._

* Ocean absorbs CO, from burning fossil fuels _

£ Cdz dissolves in seawater and forms
carbonic acid (HCO; ) and release of

hydrogen ions (H*) H*+CO ¢ == HCO
g 2 3-

: #
* Formation of HCO; removes CO,* so they

are less available for calcifiers such as corals L Ca003 => Ca2*+0032'
| Y g (coral)
. - < _i <

* H*combines with carbonate ions (CO;%") to
form bicarbonate (HCO,)



Summary of OA Science

 Well documented,
of the ocean

» Acidity increases as the pH decreases

* OA is also changing seawater carbonate chemistry. The
concentrations of dissolved CO,, hydrogen ions, and
bicarbonate ions are increasing, and the concentration of
carbonate ions is decreasing



« Changes in pH and carbonate chemistry force marine
organisms to spend more energy forming shells etc.

 Current rate of these chemistry changes are unprecedented
(nothing like this in 300 million years)

« OAis (cumulates with higher temperatures
and deoxygenation)



The Carbon Cycle The ocean offers us ecosystem services

CO, in the
atmosphere

/ Climate Change

<--->

1 e

Circulation
. = .» Nutrients

Temperature

--» CO; Estratification = =i
I . A Light

L}
106 CO, + 16 HNO; + H;PO, + 122 H.0
' P | Ik

ACid-Base BIOTA / (CH,0),4(NH;),4(H;PO,) + 138 O,
reaction

CO, system ¢ ¢ ll

Source or Carbon Sink

(Modificado de Borges, 2011)

Youog uukig |




In 2007 Coastal of Baja California Mexico use to see like this photo

-

Fotos de Jennifer Adler

128°W 126°W 124°W 122°W 120°W 118°W 116°W 114°



iorenza Michelli

s ’

Fotos de Jennifer Adler

Marine forests, between
collapse and reforestation
plans

Giant algae create marine
forests on the northeastern
Pacific coasts, but in Baja
California these ecosystems
are threatened due to heat
waves and purple urchin
infestations.



July 1958 - July 2024

Atmospheric (02

July COz | Year-Over-Year Mauna Loa Observatory

has
risen by about
above pre-industrial
levels.

CO2 Concentration (ppm)

Featuring NOAA data of August 5, 2024

« The ocean absorbs
about

’ thereby A
making seawater more
acidic (decreasing
pH).
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Change in Ocean pH mirrors CO,
Concentrations (pCO.,)

—e— Atmospheric CO, (ppmv)
—— Seawater pCO, (patm)

Seawater pH

1950 1970




Projections show that continued emissions could drop

ocean pH another 0.5 pH units to A
decrease of 60% for CaCO4 concentration is espected.

Atmosphere . ace Ocean

[€CO2(aq)] [COs?-]

[COs2-] N

“business as usual”

I1592a scenario
(IPCC, 1995)

[CO2(aq)]

Tomado de Wolf-gladrow et al., 1999.



Fossil Fuel Emissions: Actual vs. IPCC Scenarios

Emissions from fossil fuel use and industry

Projection 2015
35.7 Gt CO
-0.6% decline
36 ’ (-1.6% to +0.5%)

Data: CDIAC/('SICP/BP/USGSl

34 2014: 35.9 Gt CO,

+0.6% increase
20 2000-09
+3.2%lyr

1990-99
+1.0%/Nyr

CO: emissions (Gt COz/yr)
w
o

1990 1995 2000 2005 2010 2015
0060

Updated from Raupach et al. 2007, PNAS; Data: Gregg Marland, Thomas
Boden-CDIAC 2010; International Monetary Fund 2010

lobal Fossil CO, Emissi
Global Fossil CO, Emissions 06t

0

T

10 2020

projected

1960 1970 1980 1990 2000 20
@®Global Carhon Project * Data: CDIAC/GCP/BP/USGS

CO,

Projection 2020

341Gt CO,

V6.7% %5
30

25 1

20 -

Global Fossil CO, Emissions

1990-99
+1.0%/yr

“~+ Dissolution of

Soviet Union
V31%

2000-09
+2.9%Iyr

2010-19

#1.0%lyt Projection 2022

315Gt CO,
A10% (0.1% to 1.9%)

s+ COVID-19

pandemic
! GlODa! v52%
financial
Crisis
V14%

1990 1995 2000 2005 2010 2015 2022

@® Global Carbon Project

projected

https://www.brusselstimes.com/320490/global-co2-
emissions-to-break-new-records-in-2022



