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PHREEQC evaporation simulations

PHREEQC (Parkhurst and Appelo, 1999) evaporation simulations using the Pitzer
equation were carried out to evaluate the minerals formed from evaporating seawater with
varying Mg and SO, concentrations as would have occurred during the Phanerozoic (Hardie,
1996). The composition of the input solutions in the evaporation models solutions (2-20mM
Mg, 5-15mM SO, 10.5mM Ca 10.4mM K, 558mM CI and Na was adjusted to charge
balance the solutions, Table DR1) were within the chemical range of the experimental
solutions (Table 1). In addition, the Phanerozoic seawater composition from both calcite and
aragonite seas, including compositions between these end members (8mM SO,4, 30mM Ca
and 29mM Mg to 29mM SO,4, 10mM Ca and 54mM Mg, Horita et al., 2002; Table DR2)
were also used as input solutions in the evaporation simulations. The simulations were run by
removing increasing amounts of H,O from the solutions and allowing precipitation (Table
DR3). All simulated solutions contained Ca, Mg, SO4, Na, Cl, CO3 and K to allow
precipitation of all major evaporite minerals, listed in Table DR4, during the simulations
(Hardie, 1996).

A summary of results from the PHREEQC modeling are presented in Table DR1 and
DR2. Fig. DR1-DR4 and DR9 show the evolution of the solution composition as a function
of the remaining water as modeled by PHREEQC and Fig. DR5-DR8 and Fig. DR10 show
the occurrence of the evaporite minerals in equilibrium with the evaporated solutions (Fig.
DR1-DR4 and DR9). The evaporite type (Hardie, 1996) was determined by examining the
evaporite mineral sequence (Table DR1, DR2, DR4 and Figure DR5-DR8 and DR10). When
sylvite, and/or CaCl, minerals (Table DR4) were present during the evaporation of the
modeled solutions in the absence of MgSO, minerals the evaporite type was determined to be
KCI, and the evaporite type was determined to be MgSO,4 when polyhalite, and/or kieserite
were present during the evaporation of the modeled solutions (Hardie, 1996). For the purpose
of this publication we included the MgSO,4 + KCI evaporite type in the MgSO, type because
both of these evaporite types were coincident with the aragonite seas (Hardie, 1996). The sea
type (e.g. Lowenstein et al., 2003) was determined from the composition of the final invariant
solution (Table DR1 and DR2); when the Ca concentration exceeded the SO, concentration
the sea type was determined to be CaCl, and when the SO, concentration exceeded the Ca
concentration the sea type was determined to be MgSQO,. Using the chemical divide that e.g.
Lowenstein et al. (2003) used does not result in the same sea type that the final invariant
solution suggest. According to Lowenstein et al. (2003) the CaSO,4 chemical divide, when the
calcium and sulphate concentrations are equal in seawater, is the chemical boundary
condition between different evaporite types i.e. when the calcium concentrations is less than
the sulfate concentration sulfate is left in the evaporating solution and magnesium sulfate
evaporites (e.g. kieserite, Table DR4) are able to precipitate resulting in a MgSO, evaporite
sequence originating from a MgSO, sea. However, this does not take into account the
precipitation of CaCl, minerals like antarcticite and tachyhydrite (Table DR1 and DR2 and
Fig. DR1 to DR10), which form in addition to CaSO,4 minerals. This removes additional Ca
from solution, therefore the Ca/SQO, ratio at which additional SO4 remains in solution to form
MgSQ, evaporites is >1.(e.g. in a seawater solution with initial [Ca] =10.5mM, the calculated
chemical divide, separating between MgSO, and KCI evaporite types occurred at ~9mM SO,,
Table DR1).
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Table DR3. The first 77 lines of one input file for the PHREEQC evaporation calculations; additional lines were added to continuously removing
water from the solutions saved in the previous part from the model.

phases

Tachyhydrite

CaMg2Cl6:12H20 = Ca+2 + 2Mg+2 + 6CI- + 12H20
log_k 17.1439

Antarcticite

CaCl2:6H20 = Ca+2 + 2CI- + 6H20

log_k 4.0933

selected_output

-water true

-distance false

-time false

-file Z:\Min-Gro\experiments\constant addition\PHREEQC-evaporation\m2-15.xIs

-totals S(6) Ca Mg K Na CI C(4)

-equilibrium_phases halite sylvite antarcticite bischofite tachyhydrite carnallite gypsum anhydrite epsomite hexahydrite kieserite polyhalite glauberite calcite
-saturation_indices halite sylvite antarcticite bischofite tachyhydrite carnallite gypsum anhydrite epsomite hexahydrite kieserite polyhalite glauberite calcite

solution 1

-pH 7

-Temp 21

-water 1

reaction 1

MgCI2 2.0
Na2sO4  15.0
NaCl 522.6
CaCl2 10.5
KCI 10.4
NaHCO3 2
Na2CO3 0.3
0.001
equilibrium_phases 1
halite 0 0

sylvite 0 0

antarcticite 0 0
bischofite 0 0
tachyhydrite 0 0
carnallite 0 0

gypsum 0 0
anhydrite 0 0
epsomite 0 0
hexahydrite 0 0
kieserite 0 0
polyhalite 0 0
glauberite 0 0

calcite 10

CO2(g) -3.412 10000
save solution 1

save equilibrium_phases 1
end

solution 2
save solution 2
end

mix 1

1 1

2 -0.1

use equilibrium_phases 1
save solution 1

save equilibrium_phases 1

end

mix 2

1 1

2 -0.09

use equilibrium_phases 1
save solution 1
save equilibrium_phases 1

end

mix 3

1 1

2 -0.0405

use equilibrium_phases 1
save solution 1

save equilibrium_phases 1
end




Table DR4. List with possible evaporite minerals, their abbreviation as used in Table DR1
and DR2 and their chemical formula.

