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Messinian salinity crisis regulated by competing
tectonics and erosion at the Gibraltar arc

D. Garcia-Castellanos' & A. Villasefior'

The Messinian salinity crisis’* (5.96 to 5.33 million years ago) was
caused by reduced water inflow from the Atlantic Ocean to the
Mediterranean Sea resulting in widespread salt precipitation and
a decrease in Mediterranean sea level of about 1.5 kilometres due to
evaporation®. The reduced connectivity between the Atlantic and
the Mediterranean at the time of the salinity crisis is thought to have
resulted from tectonic uplift of the Gibraltar arc seaway and global
sea-level changes, both of which control the inflow of water required
to compensate for the hydrological deficit of the Mediterranean™*.
However, the different timescales on which tectonic uplift and
changes in sea level occur are difficult to reconcile with the long
duration of the shallow connection between the Mediterranean
and the Atlantic® needed to explain the large amount of salt
precipitated. Here we use numerical modelling to show that
seaway erosion caused by the Atlantic inflow could sustain such a
shallow connection between the Atlantic and the Mediterranean by
counteracting tectonic uplift. The erosion and uplift rates required
are consistent with previous mountain erosion studies, with the
present altitude of marine sediments in the Gibraltar arc®” and with
geodynamic models suggesting a lithospheric slab tear underneath
the region®'°. The moderate Mediterranean sea-level drawdown
during the early stages of the Messinian salinity crisis>® can be
explained by an uplift of a few millimetres per year counteracted
by similar rates of erosion due to Atlantic inflow. Our findings
suggest that the competition between uplift and erosion can result
in harmonic coupling between erosion and the Mediterranean sea
level, providing an alternative mechanism for the cyclicity observed
in early salt precipitation deposits and calling into question pre-
vious ideas regarding the timing of the events that occurred during
the Messinian salinity crisis'.

Itis broadly accepted that the period of widespread salt precipitation
in the Mediterranean known as the Messinian salinity crisis (MSC)
spanned from 5.96 to 5.33 Myr ago'?. Although there is debate on how
the events recorded in strata correlate between the marginal shallow
basins and the deeper parts of the Mediterranean, biostratigraphic
analyses™'' agree on the occurrence of two stages in both environ-
ments: stage 1 encompasses the early salt precipitation (forming the
lower evaporites), producing massive gypsum deposits at the basin
margins and involving minor sea-level drawdown; stage 2 includes
the formation of the upper evaporites and Lago Mare deposits, and a
kilometre-scale Mediterranean sea-level drop evidenced by the
widespread presence of Messinian erosion surfaces''. During stage 2,
the largest rivers flowing to the nearly desiccated Mediterranean
excavated canyons about 2,500m deep in the Nile delta’> and
1,000 m deep at the mouth of the Rhone'*. Strontium isotope data™
indicate that stage 1 took place in a restricted Mediterranean, that is,
one with reduced connectivity with the Atlantic, whereas stage 2
occurred in predominantly continental waters with little or no con-
nection to the ocean. The durations of these two phases have been
estimated at 360 and 270 kyr, respectively, on the basis of the assump-
tion that the 14 to 17 cycles observed in the gypsum of stage 1 are due to
Milankovitch precessional cycles of insolation.

Three mechanisms have been proposed as responsible for the closure
of the seaways. A global sea-level drop can be discarded because the
open-ocean benthic '*0/'°0 ratio, a proxy for glacio-eustasy, does not
match the onset of evaporite deposition"'. Similarly, no evidence has
yet linked local tectonic fault deformation' along the corridors to the
onset of the MSC, a period when tectonic activity was relatively low
both in the Betic'” and the Rifean corridors'®. Accordingly, a long-
wavelength, mantle-sourced tectonic uplift of the Betic and/or Rif
mountains®'**' is seen as the most plausible cause for the isolation
of the Mediterranean’, and is supported by the presence of uplifted,
pre-Messinian marine sediments near the seaways in the Rif*'* and the
Betics”"*. However, the physical feasibility of this mechanism has not
yet been quantitatively tested, because former models of the MSC**'**
predefined the connectivity conditions at the seaway. Because sea level
varies on much shorter timescales than tectonic uplift, previous
attempts at linking both processes® predict a succession of short desic-
cations and floods during both stages of the MSC. This may explain the
large amount of salt precipitated during the MSC>**-**, which requires
the evaporation of about 50 times the volume of the Mediterranean, but
is in conflict with the notion of a two-stage MSC. Furthermore, the
erosion produced by each flood would deepen and widen the inflow
channel®”¢, implying a succession of multiple tectonic uplift and sub-
sidence episodes**?* for which no geodynamic mechanism is known.