Decadal changes in the aragonite and calcite saturation state
of the Pacific Ocean

Bichard A Feely,” Christopher L. Sabine

Andrew 3. The 1:1 fike SWanninkhed,

and Irana O
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“¢ Why is important understand the CO, System ?

e CO, controls the fraction of incoming radiation that remains
trapped in the atmosphere (greenhouse effect), which controls
the planetary climate.

e CO, is the raw material used to build organic matter.
e CO, controls the pH of the oceans

e The distribution of CO, species affects the preservation of
CaCO; deposited on the Seabed



Controls the amount of CO, in the atmosphere

M

Photosynthesis.
N

uoueudsaa} >

uonendsay
uoneadsay

TOOPLANKTON
HIGCHER LEVEL

- P i DeCOﬂ'\OSlth - .
As bacteria : u&cT!u'ﬂ 2) Source Of materlal

DFeakdown - T Repd Sedimentary”
organic matter, : m"’efa/i :
CO, is remineralized and sequestered S%iop o

I 2

in the deep ocean sediments.



Carbon Source for Primary Organic Productivity

Productividad primara
(QC/mi/afio)

CONSORCIO MBCROBIAND ACUATICO QUE DEMANDA MPA,




“Regulates pH”

Tomado de Millero et al., 1994



;’,_ v 3‘1 i;‘% ’.5’
Wars,
Atmospheric
carbon dioxide Range of seawater
co,

\)\ (C0,+H0)

CO2(aq) = H20034_’ HC03'+ Ht <= 0032- +H

Dissolved Carbonic Bicarbonate Carbonate
carbon dioxide acid

00y f Hoo;¢  coz | pti]

Fractional log [concentration]

Kleypas, 2010



N
- )

P = A G o
B o - S - 7 I Rz
ey oS R 4 ~ /“:th:: R g =48 /(f
> : e —————
St A - ), - R e -
23 _ —
> : - e — 3 <

To study the Ocean Acidification “OA" several “Tools”
are required:

. Understanding acid-base reactions in seawater
“Especially CO,"

. Understand which CO, parameters (pH, Total
Alkalinity, Dissolved Inorganic Carbon, pCO,) are
normally measured in seawater and how.

. Have access to a computing tool to perform CO,
system calculations such as CO2Sys or CO, Cal.

. Have access to analytical equipment (and training) to
perform measurements of carbon variables.
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To study the Ocean Acidification “OA" several “Tools”
are required:

. Understanding acid-base reactions in seawater
“Especially CO,"

. Understand which CO, parameters (pH, Total
Alkalinity, Dissolved Inorganic Carbon, pCO,) are
normally measured in seawater and how.

. Have access to a computing tool to perform CO,
system calculations such as CO2Sys or CO, Cal.

. Have access to analytical equipment (and training) to
perform measurements of carbon variables.




Part 1: Seawater carbonate chemistry

Available in the web

1 Thecarbon dioxide system in seawater: equilibrium chemistry and measurements

Andrew G. Dickson
Scripps Institution of Oceanography, University of California, USA

1.1 Introduction

The world’s oceans can be thought of as a dilute solution of sodium bicarbonate (toget
spectes at still lower concentrations) in a saltwater background. In the surface water
for example, the concentration of total dissolved inorganic carbon (the sum of the cot
coexisting species: bicarbonate 1on, carbonate ion, and unionised dissolved carbon ¢
mmol kg™, About 90% of this 1s present as bicarbonate 1on, the proportion of carbo
of 10 less (~10%%), and that of unionised carbon dioxide yet another factor of 10 less (
equilibria between these various species (see below), seawater 1s buffered (weakly) w
hydrogen 1on (present at much lower concentrations: <10 pmol kg™).

