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Abstract Based on 87Sr/86Sr data of the Primary Lower Gypsum (PLG) deposits in the Vena del Gesso
basin—a marginal basin of the Mediterranean during the Messinian Salinity Crisis—a correlation between
87Sr/86Sr values and precessional forcing has recently been proposed but not yet confirmed. In this study, a
box model is set up to represent the Miocene Mediterranean deep basin and a connected marginal basin.
Measurements of 87Sr/86Sr in the Vena del Gesso and estimated salinity extrema are used to constrain
model results. In an extensive analysis with this model, we assess whether coeval 87Sr/86Sr and salinity fluc-
tuations could have been forced by precession-driven changes in the fresh water budget. A comprehensive
set of the controlling parameters is examined to assess the conditions under which precession-driven
87Sr/86Sr variations occur and to determine the most likely setting for PLG formation. Model results show
that precession-driven 87Sr/86Sr and salinity fluctuations in marginal basins are produced in settings within
a large range of marginal basin sizes, riverine strontium characteristics, amplitudes of precessional fresh
water budget variation, and average fresh water budgets of both the marginal and deep basin. PLG deposi-
tion most likely occurred when the Atlantic-Mediterranean connection was restricted, and the average fresh
water budget in the Mediterranean was significantly less negative than at present day. Considering the
large range of settings in which salinities and 87Sr/86Sr fluctuate on a precessional timescale, 87Sr/86Sr varia-
tions are expected to be a common feature in PLG deposits in marginal basins of the Mediterranean.

1. Introduction

The sedimentary cycles of the Primary Lower Gypsum (PLG; 5.971–5.61 Ma), formed in Mediterranean mar-
ginal basins during the first stage of the Messinian Salinity Crisis (MSC; 5.971–5.332 Ma) [Manzi et al., 2013],
have long been recognized to be tied to precession-driven climatic changes [Krijgsman et al., 1999; Hilgen
et al., 1995]. Recent facies analyses on the shallow water gypsum deposits accumulated during the first MSC
stage (PLG) [Lugli et al., 2010] link the different observed facies directly to the precession cycle. This facies-
precession correlation allows for bed-to-bed correlation of PLG deposits across the Mediterranean.

Previous work has shown that the combination of strontium isotope ratios (87Sr/86Sr) and salinity can be
used to constrain the fresh water budget and connectivity of the Mediterranean during the MSC [Flecker
et al., 2002; Topper et al., 2011]. The method employed makes use of the fact that there is a pronounced dif-
ference in 87Sr/86Sr between oceanic and river water. When river discharge constitutes at least 25% of the
water fluxes into a basin [Topper, 2013], the basinal 87Sr/86Sr value will deviate measurably from relatively
high oceanic values toward lower riverine values (Table 1).

87Sr/86Sr values have been measured in the PLG of several Mediterranean sections in an attempt to assess
the importance of river water in the marginal basins. The most comprehensive records come from the Vena
del Gesso basin, the Caltanisetta basin, and the Sorbas basin [Lugli et al., 2007, 2010]. In none of these loca-
tions, have large 87Sr/86Sr variations been measured in the first five PLG cycles, which are dominated by
massive selenite beds. However, from cycle 6 onward, more facies are present in each sedimentary cycle,
and a larger variation in 87Sr/86Sr values is observed.

The ideal depositional cycle of the PLG, according to Lugli et al. [2010], contains the following facies
sequence (Figure 1a): bituminous shale (EF1), limestone and dolostone (EF2), giant and massive selenite
(EF3), banded selenite (EF4), branching selenite (EF5), displacive selenite (EF6), gypsarenite (EF7), and
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gypsrudite (EF8); facies EF6 (displacive selenite) is actually a postdepositional feature and will not be consid-
ered in this paper. Whether all these facies are formed depends on the position, particularly the water
depth, in the marginal basin. In deeper parts of a basin, the pycnocline will always be far from the bottom
and only shale and massive selenite form. In shallower parts, fluctuations of the depth of the pycnocline
affect the facies formed, e.g., massive selenite forms when the pycnocline is away from the bottom, banded
selenite when the pycnocline is close to the bottom, and branching selenite during a phase of shallowing
pycnocline depth [Lugli et al., 2010, Figure 9]. In a depositional cycle, the different facies and variations in
salt concentrations and 87Sr/86Sr are proposed to be correlatable with the changing fresh water budget dur-
ing a precessional cycle as illustrated in Figure 1a.

In this hypothesis, river input is relatively high and evaporation-precipitation (E-P) low in a precession mini-
mum, resulting in basin-wide undersaturation of evaporites and deposition of shales (EF1). In restricted mar-
ginal basins, due to a relatively high river input with respect to input from the deep Mediterranean,
87Sr/86Sr values are expected to deviate from oceanic values toward lower riverine values. Moving from the
precession minimum to the precession maximum, river input decreases while E-P increases. Within a pro-
longed period with a negative fresh water budget, the increasing salt concentration will at some point
result in the deposition of facies EF2–EF4. The 87Sr/86Sr values are expected to move from the low 87Sr/86Sr
values of the precession minimum to higher values associated with the increased importance of inflow
from the deep basin in the marginal basin water budget. Facies EF5–EF8 are consecutively formed when
the peak evaporative conditions have passed. River input and its low 87Sr/86Sr signature become progres-
sively more dominant again when approaching the precession minimum.

Unfortunately, because of, as yet, insufficient sampling resolution (i.e., one sample per facies was measured)
and data from only three sites, the link between measured variations in 87Sr/86Sr values and the preces-
sional cycle in Mediterranean marginal basins remains tentative. One way forward would be high-resolution

Table 1. Overview of Parameter Values Used to Set Up the Model

Parameter Detail Value Reference

Mediterranean Volume/Surface Area
V Late Miocene volume 3750.7 3 1012 m3 Meijer et al. [2004]
A Late Miocene surface area 2.4780 3 1012 m2 Meijer et al. [2004]
Messinian Fresh Water Fluxes
E-P Evaporation-precipitation 1 m yr21 Gladstone et al. [2007]
Rwest River input in WMed 5526.4 m3 s21 Gladstone et al. [2007]
Reast River input in EMed 36067.4 m3 s21 Gladstone et al. [2007]
RChad Chad basin discharge 66545.0 m3 s21 Gladstone et al. [2007]
Salinity
SA Ocean water 35 kg m23

SR River input 0 kg m23

Gypsum (CaSO4)
GA Ocean water 1.27 kg m23 Leeder [1999]
GR River input 0 kg m23

GSAT Gypsum saturation 5.25 kg m23

Halite (NaCl)
HA Ocean water 27.21 kg m23 Leeder [1999]
HR River input 0 kg m23

HSAT Halite saturation 272.1 kg m23

Strontium Concentration
[Sr]A Ocean water 8 3 1023 kg m23 Palmer and Edmond [1989]
[Sr]Nile Nile water 0.235 3 1023 kg m23 Brass [1976]
[Sr]Rhone Rhone water 0.520 3 1023 kg m23 Albarède and Michard [1987]
[Sr]R Average Rhone and Nile water 0.3 3 1023 kg m23 Flecker et al. [2002]
Strontium Isotope Ratios
87Sr/86 Sr

A Average during MSC 0.709006 McArthur et al. [2001]
87Sr/86SrMesozoic Mesozoic ocean water 0.7068–0.7084 McArthur et al. [2001]
87Sr/86SrHydrothermal Hydrothermal activity �0.703 Palmer and Edmond [1989]
87Sr/86SrRiver Global average river water 0.7119 Palmer and Edmond [1989]
87Sr/86 Sr

