Appendix 1: Models for co-evolution of Ca and Sr isotopes in seafloor hydrothermal systems
A1.1 Description of the Ca-Sr isotopic exchange model
In modern hydrothermal systems, vent fluids have 87Sr/86Sr that is shifted about 80% of
the way from the seawater value to the rock value. Assuming that this type of shift is mainly
determined by the concentration ratio Srrock/Srfluid, the prediction would be that Ca isotopes
would be shifted >99% of the way from the seawater value to the rock value, because the
analogous ratio Carock/Cafluid is about 15 times larger than for Sr. However, because the system
is characterized by fracture flow, there are other effects that come into play in the fracturematrix interaction that could cause Ca isotopes to be shifted less than expected based on the
mass balance and comparison with Sr isotopes (DePaolo, 2006).

For ancient seafloor

hydrothermal systems, these effects may have been somewhat more pronounced because of
differences in the Ca and SO4 concentrations in seawater (Antonelli et al., 2017). To estimate
how much, we use the model of DePaolo (2006), which accounts for the fracture-matrix
interaction, although with simplifying assumptions.
Experimental studies and phase stability calculations of altered MORB indicate that
calcium and strontium are added to hydrothermal fluids by the dissolution of primary
plagioclase and clinopyroxene and removed from hydrothermal fluids by the precipitation of
minerals such as anhydrite and amphibole (Pester et al., 2012; Seyfried and Mottl, 1982). These
dissolution-precipitation reactions are the principal mechanism for exchanging the isotopes of
calcium or strontium between the hydrothermal fluid and rock. Hydrothermal flow through midocean ridges involves both high temperature and low temperature interaction between
circulating seawater and basalt (Alt and Teagle, 2003; Coumou et al., 2008; Alt, 1995). Since
epidosites form at high temperature, we are mainly interested in the near-axis part of the

hydrothermal system, and with the high temperature evolution of the fluids.
The simple model can be useful in describing isotopic effects in MOR type systems
partly because it can be calibrated to observations in modern systems, where the temperature,
path length, fluid residence time, and certain isotopic effects can be constrained. The physical
parameters in the model (fluid velocity, diffusion coefficient, fracture spacing, and reaction rate
describing fluid-rock exchange) can be tuned to generate modern vent fluid

87

Sr/86Sr with

modern seawater as the input fluid. The reason for tuning the model to 87Sr/86Sr is because we
have those data for the epidosites, and for modern vent fluids, and because Sr isotopes are not
fully equilibrated so they provide constraints on the model parameters. The model is then
applied to calcium and δ44Ca by adjusting only the parameters that are different (the
concentrations and isotopic compositions of basalt and seawater) but fixing the other
parameters.
The model consists of advective transport of fluid in parallel fractures and diffusive
transport of pore fluids from the rock matrix to the fractures. Fluid-rock chemical exchange is
assumed to occur in the rock matrix and this altered fluid is transported to fractures by
diffusion. The model assumes steady-state conditions. The change in the isotopic composition
of fluid in an advective-reactive-dispersive system is a function of position and time and
depends on fluid velocity in the fracture v (m yr-1), the concentration ratio of the dissolved
constituent in the rock (Cs) compared to the fluid (Cl), Ki = Cs/Cl, the effective chemical
diffusivity of the dissolved element in the inter-fracture porous medium D (m2yr-1), the bulk
reaction rate R (yr-1), and the ratios of density ρ and porosity φ between the fluid and rock. The
steady-state isotopic ratio versus distance profile of the advecting fluid in the fractures (rf) can
be written in the following form by combining equations 8 and 32 from DePaolo (2006):
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Where Lieq is the isotopic equilibration distance (distance along the fracture flow path) for
element i, 𝑀 =
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is the rock/fluid mass ratio in the matrix, ris and rif are the isotope ratios

in the matrix rock and fracture fluid respectively, v is the advective (fracture) fluid velocity, and
b is the fracture spacing. The parameter αi is the isotopic fractionation factor, which is unity for
a radiogenic isotope ratio like

87

Sr/86Sr, but is different from unity for stable isotope systems

like oxygen and calcium (Syverson et al., 2018). Equation (2) makes the simplifying
assumptions that the fracture fluid concentrations are unchanged along the flow path, the
reaction occurs only in the rock matrix, and that the fracture aperture is small compared to the
rock volume between fractures (DePaolo, 2006).
The hyperbolic tangent term within the brackets accounts for the diffusive-reactive
transport between the matrix and the fracture fluids, which tends to limit the rate of change of
the isotope ratio with distance when the (diffusive) equilibration length:
1/2

⎛ D ⎞
i
Lid = ⎜⎜
⎟⎟
⎝ RMK i ⎠

(3)

is small in comparison to the fracture spacing b. For modern MOR systems, we estimate (Table
A1) that the equilibration length for Sr is about 5 to 6 times smaller than the fracture spacing
and that for Ca it is about 30 to 40 times smaller. In this case, the ratio of the equilibration
lengths for the isotopes of Ca and Sr is approximately equal to (KCa/KSr)1/2. If the matrix
diffusion effect were not taken into account, the ratio of the equilibration lengths would reduce
to KCa/KSr. Hence the fracture-matrix interaction decreases the contrast between Ca and Sr

isotopic evolution in the fracture fluids.