The alternative to multiple flooding is a long period of continuous
inflow and limited outflow caused by a shallow connection between
the Mediterranean and the Atlantic. This does not imply a large sea-
level drawdown in the Mediterranean during stage 1, and allows for the
required amount of salt to be precipitated in a few hundred thousand
years. However, to avoid both interoceanic mixing and complete
disconnection® this mechanism would require a fortuitous, ad hoc
evolution of both sea level and uplift closely following each other with
a deviation of only a few tens of metres*. Here we postulate that such a
long-lasting, shallow connection can be naturally sustained by a com-
petition between the tectonic obstruction of the seaway and its ero-
sional deepening by water inflow, and that this competition was
responsible for the salt precipitation during the first stage of the MSC.

To test this hypothesis, we combine a model of rock erosion with
classical hydrodynamic equations and a climate-based water budget
(Fig. 1 and Supplementary Methods) to calculate the timing of water
and salt flow between the Atlantic and the Mediterranean and the
erosion produced along the connecting corridor. The evolution of
the reference model in Fig. 2 starts with a 60-m-deep seaway that is
uplifted at a constant rate. As the seaway becomes shallower, less water
is able to cross the strait, and the Mediterranean sea level decreases
evaporatively. When the seaway becomes shallower than a few tens of
metres, the Mediterranean sea level decreases at rates of centimetres
per year. As this sea-level difference across the Gibraltar arc increases,
so does the shear stress of the inflow and the associated seaway erosion
rate, which eventually compensates the imposed uplift rate. This keeps
the inlet neither open enough to allow double circulation nor completely
closed. If the uplift rate exceeds a critical value, U,, then it overcomes
erosion and the threshold rises above global sea level, cancelling the
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Figure 1 | Competition between uplift and erosion along the last corridor
connecting the Atlantic and the Mediterranean during stage 1 of the MSC.
Erosion at the sill is controlled by rock erodibility and water inflow, which is
calculated as a function of sill depth, zy — z,, and head loss, zo — z,. Oscillations

connection permanently. The reference model in Fig. 2 corresponds to
the critical uplift rate (4.9 mmyr ') for the reference erodibility and
climatic parameters. We searched systematically for the critical uplift
rates for a range of erodibility values consistent with previous river
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incision studies (Fig. 3) and found that values greater than 1 mm yr71
are needed. These values are close to uplift rates expected from mantle
geodynamic models simulating slab detachment™'*. Critical uplift rates
are also dependent on the hydrological deficit. Changing the climatic
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Figure 2 | Calculated evolution of the reference model resulting from
competition between seaway uplift and erosion. The uplift rate is set to
U=49mmyr ', close to the critical value causing complete disconnection,
and undergoes a minor acceleration to force the formation of exactly 17
precipitation cycles before closure at t = 100 kyr. The model starts with a 60-m-
deep seaway at t = 0. At t = 11 and t = 12 kyr, the saturation of gypsum is
reached in the eastern and western Mediterranean, respectively. a, Halite and
gypsum precipitation rates; b, flow velocity and width of the seaway; ¢, inflow
water discharge and erosion at the seaway; d, seaway depth (black), level of the
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Atlantic (blue), and level of the Mediterranean (red). At t = 10 kyr, the seaway
becomes shallow enough to reduce water discharge and velocity, allowing a
Mediterranean evaporative drawdown that leads to higher slope and erosion
along the seaway. The subsequent oscillations in sea level and salt precipitation
are the result of dynamic harmonic coupling between the drawdown and the
refill triggered when erosion deepens the seaway. The amplitude of sea-level
oscillations in this example is an upper limit. For comparison, the results
obtained for an uplift rate of 2.0 mmyr~ ' are also displayed, by lighter lines, in
b and d. Dashed lines in a and d indicate values for the eastern Mediterranean.

