[=)
£
kI
°
<}
=
T
2
£
[}
<
[8]
o
Ja}
U]
S
S
Y
>
zZ
w
u

Beidellit-Ca (volume%)

T .

15 3

Geochemical modeling

ENV-200 Weeks 9 & 10

Meret Aeppli
meret.aeppli@epfl.ch

Meret Aeppli L]



PF

B ENV 200: Geochemical Modeling

L

Leaming objectives

You should be able to
1. explain what geochemical modeling is useful for

2. be familiar with Apps in the Community Edition of the Geochemist’s
Workbench

3. interpret and plot the output of a simple modeling run

4. describe how you can use geochemical modeling in environmental
engineering challenges

Meret Aeppli
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Resources

= Geochemist’'s Workbench Community Edition
https://community.gwb.com/community download.php

= Geochemical and Biogeochemical Reaction Modeling by Craig M.
Bethke (Cambridge University Press)

= Many examples that we cover here are from the GWB Essentials Guide
(by Craig M. Bethke, Brian Farrell, Sharon Yeakel)

= There are many other geochemical modeling tools available
(e.g. PhreeqC, Visual Minteq, CHESS, Reaktoro, etc.)

= A quite extensive list of tools is provided on the USGS website

Meret Aeppli w
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What s geochemical modeling?

In almost all environmental problems, there is a need for knowledge or predictions of the solute
concentrations in space and time.

= Contamination issues
+ Examples:

» What will happen to a particular toxic chemical component or species in groundwater downstream
from a contamination source such as a polluted industrial manufacturing site?

= How fast will the contaminant progress downstream, and when will it reach a certain point?
= What processes will slow down its movement (retardation) or immobilize it?

= Will the concentrations of the contaminant be above regulatory thresholds? Would the remediation
methods be effective, i.e., limiting the migration of a contaminant and lowering its concentrations?

* These questions may also be posed for the history of a site concerning past activities: what has
happened at this site in the past?
= \Water resources issues

« Example: Water is clear and uncontaminated, but just how much is there to tap and who is entitled to
what proportions? In this case, chemical constituents in groundwater and their movement can help
delineate the flow system that hydraulic data alone fail to reveal

L
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Meret Aeppli

» High-Level Radioactive Waste Disposal
» Mining-related environmental issues

= Landfills

* Geological carbon sequestration

= Deep well injection of hazardous wastes
= Artificial recharge to aquifers

B ENV 200: Geochemical Modeling
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What do we want to accomplish?

Ultimately, we want to describe the complete chemical composition of a
system (e.g. a lake, a soil column, an aquifer)

There are two ways to accomplish this:

= Thermodynamic description: If a closed system is at equilibrium, its
chemical composition is uniquely defined.

= Kinetic description: If equilibrium is not attained (slow reactions) or if
the system it is continuously perturbed (i.e. biological activity), a kinetic
description is necessatry.

Here, we will focus on the thermodynamic description.

Meret Aeppli
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Natural systems are complex

= \We have discussed different chemical reactions in this class:
» Acid-base reactions
« Complexation reactions
« Dissolution/precipitation reactions
* Redox reactions

= You have learned to predict how a system behaves considering a few
reactions that are at equilibrium simultaneously:
* For example, the carbonate system or reductive dissolution of iron minerals
« Complex calculations and/or graphical solutions can help solving these systems

= However, in natural systems, many or even all reaction types mentioned
above may operate simultaneously, forming extremely complex reaction
networks.

[N}
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How do we deal with complexity?

We could set up a mathematical framework. We already have

= Mass law equations
A2+ + 2B- = AB,
_ _{4B}
K"mgwf

= Mass balance equations
[B] + 2[AB,] + [CB(S)] = [Blio

= Charge balance equations
2[A**] + [BT]-[B]=0

Meret Aeppli ©
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Workflow for thermodynamic modeling

o 0ok~ W

Develop a conceptual model: List the processes that likely determine
the chemical composition of a system.

Make partial equilibrium assumptions: Consider the timeframes in
which you wish to understand a system (minutes? years? millions of
years?). Decide which of the relevant reactions will reach equilibrium
in this timeframe, and which ones will not proceed to any relevant
degree.

Make sure you have thermodynamic parameters for these reactions.
Solve all equations simultaneously with a numerical model.

Interpret the output with respect to your conceptual model.
Potentially revise the conceptual model and start over.

Meret Aeppli ©
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1. The conceptual model

= Amodel is a simplified abstraction of nature.

= |t is described by a set of mathematical expressions thought to
represent natural processes in a particular system.

= The model is built by you! You chose what data to use, which software
IS appropriate, which results are reasonable.

=
o

Meret Aeppli
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2. Partial equilibrium assumptions

= Which timeframe is important for the processes you are interested in?
Which of the relevant reactions will reach equilibrium in this timeframe?

QOcean

~ Precipitation —>
<«—— Soil moisture ——>
~——— Streams ———>
< Lakes >

<«—— Groundwaters ——

(tp) RESIDENCE TIMES ————>

Solute-solute Gas—
- -
Solute-water water

<—— Hydrolysis of multivalent ions ———————>
Adsorption— (polymerization)

------ >
desorption Mineral-water
e g .
equilibria
B Mineral
recrystallization
(1) REACTION RATES ———

Seconds Minutes  Hours Days Months Years 106 Years

Langmuir,
Mahoney (85)

[=Y
[y
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2. Partial equilibrium assumptions

= Kinetic information can be introduced into equilibrium calculations.

= Partial equilibrium assumptions

 consider only fast reactions with half-lives much smaller than the reaction
time scale we are interested in (t,, <<'t,)

* ignore slow reactions in which half-lives are much larger than reaction times
(ty, >>1)

= This becomes problematic if reactions with half-lives close to the
reaction times are important (t,,, = t,). In this case, we would need
kinetic modeling.

