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Abstract—The chemical evolution of seawater during the Phanerozoic is still a matter of debate. We have
assembled and critically analyzed the available data for the composition of fluid inclusions in marine halite
and for the mineralogy of marine evaporites. The composition of fluid inclusions in primary marine halite
reveals two major long-term cycles in the chemistry of seawater during the past 600 myr. The concentration
of Mg2�, Ca2�, and SO4

2� has varied quite dramatically. The Mg2� concentration in seawater during most of
the early Paleozoic and Jurassic to Cretaceous was as low as 30 to 40 mmol/kg H2O; it reached maximum
values�50 mmol/kg H2O during the Late Neoproterozoic and Permian. The Ca2� concentration in seawater
during the Phanerozoic has reached maximum values two to three times greater than the concentration in
seawater today (10.6 mmol/kg H2O), whereas SO4

2� concentrations may have been as low as 5 to 10 mmol/kg
H2O (a third to a fifth of the modern value) during the Jurassic and Early Paleozoic. The Mg2�/Ca2� ratio in
seawater ranged from 1 to 1.5 during the early to middle Paleozoic and Jurassic-Cretaceous to a near-modern
value of 5.2 during the Late Neoproterozoic and Permian. This change in seawater Mg2�/Ca2� ratio is
consistent with the notion of alternating “calcite-aragonite seas” recorded in oo¨lites and marine carbonate
cements.

Several models have been proposed to explain the chemical evolution of seawater. These have invoked
significant changes in one or more of the major geochemical processes that control the composition of
seawater. The pattern and magnitude of the variations in the composition of seawater proposed in this study
are similar to those proposed elsewhere that suggest that seawater fluxes through midocean ridges have played
a major role in the evolution of seawater during the past 600 myr. Two Phanerozoic supercycles of the Earth’s
exogenic processes were recognized in the literature that are caused by mantle convection and plate activity.
The composition of seawater has apparently undergone dramatic secular changes in phase with these
supercycles and as a consequence of biological evolution. Analyses of fluid inclusions containing unevapo-
rated seawater and a better understanding of the processes that affect the composition of seawater are needed
to refine our understanding of the history of Phanerozoic seawater.Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION

Since Rubey’s (1951) presidential address to the Geological
Society of America, “The Geologic History of Sea Water—An
Attempt to State the Problem,” many efforts, ranging from
equilibrium (Sillén, 1961, 1967) to steady-state (Mackenzie
and Garrels, 1966; Maynard, 1976) to kinetic models (Broeck-
er, 1971), have been made to constrain the composition of
seawater during the Phanerozoic. In his presidential address to
the Geochemical Society on “The Geologic History of Sea
Water—An Attempt to Solve the Problem” and the first full-
scale book on this subject,The Chemical Evolution of the
Atmosphere and Oceans, Holland (1972, 1984) used the con-
stancy of the mineral sequence during the early stages of
marine evaporites to constrain the potential variability of the
composition of Phanerozoic seawater. He was able to show that
during this period, the concentration of the major constituents
of seawater has probably varied by less than a factor of about
two. Although this was an elegant approach, the limits that it
set on the composition of Phanerozoic seawater were broad.

Following the pioneer work of Holser (1963), Lazar and
Holland (1988) developed a technique for the precise determi-

nation of the concentration of all the major species as well as
that of Br� and Li� in brine inclusions�200�m in diameter.
This technique opened the way to a more direct approach to the
study of the evolution of seawater by analyzing the composi-
tion of primary fluid inclusions in halite from marine evapor-
ites. Horita et al. (1991) demonstrated that the composition of
Permian seawater was similar to that of modern seawater.
However, the composition of primary fluid inclusions in Juras-
sic, Silurian, and Devonian marine halite (Das et al., 1990;
Land et al., 1995; Horita et al., 1996) turned out to be signif-
icantly different from that of brines generated by the evapora-
tion of modern seawater. They were severely depleted in Mg2�

and SO4
2�, and enriched in Ca2�. This difference could be

explained by the effects of dolomitization during the passage of
seawater from the open ocean across large carbonate platforms
to restricted evaporite basins. It was therefore possible to ex-
plain the composition of these inclusion fluids without calling
on significant differences between the composition of modern
seawater and the composition of seawater during the Silurian
and Devonian. However, apparent lack of extensive contempo-
raneous dolomite in many evaporite basins casts doubt on the
above interpretation.