©2011 Macmillan Publishers Limited. All rights reserved



LETTER

a b
0 L L L 1 . L L L 20 | 1 L |
< 4 Ref. 34| |Ref. |Ref.26 |
'E“ . Seaway depth ] 39 i
= g i oscillation o
@0 T ) i
o) ] L
F . B
% -100 ‘Critical - g 157 r
S ‘uplift rate, U, S ) a=3 i
ch J = = : :
g : 2] [
£ 200 : - & 10 =
o T3 = 1 a=2 F
§ J Med. level : | = 1 [\ F
o] oscillation: 8— 7 a=15 B
% : = g - L
$ -300 _ - S 59 - B
<> B eferefice r
g Results | Closed Mediterranean S Ref. 10 ] L
© 4 changing i >1.3-km drawdown | i i
3 uplift rate in the \l' ] i
_400 referlence‘mod?l ‘ i ‘ ‘ ‘ i 0 ‘ : [ I o) ' Ref’. 36
0 5 10 1012 4070 10 106 0.0001 0.01

Uplift rate, U (mm yr-)

Figure 3 | Parameterization of the competition between uplift and erosion.
a, Depth of the seaway and the Mediterranean sea level, and their range of
oscillation as the seaway uplift rate approaches its critical value, U, at which
there is complete disconnection from the Atlantic. b, Critical uplift rates
required for closure, for a range of values of erodibility and for four values of the

conditions used for the calculations, from the relatively wet setting
deduced for the MSC*” to the present dryer conditions, implies an
increase of the critical uplift rate by a factor of almost three. Thus, a
relatively humid climate during the early Messinian may have facilitated
the isolation and eventual evaporation of the Mediterranean by decreas-
ing the amount of water crossing and eroding the seaway.

We found that uplift rates only slightly lower than the critical value
produce a cyclic change in the sea level of the Mediterranean, even if
uplift occurs at a constant rate. The dynamic equilibrium between
uplift and erosion attained at low uplift rates develops into an apparent
sea-level harmonic oscillation for values comparable to U.. This
happens as follows (Fig. 1). Inflow reduction by tectonic uplift leads
to a delayed evaporative drawdown in the Mediterranean, with the
time lag depending on the sea’s hydrological deficit. The drawdown
induces greater flow energy in the corridor and larger incision rates
that deepen the seaway, allowing more water inflow and the recovery
of the normal Mediterranean sea level. This reduction in sea-level
difference leads to slower inflow and erosion that can be again over-
come by tectonic uplift. This cyclic process produces salt precipitation
and sea-level cycles of higher intensity as the uplift rate gets closer to
the critical value (Fig. 3a). The period of these cycles is dependent on
uplift rate and on the hydrological deficit, and using climatic para-
meters closer to the present drier climate scenario produces a reduc-
tion in the oscillation period by a factor of two relative to the reference
model. This suggests that the cyclicity of the lower evaporites (stage 1)
might be a result of the competition between tectonic uplift and water
flow erosion, rather than of Milankovitch insolation changes as previ-
ously proposed'. In that case, the duration of stage 1 may have been
half of previous estimates' or less, because the cycle periods that we
obtain (<10 kyr) are less than half of the precession cycle (21 kyr). The
uncertainty in erodibility and uplift data does not allow us definitively
to state this as an origin for the cycles on the basis of only modelling
techniques, and global sea-level changes might also have modulated
shorter-term sediment sequences®. However, within the approaches
taken here the coupling between uplift and erosion is dominant as long
as global oscillations are smaller than about 10 m (Supplementary Fig. 3).

Regardless of the origin of the cycles, the results imply that stage 1
was sustained by a competition between uplift and erosion at the
seaway, allowing for limited but uninterrupted Atlantic inflow. This
is consistent with the observation that the Mediterranean underwent
relatively small sea-level drawdown, of a few hundred meters or less’,
during stage 1, allowing the formation of coastal erosional surfaces™.