Over the past twenty years, accurate measurement of the seawater carbon dioxide sy
priority for scientists who have worked to understand just how much of the carbon d
man’s activities has ended up in the ocean, where it 1s distributed, and how it has c
the oceans. The chemical changes associated with the increase of CO, in the oceans
acean acidification. As we work to design suttable experiments to understand the b
consequences of such changes, i 15 important that the chemistry of CO, be well cha -i
laboratory experiments and field observations that are undertaken Achieving this ref|

o LIS ] (] (11 ] L1 o L] (e LLOr (AT ] (L] ( (! Tl z ] L -

LTS
AR
e e

Guide

to best practices

for ocean acidification
research

and data reporting




[INTRODUCTION TO CO; EQUILIBRIA IN SEA WATER

COMPOSITION OF SEA WATER (S = 35)

Sea salts Sea water

Water

' 96.5 % (964 .83 g)
Sulfate : )
77%(@271g 1Y

Calcium Magnesium
1.2 % (0.41 g} 2.6 % (1.28 g} Salt

Potassium Minor constituents 3.5 % (35.17 g}
1.1% {0.40 g} 0.7 % {0.24 g} Quantities in relation to 1 kg of sea water.




Why is salty?

“Not salinity changes since 200 millions of years ”



thermalism and volcanism



http://upload.wikimedia.org/wikipedia/commons/0/01/Pahoeoe_fountain_original.jpg

“‘Rivers?”

Rocks Iweathering:

2NaAlSi,0; + 2CO, + 3H,0 -> Al,Si,O(OH), + 2Na* + 2HCO," + 4Si0,

WEATHERING OF IONS CARRIED BY
SILICAT £ ROCKS RIVERS TO OCCAN

.
T Catt HEGS

'\\ “\
\‘.

O BUILD CALCIUN e
CARBONATE SHELLS (CaCO,)

\
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ACID-BASE SPECIES COMPRISE A SUBSET OF THE
“MINOR CONSTITUENTS” PRESENT IN SEAWATER

HCO: SiO(OH); I

(0L

" FH PO
NH, T
organic acids

OH" B(OH),

organic bases HF
NH,
P - Si(OH),

other acid/base species
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Average ocean water; pH =8; t =18 °C

ACID-BASE SPECIES COMPRISE A SUBSET OF THE
“MINOR CONSTITUENTS” PRESENT IN SEAWATER

LIc O SIO(OH); HT 10-2 IJIII kg_l
3
CO 54 mol kg! NEHe

) H,PO,
NH;

anic acids
e 32 ol kgt BOH),

organic bases IF

CO; H,PO;

20
NI PO’
HPO: Si(OH),

B(OH), other acid/base species
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Average ocean water; pH = 8; 1 =18 °C
ACID-BASE SPECIES COMPRISE A SUBSET OF THE
“MINOR CONSTITUENTS” PRESENT IN SEAWATER

1903 yumol kg-!
HCO, (I, H
O
co, <RI
CoO- -

. H,PO,
159 pmol k! NN TRTS T L
OF B(OH),

organic bases LR

3

HPO» Si(OH),

B(OH), other acid/base species
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| Average ocean water; pH = 8; t =18 °C

ACID-BASE SPECIES COMPRISE A SUBSET OF THE
“MINOR CONSTITUENTS” PRESENT IN SEAWATER

HCO: SiO(OH); i
co, H,O
H.PO
NH A

e
OH" 344 umol kg1 =i{@)S))

organic bases LIF

CO-

G

HPO> Si(OH),

B(OH), 4L

other acid/base species




Average ocean water; pH = 8;t =18 °C

ACID-BASE SPECIES COMPRISE A SUBSET OF THE
“MINOR CONSTITUENTS” PRESENT IN SEAWATER

HCO: S0 3 umol kg

CO,

ESC
%
= . H. PO,
NH, T J
organic acids

OH" B(OH),

organic bases HF

NH PO

97 umol kg-! Si(OH),

OHY
B(OH), other acid/base species
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Average ocean water; pH = 8;t =18 °C
ACID-BASE SPECIES COMPRISE A SUBSET OF THE
“MINOR CONSTITUENTS” PRESENT IN SEAWATER