Nile Nile water 0.7060 Brass [1976]
87Sr/86 Sr

Rhone Rhone water 0.708719 Albarède and Michard [1987]
87Sr/86 Sr

R Average Rhone and Nile water 0.707427 Flecker et al. [2002]
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sampling of multiple PLG sections throughout the Mediterranean. A complementary approach, which we
will pursue in this study, is to use a simple box model to examine whether precession induced water budget
variations can cause 87Sr/86Sr values to fluctuate in marginal basins during PLG formation. Because it is not
certain whether precession-driven climate change can explain 87Sr/86Sr variations, we first look, as a proof
of concept, for a single model setup where 87Sr/86Sr variations are produced in a generic marginal basin
when forced by a precessional signal. Besides fluctuations in 87Sr/86Sr, the results will have to reproduce the
varying salt concentrations implied by the changing facies within a PLG cycle, which we will explain in sec-
tion 2. Once a proof of concept is demonstrated, we will examine, in section 4, a large range of parameters
to identify their influence on the modeled cyclicity; these parameters are basin size, river water characteris-
tics (Sr concentration and ratio), connectivity of the marginal basin with the deep Mediterranean and of the
Mediterranean and Atlantic, the average fresh water budget, and the amplitude of the variation of the fresh
water budget during a precession cycle. Ultimately, this will allow us to assess the likelihood of precession

Figure 1. (a) Schematic overview of lateral facies transitions within a marginal and deep basin, and the corresponding depositional sequences formed during a precession cycle (modi-
fied after Lugli et al. [2010]). Also shown is the correlation between the precession signal and the changing facies, salinity and 87Sr/86Sr as proposed by Lugli et al. [2010]. (b) An overview
of the 87Sr/86Sr data set from the Vena del Gesso, Italy. The 87Sr/86Sr data are sorted by facies, not relative or absolute age, in each PLG cycle. The 87Sr/86Sr ranges and average 87Sr/86Sr
of each facies have been calculated from all data, i.e., 87Sr/86Sr measured in both carbonate and gypsum.
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induced 87Sr/86Sr variations, constrain the setting in which 87Sr/86Sr values are precession controlled and
PLG formation takes place, and establish a context for existing and new 87Sr/86Sr data.

2. Observational Constraints

The facies sequence of a single PLG cycle indicates the basin underwent large salinity changes in a relatively
short time. Fish remains, foraminifera, insects, leaves, and twig remains in the organic-rich laminated shale
layers in several Italian sections (Vena del Gesso, Piedmont Basin, and Sicily) are indicators of continental
water fluxes periodically diluting the evaporite basin [Lugli et al., 2010, and references therein]. For fish and
foraminifera to survive, salinities at that time must have been marine or even brackish. To constrain the
model results, we accept all results where the minimum salinity at some time during a precession cycle is
lower than 50 g/L. Although redundant, we also check that gypsum deposition in the marginal basin does
not continue throughout the whole precession cycle.

With the minimum salinity established, the maximum salinity is another constraint on the model results.
Gypsum is observed in every cycle of the PLG in at least one facies. Therefore, gypsum saturation must be
reached in part of the cycle in the marginal basin. The absence of halite in both marginal and deep basins
during the first MSC phase implies that halite saturation is the upper limit on salinity during PLG formation
(in the sense of Roveri et al. [2008] and CIESM [2008]).

Lugli et al. [2010] point out that 87Sr/86Sr values vary within a depositional cycle, with generally higher val-
ues in the middle part of a cycle and lower values in the lower and upper parts where ratios near 0.70890
were explained by a relatively high fresh water input. The relation between facies and 87Sr/86Sr is not unam-
biguous in all cycles of the highest resolution (Vena del Gesso basin) data set (Figure 1b). The spread and
averages of EF4 and EF5 87Sr/86Sr measurements are, respectively, larger and slightly higher than those in
EF3 and EF6, but low 87Sr/86Sr values are also found in EF4 and EF5. Noteworthy is that the majority
(� 80%) of the 87Sr/86Sr data and all facies-averaged values are in the relatively small range 0.70890–
0.70895 with outliers closer to oceanic values. Additional new data are needed to conclusively confirm or
refute the existence of a correlation between the different gypsum facies and 87Sr/86Sr values.

Moreover, only part of the range of 87Sr/86Sr variation in a precession cycle is sampled because strontium
ratios in the PLG deposits can only be measured in evaporite facies, i.e., carbonates and gypsum. These
facies are expected to have formed when E-P> R, and consequently 87Sr/86Sr in marginal basins was most
strongly affected by oceanic inflow. The measured ratios in the evaporites therefore represent the upper
part of the 87Sr/86Sr range in a precession cycle. 87Sr/86Sr minima will occur when river input is dominant,
salinities are low, and shales are deposited.

Since the available 87Sr/86Sr measurements on PLG deposits are mainly from the Vena del Gesso Basin, we
will use those measurements to constrain the model results. Because 87Sr/86Sr values during shale deposi-
tion are expected to be lower than any value measured in the gypsum, model results will be constrained
such that the maximum 87Sr/86Sr in a precession cycle should be at least the lowest 87Sr/86Sr value of the
gypsum (0.70890), and the minimum 87Sr/86Sr should be at most 0.70890.

3. Model Description and Experimental Design

The model used in this study is based on the box model used and described in Topper et al. [2011]. In this
model, a set of coupled ordinary differential equations, i.e., a set of full nonsteady state equations, is solved
using the second-order Runge-Kutta method with adaptive time stepping (for more information about the
model, see Topper et al. [2011]). As shown in Topper and Meijer [2013], the sill near Sicily was most likely not
restrictive during the Messinian, keeping water characteristics in the western and eastern Mediterranean
basins at similar values. Therefore, for the present purpose, the Mediterranean can be represented with
only two boxes, one for the deep basins of both the eastern and western Mediterranean, and one for a mar-
ginal basin (Figure 2a). Although more than one marginal basin existed during the MSC, their combined vol-
ume is small compared to that of the deep basins and their combined impact on the water characteristics
of the deep basin is negligible. Therefore, all marginal basins, but one, are included in the deep basin box.
The single marginal basin allows to examine the generic behavior of a marginal basin connected to the
deep basins.
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The deep basin box is connected to an infinite volume of water with constant water characteristics represent-
ing the Atlantic. Water exchange between the boxes consists of (1) a deep flow which is linearly proportional
to the density difference between the boxes and (2) a surface flow which compensates for outflow and the
fresh water deficit, i.e., evaporation-precipitation-river discharge (E-P-R), to keep the volume in each of the
boxes constant. The density difference between the boxes is only a function of salinity, i.e., temperature differ-
ences are neglected following Topper et al. [2011]. Proportionality factors gDA (deep basin-Atlantic connection)
and gMD (marginal basin-deep basin connection) relate the density difference between the two corresponding
boxes to an outflow. The present-day Strait of Gibraltar can be represented with a factor of� 105 m3 s21 (g
L21)21 and a gateway near closure with 100 (bulky units of factors will be omitted from here onward).