=Y
N
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0 0 0 0 0 0 0 0
T/K F,i Hy — Hyogys | St —(Gy — Hagg )/ T AH AG
m JK'mol™" | Jmol™! JK ' mol™! JK 'mol™! kKImol™! | kI mol™!
29815 | 109.4 0 113.70 113.70 —961.536 | —884.475
300 109.8 203 114.38 113.70 —961.512 | —883.998
400 108.4 10823 144.93 117.87 —960.818 | —858.275
Gascous phase Aqueous phase Gaseous phase Adqueous phase 500 114.6 21978 169.79 125.84 —960.126 | —832.719
Step no. ) step no. ) 600 120.0 33711 191.17 134.98 —959.359 | —807.309
(Scheme2)  Substituent  AyaesH®  Ay008G°  AgaosGo (Scheme 1) Substituent  A,06H°  8,205G°  Apa0sG® 700 1249 45059 21004 14438 _958.53] | —782.033
1 2-F -164.2  -151.3 -43.3 X 2-F -1 -4 -3 800 129.3 58672 227.01 153.67 —957.646 | =756.877
Ino, e Opr e iy 5 = — JANAF 3| 900 133.4 71813 242,48 162.69 ~956.698 | —731.839
20CH, -1628  -1505  -43.0 2-0CH, ! Stull and Prophet (1971 Chase et al. {1985), { 980 136.6 82614 253.98 169.68 —955.869 | —711.977
1 pram o4 e 4s B Zedine 2 Moow M e, ] s 136.6 82614 253.98 169.68 —960.319 | —711.978
o) Bz -lmo o4 n - —Hg"l 37147 ss83g 1000 137.3 85353 256.75 171.39 —960.149 | —706.820
2] -191.4 -181.1 —64. 2] ;! . .
el e 290 o aar | 1100 | 1410 99271 27001 179.76 —959.071 | —681.537
2,6-diBr ~1880  -1785 626 2,6-diBr -6_Spacias Kd mol” Kimol'  kdmol!| 1200 144.6 113552 282.43 187.80 —957.778 | —636.365
m :f;p, T s e xu ;;gh 2" 02(g) 0.000 0. 0. | 1300 148.0 128183 204.14 195.54 —956.269 | —631.302
2NO; —135.4 -1233 230 2.NO, 1 :gtgtl J 202-&00521 ﬂ:-m w?'azu 1360 150.1 137127 300.87 200,04 —955.260 | —616.425
2-0CH. -133.9 -121.0 -224 2-0CH, 3 9 = .. .
e+ e The =i 2o e 5 dts Tazme  asases 1360 150.1 137127 300.87 200.04 —959.500 | —616.424
v 2F 1566  —146.6 -36.7 X -9 golld AG° AG ae | 1400 151.4 143157 305.24 202.98 —0959.086 | —606.242
2-0CH; -152.3 —-142.1 -349 XV 2F -10. S as kd mol“ kJ N-l kJ mol™
M ;}F;F‘ Tiaa el ey if,z‘“: T IO P(white) 1z.012 0. 0. 41.017 0,000 0.000 41.087
2-NO, —aR 2 —aa R —AR A v LX) —= Pirad) 0.000 -12.026 -17 460 22 853 12134 -17.573 22845
T Cr e o ooa =
2,6-diBr M e R 856443 910857 41463 856637  -910.940 41840
v LF; v e 1192796 1271936  53.953 1194312 1273484 53074
5 ” " o o g
20CH, Substance AH} (0 mel™) AG} (kI mol ™) $30 mol ™ K7 Cp (I mol ™ K7 ‘Weight (amu) -968.520  -1083.980 88.743 50 —(GY — HY T | AH® AGY
Vit 2F Silicon 1582275 -1675.692  50.950 1582223 -1675602 50919 T et | ,((,,Tmnl,%“ 15/ ol 1 W ol
2-CF, Si(s) ¥
2:0CH, S o s oy i foyet 165.60 165.60 —1386.185 | —1284.409
Vit x skt i s 09 %03 16070 2444482 2502072 93221  -2442843 2500114 93776 166.48 165.60 —1386.176 | —1283.779
206’11, SiOs(quartz) -910.7 8563 a1s 444 6009 -T43.523 -825,503 B7.400 ~742,293 -524.248 &7.404 200.41 171.37 —1385.372 —1249.75]
X 2F Sitver -1017.438 1120894 145266  -1015.228 -1118.383  146.147 py 184 - .
2-CF. Agls) o 0 26 254 107.87 -13B0.692 -1479.881 151.001 24501 182.64 —1384.332 —1215.966
s 275.48 195.63 —1383.264 | —1182.394
2NO, Agie) wy 260 1m0 w3 10787 -568.945 601241 26924 560200 601482 26945 273, 5.6, 383.2 =
2-0CH, AgClis) 1210 1093 963 08 143.32 -B33.652 24,664 63,242 302.25 208.99 —1382.210 | —1149.001
2,601 :&:"f“‘ :::’: i: m: ;i;’ i;:: -1028.124  -1111.688 65.854 -1029.288  -1113.090 65103 326.22 22217 —1381.159 | —1115.755
,\:;5[3:3; T o et s bt 2057879 2176835 95140  -2054.944 -2174006 95140 348.03 234.96 —1380.081 | —1082.647
At (og) 1036 1 n7 107.87 -603.501  -635.089 38.212 603459  -635.089  36.074 364.20 244.86 —1379.150 | —1056.369
Sodium 00421, ApBUeeT AT 36420 244,86 —1385.825 | —1056.370
g2 Fule) 0 " o 2 2m 1280 =aAms  BLES 368.10 24728 _1385.648 | —1049.525
= Nadg) 1075 770 1537 08 2298 -1540.629  -1634.940 82.006 . - . -
g 4
[] NaClis) 412 341 71 505 844 379.080  -417.982 75.042 378322 417445 75270 380.75 259.12 —1384.449 | —1015.969
8 NaOHs) 4258 -3719.7 6i4 0.5 40.00 384,024 411,120 72.115 -3B4.062 411.153 72132 404.24 270.50 —1382.945 —982.538
= NaiS04s) 1371 1202 1496 1282 120 -322.084 363471 84140 301257 -339.992 102006 | 420.73 281.42 —1381.121 | —949.236
= e an) 2401 2619 50 nm 408761 436684  B2.554  40BE19 436747 82546 430,22 287.78 —1379.872 | —929.462
RS} Srhorkis) o N o _— 20 1360 | 211.71 193713 430,22 287.78 —1386.232 | —929.462
CIE) SFyls) -12205 ~11165 2915 913 14607 1400 213.74 202222 436.38 291.94 —1385.785 —915.903
£ s s e o u o 1411 214.29 204576 438.06 293.07 —1385.713 | —912.238
S oy o o b o o 1411 214.29 204576 438.06 293.07 —1391.353 | —912.240
o 501 (ag) —6385 — 48656 -293 $0.06 1445 216.01 211891 443.18 296.54 —1391.195 —900.813
> 50} (ag) o093 7445 0.1 95,08 1445 | 21090 229615 455.43 296.53 —1373.471 | —900.788
= - . . " o e 1500 | 21090 241214 463.31 302.50 —1373.337 | —882.651
< i o s s o e 1519 | 210.90 245222 465.96 304.53 —1373.442 | —876.614
> S00,45) — -s133 90 26 1509 1519 | 210,90 245222 465.96 304.53 —1406.442 | —876.612
& 5™ ag) -89 -212 -167 11869 1600 | 210,90 262304 476.92 312.98 —1406.393 | —848.179
:"'“"'“ . . s . . 1700 | 210.90 283394 489,71 323.00 —1406.499 | —813.289
™ - o ons s M i 1800 | 210,90 304484 501.76 332.60 —1406.651 | —778.391
TICL(N) ~804.2 7372 2524 1452 189.69
—888.8 506 550 79.58 -