It has been known for a long time that many Paleozoic and
Mesozoic marine evaporites contain sylvite, carnallite, or both,
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and that they lack the MgSO4-potash minerals, which precip-
itate during the evaporation of modern seawater. These
“MgSO4-poor” evaporites were considered “unusual” or “ab-
normal.” Their composition was often ascribed to postdeposi-
tional alteration or to the evolution of brines under unusual
conditions in restricted basins (Borchert and Muir, 1964;
Braitsch, 1971; Hite, 1985; Ayora et al., 2001). However, it is
the “normal” MgSO4-rich marine evaporites that are the ex-
ception. They only account for �5% of all known Phanerozoic
evaporite deposits (Hardie, 1990; Herrmann, 1991). Increas-
ingly, the data for the chemical composition of inclusions
brines (Horita et al., 1996; Kovalevich et al., 1998; Lowenstein
et al., 2001) has confirmed that brines in many Phanerozoic
marine evaporite basins were indeed devoid of SO4

2�. This
observation, together with Sandberg’s (1983) observation of
long-term changes in the relative abundance of aragonite and
calcite in oölites and marine carbonate cements, led Spencer
and Hardie (1990) and Hardie (1996) to suggest that the com-
position of seawater has varied significantly during the Pha-
nerozoic. They proposed that the composition of seawater
changed in response to variations in the rate of seafloor spread-
ing, which produced changes in the rate of seawater cycling
through midocean ridges (MOR). Holland et al. (1996) pointed
out several shortcomings in this model and showed that the
effect of variations in spreading rates on global seawater com-
position is more modest than that proposed by Hardie (1996).

During the last several years, an increasing amount of infor-
mation has been published on the composition of inclusion
brines in halite deposits (Appendix), but disagreement contin-
ues regarding the relative importance of variations in the com-
position of seawater during the Phanerozoic (Kovalevich et al.,
1998; Lowenstein et al., 1999; Timofeeff et al., 1999) and the
alteration of seawater during its evaporation path, in restricted
evaporite basins, or both (Holland et al., 1996; Holland and
Zimmermann, 1998; Ayora et al., 2001). The availability of
new, high-quality fluid inclusion data from many marine
evaporites, acquired largely by our own efforts, prompts us to
revisit the problem of the chemical evolution of seawater
during the Phanerozoic.

2. MATERIALS AND METHODS

The use of the mineralogy of marine evaporites and of the compo-
sition of fluid inclusions in halite to reconstruct the chemical evolution
of seawater is not free of difficulties: (1) Assumptions must be made in
defining the degree of evaporation (DE)—that is, the ratio of the
concentration of a conservative element in brines to that in the initial
seawater. (2) Uncertainties are introduced by the precipitation of min-
eral phases (carbonates, gypsum/anhydrite, and halite) before and dur-
ing halite precipitation. (3) Reactions of seawater with sediments en
route to the evaporite basin (e.g., replacement of CaCO3 by dolomite)
must be taken into account. (4) Contribution of nonmarine solutions
can affect the composition of waters in a basin. (5) Reactions with
earlier evaporites (particularly potash minerals) and clastic/authigenic
sediments can modify the composition of brines in an evaporite basin.
(6) And postdepositional alteration due to diagenetic and burial meta-
morphic processes can affect the composition of inclusion brines in
evaporite deposits.

Processes 1 and 2 above present fundamental problems associated
with the use of the evaporite record to reconstruct the composition of
seawater. They are discussed in detail in section 4. Difficulties 3 to 6
are related to hydrologic, sedimentologic, and diagenetic/metamorphic
processes in evaporite basins, which can only be overcome by using a
great deal of information regarding the geology, paleontology, sedi-

mentology, and geochemistry of the evaporite basins. In general, the
evaporite deposits that are most suitable for reconstructing the compo-
sition of the contemporaneous seawater are those that formed in deep
basins devoid of carbonate platforms and without an input of clastic
sediments. Bedded evaporites formed in stable sedimentary basins
without postdepositional deformation are preferable to evaporites from
tectonically active basins or salt domes. Basal halites deposited well
before potash zones and close to an inlet of seawater to evaporite basins
are preferred sources of samples. Primary, single-phase brine inclu-
sions with negative crystal shapes in primary halite in which hoppers
and chevrons are outlined by alternating bands of inclusion-rich and
-free zones are preferable to two-phase, irregular inclusions in clear,
diagenetic halite. It is difficult, if not impossible, to identify evaporite
deposits that meet all these requirements. In this synthesis of large data
sets of brine inclusions, our own and those available in the literature,
we only consider halite from evaporite deposits whose Sr and S isotope
signature indicates unequivocally that they are marine in origin. When-
ever possible, halite of the same or similar geologic age from different
evaporite basins is used to determine whether the composition of their
inclusion fluids yields global rather than local/regional signatures. Only
cubic, single-phase inclusions from growth bands within primary halite
crystals have been used to constrain seawater compositions (“ch” in
Appendix). Large, irregular inclusions in clear halite and two-phase inclu-
sions suggestive of a diagenetic origin were eliminated from consideration.