The fresh water budget in the model consists of an average river discharge and E-P on which a sinusoidal
variation is superposed to represent changes during a precession cycle (Figure 2b). Inherent to this repre-
sentation of precessional water budget variation, are the assumptions that (1) river discharge and
evaporation-precipitation variations are in phase with the precession signal and (2) the variation is propor-
tional to the strength of the precession signal. Both assumptions are corroborated by the results of climate
model studies [Kutzbach et al., 2008; Tuenter et al., 2005; Weber and Tuenter, 2011]. The Late Miocene fresh
water budget is derived from the results from Gladstone et al. [2007] where we leave out the contribution
from the Chad basin following Topper et al. [2011]. Evaporation minus precipitation is 1 m/yr, and the total
river discharge (R) into the Mediterranean is 41.6 3 103 m3 s21 (Table 1). With respect to present-day values
(E-P 5 0.6 m/yr and R 5 17.7 3 103 m3 s21 [Mariotti et al., 2002; Meijer and Krijgsman, 2005]), both E-P and R
are higher in the Late Miocene water budget. The fresh water deficit (E-P-R), however, is similar at 0.5 m/yr.
A more detailed description of the water budget can be found in Topper et al. [2011].

While the average E-P is constant at 1 m/yr in all model runs and the same over deep and marginal basins,
the amount of river discharge which flows in the deep and marginal basin will be varied by multiplying the

Figure 2. (a) Graphic representation of the box model. White arrows indicate volume fluxes (Qs) between the basins; the first subscript
character represents the source, the second one the destination. The fresh water budget consists of E-PD and E-PM, evaporation minus pre-
cipitation, and RD and RM, river discharges. S(alinity)\G(ypsum concentration)\H(alite concentration)x and 87Sr/86Srx are the water character-
istics of the respective basins (indicated by x). (b) Fresh water forcings, R (solid line) and E-P (dashed line), for the deep basin (top) and
marginal basin (bottom) during 2.5 precession cycles (50 kyr, ending at the model run time of 1 Myr). The effect of a change in fR on the
river discharge is demonstrated in the top where dotted lines indicate the precession-averaged river discharge. The effect of ampR is dem-
onstrated in the bottom.
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reference Late Miocene river discharge with the factors fRD and fRM, respectively. The amplitude of the sinu-
soidal variation in river discharge (ampR) and E-P (ampE) is expressed as a percentage of the average river
discharge and is hence dependent on the fR factors. When the average river discharge is shifted by the fRs,
the absolute amplitude of variation during a precession cycle also changes (Figure 2b). The sinusoidal varia-
tions have a period of 20 kyr, i.e., an idealized length in between the two dominant precession frequencies
(19–23 kyr). All results presented are derived from the last 2.5 precession cycles (50 kyr) of each 1 Myr
model run. At this time, a dynamic equilibrium has been reached, i.e., minimum and maximum values of
water characteristics are constant in consecutive precession cycles.

In both the marginal basin box and the deep basin box, the model solves for strontium concentration,
87Sr/86Sr, total salinity, and gypsum (CaSO4) and halite (NaCl) concentrations. If gypsum and/or halite concen-
trations exceed their respective saturation concentrations (Table 1), all gypsum/halite in excess of saturation is
deposited. The algorithms for gypsum and halite concentration and deposition are presented in more detail
in Topper and Meijer [2013]. Neither dissolution of evaporites nor incorporation of Sr in the precipitating evap-
orites is taken into account in our model. Because quantitative constraints on both processes are lacking, their
incorporation in the model would only add further complexity and uncertainty to the model results.

Although Topper and Meijer [2013] included a parametrization of water column stratification in their model,
the unknown behavior and distribution of strontium in a stratified basin prohibits its use here. Water prop-
erties in each basin are therefore homogeneous. In contrast, PLG is bottom-grown and the facies indicate
deposition in a well-stratified shallow (<300 m) marginal basin with a fluctuating depth of the pycnocline.
In Lugli et al. [2010], the fluctuations in the depth of the pycnocline are used interchangeably with sea level
variations during a depositional cycle. However, the cause of sea level variations during a precession cycle
is unclear. We, therefore, assume that sea level was constant and only the depth of the pycnocline fluctu-
ated. Gypsum precipitation from a dense bottom layer (below the pycnocline) is expected to commence
before the whole basin reaches gypsum saturation. Depending on the thickness of the bottom layer, which
is supposedly different during formation of the different gypsum facies, and the degree of undersaturation
in the surface layer, gypsum precipitation from the bottom layer will start when the basin-averaged salinity
is at 75–100% of gypsum saturation. Therefore, when checking results for the constraints on maximum gyp-
sum and halite concentrations, values >90% of the respective saturation value will be considered as having
reached saturation. Results are not significantly affected by the choice of another percentage.

Also related to the lack of stratification in the model is the assumption that Sr ratios measured in bottom-
grown evaporites are representative for the whole basin. The presence of yearly cycles in gypsum and halite
deposits on Sicily [Manzi et al., 2012], formed in the MSC phase after the PLG, implies that mixing of the
whole water column, or at least dense water formation from the surface layer, occurred at least once a year.
Because we are interested in precessional time scales, such yearly mixing, if also active during PLG forma-
tion, would justify the assumption of constant 87Sr/86Sr in a marginal basin over longer time scales.

Constant in all of the model runs are the salt concentrations and Sr ratio in the Atlantic, also used as initial
conditions in all boxes, and the combined volume of the marginal and deep Mediterranean basin (Table 1).
Boundary conditions that can be varied between experiments are (1) the size (volume and surface area) of the
marginal basin as a percentage of the total Mediterranean volume and surface area, (2) the riverine 87Sr/86Sr
and Sr concentration, (3) the amount of river discharge in the marginal basin as a percentage of the total Med-
iterranean river input, (4) the average river discharge during a precession cycle, (5) the amplitude of the varia-
tion in the fresh water budget during a precession cycle, (6) the size of the connection between the deep
Mediterranean and the Atlantic, and (7) the size of the connection between the deep and marginal basin.

Boundary conditions (5)–(7) are the main parameters to be examined in this study and are varied between
the model runs. Values for boundary conditions (1)–(4) are prescribed in the default model setup:

1. A marginal basin with a surface area of 0.05% and a volume of 0.01% of the total Mediterranean surface
area and volume (� 30 3 40 km, 375 km3). This results in an average depth of 300 m in the marginal basin.
This marginal basin size is a reasonable first-order estimate for the Vena del Gesso, Sorbas, and Sicilian
wedge-top basins.

2. The riverine 87Sr/86Sr is 0.7075, and the Sr concentration is 15031026 kg/m3.

3. Of the total Mediterranean river input, 0.1% flows into the marginal basin.
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4. The precession-averaged river
discharge is 1.5 times, i.e.,
fR 5 1.5, the Late Miocene river
input of Gladstone et al. [2007].
Other model studies have shown
that Messinian Sr data and
observed evaporite thicknesses
can be reproduced with a model
set up with this fresh water
budget [Topper et al., 2011; Top-
per and Meijer, 2013].

The sensitivity of the results to
these choices will be discussed in
section 4.3.

4. Results and Analysis

4.1. Proof of Concept
As a proof of concept, Figure 3
shows the results of a model
setup that satisfies all observatio-
nal constraints. The default setup,
explained above, has been com-
bined with a restricted connec-
tion between the Atlantic and
the deep basin (gDA5102), an
even more restricted connection
between the deep and marginal

basins (gMD5100), ampR 5 50% and ampE 5 20%.

As long as neither basin is saturated for halite, halite concentrations follow the total salt concentrations, as
visible Figure 3a. Noteworthy are the distinct shapes of the curves for the deep and marginal basin: the
curves from the deep basin are smooth and regular, and the marginal basin curves change faster and have
irregular shapes. This difference reflects the greater sensitivity of the marginal basin to changes in the fresh
water budget and interbasinal exchange. The rate of change of the water characteristics in a marginal basin
with a small volume is generally higher than that of the large deep basin. Even though the exchange fluxes
and the fresh water budget of the marginal basin are smaller, the volume of those fluxes in relation to the
basin volume is higher and consequently has a larger impact on the water characteristics.