TiOss) ~944.0
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4. Solve equations using a numerical model

= Here, we are using the Geochemist’'s Workbench.
» The remainder of the class will focus on how to use this software.

cws| Gegchemist’s

' J Wlll'kllent:h ' Community Edition

=
r
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Workflow for thermodynamic modeling

o 0ok~ W

Develop a conceptual model: List the processes that likely determine
the chemical composition of a system.

Make partial equilibrium assumptions: Consider the timeframes in
which you wish to understand a system (minutes? years? millions of
years?). Decide which of the relevant reactions will reach equilibrium
in this timeframe, and which ones will not proceed to any relevant
degree.

Make sure you have thermodynamic parameters for these reactions.
Solve all equations simultaneously with a numerical model.

Interpret the output with respect to your conceptual model.
Potentially revise the conceptual model and start over.

=Y
o
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Geochemist’s Workbench
Installation guide
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Information

» The Geochemist’s Workbench
IS not available for MacOS or
Linux systems

= |f you are working with
MacOS (or Linux), please find
another student whose PC is
running on Windows and work
together

[=Y
=
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Installation guide

Go to https.//www.gwb.com/store.php and add GWB community to your

chart ($0).

© O B https;//www.gwb.com/store.php

Checkout

GWB Community Subscription ( 1 year)

End User

Company
EPFL

First Name * Last Name *

[Free Download — The Geochemist's Workbench Community Editionh

$0

Total: $0

{ Meret } Aeppli

Email Address * Confirm Email Address *

meret.aeppli@epfl.ch } meret.aeppli@epfl.ch

| consent to be contacted by email @ *

=Y
€3
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Installation guide

You will receive an email with a link to the download
install following the prompts on the screen.

GWB Community Edition 2023

= X

Welcome to the GWB Community
Edition 2023 Installer

This wizard will guide you through installing The
Geochemist's Workbench® Community Edition 17.0.1.

It is recommended that you close all other applications
before starting Setup. This will make it possible to
update relevant system files without having to reboot
your computer.

Please select an install type then click Next to continue:
© 64 Bit (recommended)
O328it

Uninstall GWB 32-Bit

. Download and

——
|

[y
©
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Installation guide

Once installation is complete, open the software. Input the activation code

you received by email and click activate, then finish.

Activate GWB X

Enter the activation code or license server here :

GCCSUTL-341 ‘IABBD‘

Alternatively if you have a license file or XML response file,
browse to and select it :

Browse...

e
A GWE Activation Utility X
License Sources

Meret Aeppli
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Open Geochemist’'s Workbench. It should look like this:

ewe| Geochemist’s

e workbenCh- Community Edition

Apps ChemPlugin Docs Settings Support Subscription

GSS SpecE8
,,G B the geochemist's ‘ calculate speciation
spreadsheet in solution

g Rxn ' React
S balance reactions trace reaction
and more processes
I Act2 m Phase2
. actvity, stabiley, and calculate phase
" solubility diagrams " diagrams

Tact X1t
’l‘ temperature - activity 1D reactive ranspon
diagrams
TEdit X2t
editthermo data u 2D reactive transpon

Gtplot P”p ot Xtplot
A == B B
and'ucbon paths transpont rosudts

B ENV 200: Geochemical Modeling

N
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Introduction to the
Geochemist’s Workbench
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The Geochemist’s Workbench Essentials

We will use the following Apps here:

= GSS is a spreadsheet designed for
manipulating and plotting geochemistry
data

» Rxn balances chemical reactions and
calculates equilibrium constants,
temperatures, and equations

= Act2 generates stability diagrams on
activity, Eh, pe, pH, and fugacity axes

= SpecE8 computes the distribution of
species, sorption onto surfaces, mineral
saturation, gas fugacity, and isotope
fractionation in aqueous solutions

Geochemist’s
22 | Workbhench®

Community Edition

Apps ChemPlugin Docs Settings Support Subscription

. GSS
G 8 the geochemist's
spreadsheet

' Rxn
balance reactions
and more

' Il Act2
. actvity, stabiley, and
A solubilty diagrams

Tact

temperature - activity
diagrams

TEdit

editthermo data

Gtplot " P2plot
/\\ piot geochemecal data ‘1

and reacton paths

SpecE8
calculate speciation
in solution

React
race reacton
processes

Phase2
calcuiate phase

dagrams
X1t

1D reactive ranspon

X2t

2D reactive transpon

N
[
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GSS: The Geochemist’s Spreadsheet

= GSS is a spreadsheet designed for geochemists. The program works
with the other software tools in The Geochemist’s Workbench. You
enter, paste, or drag the analyses for your samples into a GSS data
sheet.