HCO: SiO(OH); H*

2.10-2 umol kg1
2- C02 g
CO; H.PO;

10-8 umol kg~ 3SMYE)

NH, o
organic acids
O B(OH),

organic bases LR 02 umol kg ! BTeH

1.8 umol kg SMSIeYs Si(OH),

B(OH), other acid/base species




COsgas)
“1 Atmosphere-Ocean Rx”

“2 Acido-Base Rx”

CO, + H,0 €~ H,CO;, 22 omol kg1
Acido Carbonico “3 Oxido-Red”

H,CO, <> H"+ HCO;" 1 [
243 po -3 2023 omol kg7 | co2+H20 € 02+C

HCO; €> H'+ CO;* 125 omol kg

Carbonato

-1
TCO, or DIC 2170 ocmol kg

O[O N OF Ul S HOFTOON “/ Precipitation-Dissolution Rx”
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To study the Ocean Acidification “OA" several “Tools”
are required:

. Understanding acid-base reactions in seawater
“Especially CO,"

. Understand which CO, parameters (pH, Total
Alkalinity, Dissolved Inorganic Carbon, pCO,) are
normally measured in seawater and how.

. Have access to a computing tool to perform CO,
system calculations such as CO2Sys or CO, Cal.

. Have access to analytical equipment (and training) to
perform measurements of carbon variables.




We need at least two parameters of the CO, system to be able to estimate
the other two and the different CO, species from the system

- Disolved Inorganic Carbon
- pH

- pCO,

- Total Alcalinity

temperature, salinity, pressure is needed
Options: silicate and phosphate.



DIC or TCO, = [H,CO,]+ [HCO,; ] +[ CO57 ]

Sample (volume or mass)
+

H3PO4

Determination by coulometry
(precision 1 umol/kg)




TCO, (umolg kg ')
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pH Sensors

« Potentiometric

 Spectrophotometric

Potentiometric determination (precision
0.005 pH units)

Spectrophotometric determination
(precision 0.001 pH units)




pH: Scales (1) National Bureau Standars (NBS)
(2)Total Protons (H, )

(3) Seawater (SWS)
pH=-Log [H7]

pH scales related by the follow equations:

The reference state for the NBS/IUPAC scale is the infinitely dilute solution, which is very
useful in very dilute natural waters, such as rivers and lakes. However, this scale is not
recommended for seawater, due to its high ionic strength (Dickson, 1984; Millero et al., 1993).
Preferable [ scale based on proton concentration.



pH: (2)Total Protons (H,,)

It takes into account

1) the free protons +

2) contribution from the association of the SO,*
ion with H* to form HSO,-

HSO, = H* + SO,

K's= [H+]F[SO42_] / [HSO4_]
[H+]T = [H+]F(1 + [5042_]/ K,s )



pH: (3) Seawater (SWS)

It takes into account

1) the free protons +

2) contribution from the association of the SO,*
ion with H* to form HSO,-

3) In addition to sulfates, it includes contributions
from the fluoride ion.

As a comparison important!

To 20 deg C, Salinity 35, and 1 atm, pH values in protons total escale are aproximates:
.01 units higher in seawater scale
.13 units lower in NBS pH escale
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Partial Pressure of CO,

¢ What is pCO2?

Pressure exerted by CO, on an inert gas (e.g. N,) in
equilibrium with a solution.

pCO, = xCO, (Pair - pH,O)

xCO,: molar fraction (ppm, in dry air)
pH,0 : water vapor pressure

pCO, = €O, Determination by infrared absorption spectroscopy (IR -~

sensor)
(precision 1patm)

Spectrophotometric determination (precision 2-5patm)



Elowing pCOo; System

a Shower Head Equilibrator
BOW Alr Sea Watel’ S nq pCO02 :Programmed by Davey Purkerson and Denis Pierrot

