Multiple linear regression output for important predictor variables for As from
data in Table S4 in Boral et al. (2020), from the upper Ganges.

Call:
Im(formula = As ~ Cu + V + Ni, data = PredictD)

Residuals:
Min 1Q Median K{) Max
-11.8380 -2.8581 -0.0012 2.5799 14.2559

Coefficients:

Estimate Std. Error t value Pr(>|t|)
(Intercept) - 1.65994 1.30592 -1.271  0.20830
Cu 4.75747 0.52821 9.007 5.5e-13 ***
Vv - 0.27914 0.09889 -2.823 0.00634 **
Ni - 0.81865 0.50824 -1.611 0.11216

Signif. codes: 0O6***0MO01 6**06.0L 6* .05 6. 0.1

Residual standard error: 4.771 on 64 degrees of freedom
Multiple R- squared: 0.6569, Adjusted R- squared: 0.6408
F- statistic: 40.84 on 3 and 64 DF, p-value: 7.19e -15

Table A9:  Multiple linear regression output for important predictor variables for As from
tidal channel surface water data (including a duplicate sanmpheyers et al. (2020), from lower

Ganges tidal tributaries.
Call:
Im(formula = As ~ Cu+ V + N + P, data = Ayers TC)

Residuals:
3 4 5 6 7 10
-1.880e -04 3.680e -04 8.622e -06 -3.094e -04 -1.952e -04 -5.321e -04
12 13
-6.370e -04 4.793e -04 1.170e -03

Coefficients:

Estimate  Std. Error t value Pr(>|t|)
(Intercept) 0.0044004 0.0003822 11.513 8.67e -05
Cu - 0.2447471 0.0814 662 -3.004 0.02995
Vv 0.4528870 0.1766426 2.564  0.05041
Ni - 1.0276585 0.6569294 -1.564 0.17851
P - 0.1493359 0.0316770 -4.714  0.00527

Signif. codes: 06***m0O1L 6** 6.0l 6* d.05 6.

Residual standard error: 0.0007238 on 5 degrees of freedom
(5 observations deleted due to missingness)

Multiple R- squared: 0.8576, Adjusted R- squared: 0.7436

F- statistic: 7526 on 4 and 5 DF, p-value: 0.02407
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Figure Al:  Pearson correlation coefficient matrix betwémgl 0 transformed dissolved
elementconcentrationn surface water samplesxcluding rainwate(Si omitted because of
several negative values, and pH, ORP (Eh) and SpC omitted because of missing values)
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Figure A2:  Pearson correlation coefficient matrix betwémyl 0 transformedissolved
elementconcentrationgn shrimp pondamplegSi omitted because of several negative values)

For the correlation matrix, ORP (relativeAg/AgCl redox couple) is interchangeable with Eh

even though Eh values relative to the standard hydrogen electrode (SHE) are +187 mV compared
to ORP values.
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Figure A3: Comparative box plot illustrating tretight seasonality seen between July and
May shrimp ponds irrigated with tidal channels via log transformed SpC data.
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Figure A4:  Spider diagram showing relative enrichment or depletion of elements in tidal
channel water when normalized to average seawateentrations (Table Al; values above O
are enriched relative to seawater, values <0 are relatively depleted).
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Figure A5 Geochemi stdos Workbench evaporation mode
conductivity (Sp@ in solution during evaporation of a tidal channel sample towards the
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Figure A6:  Arsenic concentrations in shrimp ponds and tidal channels from May a
July 20182019. Large spatial heterogeneity is seen, with most concentrations over tl
WHO guideline value o10¢ d..

133



Shrimp Pond Selenium (ug/L)
110
10-20

20 -30
30 -40

40 - 50

50 - 100

100 - 200

o

Tidal Channel Selenium (ug/L)
1-10
10-20

20-30
30-40

40 - 50

50 - 100

100 - 200

Figure A7:  Selenium concentrations in shrirppnds and tidal channels from May and
July 20182019. Large spatial heterogeneity is seen, with many samples over the EPA
MCL of 50¢ ¢
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Bivariate plot between SpC atfO in May shrimp ponds.
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Bar chart plot of ratio between concentration in shrimp pond and a tidal channel
directly adjacent to it as an irrigation source. All valugqred line)indicate higher shrimp pond
values than tidal channel values.
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Figure A10. Bivariate plot of As and Se (d-"%) with (%0, showing little to no relationship.
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Figure A11: Log10 transformeéPearson correlation coefficient matrix betwé¥i® a AHj U
elementsand other geochemical parameterMay shrimp pondvatersamplesFor the

correlation matrix, ORP (relative to Ag/AgCl redox couple) is interchangeable with Eh even
though Eh values relative to the standard hydrogen electrode (SHE) are +187 mV compared t
ORP values.
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Figure A12: Multidimensional scaling (MDS) pldiy Aitchison distance (using the classical
method) of July shrimp ponds (SPJ), May shrimp ponds (SPM), July tidal channels (TCJ), and
May tidal channels (TCM) for all geocheralosariables except stable isotopes, with missing

dat a

replaced

v i a Buurerp20Z0nandcMD8 completeld daghee (v a n

Apr ovenan c\WrneeschaD20h Ig additfon to illustrating the compositional
difference between July and May sangpl®IDS shows the similarity in May tidal channel and
shrimp pond composition, and the disconnect among July shrimp ponds and tidal chéiDBels.

is useful because it plots samples based on multiple compositional variables in abstract Cartesian
space, whersamples that are more simifalot closer together.
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Figure A13: Pi per diagram created in The Geochemist
water samples plot within typical seawater composition.
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Figure Al4. Predicted versus measurediAsurface water samples in (A) the Ganges River
(Boral et al., 2020) and (B) Ganges tidal channel tributaries (Ayers et al., 2020), with the solid
black line representing a 1:1 ratio. A Pearson correlation coefficient is also provided for each
plot.
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