Focusing on salinity variation in the deep basin, peak salinities, minimum and maximum, are reached close
to the time where the water budget switches sign. As long as E-P> R in the deep basin (gray lines in Figure
3d), the fresh water budget is negative and salinities increase. As soon as the fresh water budget switches
to positive (intersection of E-P and R curves in Figure 3d), river input is dominant (R> E-P) and salinities
drop continuously until the fresh water budget switches sign again. The intervals with E-P> R and R> E-P
have different lengths because the precession-averaged E-P exceeds R in the deep basin. The switches in
water budget do not precisely coincide with the salinity peaks in the deep basin due to the interaction with
the marginal basin. In the marginal basin, the switches in the sign of the water budget occur at different
times because on average R> E-P. Besides the relative size of the precession-averaged E-P and R, ampR and
ampE also affect the duration of the intervals with positive and negative fresh water budget as shown in
Figure 2b. The observant reader will have noticed that peaks in salinity, and hence gypsum concentration,
do not coincide with the peaks in the precession signal. A more detailed discussion of this offset and its
implication for cyclostratigraphy during the MSC are beyond the scope of this paper and can be found in
R.P.M. Topper and P.Th. Meijer, The precessional phase lag of Messinian gypsum deposition in Mediterra-
nean marginal basins, submitted to Palaeogeography, Palaeoclimatology, Palaeoecology (2014).

Figure 3. Evolution of water characteristics in the last 50 kyr of a 1 Myr model run. Shown
are for the deep basin (gray) and marginal basin (black): (a) salinity (solid line) and NaCl
concentration (dashed line), (b) CaSO4 concentration, (c) 87Sr/86Sr, and (d) R (solid line)
and E-P (dashed line). Gray bars in Figures 3a and 3b indicate the range of respectively
>90% halite and gypsum saturation.
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While halite concentration is never close to saturation, and hence complies with the observational con-
straint, gypsum saturation is reached in the marginal basin and its concentration is close to saturation in
the deep basin (Figure 3b). The interval with gypsum deposition has a duration of only 3680 year, not even
20% of the length of the precession cycle. This duration is strongly dependent on the average fresh water
budget and its amplitudes of variation and the size of the connection to the deep basin. A more detailed
examination of the duration of gypsum deposition will follow in section 4.4.

Although the 87Sr/86Sr curve for the deep basin is smooth and regular, 87Sr/86Sr in the marginal basin exhib-
its multiple irregularities (Figure 3c). The small bumps and slope changes in the curve coincide with changes
in the exchange with the deep basin, in turn forced by a changing fresh water budget. Shortly after salin-
ities peak at 957 kyr, the marginal basin switches to a positive fresh water budget (R> E-P, intersection of
the curves in Figure 3d) and salinity and 87Sr/86Sr drop sharply. When the marginal basin salinity drops
below its coeval deep basin value at 959.5 kyr, exchange between the two basins switches direction: more
saline water from the deep basin enters the marginal basin at depth while outflow occurs at the surface.
For a short while, the deep basin inflow is able to oppose the increasing inflow of low 87Sr/86Sr river water
and 87Sr/86Sr rises a little, until R� E-P at 960 kyr and 87Sr/86Sr drops to riverine values. At the switch back
to a negative fresh water budget, the opposite takes place. 87Sr/86Sr is already rising since 969.4 kyr due to
an inflow from the deep basin driven by the relatively large salinity difference between the basins and a
decreasing river input. After the switch to a negative water budget at 972 kyr, marginal basin salinity
increases to the deep basinal value. At equal salinities, the exchange between the basins slows to a halt,
and river discharge is shortly the only source of 87Sr/86Sr at 973 kyr, until E-P � R and deep basin inflow
overwhelms the river signal again.

Within this complex system, high 87Sr/86Sr always coincides with the high salinities and low 87Sr/86Sr with
low salinities. Furthermore, the model affirms that precession-driven climatic changes can explain coeval
variations in 87Sr/86Sr and salinity in a way that is consistent with all observational constraints. It should be
noted that the range of 87Sr/86Sr ratios within the interval of evaporite formation is relatively small com-
pared to the range within the whole precession cycle.

4.2. The Full Parameter Range
Since we have demonstrated that a scenario exists that fits all constraints, a broader range of parameters
must now be examined to assess the range of parameters giving rise to precession-driven fluctuations of
87Sr/86Sr and salinity and to gain insight in the controlling factors. While retaining the default setup, the size
of the two gateways, and ampR and ampE are varied in different combinations, resulting in 61.812 model
runs. Because the observational constraints are only on the minimum and maximum values reached within
a precessional cycle, each model run can be checked for compliance with the constraints with only those
values. Thus, the minimum and maximum values of salinity, gypsum concentration, halite concentration,
and 87Sr/86Sr have been monitored in the last 50 kyr of each 1 Myr run and are shown in Figures 4a–4h.

The subfigures in Figure 4 are comprised of 4 3 3 frames with marginal basin results and 1 3 3 frames with
the results of the deep basin. Each marginal basin frame corresponds to a different combination of gDA and
gMD, as explained in Figure 4i. Results for the deep basin are not visibly affected by gMD and are hence only
shown for different gDA. Moving from the bottom to the top row in a subfigure such as Figure 4a (from
gDA 5 102 to gDA 5 100), the size of the Atlantic-Mediterranean connection shrinks; going from the first to
the fourth column (from gMD 5 1022 to gMD 5 104), the size of the deep-marginal basin connection
increases. Along the horizontal axis of every single frame, ampE is varied between 0 and 50% while ampR
varies along every vertical axis between 0 and 100% (Figure 4j). Shading is used to emphasize those results
that comply with the constraint on the shown variable in the corresponding basin. For example, the range
of ampR and ampE where the minimum salinity <50 g/L is shaded in each marginal basin frame of Figure
4a. The minimum and maximum values from Figure 3 are indicated in each subfigure with white stars.

Before we focus on the results of the marginal basin, understanding the general behavior of the deep basin
is necessary. The volume of the marginal basin is only 0.01% of the total Mediterranean volume. Hence,
even dramatic changes in the water characteristics of the marginal basin have little impact on the deep
basin. Therefore, increasing the size of the connection between the marginal and deep basin, which allows
for a larger exchange between the basins, does not change the minima/maxima of the deep basin. Reduc-
ing the connection with the Atlantic, on the other hand, does affect the water characteristics of the deep
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Figure 4. (a–h) Composed of 4 3 3 frames for the marginal basin results and 1 3 3 frames for the deep basin results. Figures 4i and 4j illus-
trate how to read these frames. Minimum and maximum (a, b) salinity, (c, d) gypsum concentration, (e, f) halite concentration, and (g, h)
87Sr/86Sr in a single precessional cycle. In Figure 4a, the area where the salinity minimum in the marginal basin is <50 g/L is shaded. The
shaded segment is also delimited by a thick black line. In Figure 4c, the area where the minimum gypsum concentration in the marginal basin
is <90% of the saturation value is shaded. In Figure 4d, the area where the maximum gypsum concentration is >90% of the saturation value
is shaded. In Figure 4f, the area where the maximum halite concentration is <90% of the saturation value is shaded. In Figure 4g, the area
where the minimum 87Sr/86Sr< 0.7089 in the marginal basin is shaded. In Figure 4h, the area where the maximum 87Sr/86Sr> 0.7089 is
shaded. Shown in Figure 4i is where the deep and marginal basin characteristics meet all the constraints (green) or not (red). In the areas
above the thick black lines, constraints in both the deep and marginal basin are met, i.e., these areas contain the scenarios that fit all observa-
tions for the PLG phase. The minimum and maximum values from Figure 3 are indicated with the white stars in each subfigure.
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basin. With a nonzero fresh water deficit, water characteristics can deviate further from Atlantic values
when the connection is smaller. Consequently, salinity, gypsum, and halite minima and maxima are higher
while 87Sr/86Sr minima and maxima are lower (Figures 4a–4h; compare frames at different values of gDA).