Mineral Abbreviation Chemical formula
calcite Cc CaCOs3
gypsum G CaS0O,42H,0
anhydrite A CaS0,
halite H NaCl
sylvite Syl KCI
carnallite Car KMgClz6H,0
antarcticite Ant CaCl,*6H,0
tachyhydrite Tac CaMg.Clg*12H,0
bischofite Bi MgCl;*6H,0
glauberite Gl Na,Ca(SO4),
polyhalite Pol K,Ca;Mg(S04)s*2H,0
epsomite E MgSO,7H,0
hexahydrite Hx MgSO,+6H,0
kieserite Ki MgSO,+H,0
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Figure DR1. The evolution of the solution from simulation runs 1-4; 2mM Mg and a. 15mM
SOy, b. 10mM SQq4, ¢. 8mM SO, and d. 5mM SO, (table DR1).
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Figure DR2. The evolution of the solution from simulation runs 2-8; 5mM Mg and a. 15mM
SOy, b. 10mM SOy, c. 8mM SO, and d. 5mM SO (table DR1).
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Figure DR3. The evolution of the solution from simulation runs 9-12; 10mM Mg and a.
15mM SOy, b. 10mM SOy, c. 8mM SO, and d. 5mM SO4 (table DR1).
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Figure DRA4. The evolution of the solution from simulation runs 13-16; 20mM Mg and a.
15mM SOy, b. 10mM SOy, c. 8mM SO, and d. 5mM SO4 (table DR1).
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Figure DR5. The evaporite sequence from simulation runs 1-4; 2mM Mg and a. 15mM SOy,
b. 10mM SOy, ¢. 8mM SO, and d. 5mM SO, (table DR1); note that the color coding for the
mineral phases is not the same in each graph it is dependent on the evaporite sequence.
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Figure DR6. The evaporite sequence from simulation runs 5-8; 5mM Mg and a. 15mM SOy,
b. 10mM SOy, ¢. 8mM SO, and d. 5mM SO, (table DR1); note that the color coding for the
mineral phases is not the same in each graph it is dependent on the evaporite sequence.
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Figure DR7. The evaporite sequence from simulation runs 9-12; 10mM Mg and a. 15mM
SOq4, b. 10mM SQy, ¢. 8mM SO, and d. 5mM SO, (table DR1); note that the color coding for
the mineral phases is not the same in each graph it is dependent on the evaporite sequence.
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Figure DR8. The evaporite sequence from simulation runs 13-16; 20mM Mg and a. 15mM
SOq4, b. 10mM SQy, ¢. 8mM SO, and d. 5mM SO, (table DR1); note that the color coding for
the mineral phases is not the same in each graph it is dependent on the evaporite sequence.
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Figure DR9. The evolution of the solution from simulation runs a: 17, b: 19, ¢: 20 and d: 22
(Table DR2).
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Figure DR10. The evaporite sequence from simulation runs a: 17, b: 19, ¢: 20 and d: 22
(Table DR2); note that the color coding for the mineral phases is not the same in each graph it
is dependent on the evaporite sequence.



Validation of the experimental method

Throughout the constant addition experiments, the solution chemistry (Mg, SO4 and Ca,
Table 1) remained constant (£5%). This is in contrast to free drift experiments (e.g., Morse et
al., 1997) in which major changes in solution chemistry occur during CaCOj3 formation (e.qg,
significant increases in Mg/Ca, Morse et al., 1997). The CaCOj3 was precipitated onto glass
spheres to mimic abiotic ooid formation in the ocean. In addition, the solids were imaged
using a Field Emission Gun Scanning Electron Microprobe (FEG-SEM) to obtain
morphological information (Fig. DR11). CaCOj3 precipitated on the glass spheres show
similar features compared to natural aragonite and calcite o6ids, where aragonite crystals
precipitated tangentially on the glass spheres (Fig. 11DRa-c) and calcite crystals radially (Fig.
11DRd-€) (e.g., Simone, 1980; Wilkinson et al., 1984). This emphasizes the applicability of our
experimental approach to closely mimic abiotic CaCO3; mineral formation in Phanerozoic seawater.

Figure DR11. FEG-SEM images of aragonite (a-c) and calcite (d-e) precipitated on glass
spheres.

Mucci and Morse (1983) determined that saturation state and precipitation kinetics do not
influence the incorporation of Mg into calcite. This indicates that the mineral phases formed
during the experiments were not influenced by the different absolute Ca (10mM)
concentration used compared to proposed Phanerozoic seawater concentrations (up to 30mM
Ca, Horita et al., 2002). During the first 2-3h of each experiment the injection of the NaCO3
solutions caused the pH to increase to ~8.9. This was a consequent of an increase in alkalinity
from ~1.8mM to ~4.5mM due to the lack of CaCOj precipitation. The initiation of CaCO3
precipitation caused the pH to decrease rapidly and stabilize at ~8.2. Such a temporary
increase in alkalinity has no significant effect on CaCOg precipitation (Lee and Morse, 2010).
Finally, model predictions for seawater alkalinity during the Phanerozoic (~2-~7mM,
Mackenzie et al., 2008) do not differ significantly from the alkalinity during our experiments
(~1.8mM), and Lee and Morse (2010) showed no significant effect on the precipitation on
CaCOg3 within this range of alkalinities (1-7mM).
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