During the last decade, several techniques have become available for
the analysis of individual fluid inclusions in halite. The most precise (2
to 5% for major constituents) analyses are those obtained by microex-
traction followed by ion chromatography (Lazar and Holland, 1988) or
by inductively coupled plasma mass spectrometry (ICP-MS; von Bor-
stel et al., 2000). Both methods have the advantage that the concen-
tration of Br�, Li�, and some other trace elements can also be deter-
mined, but with a precision of 3 to 15%. The measurement of Br� is
particularly useful for evaluating the DEBr because Br� is largely
conservative during evaporation and precipitation and has a long res-
idence time in the oceans (�100 myr; Holland, 1978). However, these
techniques are only applicable to fluid inclusions with a diameter of
�200 �m. The Petrichenko (1973) method permits the determination
of K�, Mg2�, and SO4

2� with a precision of �20% by use of micro-
extraction and wet chemical methods of analysis. However, these ions
are usually not determined in brines from the same inclusion. In many
instances, the origin of samples and the primary nature of the fluid
inclusions are poorly documented (e.g., Kovalevich et al., 1998). Such
data are therefore not suitable for defining the chemical evolution of
seawater. Ayora and Fontarnau (1990) have pioneered a cryo-SEM-
EDS technique for measuring Na�, K�, Mg2�, Ca2�, SO4

2�, and Cl�

in fluid inclusions �250 �m in diameter. The uncertainty in their
measurements is 10 to 20% (see also Timofeeff et al., 2000). More
recently, fluid inclusions as small as 20 �m in diameter have been
selectively opened with an ultraviolet laser, and the brines have been
analyzed for Mg2�, Ca2�, K�, and a variety of trace elements by
ICP-MS (Shepherd and Chenery, 1995; Shepherd et al., 1998). Al-
though LA-ICP-MS can provide high-precision values of element
ratios, the volume of the inclusions cannot be determined; hence, these
analyses only define the relative concentrations of elements.

Data for the chemistry of inclusion brines were first presented in
Jänecke units and diagrams (Braitsch, 1971; Usdowski and Dietzel,
1998) (Appendix and Figs. 1 to 4). Jänecke diagrams are useful for
showing the major features of the chemistry of NaCl-saturated brines,
particularly the differences between SO4-rich and Ca-Cl type brines.
Saturation indexes for potash minerals (sylvite, carnallite, MgSO4

minerals, etc.) were calculated on the basis of the Harvie et al. (1984)
model, and data for inclusion brines that are saturated with respect to
these late-stage minerals were discarded. Geochemical screening as
proposed by Zimmermann (2001) has been applied to identify primary
fluid inclusions that contain evaporated seawater before potash mineral
precipitation and without an overprint of evaporite recycling (“sw” in
Appendix). In the Jänecke-diagram of Mg-2K-SO4 or Mg-Ca-2K, the
position of seawater does not change during halite precipitation after
the precipitation of carbonates and gypsum/anhydrite until the onset of
the precipitation of potash and MgSO4-bearing minerals. The precipi-
tation and dissolution of complex CaSO4 minerals such as polyhalite
and glauberite during the halite facies change Jänecke values only
modestly (Eugster et al., 1980).
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3. EVALUATION OF DATA SETS

3.1. Modern and Cenozoic

Von Borstel et al. (2000) have confirmed that the composi-
tion of brine inclusions from the solar salt works on Great
Inagua Island plot on the projection point of unevaporated
modern seawater in the Jänecke diagram at 25°C (Fig. 1A).
Timofeeff et al. (2001) obtained similar results for the major
species Na�, K�, Mg2�, Cl�, and SO4

2� in inclusion brines
from modern halite taken from a supratidal sabkha in Baja
California, which have undergone repeated cycles of flooding,
dissolution, and precipitation of evaporite minerals. These re-
sults show that inclusion brines in marine evaporites faithfully
record the composition of evaporated modern seawater. How-
ever, brines trapped within fluid inclusions may not be simply
evaporated seawater. Our analyses of fluid inclusions from five
samples of marine halite of the Plio-Pleistocene (1 to 2 Ma)
Sedom Formation in the Dead Sea rift valley in Israel (Zak,
1997) show that the brines in this basin were depleted in Mg2�

and SO4
2� relative to modern seawater (Fig. 1A and Appendix).