Erodibility, k,, (m yr' Pa=)

exponent, 4, of the erosion power law. Labelled arrows indicate references for
erodibility and uplift rates (for some references, see Supplementary
Information). The grey-shaded area indicates the parameter ranges supported
by the references and the model results.

During stage 2, any possible water supply from the Atlantic could not
last more than a few thousand years because the large head loss across
the Betic-Rifean orogen would imply high incision rates and lead
irreversibly to a complete refill*, leading back to the initial pre-MSC
situation. Therefore, the simplest picture consistent with the physics of
our model includes, first, a single stage of sustained inflow of Atlantic
waters and limited or no outflow (stage 1), then a single stage of
complete disconnection and kilometric drawdown with sea level
controlled mainly by changes in the Mediterranean hydrological
budget (stage 2), and then a single, final flood (Supplementary Fig. 1).

Evidence for the tectonic uplift required by the model is found near
the last corridors connecting both oceanic domains. In the Betic
internal basins, the pre-Messinian marine-continental transition is
at present at altitudes close to 1,000 m (Fig. 4), with most intramountain
basins emerging between 7.6 and 5.3 Myr ago’. In the Rifean corridor,
palacodepth reconstructions indicate a rapid shallowing starting
7.2 Myr ago at rates as high as 3.6 mmyr ', with the transition from
marine to continental deposits occurring by 6.0 Myr ago'® and lying at
present at an altitude higher than 600 m. This is consistent with a long-
wavelength uplift of at least that amount across the Rif-Atlas
corridor®'®. Either of these uplifts can explain the closure of the
Mediterranean according to the model presented here, which requires
uplift of more than 1 mmyr ™' (Fig. 3b) over a period of at least 80 kyr.

Lithospheric slab detachment and roll back has previously been
suggested as the possible cause for uplift that initiated the MSC’.
Our model allows to bridge the gap quantitatively between such
geodynamic processes and the MSC events. Slab detachment models
predict uplifts of kilometre scale, with uplift rates ranging from
0.07 mm yr71 (ref.29) to4 mmyr ! (ref. 10). The higher values within
this range are consistent with the rates needed to close the seaway in
our model. Moreover, tear propagation of a hanging lithospheric slab
underneath the Gibraltar arc® provides a mechanism of westwards
propagation of both uplift and subsidence (Fig. 4). Recent seismic
tomography obtained from the inversion of P-wave arrival times™
supports the presence of such lithospheric tearing (Fig. 4 and
Supplementary Information). The location of this tear point between
the last pre-Messinian corridor and the strait of Gibraltar (Fig. 4) could
explain the uplift and closure of the Betic seaways’, and a later subsidence
in Gibraltar, leading to the Zanclean flood*. But other modes of
tectonic uplift cannot be completely ruled out as responsible for the
closure of the Mediterranean: the ongoing tectonic convergence
between Europe and Africa (about 4mmyr ' since the Tertiary
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Figure 4 | Geodynamic interpretation of the results invokes the lateral
migration of a tearing® of the lithospheric slab originally attached to the
south Iberian margin. a, Geological map of the Gibraltar arc and subjacent
mantle structure derived from seismic tomography. White arrows indicate
uplift of intramountain basins within the Betics”" and the Rif*'%, and ages of
their transition from marine to continental conditions’. White dots locate

period) could also have contributed to uplift rates through faulting or
doming’.

The MSC has implications beyond its effects on the Mediterranean
landscape. During stage 1, the Mediterranean basin sequestered about
10% of the salt of Earth’s oceans, raising its freezing point by about
0.2 °C. During desiccation (stage 2), the evaporated Mediterranean
waters were redistributed through the atmosphere to the world oceans,
raising global sea level by about 10 m, as recorded in reef stratigraphy
in the Pacific Ocean®. However, the climatic impact of the MSC
remains elusive, as model results are ambiguous®** and not well
reflected in palynological data®. Final evidence on the timing and
magnitude of these events may come in future from improved global
climate models that could in turn benefit from the uniquely extreme
conditions imposed by the Messinian natural laboratory.