= You can then convert units, create plots and diagrams, mix samples,
compare replicate analyses and check standards, calculate speciation
and saturation, and more. You can drag samples into the other GWB
apps, and drag calculations results from the other apps into GSS.

N
=
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Open GSS, go to File — Open and select the file “RiverWaters.gss”

Meret Aeppli

GSS Community Edition - C\Users\maeppli\OneDrive - epfl.ch\GWB\RiverWaters.gss Samp/es
File Edit Data Plot Analysis Help
Analytes T T A v oo
Qmple ID - F|/Amazon River Mississippi River  |World average
m A ~ mmol/kg b 0.1165 0.1315 0.2164
Al+++ YV + mmol/kg b 0.002594
Fet+ & + |mmol/kg M 0.001074 358.1E-6
Catt @® ~ mmol/kg M 0.1073 0.9481 0.3743
Mg*+ A < |mmolikg M 0.04526 0.4114 0.1687
Na* V¥ ~ mmol/kg b 0.0783 0.87 0.274
K+ @ ~ mmol/kg b 0.07417 0.05883
HCO3- X + |mmol/kg b 0.3114 1.852 0.9506
2 S04~ % ~ mmol/kg b 0.03123 0.5309 0.1145
% Cl- [+ \mmol/kg b 0.05359 0.677 0.22
% F- X + |mmol/kg b 0.01053 0.01579
E) NO3- ¥ + mmol/kg b 0.001613 0.03871 0.01613
é‘i’ TDS B ~ mg/kg b 28 232 89
8 pH O~ M 6.5 7.4
% + analyte
.
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GSS: Converting units

Select one or more analytes, right click in the unit field to show a selection of units.

GSS Community Edition - C:\Users\maeppli\OneDrive - epfl.ch\GWB\RiverWaters.gss

File Edit

Data

Plot  Analysis

Help

1

2

A~

3

V¥V~

+ sample

Sample ID
Si05(aq)
AlH++
Fe++
Ca++
Mg*+

Na*

K+

HCO3-

Cr

F-
NO3-
TDS
pH

DEREROODOEE

v

mmol/kg
mmol/kg
mmol/kg
mmol/kg
mmol/kg
mmol/kg
mmol/kg
mmol/kg
mmol/kg
mg/kg

A mmol/kg

Log

F|/Amazon River

0.1165

Mississippi River

0.1315

0.001074

g/l
mg
mg/kg
mg/|
ug
ug/kg
ug/l

+ analyte

ng

ng/kg
ng/l

wt fraction
wt%

5
579
§87 1
232
7.4

World average

0.2164

0.3743
0.1687
0.274
0.05883
0.9506
0.1145
0.22

0.01613
89

N
o

Meret Aeppli



=P7L  GSS: Plotting data

N
=

Meret Aeppli

Go to Plot and choose from the list of plots and diagrams.
You can add
GSS Community Edition - C\Users\maeppli\OneDrive - epfl.ch\GWB\RiverWaters.gss more Samp/es
File Edit Data Plot Analysis Help 7
XY Plot > v 2 A~ 3 V ~| +sample L/
Sample ID Ternary Diagram... Mississippi River  |World average
SiOz(aq) A Piper Diagram... i5 0.1315 0.2164
Alt++ v Durov Diagram... 14
Fett < Schoeller Diagram... ‘4 358.1E-6
Ca*+ 2 Stiff Diagram... 3 0.9481 0.3743
Mgt+ A Radial Plot.. 6 0.4114 0.1687
Na* v lon Balance s 13 0.87 0.274
K+ L 4 0.07417 0.05883
HCO- X Update Plot(s) Ctrl+U 4 1852 0.9506
% S04~ * 7 Auto Updates .3 0.5309 0.1145
(E; You can add O «|mmolikg » 0.05359 0.677 0.22
£ X « |mmol/kg 4 0.01053 0.01579
g more analytes
S ¢ + |mmol/kg » 0.001613 0.03871 0.01613
§ S B ~|mg/kg » 28 232 89
S P O~ b 6.5 7.4
& + analyte
=
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GSS: Plotting data

Chose XY Plot — Cross Plot. This will open Gtplot to generate the following:

GSS Community Edition - C:\Users\maeppli\OneDrive - epfl.ch\GWB\RiverWaters.gss — O X

Flle Ed|+ Niata Dlas Anabasic Llale

Gtplot Community Edition - C:\Users\maeppli\OneDrive...
File  Edit Plot Format View Help

Sample
SiOx(aq
4+ 2 T
Al M‘“H%:a?w« :
Fet+t t
- - |
++ |
++ = 4
Mg E 1
1
Na* = 1
3 . jorid sverage 1
K+ ER % e
% v
HCO3 : o
-3 s S0}
S04 © s MEA
Amazon River -
Cl 1 . Naaq)
F- A
A!* FE 3
NO3- 0 Amazen River Mississippi River World average
|— — = Sample ID
TDS
pH L1
Ready

XY Plot Configuration — Select Y-axis Variable(s) X

X Axis Y Axis  Samples

Variable WM

Filter

First
Previous
e
Last

Select all

=4
=

Si02(aq)

B Auto-scale [ Reverse axis

Minimum 0 mmol/kg v
Maximum 2 S| asSpecies
Tick increment & : linear v

QK I I Apply ] I Cancel ] [ Reset

I

In Tab X Axis, you can
chose which parameter
to show on the X axis

Meret Aeppli
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To change the appearance of the plot, go to Format — Appearance

Amazon River Mississippi River World average
Sample ID

v A Mississiﬂ)p\ River
® ca™ I
o cr
X F
<> Fe”
—~ 15X HCOy —
2 K
= ++
© A Mg
E ¥ NO;
~ v Na®
2 * SOj
) World average
'E 14 Si0;(ag) —
£ ] b ¢
*uc-; v
c
o
o o m|
£ £
© o
g (&) 5 * _
=
= Amazon River A ®
(S}
£ X
£
3 AN
© L4
S 0
o
«
>
P
w
]
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GSS: Calculate water hardness

Go back to the initial GSS table. Click on + analyte — Calculate with SpecE8 — Hardness.