The influence of ampR and ampE can be examined within a single frame, i.e., constant gDA. Concentration
minima (S, [CaSO4], and [NaCl]; Figures 4a, 4c, and 4e) decrease when ampR increases at constant ampE.
When ampR increases, concentration is affected in two ways: (1) the time interval where R> E-P becomes
longer, i.e., the precession-averaged concentration drops, and (2) the fresh water excess (R-E-P) in a preces-
sion minimum becomes increasingly larger at higher ampR, i.e., the deviation from the average increases
(Figure 2b). Increasing ampE at constant ampR affects the concentration minima in a similar fashion; (1) the
time interval where E-P> R becomes longer and (2) the fresh water deficit (E-P-R) in a precession minimum
becomes increasingly more negative. Increasing both ampR and ampE enhances their individual influence,
leading to lower concentration minima at higher amplitudes of variation.

87Sr/86Sr minima are affected in a similar fashion, and ratios drop toward higher ampR and ampE (Figure
4g). However, at gDA 5 100, a small area at low ampR and ampE deviates from this pattern. This parameter
range has a negative fresh water budget in the deep basin throughout the precession cycle which leads to
aberrant behavior of 87Sr/86Sr, whereas it is not visible in the concentration minima.

When ampR and ampE increase, concentration maxima (Figures 4b, 4d, and 4f) change in a way different
from the concentration minima. Toward higher amplitudes, the increasing duration of the time interval
with R> E-P and the increasing deviation from the average, i.e., larger difference between minima and max-
ima, do not enhance each others. Along a line from low to high amplitude variation of R and/or E-P, e.g.,
bottom left to top right corner of a single frame, concentration maxima decrease before they increase
again. At first, the lengthening interval with R> E-P lowers the precession-averaged concentration faster
than the increasing deviation from the average can compensate for. Then, at higher amplitudes, the dura-
tion of the interval with R> E-P stabilizes and the increasing deviation from the precessional average causes
the maxima to rise again. The effect of these two competing processes is not visible in CaSO4 maxima
because these do not rise beyond saturation.

Once again, 87Sr/86Sr maxima show a different pattern (Figure 4h). Where concentration maxima drop,
87Sr/86Sr maxima steadily rise. When the precession-averaged Sr concentration decreases because of higher
ampR and ampE, the buffering action of the Mediterranean decreases. Consequently, the impact of an
inflow of water with a 87Sr/86Sr deviating from the deep basin 87Sr/86Sr, i.e., Atlantic inflow or river dis-
charge, becomes larger and the amplitude of 87Sr/86Sr variations increases with increasing ampR and ampE.

Concentrations and 87Sr/86Sr in the marginal basin are largely similar to those in the deep basin when their
connection is relatively large (gMD �102), i.e., the interbasinal exchange evens out all differences. With a
smaller gateway (gMD � 100), and hence less exchange, the marginal basin values deviate from the deep
basin values: minima are generally lower and maxima higher. Because the marginal basin gets twice the
amount of river input per unit surface area compared to the deep basin, 87Sr/86Sr in the marginal basin is
always slightly lower than in the deep basin. Moreover, the higher river input causes a positive water
budget to persist during a whole precession cycle when ampR is low. The range of amplitudes with a con-
stant positive water budget in the marginal basin is clearly discernible in the low CaSO4, NaCl, and 87Sr/86Sr
maxima of the marginal basin when the connection with the deep basin is severely restricted (gMD 5 1022;
Figures 4d, 4f, and 4h).

From the observational constraints outlined in section 2, only one relates to the deep basin: halite satura-
tion should not be reached anytime during a precession cycle. This constraint is easily met when the con-
nection between the Atlantic and Mediterranean is relatively large (gDA � 101). Only when the connection
to the Atlantic is severely restricted, halite saturation is reached at low ampR and ampE. The parameter
range that complies with this constraint is colored green in Figure 4i in the fifth column. In the left four col-
umns, the green parameter range above the black lines complies with all constraints on the marginal basin
results. Hence, the constraint on the deep basin results is never a limiting factor.

A restricted marginal basin (gMD � 102) connected to a slightly restricted deep basin (gDA � 102) is advanta-
geous for reaching a lower than marine salinity, interruption of gypsum deposition, and 87Sr/86Sr <0.7089
in the marginal basin at low amplitude variations. Of these three, the low salinity constraint curtails the
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parameter range that complies with the constraints the most. A marginal basin reaches gypsum saturation
and 87Sr/86Sr> 0.7089 when the deep basin does, unless the marginal basin is severely restricted
(gMD 5 1022) in combination with an unceasing fresh water excess. At gMD 5 1022, in the marginal basin
either gypsum saturation is not reached or halite saturation is reached. As such, this setting never complies
with all constraints and is therefore an unlikely setting for the PLG stage. In all other settings, the constraints
on the salinity minimum and the gypsum maximum exclude only a part of the parameter range at low
ampR and ampE.

The large parameter range that complies with all observational constraints indicates that the scenario in
section 4.1 is far from unique in its ability to explain coeval variations in 87Sr/86Sr and salinity when forced
by precession-driven climatic variations. However, in the default setup no scenarios have been found to
comply with all constraints when precession-driven climatic changes are small. Whether the required rela-
tively large changes in the fresh water budget are realistic will be discussed in section 5.1. In the next sec-
tion, the sensitivity of the results to the choice of parameters in the default setup will be examined.

4.3. Sensitivity of the Results to Changes in the Default Setup
4.3.1. The Average Water Budget
In the previous section, the precession-averaged total Mediterranean river input, which is based on the reference
Miocene water budget times fR, has been constant in all experiments. The fR values for both the deep and mar-
ginal basin have been kept at 1.5, a value based on the results of Topper et al. [2011] and Topper and Meijer
[2013]. Even though 1.5 has given optimal results in previous studies, it is not the only possible value. To assess
the sensitivity of the results to a different value for fR and the uniqueness of the results in the previous section,
the model has been initiated with 256 different combinations of fRD and fRM, both in the range of 0.5–2.0.

The systematic variation of fRD and fRM could be visualized with 256 figures like Figure 4, one for each com-
bination of the two parameters. However, we are mainly interested in changes in the size of the range that
fits all constraints. For that reason, the percentage of the ampR-ampE range that fits all constraints is deter-
mined for every combination of gDA and gMD for all 256 combinations of fRD and fRM (Figure 5). For example,
73.3% of all ampR-ampE combinations fit all constraints at gDA 5 102 and gMD 5 100 in Figures 4i and 4j. This
percentage is plotted at the corresponding gDA-gMD combination in Figure 5 at fRD 5 1.5 and fRM 5 1.5, i.e.,
within the black box. In the same way, percentages of the ampR-ampE range that fits all constraints are plot-
ted for all fRD-fRM combinations in each of the 16 frames which represent distinct gDA-gMD combinations.