METHODS SUMMARY

We calculate sea-level changes in the Mediterranean by developing a one-dimensional
model of the depth of the seaway that limits the water inflow from the Atlantic. The
feedback between water-flow-controlled incision and seaway-depth-controlled
water flow is implemented by developing a formulation based on previous river
incision studies and on standard hydrodynamic formulae. The model is based on
the assumption that the depth of the seaway, z;, depends on uplift and erosion, the
last being a power-law function of basal shear stress. The level of the Mediterranean
is a function of precipitation, evaporation, river supply and Atlantic inflow along
the seaway. The evaporation surface of the Mediterranean is calculated as a func-
tion of its level, using a reconstructed hypsometry*'. The interplay between
tectonic uplift, incision and the driving role of hydraulic gradient across the seaway
(resulting from the competition between inflow through Gibraltar and the water
deficit in the Mediterranean) is calculated using an explicit finite-difference, time-
iterative technique. At each time step, the water discharge, Q, is calculated on the
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P-wave seismic velocity anomaly

earthquake hypocentres used for the tomographic inversion and blue arrows
locate proposed connecting corridors. b, Interpretative sketch: T marks the
proposed lithosphere tearing point, separating areas where the sinking
lithospheric slab (blue) is detached from Iberia, inducing surface uplift (to the
east), from areas where it remains attached to the crust (to the west).

basis of the depth of the sill and the head loss, and then seaway erosion is calculated
from the basal shear stress of the flow. See Methods for further details.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Methods for water flow and erosion calculations. Consider a sill connecting two
oceanic basins with a depth z; < 0 (average across the strait; negative means below
initial ocean level) and acting as a water gate between a source basin (Atlantic) at
level z, and a sink basin with a negative water budget (Mediterranean) at level z;.
These levels are shown in Fig. 1. The seaway depth is reduced by tectonic upliftata
rate U in competition with water flow incision, which is assumed to be a power-law
function of basal shear stress, 7.
dz;

a:Ufkb(rfrc)“ (1)

Both k;, (the erodibility) and a are positive constants. The uplift rate, U, is taken
to be constant in all tests, except for in those whose results are shown in Fig. 2,
where a negligible acceleration is arbitrarily chosen to force complete closure at
t =100 kyr. The unit stream power approach, including water velocity, V, as a
multiplying factor of 7 in equation (1), has also been tested, but its influence on
results is smaller than other factors discussed in this paper. In equation (1), 7. is the
critical shear stress needed for erosion (50 Pa in the reference model*). Although
different formulations for water-flow-driven erosion are under debate (see, for
example, ref. 34), equation (1) is an adequate first approach to a detachment-
limited scenario describing an interoceanic sill with a limited supply of abrasive
tools. We consider values of a between 1 and 3 (ref. 35). For a =1, k;, ranges
from 10> and 2 X 10 *myr~' Pa~" (that of Himalayan schists and sandstones,
respectively®®) to ~10 ’myr 'Pa”' (Himalayan metamorphic phyllites and
schists®”) for river bed incision and 18-40myr ' Pa~' for unconsolidated soil
erosion®. For a = 1.5, ky, has been estimated at 8 X 10~ ¢ (Mesozoic limestone®)
and 1.6 X 10 *myr~'Pa”"’ (Oligocene flysch*). A value of a=3 may be
applicable if cavitation takes place®.

Shear stress, 1, at the sill can be expressed as the product of water density, p; the
acceleration due to gravity, g; the mean water depth of the channel, z; — zy; and the
slope of the water surface, S, also known as the hydraulic gradient:

1=pg(zs—2)S (2)

We assume that S=(z; —zy)/L, where z;, — z, is the head loss and L = 100 km
represents the half-width of the Betic-Rifean orogen. To calculate the water flow
over the sill and the level of the Mediterranean basins, we use an empirical rela-
tionship relating water flow speed (in metres per second) with the hydraulic
gradient (Manning’s formula):

1
V=—R/s/? (3)
n

Here n=10.05 is the roughness coefficient and Ry, is the hydraulic radius (in
metres) of the strait connecting the Atlantic and the Mediterranean. The hydraulic
radius is a measure of the flow efficiency of a river channel, and because channel
width is considerably larger than channel depth, it can be assumed that
Ry, = z, — z,. We also tested the critical flow condition

8(z—2) (4)

as an alternative to equation (3), but this does not introduce qualitative changes in
the results.
Water discharge (in cubic metres per second) can be calculated as