A 1.2 Application to modern MOR systems
The model is applied to modern hydrothermal systems starting with the observation that
hydrothermal vent fluids have typical 87Sr/86Sr ~0.7037, a value that is shifted about 80-85% of
the way from the seawater value (0.70918) to the basalt value (0.7027) (Salters and Stracke,
2004). This observation effectively indicates that Leq for Sr is approximately half the path
length of the fluid in the high-temperature hydrothermal system or slightly less (DePaolo, 2006;
Turchyn et al., 2013). It is not critical for our argument, but a likely fluid path length through
the hydrothermal cell might be 1.4 km (between 1 and 2 km – DePaolo, 2006; Turchyn et al.,
2013). If we can now estimate the ratio KCa/KSr we can deduce the equilibration length for Ca.
There is some uncertainty in estimating this ratio because the fluid Ca and Sr concentrations
change as the fluid flows through the system. Using typical seawater and basalt concentrations
of the two elements (Table A1) gives KCa/KSr≈14. However, because anhydrite precipitation
removes Ca in preference to Sr from the fluids before they reach the high-temperature reaction
zone, the effective ratio that reaches the high temperature portion of the hydrothermal
circulation cell could be higher. This means that the Ca equilibration length is 4 to perhaps 8
times shorter than the Sr equilibration length. This difference is dramatic in terms of extent of
isotopic equilibration.

If the Sr equilibration distance is, for example, 700 meters, then Sr

isotopes will exit the 1400-meter long path having reached 86% of the way toward the rock
isotopic values. If the equilibration length for Ca is 4 times shorter, or 175 meters, then Ca
isotopes will exit the system having reached 99.97% of the way toward the rock value (or more
precisely, toward the steady state value). If instead of the seawater concentrations the typical

vent fluid concentrations are used, then KCa/KSr ≈ 5, and the Ca equilibration distance is only a
little less than half that for Sr. This case would suggest that Ca reaches 98% equilibration when
Sr is at 86%.

The term “isotopic equilibration” for Ca corresponds to drf/dx = 0 in equation 2:

rif =

ris
αi

(4)

Written in delta notation, this condition is:
δ 44Ca fluid = δ 44Carock − Δ 44Camineral− fluid

(5)

In seafloor hydrothermal systems, fluid concentrations of both Ca and Sr are generally
increasing as the fluid reacts with the rocks. This means that the flux of Ca from the rock to the
fluid is smaller than the flux of Ca from the fluid to the secondary minerals. If the rock-to-fluid
flux is higher than the fluid-to-secondary mineral flux by a factor n, then the above equation
changes to
44

44

δ Ca fluid = δ Carock −

∆ 44Camin eral− fluid
n

For typical seafloor hydrothermal systems the value of n is probably about 2 to 4, so any
tendency for the fluid to be fractionated relative to the rocks is significantly reduced. The
excess flux of Ca and Sr from rock to fluid also causes the equilibration distances to decrease.
Recent work by Sheuermann et al (2019) indicates that the anhydrite-fluid fractionation
factor for Ca isotopes is about ∆44Ca ≈ -0.3 at 200°C, but approaches zero above 300°C. This
experimental result, and the fact that observed fluid δ44Ca values are close to zero, suggest that
overall secondary mineral fractionation at high temperature is negligible.

A 1.4 Ophiolite Hydrothermal Systems
The primary difference between modern hydrothermal systems and those of the midCretaceous and Late Cambrian is that the composition of seawater was different for the older
systems (Lowenstein et al., 2014). The seawater concentrations of SO4 was lower and Ca and Sr
were higher. These changes, summarized in Table A1, affect the values of KCa and KSr, and
hence the equilibration distances (Leq). For Ca, the effect of anhydrite precipitation is muted
because the SO4/Ca ratio was about 0.3 rather than 2.8. The effect of changing seawater
chemistry for Sr is more significant because the equilibration length in the modern systems is
about ½ the hydrothermal path length so changes in Sr concentration will affect the vent fluid
87