As shown in section 4.2, marginal basin water characteristics mimic those of the deep basin when
gMD � 102. This is visible again in Figure 5 where results are largely independent of fRM at gMD � 102. Mov-
ing from low to high fRD, the first setting where all constraints are met occurs at or near fRD 5 1.0, the high-
est percentages are reached where 1:4 � fRD � 1:7, and percentages drop again toward higher fRD.

Ignoring the influence of fRM, an increase in fRD causes a lowering of concentration and 87Sr/86Sr minima as
well as maxima. At low fRD, concentration minima are too high for any setting to comply with all constraints.
From fRD � 1:0 onward, 87Sr/86Sr and salinity minima reach their constraints at the same point where halite
saturation ceases to be reached; first at high ampR and ampE, but with increasing fRD this range expands
toward lower amplitudes. Until fRD � 1:6, gypsum saturation is reached in almost the whole ampR-ampE
range. At even higher fRD, minima are not limiting the range anymore. Gypsum and 87Sr/86Sr maxima
become too low in an increasingly larger range toward higher fRD. Consequently, the range that fits all con-
straints shrinks toward higher amplitudes and the percentages in Figure 5 decrease again. At fRD 5 1.89, the
precession-averaged fresh water budget becomes positive and percentages drop further until none of the
ampR-ampE ranges fit the constraints anymore (not shown).

At gMD 5 100, the influence of fRM becomes apparent; percentages along a constant fRD vary significantly
with fRM. The pattern of change and its cause are similar to that described for fRD; percentages generally
increase from low fRM to an optimum around fRM 5 1.0 and drop toward higher fRM. At low fRM, the fresh
water budget of the marginal basin is strongly negative, increasing the likelihood of halite saturation and
high minima. At fRM 5 0.95, the marginal basin fresh water budget switches sign. Hence, maxima are harder
to reach at higher fRM.

The interaction between fRD and fRM can be advantageous for the range. When either a high fRM lowers the
minima where these were limiting the range (fRD � 1:5) or a low fRM heightens the maxima at high fRD, the
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range increases. This strengthening effect, however, only plays an important role at gMD 5 100; at higher
connectivity, the interbasinal exchange erases the influence of the marginal water budget, while at lower
connectivity, the role of the deep basinal water budget is too limited.

At gMD 5 1022, a range that fits all constraints often exists at either extremely low or high ampR and ampE.
Due to its relative independence of the deep basin, a marginal basin in this setting is hardly affected by fRD.
However, because halite saturation or gypsum undersaturation is prevailing and ranges that fit all con-
straints are insignificant and at extreme amplitudes, this setting cannot be considered a likely setting for
PLG formation.

4.3.2. Riverine Strontium and Marginal Basin Characteristics
The riverine 87Sr/86Sr in the default setup is based on the present-day average value of the Nile and Rhone dis-
charges which make up >80% of the total Mediterranean river input (Table 1). The riverine strontium concen-
tration used in section 4.2 is only half the present-day values; present-day Sr concentrations are artificially
elevated because the Nile has a reduced runoff and increased evaporation due to anthropogenic modifica-
tions, and the Rhone has been contaminated. Even though global ocean 87Sr/86Sr values are well known for
the Late Miocene [e.g., McArthur et al., 2001], riverine values are largely unknown. In the Late Miocene, river
input was largely made up by North African rivers which nowadays run dry and did not drain the low 87Sr/86Sr
basaltic rocks in the Nile catchment. A possible inflow from the Paratethys [Krijgsman et al., 2010], with the
low 87Sr/86Sr signature of the Volga [Vasiliev et al., 2010], would have the same impact as a river and has there-
fore not been explicitly included. Moreover, on the marginal basin scale, the strontium characteristics of the
river input will be strongly dependent on locally outcropping rocks in small catchments. Besides the basaltic
rocks, relatively low 87Sr/86Sr comes from Mesozoic carbonates which outcrop over a vast area surrounding
the Mediterranean [Hartmann and Moosdorf, 2012]. Groundwater, draining these carbonates, would affect the
marginal basin in a similar fashion as river input and has also not been explicitly included in the model.

Given the uncertainties on both the riverine Sr concentration ([Sr]R) and ratio, the experiments of section
4.2 have been repeated with riverine 87Sr/86Sr values within the Mesozoic ocean 87Sr/86Sr range, i.e.,

Figure 5. Sensitivity of the range that fits all constraints to changes in the precession-averaged river discharge of the marginal and deep
basin. Shown is the percentage of the ampR-ampE range that fits all observational constraints for 256 models initiated with different com-
binations of fRD and fRM. The fRM-fRD combination that corresponds to the default setup from Figure 4 is indicated by the black box in
each frame.
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0.7065–0.7085, and riverine Sr concentrations of 150–450 3 1026 kg m23, i.e., 50–150% of the present-day
average concentration, to assess the sensitivity of the results to these parameters.

With respect to the results shown in Figure 4, only the 87Sr/86Sr minima and maxima are affected. Conse-
quently, the parameter range that fits all constraints only changes if either the required 87Sr/86Sr maximum
or minimum is not reached. With a low riverine 87Sr/86Sr (0.7065), the maximum 87Sr/86Sr constraint is
reached at higher amplitudes compared to the default setup (0.7075). Nevertheless, the range that fits all
constraints is largely unchanged at low riverine concentrations (150 3 1026 kg m23), but shrinks rapidly
when concentrations increase. With a high riverine 87Sr/86Sr, on the contrary, a higher riverine concentration
has a positive impact on the parameter range. In short, the largest amplitude range that meets all con-
straints occurs where riverine strontium characteristics are either a low 87Sr/86SrR (0.7065–0.7075) with a low
[Sr]R, or a relatively high 87Sr/86SrR (0.7085) with a high [Sr]R.

Given the wide range of settings in which Messinian marginal basins formed, they cannot all be expected
to have had a similar river input, volume, and surface area. To assess the sensitivity of the results to these
basin characteristics, all three have been systematically varied in a series of experiments.

While river input, volume, and surface area have a clear influence on the water characteristics of the mar-
ginal basin, their influence is mainly in severely restricted settings. A larger volume and river input, com-
pared to the default setup, lower the halite maxima and, hence, create a range that fits all constraints at
gMD 5 1022. At higher connectivities, a larger volume and river input reduce the range that fits all con-
straints due to lower gypsum maxima. Judging from the model results only, the depth of the basin does
not severely affect the results. In reality water chemistry presumably inhibited gypsum formation in deep(er)
basins [de Lange and Krijgsman, 2010; Lugli et al., 2010]. For the size of the river input, a clear preference
exists for twice the amount of river input per unit surface with respect to the Mediterranean average. A
larger size (surface area and volume) does not significantly change the results if the connectivity changes
proportionally.

A more extensive examination of the sensitivity of the results to riverine strontium characteristics, the size
of the marginal basin, and its river input can be found in Topper [2013].

4.4. Duration of Gypsum Deposition
The cyclic alternations of shale/sapropel and gypsum layers in PLG deposits are evidence for periodic
undersaturation of gypsum in the marginal basins. The duration of actual gypsum deposition, however, can-
not be determined from the deposits since no high-resolution chronological constraints are available yet. In
contrast, in the model, the number of years with gypsum saturation within a single precession cycle can be
easily tracked. Figure 6a shows the duration of gypsum deposition in the same parameter space as Figure 4.
Durations for the marginal basin are only shown where all observational constraints are met. For the deep
basin all durations are shown, black lines indicate the ranges corresponding to different gDA.