Q=W(zs—z0)V (5)

V=

where W is the width of the channel (in metres). An empirical relationship for
channel width derived from river channel studies*' has been used:

W=k, Q™ (6)

where a,, = 0.5 is an empirically determined constant and k,, = 1.2 is a value
comparable to mountain rivers and to the channel excavated during the
Zanclean flood**. However, the models in this paper adopt a more sophisticated
form for the width-discharge relationship, accounting for the effect of uplift as
derived in ref. 42:

—3/13
W, (SEUR) T g o)
rg

Here C,, is an empirically determined constant. Width adjustment to discharge might
actually take between thousands and millions of years (see, for example, ref. 34). We
assume here that this adjustment is instantaneous, but an extreme case in which the
time lag is infinite (that is, the width is constant) yielded similar results, except for a
~20% reduction of the amplitude of the tectonic—erosional oscillations.

The level of the Mediterranean changes as a function of sea evaporation, E;
precipitation, P; river supply, R; and Atlantic inflow, Q, above the seaway:

dz; R+Q(z,20,21)
Slopopy oS0 8
dt AMed(z1) ®)

Here z, — z; is the head loss across the seaway and Apea(21) is the surface area of
the Mediterranean as a function of its level (hypsometric reconstruction’). We use
thevalues E=12myr ,P=0.6myr 'andR = 4,500 and 12,000m’s " for the
eastern and western basins, respectively>*’, consistent with a hydrological deficit
nearly 50% smaller than at present””. Both basins start at present sea level (z = 0).
The role of the Sicily sill (taking its present depth to be 430 m) is accounted for as
described in ref. 22. Its depth acts as a limit to the sea-level oscillation of the
western Mediterranean (Fig. 3), supporting the interpretation (see ref. 28 and
references therein) that the erosional terraces formed at similar depths could be
related to a moderate sea-level drop during stage 1.

Interdependence between the Mediterranean sea level and the erosion rate
results in a harmonic oscillatory behaviour. When levels in both oceanic domains
are similar, erosion rates at the sill are low (equations (2) and (3)), implying a
shallowing of the seaway, a decrease of inflow and a lowering of Mediterranean
level by evaporation. As this level becomes low enough, the large head loss triggers
high erosion rates of the sill, leading to large inflow and restoring the level of the
Mediterranean. Oscillations occur because evaporation has a delayed effect on
level drawdown relative to inflow changes. The frequency and amplitude of these
oscillations are mostly dependent on the hydrological deficit involved in equation
(6) and on the erodibility, ky, which determines the amount of head loss required
to overcome seaway uplift in equation (1).

Equations (1)-(8) are numerically solved using an explicit finite-difference,

time-iterative technique. We use a time step of 0.2 yr and assume that the initial
sill depth is z,= —60 m, where the initial ocean level relative to which z is
measured is taken to be z, = 0. Increasing the initial sill depth induces only a delay
in the time required for closure, which remains otherwise unaffected. Our study
cannot discriminate whether this seaway uplift is related to a global sea-level fall or
to tectonic uplift of the Gibraltar strait. On complete disconnection, we obtain
equilibrium desiccation levels for the Mediterranean basins of z; = 2,500 (west)
and z, = 2,700 m (east) below sea level*’. Global sea level rises 9.5 m as a result of
the desiccation, because the water evaporated from the Mediterranean is trans-
ferred to the global ocean. The parameterization of the model is shown in Fig. 3
and Supplementary Figs 2 and 3.
Methods for salt budget calculations. To estimate salt precipitation, we track the
content of gypsum and halite in Mediterranean water. We take into account the salt
input through the inflow current and consider vertically averaged salinity values
for the Atlantic, the western Mediterranean and the eastern Mediterranean. The
aim of this salt budget calculation is only to check the ability of the tectonic—
erosional sea-level oscillations to cause oscillations in salt precipitation comparable
to those observed in the marginal basins. More detailed models of Messinian salt
precipitation can be found in refs 4, 21, 22. Salinities are here vertically averaged,
neglecting brine stratification. We account for salt transport starting with initial
gypsum and halite concentrations the same as those in the present ocean: 0.0031
and 0.035kgl™", respectively. As the brine concentrates in the Mediterranean,
precipitation of gypsum and halite occurs when the total concentration of salt reach
0.140 and 0.3715 kg1 ™", respectively. In the absence of mixing between the Atlantic
and the Mediterranean, the salt accumulated during the MSC could be precipitated
in only 80,000 yr (assuming a Mediterranean water deficit of half the present value,
2.4 % 10" m’yr'; refs 22, 44). Higher mixing rates would imply a larger time lag
before salt precipitation starts and a larger time lag between gypsum and halite
precipitation.