S
y 0y 0y 0%
by
000 By
6, 69 O
Bow Air 0 0 ()0 0 0
Pump 0 0 = High 5td | Bowdir
Flow Rate -
; J 4 L/mln I :_l u_ S - 0 o0 L“:.LIFIIZI-.FI;;IE::I L._ ;
b : Sy :I _ H20 b EQUIL TempC  ATM a
L1-Corr 6262 /m
< | B CO; ['H;O'Analyzer
S S IR Detector: .
SN T & i
L N .._ '_"-'— e
Oceanography B —



Atlantic Ocean

pCO, (patm)
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Total Alkalinity

Carbon dioxide

Atmospheric CO,
' CO,

Dissolved CO, + H,0 H H,CO, Carbonic acid

AI kal i n ity HCO,” + H* Bicarbonate

B(OH)," e HSO -
H+

o-
HPO 4 SlO(OH)a_ H3P0 4 Co32— + H Carbonate

PO,> \H HS”

3




Log [concentration (mol kg™

Log [concentration (mol kg™

“The total alkalinity of natural waters is

hus defined as the number of hydrogen

jons equivalent to the excess of proton

acceptors (bases formed from weak acids
ith a dissociation constant K>10-45, at
5°C and zero ionic strength) over proton

donors (acids with K>10-4) in one kilogram

of sample” Dickson, 1994




TotallAlkalinity System

Glass Electrode

Ref. Electrode
ALKALINITY TITRATION: Programmer Dr. Douglas Campbell
Set Up
H File MName

rcp -l —

—'— —

W READTIMNG

)
< 260.00-

m'

180.00-

100.00- ] ] 1 1
0.000 1.000 2.000 3.000 4.000

Stir Bar
and
Stirrer

Computer

Water Bath
25 °C

Chemical
Oceanography



TA=[HCO;] + 2[CO,;%] + [B(OH),, ]+
+ [Nutrients] + [Extra-Bases]

Known volume of seawater is acidified with a 0.1 N HCI
solution to pH between 3.8 and 4.2.

T— Y T — - - Y -
¥ . el




)

Contribution to PA (umol kg‘1

=[HCO41+2:[CO*T+[B(OH), J+[OH-{H;0"]

—i
(o)}
o
(@)

—r
N B
Q
Q O

=[HCO,]+2:[CO,%] 96% of TA

TA=2300 |

[HCO;]  2[CO3]  [B(OH)]] [OH] —[H]
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CARBON DIOXIDE PARAMETERS IN SEA WATER

« Total Dissolved Inorganic Carbon
Ca=1C0,] +[HCO;]+[CO§_] T, p independent

UniTs: moles per kilogram of solution (usually pmol kg™')

« Total Hydrogen Ion Concentration (pH)
pH = _lg [H"] T, b dependent

UniTS: pH is dimensionless INERR _ _
But, total hydrogen ion concentration is in moles per kilogram of solution

« Partial Pressure of CO;
(in air that is in equilibrium with the water sample)

p(CO,)=x(CO,) p=[CO,]/ K, T.b dependent

UNITS: pressure units (usually patm)




TOTAL ALKALINITY

A= [HCO;]+2[CO§‘]+[B(OH);]+[OH‘]—[H+]
I, b independent

UniTs: moles per kilogram of solution (usually umol kg™)

Why are the concentrations of these species not affected by CO,
dissolution In surface waters?




Ko, =[CO,]/p(CO,)

K, = [H*[HCO,]/[CO,]
K, = [H*][CO,]/[HCO,]
:T,S, P

CO, system parameters:

pH,
Total alkalinity (TA)

Dissolved inorganic carbon (DIC)
Partial Pressure of CO, (pCO,)




K1 = [H+][HCO3]/[CO2]
K2 = [H+][CO3]/[HCO3]

“K” Values depend of S,
T, P.

Millero et al., 1994



Valores de K’

The values here are for S =35, T =25°C and P =1 atm.

Constant  Apparent Seawater Constant (K")

K, 10153
K’ 10-6:00
K>, 10910

K, 10139



Resume to this point:

» The CO, system in the seawater

» Components of the CO, system: pH, DIC, pCO, and
alkalinity.

o At least to measure two of the four

» Use the CO2Sys program to estimate the differents
species from the carbon system

« “Next” process to control the differents variables



Any pair of parameters describing the CO, system in a
seawater sample can be used.