The isotopic composition of Sr in carbonates, gypsum/anhy-
drite, and halite in this formation (Stein et al., 2000) clearly
indicates that the brines in the Dead Sea rift valley have been
modified by interaction (dolomitization) with Late Cretaceous

carbonates. This observation underscores the importance of
isotopic data for the interpretation of fluid inclusion analyses.

An extensive set of fluid inclusion analyses is now available
for Tertiary marine halites. The set includes analyses of the
Late Miocene evaporites of the Red Sea and the Mediterranean
(Lazar and Holland, 1988; Ayora et al., 1994a; Garçia-Veigas
et al., 1995; Kovalevich et al., 1997; Zimmermann; 2000b;
Lazar and Holland, personal communication), the Middle Mio-
cene evaporites of the Carpathian Foredeep Basin (Galamay et
al., 1997; Galamay and Karoli, 1997; Garçia-Veigas et al.,
1997; Kovalevich and Petrichenko, 1997; Shaidetska, 1997;
Kovalevich et al., 1998; Bukowski et al., 2000) and the Oligo/
Eocene evaporites of the Mulhouse and Navarra Basins (Canals
et al., 1993; Ayora et al., 1994b). Zimmermann (2000a) re-
viewed these data and showed that during the last 40 myr, the
concentration of Mg2� in seawater gradually increased from
�37 to 55 mmol/kg H2O (Fig. 1B and Appendix).

3.2. Mesozoic

On the basis of cryo-SEM-EDS fluid inclusion analyses in
chevron halite of the Congo Basin in Africa, the Sergipe Basin
in Brazil, and the Khorat Plateau in Thailand and Laos,
Timofeeff et al. (1999) estimate that compared with modern

Fig. 1. Compositions of fluid inclusions (mol%) from Cenozoic and Mesozoic marine halite in the Mg-2K-SO4 and
Mg-Ca-2K Jänecke diagrams at 25°C. (A) Modern and Quaternary. �, fluid inclusions that are not simply evaporated
seawater before the potash facies. (B) Tertiary. (C) Jurassic. (D) Triassic. mSW � modern seawater at the halite facies;
DOL � predicted chemistry of seawater affected by the dolomitization of limestones during evaporative concentration;
Hardie SW � predicted seawater chemistry caused by variations in seafloor spreading rates according to Hardie (1996).
Stability fields of solid phases are labeled. For sample description and analytical data, see Appendix.
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seawater Cretaceous seawater was considerably enriched in
Ca2� and depleted in Mg2� by 30 to 40%. No details concern-
ing their analytical results for individual fluid inclusions are
available. The Cretaceous evaporites of Africa and South
America are related to the opening of the Atlantic (Belmonte et
al., 1965; Wardlaw, 1972). These deposits and the Thailand
evaporites (Hite and Japakasetr, 1979; El Tabakh et al., 1999)
do not contain marine carbonates at the base of the sequence
but include tachyhydrite, sylvite, and carnallite. Hardie (1990)
and Garrett (1996) proposed a nonmarine origin for these
evaporites or a considerable hydrothermal contribution to the
evaporite basins. However, the mineralogy of these “unusual”
Cretaceous evaporites can be explained as primary precipitates
from evaporated seawater of the composition proposed by
Timofeeff et al. (1999).

Land et al. (1995) have reported analyses of 12 fluid inclu-
sions in three samples of chevron halite from the Middle-Late
Jurassic Louann Formation of the Gulf Coast (Fig. 1C and
Appendix). Our new analyses include 14 inclusion brines in
three halite samples from the overlying Late Jurassic Haynes-
ville Formation, which were also obtained from the Champion-
Klepac 1 well in Alabama, and five fluid inclusions from the
Early Jurassic evaporites offshore from Morocco (DSDP site
546; see Clement and Holser, 1988). Saturation calculations
with the Harvie et al. (1984) model show that many of these
inclusion brines are saturated with respect to sylvite, carnallite,
or both, suggesting that much of the information regarding the
composition of the original seawater has been lost. Khmelevska
(1997) studied the composition of primary fluid inclusions in
chevron halite of the Kimmeridgian evaporites of the Ukraine
by using the Petrichenko method. She tabulated only an aver-
age composition for all of the primary inclusions with a con-
siderable range of data (Fig. 1C). This average composition
represents brines well before the potash facies with average
Jänecke units of 58.3 mol% for Mg, 8.5 mol% for 2K, and 33.2
mol% for Ca. The analyses of the fluid inclusions from the Gulf
Coast Basin and Ukraine overlap. The Gulf of Mexico Basin is
devoid of massive carbonate deposits of Louann age (Tew et
al., 1991). It is therefore unlikely that the inclusion brines in
halite from the Louann (and Haynesville) were altered by the
dolomitization of limestone en route from the open sea to the
evaporite basin. Altogether, this suggests strongly that the
composition of Cretaceous and Jurassic seawater was quite
different from that of modern seawater.