We can estimate the sill depth required to cancel outflow by calculating the
minimum sill depth that allows an inflow equal to the net evaporation of the
Mediterranean (the reasoning is similar to that in fig. 7 in ref. 21). The inflow
over such sill is maximized by the critical flow (that is, assuming a drawdown of the
Mediterranean level below that of the sill). By using the critical flow condition
(equation (4)), assuming the width of this inflowing hypothetical ‘cascade’ to be
five times its depth (a value representative of incising mountain rivers) and using
equation (5), it is straightforward to obtain a depth of 22.5 m. This is a minimum
estimation of the sill depth cancelling outflow and mixing, because a nearly full
Mediterranean slows the inflow (see, for example, ref. 44). The model-calculated
sill is shallower than that value during the tectonic-erosional competition, show-
ing that double flow did not occur during that stage. For the initial time steps
(before the tectonic—erosional dynamic equilibrium), we used a simple mixing
approach whereby Atlantic-Mediterranean mixing varies linearly with depth,
between the present mixing rate (1.4% per year*!) for the present sill depth
(284 m) and zero mixing for a depth of 30 m. This only slightly delays (by up to
15 kyr, depending on the uplift rate) the time of saturation of the Mediterranean
brines, but does not affect the period or amplitude of the cycles later on. Although
there are more refined formulations of the double-sided seaway circulation due to
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the salinity difference*, these do not account for a large drawdown, which is the
main drive during the MSC. Previous models have addressed in more detail the
role of Atlantic-Mediterranean mixing* and the role of vertical stratification
within the Mediterranean®.

Isostatic vertical motions at the seaway related to sea-level changes™ are not
taken into account because they take place over periods of ~20,000 yr imposed by
asthenospheric viscosity, and therefore do not affect the shorter oscillation periods
derived here.
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Salt precipitation and sea level changes in the Mediterranean

The model is consistent with a synchronous onset of salt precipitation over the entire
Mediterranean basin' and compatible with the bull-eye plan-view distribution of salts*,
with halite occupying the central, deeper parts of the basin and gypsum extending closer
to the margins (Fig. 1). During the drawdown stage of the cycles, salt concentration
increases, eventually inducing halite precipitation only in the deeper parts of the basin
(Fig. 2). In contrast, at high water flow, salt concentration decreases while remaining
above gypsum saturation, and therefore the gypsum contained in the inflowing Atlantic
waters is precipitated as it mixes with the Mediterranean brine (Fig. 1 and Fig. 2). The
sea-level drawdown associated to the competition between uplift and erosion of the sill,
regardless of the occurrence of cyclicity, ranges between tens and a few hundreds of
meters, consistent with the gypsum deposits present in shallow marginal basins. This
moderate drawdown might be responsible for the first stage of moderate incision along

the Rhone Messinian canyon28’47.

Model parameterization

We have performed a sensitivity analysis of the main parameters of the model, apart
from the one shown in Fig. 3. The effect of incorporating precessional cyclicity in the
climatic parameters (precipitation and evaporation) is shown in Fig. SI-3, panels ¢ and
b. Precession cycles seem to exert only minor changes to the cycles formed by tectonic-
erosional coupling, because the 21-kyr variations that it implies in the hydrological
balance of the Mediterranean have a longer period than the response time of sill erosion.

In contrast, the effect of adding cyclic variations of the global sea level relative to the
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reference model (shown in the same figure, panels c-¢) is more significant because the

higher frequency of these changes outpaces seaway erosion.