Mathematically all combinations should be equivalent.

In practice this is not the case. Each of the terms has associated
uncertainties. The uncertainties propagated through the
calculations result in uncertainties in several calculated values.

In addition the uncertainties of the measured CO, system
parameters have uncertainties in several of their equilibrium
constants and in the total concentrations of the acid-base systems.

In addition the components of the alkalinity equation may be
incomplete.




ESTIMATED UNCERTAINTIES FOR
MEASUREMENT TECHNIQUES ON DISCRETE SAMPLEST

State-of-the-art Other
at-sea techniques
(suitable RMs) (suitable RMs)

State-of-the-art
laboratory

Techniques not

Parameter using RMs

Total alkalinity | 1.2 pmol kg 2-3 ymol kg |4-10 pmol kg

Total carbon 1.0 ymol kg 2-3 pymol kg 4—-10 pymol kg

pH 0.01-0.02

1.0 patm ~2 patm 5-10 pyatm

T Based on measuring surface oceanic CO» levels
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CO, FACTS

Photosynthesid use CO,,
Respiration increasd CO,

(Carbon dioxide)
CO, gas

Photosynthesis

6CO, + 6H,0 + energy =——=CH;,0, + 60,
(dissolved (water)

carbon
dioxide)

Respiration




CO, FACTS

Photosynthesis change pH in the seawater

(carbon dioxide)
CO; gas

Air
V\jl[;wvvwwmrv
( (carbonic acid) (bicarbonate) (hydrogen)

water)
cO, + H, O —_——— B HCOs + H™

(dissolved
carbon
dioxide)

Caco, ———— GO =t Cazt

(dissolved (carbonate) (calcium)
calcium e
carbonate) H*
(hydrogen)

S =
=1 =3
= =
=1 2

D 3

L =]

[==

Photosynthesis -

HCO_ ——@#» OH +CO2 (pH GOES UP)

Respiration:

ORGANIC - 5
MATTER T C2 —& Hco3 +HY (pH GOES DOVVN)

Sediment




Controls on Ocean Distributions

A)
Organic matter (approximated as CH,O for this example) is produced and consumed as follows:
CH,O + O, & CO, + H,0
Then:
CO, + H,O — H,CO;"
H,CO," —» H* + HCO;
HCO, —» H* + COs*
As CO, is produced during respiration we should observe:
pH! DICT Alk & P, T
The trends will be the opposite for photosynthesis.

B)

CaCO4(s) «» Ca?t + CO,%

Also written as:

CaCO4(s) + CO, + H,0 « Ca** + 2HCO;

As CaCOj,(s) dissolves, CO,4? is added to solution. We should observe:
DIC T Ak T



Calcification Rates and Acquisition of Inorganic Carbon In Geniculate Coralline Algae
Distributed in the Coast Of Baja California Mexico
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Changes in total alkalinity in 8h incubations with constant aeration. a,
control method; filtered seawater with constant aeration; b, lineal

decrement of total alkalinity normalized by dry weight in Bossiella
orbigniana.




Qaragonita= [Ca*?] [CO5;~2]/Kps arag
Qcalcita= [Ca*?] [CO3~?]/Kps cal

Q>> 1 Organisms can build their shells “more easily”

Q< 1 The shells “dissolve”

Adult Oyster Shell
—Formed from Calcite--Difficult to dissolve

Opyster larvae shell
—Formed from Aragonite—-Easy to dissolve



http://upload.wikimedia.org/wikipedia/commons/a/a1/Aragonite.jpg
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Figure 4. Satwration depdh m meters for (a) aragonite and (b) caleste estimated fom water colamn DD
md TA concentrations
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To study the Ocean Acidification “OA" several “Tools”
are required:

. Understanding acid-base reactions in seawater
“Especially CO,"

. Understand which CO, parameters (pH, Total
Alkalinity, Dissolved Inorganic Carbon, pCO,) are
normally measured in seawater and how.

. Have access to a computing tool to perform CO,
system calculations such as CO2Sys or CO, Cal.

. Have access to analytical equipment (and training) to
perform measurements of carbon variables.
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