Kovalevich et al. (1998) and Kovalevich and Hauber (2000)
reported the average composition of brine inclusions from the
Early Triassic Röt evaporites (Buntsandstein) in the Nether-
lands and in Poland. These evaporites are associated with
nonmarine clastic sediments. Br� analyses (Holser and Wilgus,
1981) and our isotopic analyses of S and Sr do not allow an
unequivocal assignment of a marine or continental origin to
these deposits. The Röt evaporites have been variously inter-
preted as reworked salt of the underlying Permian Zechstein
evaporites and desiccation products of largely continental wa-
ters. Their origin is so uncertain, that they have not been
included in this compilation.

Shallow marine carbonates and marginal marine evaporites
of the Middle Triassic Muschelkalk Basin were deposited in an
elongated gulf stretching from northern Germany to southern
France. In Switzerland the thickness of this unequivocally

marine halite sequence reaches 100 m, and initial sedimentary
features are occasionally preserved. S and Sr isotopic compo-
sition suggest a marine origin (Holser, personal communica-
tion). Kovalevich and Hauber (2000) analyzed primary fluid
inclusions in two samples of chevron halite from two wells in
the Rheinfelden area by using the Petrichenko (1973) method.
In the Jänecke diagram, their average compositions plot in the
stability field of sylvite between the seawater composition
predicted by Hardie (1996) and the path predicted for seawater
affected by the dolomitization of limestones (DOL in Fig. 1D).
They appear to contain evaporated seawater before potash
mineral precipitation.

Fanlo and Ayora (1998) analyzed primary fluid inclusions in
19 chevron halite samples from the Late Triassic (Early Car-
nian, Keuper) evaporites in the Lorraine Basin in France via the
cryo-SEM-EDS technique. Most of the inclusion data plot in
the stability field of either kainite or carnallite (Fig. 1D),
although they are clearly not saturated with these potash min-
erals. In this study, we extracted 15 fluid inclusions from three
chevron halite samples from the Varangeville salt mine in the
same basin. Four of 15 inclusion fluids are MgSO4 free and
contain small amounts of CaCl2. They are similar to the brines
studied by Fanlo and Ayora (1998). However, saturation in-
dexes based on the Harvie et al. (1984) model indicate that they
are strongly evaporated and saturated with respect to sylvite or
carnallite. Few data from fluid inclusions in Triassic halites are
suitable for constraining the composition of seawater, and they
scatter considerably (Fig. 1D). However, they definitely plot in
the Mg-2K-SO4 part of the Jänecke diagram.

3.3. Paleozoic

Permian marine evaporites, which are widespread in North
America (Guadelupian and Ochoan ages) and in Europe (Zech-
stein age), are among the best-studied evaporite deposits. The
entire sequence of Zechstein evaporites was deposited in less
than 7 myr (Menning, 1995). The Z1 and Z2 formations of the
German Zechstein evaporites contain MgSO4 minerals such as
langbeinite, kieserite, and polyhalite, whereas Z3 does not. The
Z3-sylvinites of the Hannover district are clearly alteration
products of earlier carnallitic rocks (Peters, 1988), and our
analyses of inclusion fluids from the time-equivalent Boulby
halite in England (Fig. 2D and Appendix) suggest a similar
origin for this unit. Herrmann et al. (1997) investigated primary
fluid inclusions in the Allertalgraben Z3 halite. The composi-
tions of all of the fluid inclusions plot in the stability fields of
kainite, sylvite, or carnallite with average Jänecke units of
78.5 � 1.6 mol% for Mg, 8.0 � 1.2 mol% for 2K, 13.5 � 1.0
mol% for SO4 (n � 9, Appendix; Fig. 2D). By means of the
Petrichenko (1973) method, Peryt and Kovalevich (1996) an-
alyzed primary fluid inclusions in 20 samples of chevron halite
from the basal Z1 formation (Fig. 2B and Appendix). Many
fluid inclusions contain evaporated seawater with average Jä-
necke values of 77.3 � 2.2 mol% for Mg, 8.2 � 0.9 mol% for
2K, 14.5 � 1.9 mol% for SO4 (n � 8) (Fig. 2B). Thus, the
compositions of seawater in the Z1 of Poland and the Z3 of
Germany overlap (Fig. 2A).