A row with water hardness values is added to the table.

w
(-]

Meret Aeppli

Hardness inmmol L™1 =

[Cainmg L]

[Mg inmg L]

G55 Community Edition - V:\Lectures\GWE Files\RiverWaters.gss — O *
File Edit Data Plot Analysis Help

1 o~ 2 A~ v-
Sample ID - Amazon River Mississippi River  World average
SiOgaq) A v |mgl 6.972 787 12.95
Al+++ 7 ~|mgn 0.06972 '
Fet+ < «|mgn 0.05976 0.01992
Ca*+ ® ~|mgi 4283 37.85 14.94
Mg+ A +|mgn 1,006 9.962 4084
Na* ¥ ~|mgn 1.793 19.92 6.275
K+ ® ~|mgn ' 2889 2291
HCO5- X ~|mgn 18.92 1126 57.77
S04~ * ~mg/l 2988 508 10.96
cr- 0 «|mgh 1.892 2391 7.769
F- % «|mgh 0.1992 0.2988 '
INO3- ¢ «|mgh 0.0996 2391 0.9961
TDS ® - mg/kg 28| 232 89
pH O~ 65 7.4
Hardness  ® ~|mmoll_as_CaCOs 0.152 1.354 0.5408

£ >

Ready NUM

40

24.3
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B ENV 200: Geochemical Modeling

Interpreting the data

Why is the water of the Mississippi River harder than the water of the
Amazon River?

w
=4
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"L Particulate and dissolved Fe and Mn

B ENV 200: Chemistry of Natural Waters

concentrations in Lake Cadagno

A C
Mn (umol L) Fe (umol L™)
0 05 1 15 2 25 3 0 0.5 1 15
0 A———t—t—t—t—t—t—t—tt 0 + + + + +
_ —— Particulate 4 I
4 —@— Dissolved 4 L
Oxic layer
Mn(lv) _ ® Y . Fe(lll)
E 8 8 -
< 10 10 A T
o Chemocline
2 12 12 § 1
14 14 i
16 16
Mn(ll) 5 Anoxic layer 45 1 I Fe(l)
20 20

Iron(lll) compounds are reductively dissolved in the anoxic zone. Why do we see an
increase in particulate iron and decrease in dissolved iron below the chemocline?

Ellwood, MJ et al., Geochim Cosmochim Acta, 2019, 255, 205-221.

[
N
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B ENV 200: Chemistry of Natural Waters

Iron redox processes

= The decrease in dissolved and increase in
particulate Fe concentrations suggest that
iron phases are precipitating.

= Which method could you use to figure out
which phases are precipitating?

=> Eh-pH diagram

Ellwood, MJ et al., Geochim Cosmochim Acta, 2019, 255, 205-221.

Depth (m)

@ OO & N O

10 +

12
14

16 1
18 -

20

DO (umol L)
0 100 200 300 400

-300 -200 -100 0 100 200 300
Eh (mV)

[
w
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=P E,-pH stabllity diagram

B ENV 200: Chemistry of Natural Waters

Hematite

Ferrit

s

2-Ca

= 1075,

2 HPOY]

s [HCO] = 0,

s[Ha0] = 1,3[Ca"] = 107,

. T=55° P =1bams,a[main] = 10°,

-
1258

Disgram Fe
a[s0]] =

Depth (m)

@ OO & N O

10
12
14
18
18
20

DO (umol L)
0 100 200 300 400

1 4 3 " : 4
r T v T L] T

-300 -200 -100 0 100 200 300
Eh (mV)

[
-
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Act2: Create stability
diagrams

cws| Geochemist’s

s workbench Community Edition

m Open the Act2 App in the GWB Software Apps ChemPlugin Docs Settings Support Subscription
« Enter the input parameters poocons [ S tcen

spreadsheet in solution

' Rxn React
~~ balance reactions race reacton
and more processes

' I Act2 Phase2
’ . actvity, stabiley, and “ calculate phase

A solubilty diagrams diagrams

Tact X1t

temperature - activity 4 1D reactive transpont
diagrams

TEdit X2t

editthermo data u 20 reactive ranspon

thlot ' F’ po Xtpiot

and reacton paths

w
o
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B ENV 200: Chemistry of Natural Waters

L

E,-pH stability diagram

Which parameters do you need? (These are given in the paper
referenced below)

= Temperature: 5.5 °C

= Pressure: 1 bar

= Total iron concentration: 1 pumol/L
= Bicarbonate: 1 mmol/L

= Calcium: 1 mmol/L

= Sulfate: 3 mmol/L

= Phosphate: 3 umol/L

Ellwood, MJ et al., Geochim Cosmochim Acta, 2019, 255, 205-221.