The range of parameters that fits all observational constraints is mainly restricted by the minimum salinity
and maximum gypsum saturation constraints. Because of this, all scenarios where gypsum saturation in the
marginal basin is never reached or continues throughout the whole precession cycle have already been
excluded from the results in Figure 6a. All durations are in the range 1–8000 year.

At the end of the interval where R> E-P, minimum salinities are reached and salinities start to rise. If the
connection with the Atlantic is relatively large (gDA5102), the Mediterranean salinity rise is slow compared
to more restricted settings. Hence, gypsum saturation is reached later and gypsum deposition only takes
place in the last kyr(s) of the E-P> R interval. Because the E-P> R interval becomes longer toward higher
amplitude variations, the duration of gypsum deposition increases concurrently from <1 kyr to 4–5 kyr
(gDA5102; Figure 6a).

When the connection with the Atlantic is severely restricted, the duration of gypsum deposition is relatively
constant at 5–7 kyr (gDA � 101 and gMD � 102). In this range, the salinity rise in the deep basin is sufficiently
fast when the fresh water budget becomes negative that the length of the E-P> R interval only plays a
minor role. Furthermore, the length of the E-P> R interval changes mostly at low amplitude variations, i.e.,
the range that does not fit all constraints. The marginal basin water budget only becomes important when
the exchange is severely restricted (gMD 5 100). Because the marginal basin has a precession-averaged
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Figure 6. (a) The duration of gypsum deposition in marginal and deep basin. Durations for the marginal basin are only shown where all
observational constraints are met. All durations are shown for the deep basin; the three black lines correspond to the ranges at different
gDA. The parameters along the axes are the same as in Figure 4. Figure 6b illustrates the sensitivity of the duration of gypsum deposition in
the marginal basin to changes in the precession-averaged river discharge of the marginal basin. Plotted is the average duration of gypsum
deposition in the ampR-ampE range that fits all observational constraints for 256 models initiated with different combinations of fRD and
fRM. Figure 6c shows the corresponding standard deviation of the range of durations.
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positive fresh water budget, the duration of gypsum saturation decreases significantly in a severely
restricted marginal basin.

In Figure 6a, two other trends in the duration of gypsum deposition should be highlighted. With an increas-
ing restriction of the Atlantic-Mediterranean connection, the duration of gypsum deposition increases in
lower ampR-ampE settings. Hence, the thickness and volume of gypsum deposits formed in precession
cycles with a lower amplitude are expected to increase when the Atlantic gateway becomes more
restricted. Second, in a higher amplitude precession cycle thicknesses are expected to be larger as long as
the Mediterranean is not severely restricted. However, because all other parameters, e.g., connectivity and
basin size, have to be constant and the link between ampR and ampE and the amplitude of the precession
signal is unknown, these correlations cannot be checked within the actual deposits.

For the results in Figure 6b, the duration of gypsum deposition has been calculated in the same range of
fRD and fRM as used in Figure 5. Only the sensitivity to the fRs is examined here because all the parameters
are examined in section 4.3. The average amount of river discharge in the deep and marginal basins has
proven to affect gypsum concentration the most. Only looking at the ranges that fit all observational con-
straints, an average duration of gypsum formation in the marginal basin can be calculated for the whole
ampR-ampE range of each gDA-gMD combination for all 256 combinations of fRD and fRM. To illustrate the
range of durations in each ampR-ampE range, the standard deviation is shown in Figure 6b.

As a rather intuitive result, the duration of gypsum deposition decreases when the precession-averaged
river input increases. A higher fR, either fRD or fRM, shortens the interval where E-P> R. The influence of the
marginal basin fresh water budget is more pronounced at lower gMD, as in section 4.3.1, where exchange
with the deep basin loses importance. The highest average duration (�10 kyr) is found at low fRs where the
range that fits all constraints is small and located at high amplitudes. Nevertheless, in the fR range where
percentages in Figure 5 are 75–100%, average durations can still go up to 8 kyr.

In the variation of the durations in the ampR-ampE range that fits all constraints, a clear division between
high and low standard deviations is visible in each frame of Figure 6c. This division coincides with the
switch in the limiting factor of the range that fits all constraints; at low fRs, these are the salinity and
87Sr/86Sr minimum, and at high fRs, the maximum gypsum concentration and 87Sr/86Sr. Because reaching
gypsum saturation is certain at low fRs and the range that meets all constraints is determined by salinity
and 87Sr/86Sr minima, the ampR-ampE range with the lower durations is never in the range that complies
with all constraints. At high fRs, gypsum saturation is not certain anymore, and the lower maximum gypsum
concentrations make it the limiting factor. Therefore, shorter durations of gypsum deposition are included
in the range that fits all constraints and hence standard deviations are higher.

5. Discussion

5.1. Precessional Variation of the Fresh Water Budget
The results in the previous sections have shown that 87Sr/86Sr and salinity variations in Mediterranean mar-
ginal basins can be driven by a precessional forcing. Riverine water characteristics (Sr concentration and
ratio), basin features, and precession-average water budget all have a clearly identifiable impact on the size
of the range of ampR-ampE combinations that meet all the observational constraints. The question remains
whether the range of ampR and ampE is realistic.

In Figure 4, it is still clear what the lowest possible ampR and ampE are in the ranges that fit all constraints.
For Figure 5, on the other hand, this information is lost due to the focus on the size of the range that fits all
constraints. In Figure 7, the minimum ampR above which all constraints are met for different values of
ampE is indicated for a series of experiments including those of Figure 5. For example, in Figure 5 at
ampR 5 6% at some combination of gDA, gMD, fRD, and fRM, all constraints are met when ampE > 23%. To
illustrate the sensitivity of this result to riverine strontium characteristics and marginal basin characteristics
(see section 4.3.2), the experiments for Figure 5 have been repeated 5 times with 87Sr/86SrR 5 0.7065
(orange line) and 0.7085 (green), [Sr]R 5 450 3 1026 kg m23 (red), a larger river input in the marginal basin
(purple), and a larger marginal basin volume (gray). In all these experiments, especially the high [Sr] R
experiment, the minimum ampR and ampE needed to meet all constraints are higher compared to the
default model setup. Changes are largest where riverine strontium characteristics are varied and smaller for
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changes in the marginal basin
characteristics. However, in all
experiments but the high [Sr]R

experiment a combination of
parameters exists where an ampR
of 45% is able to reproduce all
observations without any varia-
tion in E-P (ampE 5 0 in Figure 7);
the change in the fresh water
budget due to the river input var-
iation is large enough to reach
both the required minima and
maxima. Toward higher ampE a
lower minimum ampR is needed.

Quantitative estimates of the var-
iation of the fresh water budget
of the Mediterranean are scarce.
There are proxies for relative
changes in the amount of river

input and evaporation [e.g., K€ohler et al., 2010; Vasiliev et al., 2013] which unfortunately cannot quantify the
changes found. Currently, only climate models can give the required quantitative information.

The variation of precipitation, evaporation, and river discharge in the Mediterranean during a precession
cycle has been studied by Meijer and Tuenter [2007] for the present-day climate and Murphy [2010] for the
Late Miocene (Figure 7). The values for ampR and ampE from Meijer and Tuenter [2007] do not represent the
maximum precession-driven change of R and E-P because the present-day situation, approximately a weak
precession maximum, was compared with the strongest precession minimum of the last 1 Myr. When the
results of the precession minimum and maximum experiments of Tuenter et al. [2003] (which provided the
precession minimum data for Meijer and Tuenter [2007]) are used to calculate amplitudes of variation, ampR
is significantly higher while ampE is lower. Moreover, the model used by Tuenter et al. [2003] is known to
underestimate precipitation, and thus the amplitude of precessional variation of precipitation and runoff.
Amplitudes calculated with a mid-Holocene and preindustrial run, i.e., a weak precession minimum and
maximum, from a more recent climate model are already higher [Bosmans et al., 2012]. Noteworthy is the
large impact of the Chad basin, which was not draining into the Mediterranean in the model used by Meijer
and Tuenter [2007] and Tuenter et al. [2003], on ampR. A repetition of the precession extrema experiments
with other and/or more recent climate models is therefore expected to result in higher ampR and ampE.