A large number of analyses of fluid inclusions from primary
bedded halite are available for the Ochoan Salado Formation in
the Delaware and Palo Duro basins of North America (Stein

3736 J. Horita, H. Zimmermann, and H. D. Holland



and Krumhansl, 1988; Bein et al., 1991; Horita et al., 1991;
Lowenstein et al., 1999), which are time equivalents of Zech-
stein 2. Unfortunately, the data sets of Stein and Krumhansl
(1988) and Bein et al. (1991) are not useful because the fluid
inclusions are clearly not primary in origin. The results of Bein
et al. (1991) also show a large degree of scatter, presumably
due to varying degrees of reaction with minerals on the asso-
ciated carbonate platform. Horita et al. (1991) analyzed 24
primary fluid inclusions extracted from two samples of chevron
halite from the Delaware Basin. The calculated saturation in-
dexes suggest that most of these inclusions are evaporated
seawater before the beginning of the potash facies and that they
were not affected by the dissolution of potash minerals. In the
Jänecke diagram, they plot in the stability field of kainite with
average Jänecke units of 76.8 � 1.2 mol% for Mg, 8.0 � 0.4
mol% for 2K, 15.2 � 1.2 mol% for SO4 (n � 18, Appendix)
(gray circles, Fig. 2C). The composition of seawater in the
Ochoan Delaware Basin of North America and in the European
Zechstein Basin overlaps (Fig. 2A). Horita et al. (1991) also
extracted and analyzed 14 fluid inclusions from marine halite of

the Early Permian (Leonardian) Wellington Formation in the
Kansas Basin. Their Jänecke units of 79.1 mol% for Mg, 8.6
mol% for 2K, and 12.4 mol% for SO4 (Appendix) are consis-
tent with the inferred compositional range of Upper Permian
seawater. ESEM analyses of primary fluid inclusions from
chevron halite in the Salado and San Andres formations of the
Delaware and Palo Duro Basins by Lowenstein et al. (1999)
confirm these results. All of the data indicate Jänecke units of
77.8 � 1.2 mol% for Mg, 8.2 � 0.4 mol% for 2K, and 14.0 �
1.2 mol% for SO4 for Permian seawater, which is close to those
of modern seawater.

Petrichenko (1973) and Petrychenko et al. (in press) ana-
lyzed fluid inclusions from 15 samples of Carboniferous Viséan
evaporites (Penobsquis Salt Member of the Cassidy Lake For-
mation) in the Moncton Subbasin, New Brunswick, Canada via
the Petrichenko (1973) method. However, according to Petrychen-
ko et al. (in press), the beginning and the end of the deposition of
the Windsor Group evaporite sequence was strongly influenced by
waters of nonmarine origin. Hence, this deposit is not suitable for
determining the composition of Carboniferous seawater.

Fig. 2. Compositions of fluid inclusions (mol%) from Permian marine halite in the Mg-2K-SO4 and Mg-Ca-2K Jänecke
diagrams at 25°C. (A) Lower and Upper Permian primary fluid inclusions of evaporated seawater before potash facies. (B)
Zechstein 1. (C) Ochoan. (D) Zechstein 3 and Rustler Formation. mSW � modern seawater at the halite facies; DOL �
predicted chemistry of seawater affected by the dolomitization of limestones during evaporative concentration; Hardie
SW � predicted seawater chemistry caused by variations in seafloor spreading rates according to Hardie (1996). Stability
fields of solid phases are labeled. For sample description and analytical data, see Appendix.
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Horita et al. (1996) investigated inclusion brines in marine
halite from the Middle Devonian (377 to 386 Ma) Elk Point
Group (Prairie Formation) of the Saskatchewan Subbasin in
Canada via the Lazar and Holland (1988) technique. In a total
of 26 fluid inclusions in seven halite samples from three sites in
the southern part of the Saskatchewan Subbasin, only the fluid
inclusions in the well samples (AW46-49, Appendix) were
extracted from growth bands of cloudy chevron halite. The
inclusion brines plot in the stability fields of sylvite and car-
nallite in the CaCl2-rich and MgSO4-free part of the diagram
(Mg-Ca-2K, Fig. 3A). Many fluids extracted from halite in the
IMC mine are extremely concentrated and saturated with re-
spect to carnallite. Only chevron halite AW49-F26 from Bre-
denbury and AW46 from Lanigan seem to contain primary
fluid inclusions of evaporated seawater before reaching the
potash facies. Kovalevich et al. (1998) reported average com-
positions of inclusion brines from two Middle and seven Late
Devonian evaporite deposits from the former Soviet Union.