w
-
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Configure your diagram

Bos Act2 C : -
@292t on the Basis pane =
File Edit Runl
Basis ﬁ%mmnﬂ " Results | Plot
diagram species
Select main Fe++ o4 1.0e-06 ¥ activity ™
species to
diagram
[l an x axl Set
log activity ¥ from | -10.0 IS 0 T increment 1.0
Ll on Y axis
log activity ™ from | -10.0 T to |00 ¥ increment | 1.0
in the presence of
H20 1.0 ™ activity ™ solvent
temperature 25.0 b
pressure ™ bars T
add delete
Ready NUM

w
=
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H_! Act? Community Edition - C\Users\losch — O
File Edit Run Config Format View Help
< Basis Command | Results | Plot
diagram species
Fer+ o4 1.0e-06 activity ™
an axes
— !
Choose H* i e on x axis
fOI'X axis pH = X to [ 140 ¥ increment 2.0
Set pH units
" on y axis
log activity ™ from | -10.0 to | 0.0 * increment 1.0
in the presence of
H2ZO 1.0 activity ™ solvent
temperature 25.0 c-
pressure bars ™
add delete
Ready NUM

w
€3
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u_! Act? Community Edition - Ch\Users\losch

File Edit Run Config Format View Help

B ENV 200: Geochemical Modeling

Basis Command = Results | Plot
diagram species
Fe++ 4 1.0e-06 activity ™
on axes
H+ on X 3xis
pH = from | 0.0 to 140 ¥ increment | 2.0
Choose O,(aq) for y ¢ 8 Odg ony aus
axis, then swap in the e~ Eh ¥ ﬁ et Eh units to | 125 ™ increment | 0.5
in the presence of
H20 1.0 activity ™ solvent
temperature 25.0 c-
pressure bars ™
add delete
Ready

w
©
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B ENV 200: Geochemical Modeling

u_! Act? Community Edition - Ch\Users\losch — O
File Edit Run Config Format View Help
Basis Command = Results | Plot
diagram species
Fe++ 4 1.0e-06 ¥ activity ™
on axes
H+ = on ¥ axis
pH ™ from 0.0 ¥ to [140 ¥ increment | 2.0
e- = O2ag) on y axis
Eh ~ from | -0.75 T oo 135 ¥ increment | 0.5
in the presence of
Add any H20 10 * activity ~ solvent
background
. temperature 25.0 S N
ons
pressure Set temperature
add delete
Ready NUM

'S
o
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B ENV 200: Chemistry of Natural Waters

5_! Act? Community Edition - C:\Users\losch — O =
File Edit Run Config Format View Help
Basis | Command  Results Plot
diagram species
Fe++ a 1.0e-06 activity ™
on axes
H+ 2 on X axis
pH = from | 0.0 to 140 increment | 2.0 h
e- 2 02aq) on y axis
Eh ~ from | -0.75 to | 125 increment | 0.5 M
in the presence of
H20 1.0 activity ™ sglvent
HOO3- &2 1.0e-06 activity ¥
Ca++ 0.001 activity ™
Mg++ &= 0.001 activity ¥
S04-- ﬂ 0.003 activity ¥
HPO4-- = 3.0e-06 activity ™
temperature 55 [
pressure bars ¥
add | delete Run — GO
Ready draws the diagram

'S
-
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cPrL Move to the
"E Actd - ChUsers\jwang\Desktop Plot pa ne. O
File Edit Run Config Format View Help —
|
Basis Command Rmultsg; Plotj
1 7 i
—_ 5 S -~ §“
2
S g
= Hematite s
c
L 0 | *z
| R Ferrit-Ca v
. . ; "-\\\ E
Minerals plot in orange,
aqueous species in blue
g
z il o &
S 5.5°C
®© | 1 1 | | [ S 2%
'g 0 2 4 6 8 10 12 14
Q
PH
(.D. Update Plot View Results
8
> Ready MUM
z
[
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- E-pH stability diagram: Solution

Hematite

Ferrit

s

2-Ca

)

2 HPOY]

s [HCO] = 0,

s[Ha0] = 1,3[Ca"] = 107,

. T=55° P =1bams,a[main] = 10°,

-
1258

Disgram Fe
a[s0]] =

Depth (m)

@ OO & N O

10
12
14
18
18
20

DO (umol L)
0 100 200 300 400

1 4 3 "
r T v T

-300 -200 -100 0 100 200 300
Eh (mV)
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B ENV 200: Chemistry of Natural Waters

E,-pH stability diagram: Solution

DO (umol L)
0 100 200 300 400
= Now add the data from the figure on the % T T B
right into your E,-pH diagram. ;
= To do so, create a GSS file, add the data, 8
and then drag and drop it into your E,-pH E s
diagram. g2
a 12
14
16
18 A
20

-300 -200 -100 0 100 200 300
. . Eh (mV)
Ellwood, MJ et al., Geochim Cosmochim Acta, 2019, 255, 205-221.

'S
S
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=7l E -pH stability diagram: Solution

D DO (umol L)
0 100 200 300 400
T T T 0 . + - + +
2 -+
1 L + - I ;‘?
FeHﬁDEQ| z ‘\\_\\ i gim 4
Strengite \“\\‘ £ A6m 6
T~ L vV 8m o
- o E s
— 5 + s R i "E_ 10 +4
% FeH,PO, © 4" 2142 4
> Wgw%matite ? Q
- e : 14
LIJ Fe++ j
0_\\\\ 2m Ferritb-Ca - i
18 -
S~ Pyrite ¥ £
Tl 20 i
6.5 7 T 8 85 9
-5} 4
/ pH
5.5°C _ > :
| I | | | LTS 2 F t t t t t i
0 2 4 6 8 10 12 14 -300 -200 -100 0 100 200 300
pH Eh (mV)

FeS is expected to precitipate in the anoxic zone and likely causes the
increase in particulate concentrations we observed.

B ENV 200: Chemistry of Natural Waters

~
[}
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E,-pH stability diagram: Solution?

Mn (umol L)
A B | 3 0 05 1 15 2 25 3
9 0 4—+——t——t—t—t—t—t—tt
2 : 1
o g —8— Particulate
MnH, PO, = 4 —@— Dissolved 4
. 5F 4 l
2 _ 0
E MnHPO,(c) B £ 8 1
~ _ < 10 i
T 2
0 S ; a 12 T
14 1
16 ;
-5 18 :
25°C 20
0 2 4 6 8 10 12 14

Why is there no increase in particulate Mn?