The Miocene orbital forcing experiments of Murphy [2010] stand out owing to the higher ampE which is
caused by a significant change in the precipitation over the Mediterranean due to changes in seasonal inso-
lation. The ampR value is also significantly higher, with absolute discharges in the precession maximum
below present-day values.

Even though the quality of the amplitude values from the climate models is hard to assess, it will do for an
order of magnitude estimate. In the climate model results, ampE is consistently low compared to ampR val-
ues which also have a much larger spread. In our results, a range that fits all observational constraints can
be found in the ampE range from climate models (1.2–14.6%) when ampR is at least 15–30% (Figure 7), well
below the ampR of Murphy [2010]. Because these values represent the highest precession amplitude possi-
ble, ampR of precession cycles in lower eccentricity intervals will be lower. There, fortunately, remains a sig-
nificant range between the ampR from the Late Miocene climate model and the minimum ampR we find to
be needed to explain all variations during the PLG. Also, considering that the amplitudes found by Tuenter
et al. [2003] are likely underestimated, we cautiously conclude that part of the amplitude ranges, mainly
restricted by ampE, found required in this study is realistic.

5.2. The Setting for PLG Formation
Having systematically tested a large number of different settings for PLG formation in marginal basins, we
can give a range of each of the parameters in which it is most likely that PLG formation took place:

Figure 7. The minimum ampR and ampE above which scenarios exist that fit all observa-
tional constraints in Figure 5 (blue line). The other lines show the minimum ampR and
ampE for experiments which differ from the default setup in only one parameter. Also
indicated are the amplitudes of variation found in Meijer and Tuenter [2007] (MT07, purple
cross), Tuenter et al. [2003] (T03, orange), Bosmans et al. [2012] (without/with Chad basin:
B11/B11c, light blue), and Murphy et al. [2009] (M09, green).
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1. In a large range of sizes of the Atlantic-Mediterranean and deep-marginal basin connections, an ampR-
ampE range exists that fits all constraints from the deep and marginal basins (100 � gDA � 102,
100 � gMD � 104). Only a severely restricted marginal basin (gMD 5 1022), i.e., with water characteristics as
good as independent from those in the deep basin, is unlikely due to its tendency for either halite satura-
tion and gypsum undersaturation. The largest range of parameters in all sensitivity experiments is usually
reached where gDA 5 102, the least restrictive setting for Atlantic-Mediterranean exchange in our model
results, and gMD 5 100, where the fresh water budget of the marginal and deep basin is equally important
in determining the marginal basin water characteristics.

2. Riverine strontium characteristics should preferably be a combination of either a low 87Sr/86SrR (0.7065–
0.7075) with a low [Sr]R, or a relatively high 87Sr/86SrR (0.7085) with a high [Sr]R. Rocks outcropping in the
catchment areas draining into the Mediterranean comprise the whole range of 87Sr/86Sr values. Riverine [Sr]
values vary significantly depending on the lithologies in the catchment, the season, and the river discharge
[e.g., Palmer and Edmond, 1989]. The appropriateness of the range of [Sr], 0.5–1.5 times the present-day
Mediterranean average riverine [Sr], is therefore hard to assess.

3. As long as the connectivity is proportional to the size of the basin, the size of the basin does
not play a role in determining whether salinity and 87Sr/86Sr can fluctuate on a precessional time-
scale. A marginal basin deeper than 300 m, ignoring the fact that the depositional setting of gyp-
sum is actually unlikely to be below 300 m [Lugli et al., 2010], reduces the likelihood of meeting
all observational constraints. When river discharge in the marginal basin is 0.05–0.10% of the total
Mediterranean river discharge, the marginal basin is most perceptible to 87Sr/86Sr and salinity
fluctuations.

4. The preferred precession-averaged fresh water budget of the deep basin (fRD) is in the range 1.4–1.7
times the default value, given by the Late Miocene water budget from Gladstone et al. [2007]. The marginal
basin budget is of less importance as long as the marginal basin is not severely restricted. This range of
deep basin fRs is significantly higher than the range in Topper et al. [2011] (fR 5 0.9–1.3). The main cause for
this difference is the interpretation of the 87Sr/86Sr data. In Topper et al. [2011], the lowest 87Sr/86Sr value in
the PLG was taken to be the lowest value reached during the whole PLG interval, while we here assume
that 87Sr/86Sr was likely to be lower during times of gypsum undersaturation. With a similar interpretation
of the 87Sr/86Sr data, the range of Topper et al. [2011] shifts to a range of fRs similar to those found here.
Another, but less influential, origin of the difference can be found in the precession-driven forcing which
changes the average water characteristics with respect to those found with constant forcing.

5. The variability in the fresh water budget does not have to be large to allow for the observed salinity and
87Sr/86Sr range. The ampR can be as low as 23% when ampE is only 6%. Given the large range of fRs, basin
size, and connectivities at which a realistic range of amplitudes can explain all observations of the PLG, the
coeval salinity and 87Sr/86Sr variation in the Vena del Gesso basin is unlikely to be unique to this location.
Similar variations in 87Sr/86Sr can probably be found in many, if not all, PLG deposits in marginal Mediterra-
nean basins.

6. Conclusions

When data are as yet insufficient to verify or refute a hypothesis, modeling can be the way forward, as
shown in this study. A simple box model setup to represent the Late Miocene Mediterranean contains the
essential processes and parameters to assess whether precession-driven changes in the fresh water budget
can drive 87Sr/86Sr and salinity fluctuations in Mediterranean marginal basins. With a specific set of parame-
ters, a single model was run to demonstrate a proof of concept: 87Sr/86Sr and salinity fluctuations during
the PLG can be driven by precession induced climate changes.

An extensive sensitivity study has shown that:

1. The connection between the Atlantic and Mediterranean has to be restricted during the PLG interval,
while the connection between the deep and marginal Mediterranean basins can be anything from nonres-
trictive to restrictive.
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2. Within a realistic range for the Mediterranean, a preferred combination of riverine strontium characteris-
tics, i.e., concentration and ratio, exists where concentration and ratio are either both high or both low.

3. A marginal basin can have a large range of sizes without affecting its likelihood of producing 87Sr/86Sr
and salinity fluctuations as long as the connection with the deep basin is proportional to its size.

4. The precession-averaged fresh water budget of the Mediterranean is most suitable for coeval 87Sr/86Sr
and salinity variations when river input is considerably more dominant than in the present-day situation. In
this relatively ‘‘wet’’ setting, the amplitudes of R and E-P variations during a precession cycle are within the
range of amplitudes derived from orbital extrema experiments with climate models.

The large range of parameters that produces the proposed coeval 87Sr/86Sr and salinity fluctuations in a
marginal basin during the PLG indicates that these fluctuations are probably not restricted to the specific
setting of the Vena del Gesso basin from which the most comprehensive 87Sr/86Sr data set derives. It is
therefore likely that future sampling of other basins will find similar variations.
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