These are similar to those of the Middle Devonian Prairie
Formation in Western Canada.

Das et al. (1990) reported the composition of 18 fluid inclu-
sions in four marine halite samples from unit F of the Late
Silurian Salina Group of the Michigan Basin. The samples of
bedded halite contain abundant chevron structures, and the
extracted fluid inclusions were located next to these growth
bands (“ch” in Appendix). Other fluids were extracted from
single-phase inclusions that were randomly distributed in pod
halite. The calculations of saturation indexes demonstrate that
the brines in the halites from the Michigan Basin were not
saturated with the respect to sylvite or carnallite, and that they
can be used to constrain the composition of Late Silurian
seawater. However, the analyses of inclusion fluids in these
samples need to be treated with some caution because the brine
compositions seem to have been affected by the dissolution and
precipitation of halite. This might have reduced the Br concen-
tration of the brines. The brine compositions plot close to the

Fig. 3. Compositions of fluid inclusions (mol%) from Paleozoic marine halite in the Mg-2K-SO4 and Mg-Ca-2K Jänecke
diagrams at 25°C. (A) Devonian. (B) Silurian. (C) Early Cambrian. (D) Late Neoproterozoic. mSW � modern seawater at
the halite facies; DOL � predicted chemistry of seawater affected by the dolomitization of limestones during evaporative
concentration; Hardie SW � predicted seawater chemistry caused by variations in seafloor spreading rates according to
Hardie (1996). Stability fields of solid phases are labeled. P, Q, R, X, Y, and Z designate invariant brine compositions
(Usdowski and Dietzel, 1998). For sample description and analytical data, see the Appendix.
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boundary between the stability fields of sylvite and carnallite in
the CaCl2-rich and MgSO4-free part of the Jänecke diagram
(Mg-Ca-2K, open circles in Fig. 3B). In this study, we ex-
tracted several individual inclusions from a halite sample of the
Late Ordovician-Early Silurian Mallowa Salt of the Carribuddy
Group in the Canning Basin of Western Australia (Cathro et al.,
1992). Saturation indexes indicate saturation with carnallite for
all the Carribuddy halite inclusions. Overall, the data suggest
that the composition of Silurian seawater was significantly
different from that of modern seawater.

We studied 15 fluid inclusions (Appendix) in four samples of
white cloudy halite and gray halite with few chevrons from the
Early Cambrian evaporites of Eastern Siberia. The exact loca-
tion of our samples is not known, and the geology and sedi-
mentology of the evaporites, which were deposited on a Pre-
cambrian carbonate sequence, are not well described (Grishina
et al., 1992). A few inclusions from growth bands were ex-
tracted and analyzed via the Lazar and Holland (1988) tech-
nique. Calculations of saturation indexes indicate that many
inclusions are saturated with respect to sylvite or carnallite.
Only a few fluids in sample Sib-4 may contain evaporated
seawater before the potash facies. Their average composition is
57.9 � 4.2 mol% for Mg, 5.9 � 0.5 mol% for 2K, and 36.2 �
3.7 mol% for Ca (n � 5) in the CaCl2-rich and MgSO4-free part
of the Jänecke diagram (Mg-Ca-2K, Fig. 3C). If these inclu-
sions represent evaporated Early Cambrian seawater, then sea-
water at that time was depleted in Mg2� and enriched in Ca2�

relative to modern seawater.

3.4. Late Proterozoic

In the Late Neoproterozoic, a marine carbonate-evaporitic
facies spread across much of the Pangea landmass from the
Indian subcontinent (Rajasthan, Salt Range in Pakistan; Jones,
1970; Das Gupta et al., 1988; Banerjee et al., 1998; Banerjee
and Mazumdar, 1999), through South Yemen, Oman (Ara-
Formation; Gorin et al., 1982; Mattes and Morris, 1990), and
Saudi Arabia to Iran (Hormuz Series, carbonate platform north
of the Zagros mountains; Folle and Beutel, 2000). The Hanse-
ran Evaporite Group in Rajasthan contains MgSO4 minerals
(polyhalite, kainite, langbeinite) together with sylvite and car-
nallite. Sizable accumulations of MgSO4 salts are also reported
from the Salt Range evaporites in Pakistan (Jones, 1970).