'S
-3

Meret Aeppli



L=
[

PF

B ENV 200: Chemistry of Natural Waters

- E-pH stability diagram: Solution?

.
MnH, PO},

MnHPO,(c)

Eh (volts)

Why is there no increase in particulate Mn?

Minerals may not precipitate
even if the conditions (Eh, pH)
are within their
thermodynamic stability field:

» Kinetic factors: Activation
energy, temperature
dependence

= Nucleation barriers:
Achieving a stable nucleus
in solution is energetically
unfavourable for some
minerals, often there is also
a certain degree of
supersaturation necessary

= Solution chemistry:
complexation and ligand
effects, competing reactions
that are not all represented
in this conceptual model

»
=
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E,-pH stability diagram: Solution

Stay in the
Plot pane.

Go to “Config” >
“Suppress...”

list Al - select with

unsuppressed suppressed

HAsOzF ~ Hematite
HasCyg - SUPPress = MnHPO4(c)
HAsS2 Pyrite

Hausmannite suppress all

Search and HCH3C0O
select phases to Hel << Unsuppress
HCoO3
Suppress. HCrO- unsuppress all
=> MnH PO4(C) Hedenbergite

Hercynite

CK Apply

Cancel

invert selection

Reset

List of suppressed
phases

'S
@
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- E-pH stability diagram: Solution

Pyrolusit\é\\

)
T

Eh (volts)

o
/

Why is there no increase in particulate Mn?

Minerals may not precipitate
even if the conditions (Eh, pH)
are within their
thermodynamic stability field:

» Kinetic factors: Activation
energy, temperature
dependence

= Nucleation barriers:
Achieving a stable nucleus
in solution is energetically
unfavourable for some
minerals, often there is also
a certain degree of
supersaturation necessary

= Solution chemistry:
complexation and ligand
effects, competing reactions
that are not all represented
in this conceptual model

'S
©
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Se Groundwater (ug/L)

Selenium ecotoxicology

= Why is it important to understand Se speciation?

= Selenium is a trace element. It is an essential element as it
forms part of enzymes but is toxic in high concentrations.

= The environmental contamination of selenium is a growing
global concern due to rapidly increasing quantities being ) ¢
introduced by modern agricultural, mining, and energy

generation practices.

= The bioavailability and therefore toxicity are highly contingent

on the selenium species in question.

Deficient Moderate Toxic Soil Content
High - A N
100000 :
10000 551 :.qi,tg;txn =B
1000 e ch—t—fe
P09l ' leaug o @30 L
100 “ysEepa i e
-------------- g
o B | [ S
‘o 429 272
1 ie do|
‘@ g T
0.1 - : —~ ‘
0.01 0.1 1 10 100 1000

Se sail content (mg/kg)

" 4
- Moy

* community change

* population decline

*loss of species
 reproductive impairment

toxicity & ecology *

Tthird

TTF fish TrFinvenebrate

SellV)
W2 sl 5, SelVily

SellV)g

&
Py o- i,
. Se\vnd,“,i.
" s, * 0rg-Selllly
W

Bailey, RT, Hydrogeol J, 2017, 25:1191-1217.

Luoma, NL and Presser, TS, Environ Sci Technol, 2009, 43(22), 8483-8487.
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- Create an £,-pH diagram with Act2

Start the program and move to the Basis pane:

1.

2.

Under “diagram species”, click on “???” and select “Se03--". Set
activity to 10"-6.

Under “on axes”, for “on x axis” click on “??7?” and select “H+".
Change the unit from “log activity” to “pH”. The axis automatically
spans from O to 14, but you can adjust the range.

For “on y axis” click on “???” and select “O2(aq)”. Click on the swap

button next to the basis entry for “O2(aq)” and select Aqueous...— e-.

Change the unit from “log activity” to “Eh”.

(L]
=y
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Act2: Export plots

You can copy your plot and
paste it into your documents,
including Microsoft Word,
Excel, and PowerPoint, or
Adobe lllustrator.

First, select Edit — Copy. Then,
paste into PowerPoint as an
Enhanced Metafile. Ungroup
the image to enable editing

Eh (volts)

matite, MNHPO ,(c), Pyrite

He

= 10-5,a[H201 = 1; Suppressed

ain]

afm

Diagram SeOg, T =25°C,P = 1.013 bars,

Meret Aeppli
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B ENV 200: Geochemical Modeling

- Act2: Output

Go to Results pane and click “View Results” to see the output:

—Qutput from Act2 activity-activity diagram generator—

Temperature is 25 C; Pressure is 1.813 bars

pH plotted on the X axis

from @ to 14

Eh {volts) {swapped for 02(ag)) plotted on the ¥ axis from -.75 to 1.25

Stability limits of water

Reaction Leg K Equation
H2{g) =2 H+ + 2 e- a ¥ =—.85916 =X + @
02(g) + 4 H+ + 4 e- = 2 H20 83.1 ¥ =—.@05916 X + 1.229

Diagram for Se03—

Basis species Activity/Fugacity

Sel3— 1le-6 {(main species)
H20 1 (solvent)

H+ —-on X-axis-—

£— —-on Y-axis-—

[L]
w
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B ENV 200: Geochemical Modeling