Sr/86Sr. Our estimate is that KSr for the Cretaceous might have been smaller by about 4 times,

which would double the equilibration distance (Table A1). For the Late Cambrian (Betts Cove
ophiolite), an even higher seawater (or hydrothermal) Sr concentration is required (e.g. 500 µM;
Turchyn et al., 2013). Some estimates of Late Cambrian seawater suggest such high Sr
concentrations (Steuber and Veizer, 2002). In the estimated paleo-seawater cases, the ratio of
the equilibration lengths of Sr and Ca increase slightly relative to modern. But the value of the
equilibration length for Sr increases from smaller than the path length to larger than the path
length, causing the high temperature fluids to shift much less toward the rock 87Sr/86Sr values.
Consequently, the calculated fluid δ44Ca values are slightly higher than the rock values (Table
A2).
The results of the modeling are summarized in Figure A1 (also included in the main text
as Figure 3). The model is useful because there are many characteristics that change between
modern and ancient systems.

The figure shows two sets of fluid evolution curves for

illustration. The solid lines are for ∆44Camineral-fluid = 0, and the lighter dashed lines are for
∆44Camineral-fluid = -0.3 and n = 2. The available data suggest that ∆44Camineral-fluid = 0 is the
appropriate choice. The result of the modeling is to show that the δ44Ca of the hydrothermal
fluids is likely to be very close to the rock values in all cases. In the most extreme case, the
Late Cambrian Betts Cove ophiolite, the fluid δ44Ca could be about 0.1‰ higher than the rock
value. For that example, it is necessary to decrease the reaction rate (R) by 50% to fit the Sr
isotope data (Table A2).
A 1.4 High permeability zones and boninites
Cann et al. (2014) have proposed that epidosites in Troodos formed by rapid generation
of permeability by mineral dissolution (reaction permeability), and not in fractures. In the
Semail ophiolite (MacLeod and Rothery, 1992) and at Betts Cove (Tremblay et al., 1997), preobduction normal faults have been documented and fracture flow was the likely pathway for
fluid transport during hydrothermal circulation. Since epidosites are massive, and not
necessarily formed along fractures, it is certainly possible that they are associated with more
permeable local regions in the crust. However, considering the heat and mass transport in
modern systems, the bulk of the flow must be through fractures on the kilometer and larger
scales (e.g. Hasenclever et al., 2014). If epidosites form in the matrix, it would tend to make the
fluids conform even more closely to the Ca isotopic composition of the rocks, since the
effective water/rock ratio is likely to be higher.
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Figure A1: Results of modeling to estimate fluid δ44Ca from measured epidote 87Sr/86Sr.

Table A1. Parameters for Sr and Ca exchange model in MOR hydrothermal systems
Parameter

units

Modern

Cretaceous

Late Cambrian

Seawater [Ca]

mM

10.4

30

30

Seawater [Sr]

µM

90

270

450

Seawater [Mg]

mM

54

30

30

Seawater SO4

mM

28

10

10

44

Seawater δ Ca

-

0.9

0.9

0.5

Seawater 87Sr/86Sr

-

0.70918

0.7075

0.7092

Anhydrite KSr

-

0.25

0.25

0.25

Anhydrite ∆44Ca at 200°C

-0.3

-0.3

-0.3

44

0

0

0

Anhydrite ∆ Ca at 350°C
Hydrothermal [Ca]

mM

30

50

50

Hydrothermal [Sr]

µM

100

350

600

Fluid Path Length (Lhyd)

m

1400

1400

1400

Fracture spacing

m

4

4

4

m yr

-1

35

35

35

m yr

-1

Model Fluid Velocity
Fracture Fluid Velocity

1435

1435

1435

Basalt [Ca]

mM

1750

1750

1750

Basalt [Sr]

µM

1300

1300

1300

-

0.0

0.0

0.0

Basalt Sr/ Sr

-

0.7027

0.7037, 0.70295

0.70254

KCa

-

58.3

35

35

KSr

-

13

2.25

m2 yr-1

0.05

3.7
0.7027
(Oman)
0.05

Matrix Porosity

-

0.01

0.01

0.01

Density ratio

-

2.7

2.7

2.7

267.3

267.3

267.3

yr-1

0.00005

0.00005

0.000025

44

Basalt δ Ca
87

86

D

M (matrix)
Reaction Rate R

0.05

Ld (Ca)

m

0.253

0.327

0.462

Ld (Sr)

m

0..536

1.01

1.82

Calculated Leq (Ca)

m

365

473

675

m

788

1562

3300

0.7038

0.7050 (Oman)
0.7054 (Troodos)

0.7076

0.00

0.05

0.12

Predicted fluid δ Ca at 200°C (n=2)

0.15

0.2

0.27

Fraction of rock reacted in 5,000 years

0.25

0.25

0.125

Calculated Leq (Sr)
87

86

Predicted fluid Sr/ Sr
Predicted fluid δ 44Ca at 350°C
44