Seismic tomography of the upper mantle

To obtain the tomographic images shown in Fig. 4, we use the technique of the P-wave
global tomographic model of ref. (48), improved with additional arrival times from
well-located earthquakes at both teleseismic and regional distances™. The new dataset
incorporates additional earthquakes from 1995 to 2002 listed in the bulletins of the
International Seismological Centre, and arrival times recorded at regional distances that
were not used previously. In total, more than 14 million arrival times from 300,000
earthquakes (nearly 4 times the amount used in ref. 48) were reprocessed using the EHB
methodology®. The ray paths corresponding to these new arrival times sample mainly
the uppermost mantle and it is in this region where the resolving power of the new
dataset is increased, allowing to image seismic velocity anomalies of the same
resolution of the grid used for the tomographic inversion (0.5°x0.5° in area and 25-50

km in depth).

Seismicity, isostasy and vertical motions in the Gibraltar Arc

Beyond seismic imaging, the presence of a subcrustal load underneath the westernmost
part of the Gibraltar Arc is supported by isostatic studies showing that the flexure of the
Iberian Plate under the western Betics needs extra load apart from the emplacement of
the orogen and that geoid and gravity data can be better explained by a thicker

lithosphere under the area where tomography shows the slab attached to the crust™.
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A recent seismological study”” shows active crustal deformation to the West and relative
quiescence to the East of the present location undergoing lithospheric tearing, as
proposed in this paper (Fig. 4 and Fig. SI-4). Tear propagation below the Betics®
towards Gibraltar is a process capable of causing first the observed uplift of the

5334 that caused the closure of the Mediterranean and then subsidence at

corridors
Gibraltar leading to the Zanclean flood. However, our study cannot exclude that closure

could have taken place either along the Rifean corridor or even at the Gibraltar Strait.
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Fig. SI-1.- Conceptual model for the evolution of the Messinian salinity crisis.
Stage 1 implies a drawdown of a few hundred meters or less related to the
competition between seaway uplift and erosion. This stage may undergo
significant cyclicity in water level; Stage 2 starts when erosion is defeated by
uplift, and would involve a kilometric drawdown; Later subsidence and possibly
erosion of the Gibraltar Sill leads to the overspill and flooding of the Atlantic into
the Mediterranean?. This model does not involve diachronism between

marginal and central basins.
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Fig. SI-2. Parameterization of the model of uplift-erosion competition. a) Period
of sea level oscillations obtained at critical uplift rates (at the limit of closure) for
a range of values of erodibility k;. b) Period of sea level oscillations as a
function of the critical uplift rate, obtained by varying erodibility. Labelled arrows
indicate references for erodibility and uplift rates (Supplementary Information).
Grey-shaded areas indicate the parameter ranges supported by the references

and the model results.
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Fig. SI-3. Effects on the model results of precessional insolation changes and
global sea level changes. a) Milankovitch changes of insolation during the
Messinian (summer-winter variability at 36° N); b) Effect on the reference model
of taking E, P proportional to insolation seasonality. Light lines correspond to
the reference model in Fig. 2 (without uplift acceleration). These results suggest
that the effect of insolation variability is smaller than that of tectonic-erosional
cyclicity in terms of salt precipitation cycles, but note that this is subject to the

uncertainty in the conversion between insolation and E, P values. c)-e) Effect of

applying periodic global sea level changes to the evolution of the reference
model (shown with light lines for comparison). In this example, an oscillation of
a 1000 yr period and 10 m amplitude is applied to the Atlantic Ocean level. This
adds a higher frequency oscillation to the tectonic-erosional oscillation,
potentially triggering shorter salt precipitation cycles as predicted in ref. 4.
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Fig. SI-4. Results from the seismic tomographic inversion. a) Vertical

tomographic profile parallel to that in Fig. 4, 110 km to the south, showing the

slab detached in the eastern Betics, and attached in the west; b) and c)

Horizontal slices of the tomographic model at 53 and 145 km depth, showing

the location of profiles in a) and in Fig. 3. The slab (characterised by high

seismic velocities depicted in blue) has continuity towards the East at 145 km

depth, while at shallower depths it appears replaced by lower-velocity material,

suggesting that the slab is detached from the crust in that area, and replaced by

asthenosphere. The location of lithospheric tearing is indicated by ‘T.
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