Species amd minerals in maln system

Activity Reaction

Log K

Se03-- le=6 Sel3== = S5e03--
@.ea02

Se—— le—& Se— + 3 H20 = S5e03-— + 6 H+& + 6 &—
-37.2187

S5e04— le—6 S5e04— + 2 H+ + 2 &- = 5e03— + HIOD
298254

H25e le=6 H25e =+ 3 H20 = S5e03=-- =+ B He + 6 e-
-55.9809

H25e03 le-6 H25e03 = Se03—— + 2 H+
-9.8858

HSe— le—6 Hse- + 3 H2D = S5e03— + T H+ + 6 e-
-52.162@

H5el3- le-6 H5e03~ = 5e03-- + H+
—7.2983

HSeld— le-& HSeld4- 4+ H+ + 2 e- = Sel3-— + H20
27.1168

Selblack) 1 Selblack) + 3 H20 = 5e03— + 6 H+ + 4 e—
-59.8687

Se205 1 5205 + H20 + 2 e~ = 2 5e03-— + 2 H+
3B. 4846

Se02 1 Se02 + H20 = Sel3— + 2 Hs+
—6.7T669

Sed3 1 S5ed3 + 2 e— = Sel3—
4B8.1981

[*J
=
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Mo. Line eqguation Reaction
L A u. o m 1 Y= 0.367 - 0.859#X  Se03— =+ 6 H+ + 6 e- = Se— + 3 H20
c u u 2 ¥ = B.859 — . 859X Se03— + H2D = Seb4— + 2 H+ + 2 e-
u 3 Y = B.552 - L BT79%X Se03— + B H+ + 6B e— = H25 + 3 H20
4 X = 4.942 Se03i— + 2 H+ = H25e03
i _ _ 5 ¥ = 0.514 —  D.BE9%X Se03— + 7 H+ +6e =HSee + 3 H20
All possible reaction equations are 6  X= 7.298 Se03-— + H+ = HSe03-
7 ¥ = @.8@82 - L B30X Sed3i— + H20 = HSe04- + H+ + 2 e-
reported 8 Y= ©.797 - 0.089+X  Sel3— <+ 6 H+ + 4 e~ = Se(black) =+ 3 H20
9 Y = 1.493 + L B50%X 2 5e03— + 2 H+ = 5e205 + H20 + 2 e-
_ _ _ 10 X = @.383 Se03— + 2 H+ = 5e02 + H20
The reaction equations used in the 11 Y= 1.603 Se03— = Se03 + 2 e-
. . 12 Y = B.498 - L B50%X Se— + 4 H20 = Sel4— + B H+ + 8B e-
13 X = 9.381 Se— + 2 H+ = H2Se
dlagram are glven 14 ¥ = @.278 - L B30%X Se-—— + 3 H20 = H25e03 + 4 H+ + 6 e-
15 X = 14.943 Se-—— + H+ = HSe-
Main Diagram
pH Eh (V) pH Eh (V) Equation T:.rpe/ Equation number
Se03— 7.298 8.427 14. 080 9.038 2 = Upper refers to the table
14.800  -8.446 7.298 B.149 8  Lower
7.298 8.149 7.298 9.427 6  Left above
Se0d4—— 14.000 2.030 7.298 B.427 2 Lower
7.298 8.427 2.587 9.845 25  Lower
2.587 8.845 1.909 9.925 23 Lower
1.909 8.925 1.909 1.116 26 Left
H2Se 8.800 8.062 3.819  -0.163 5 Upper
3.819  -8.163 3.819  -0.226 32 Right :
H25e03 0.000 1.895 1.909 0.925 41 Upper Type describes the
1.989 8.925 2.587 B.845 23 Upper i .
2.587 9.498 9.000 0.651 42 Lower position relative to
2.587 8.845 2.587 9.498 48 Right r
HSe— 3.819  -8.163 14.000  -0.465 48 Upper the stability area
3.819  -8.226 3.819  -9.163 32 Left /
HSe03- 2.587 8.845 7.298 B.427 25 Upper
7.298 8.149 2.587 9.498 53 Lower
2.587 9.498 2.587 B.845 4| Left
7.298 8.427 7.298 9.149 6  Right
HSe04— 1.909 8.925 0.080 1.895 41 Lower
1.909 1.116 1.909 9.925 26  Right
se{black) 8.800 8.651 2.587 9.498 42 Upper
2.587 8.498 7.298 B.149 53 Upper
7.298 8.149 14.080  -B.446 8  Upper
14.800  -8.465 3.819  -8.163 48 Lower
3.819  -8.163 0.000 9. 062 35  Lower
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=PFL Context: Selenium speciation in alluvial aquifers

DMSe
a Volat. b

Ground Surface

Meret Aeppli

Selenate : Selenite 5 : Dissolved Phase
Reduction Reduct :
Se04 —— 5e03 — Sez'(org) e 0)) H-0
_ * : Selenide : |[WaterTable | = " _ ElLL T 2 ____|-
: Sorp./Desorp. Preci e—4— § NO3 N
: J . p. : — 2
0 S o DISSOLVED: ¢ | . | o o)
XI '.qlon ...................................................... A ‘Q.UiEE.-R-S.O.LIDS' § Mn(lv) Mn(”)
: o o Fe(lll Fe(ll)
:| ReducedFe,S,Se | +Fe SO4 HS
: Bedrock, Residual Se (O) |

.....................................................................................................

Se movement in soil and aquifer systems is governed by redox reactions
which control speciation and sorption processes.

B ENV 200: Geochemical Modeling

Bailey, RT, Hydrogeol J, 2017, 25:1191-1217.



B ENV 200: Geochemical Modeling

Selenium speciation in alluvial aquifers

= What are typical Eh and
pH conditions for alluvial
aquifers?

= Which species do you
expect to be present
under those condition?

= Researchers found
Se(0) and organic Se#
under aerated
conditions. Why?

Bailey, RT, Hydrogeol J, 2017, 25:1191-1217.

Typical conditions
in alluvial aquifers

10 12 14

atite, MnHPO (c),|

= 25°C,P

Diagram Se0 3, T

(3]
=
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L

Summary

Geochemical modeling is used to obtain information on solute
concentrations in space and time.

The model is always a simplification of a complex real system. We
therefore need to be careful with our assumptions and interpretation of
the modeling output.

The GSS spreadsheet in the Geochemist’s Workbench can be used to
convert units, create plots and combined with other GWB apps.
(We will talk more about this when discussing the SpecES8 app!)

Using the Act2 app in the Geochemist’'s Workbench, you can create
stability diagrams in an easy and fast manner. These diagrams can
help you get a quick grasp on the prevailing conditions in the
environmental system of interest.

Meret Aeppli
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