We have analyzed nine fluid inclusions (Appendix) from
patches of chevrons in a halite sample from the Ara Formation
in Oman (Gorin et al., 1982; Mattes and Morris, 1990) by using
the technique developed by Lazar and Holland (1988). In the
Jänecke diagram they plot in a narrow field close to the bound-
ary between the stability fields of kainite and sylvite (Fig. 3D).
All of them are saturated with respect to kainite and carnallite.
Despite the advanced evaporation of the brines, the composi-
tion of the primary fluid inclusions in halite from the Ara
Formation together with the mineralogy of potash salts from
the Indian Nagaur-Ganganagar and Pakistan Salt Range evap-
orite basins can set some limits on the chemistry of Neopro-
terozoic seawater. Like Permian seawater, it was comparatively
rich in Mg2� and SO4

2�.

4. RECONSTRUCTION OF THE COMPOSITION OF
PHANEROZOIC SEAWATER

The above examination and evaluation of the available in-
clusion data show that during the Phanerozoic the composition
of brines in marine evaporite deposits has experienced several
swings between being MgSO4 rich and CaCl2 rich (Fig. 4).
Kovalevich et al. (1998) reached a similar conclusion on the
basis of their own sets of brine inclusions from halite deposits
in large part from Europe and the former Soviet Union. It is
therefore likely that the dramatic swings in brine chemistry
largely reflect changes in the composition of seawater rather
than the effects of local or regional processes.

The composition of fluid inclusions in halite from marine
evaporites in Figure 4 can now be used—within limits—to
define the chemical evolution of seawater during the Phanero-
zoic. Fluid inclusions that show the effects of local/regional
hydrologic, sedimentologic, and diagenetic processes (process-
es 3 to 6 discussed in section 2), have been excluded from
consideration. The evaporation of seawater increased the con-
centration of all the dissolved species, and the precipitation of
carbonates and gypsum/anhydrite clearly influenced the con-
centration of Ca2�, HCO3

�, and SO4
2� in all of the inclusion

brines. It is also likely that dolomitization influenced the Mg2�

content of some inclusion brines.
Because the concentration of K�, Mg2�, Ca2�, and SO4

2� in
inclusion brines from marine halite deposits has been affected
by evaporative concentration, by the precipitation of carbonates
and gypsum/anhydrite, and by dolomitization, the concentra-
tion mi (mmol/kg H2O) of these elements in the initial seawater
is

m�K�)/DE � m�K�)i (1)

m�Mg2�)/DE � m�Mg2�)i � y (2)

m�Ca2�)/DE � m�Ca2�)i � y � x (3)

m�SO4
2�)/DE � m�SO4

2�)i � x (4)

where DE is the degree of evaporation (see section 2), x is the
quantity of CaSO4 in mmol/kg H2O precipitated from the
evaporating seawater, and y is the quantity of dolomite in
mmol/kg H2O generated by the replacement of CaCO3 by
in-basin dolomitization. The Ca2� concentration of the inclu-
sion fluids has also been modified by the precipitation of
CaCO3. Today, the loss of Ca2� due to CaCO3 precipitation
amounts to only �10% of the quantity initially present in
seawater. During the course of the Phanerozoic, the loss of
Ca2� due to CaCO3 precipitation was probably even smaller
and can, to a first approximation, be neglected. With the mi-
croextraction/ion chromatography technique of Lazar and Hol-
land (1988), the concentration of Br� in inclusion brines can be
determined. These concentrations were used to calculate DE of
the inclusion fluids, assuming that the Br� concentration of
seawater has not changed significantly during the Phanerozoic.
This seems reasonable because Br� has a residence time of
�100 myr. The Br� and K� data for inclusion brines from
halite deposits that were not affected by the recycling of potash
minerals suggest that the concentration of K� in seawater has
changed little during the Phanerozoic (Table 1 and Fig. 5). In
the absence of Br� data with the Petrichenko and SEM-EDS
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methods, we have used the concentration of K� in their inclu-
sion brines to estimate DE, assuming that the concentration of
this element was the same as that of modern seawater (Fig. 5).

4.1. Cenozoic

No or little dolomite was produced by in-basin replacement
of CaCO3 in the Tertiary halite deposits listed in the Appendix
(see also Zimmermann, 2000a). Thus, the Mg2� concentration
in Tertiary seawater can be calculated from the measured
Mg2�/Br� or Mg2�/K� ratios of the inclusion brines, assum-
ing constancy of m(K�)i and m(Br�)i during the past 40 myr
(Table 2). The Mg2� concentration in seawater has apparently
increased from 35 to 38 mmol/kg H2O during the early Tertiary
to 43 to 48 mmol/kg H2O during the Miocene, to 55 mmol/kg
H2O in the present ocean (Fig. 6).

The solution of Eqns. 3 and 4 to obtain the value of m(Ca2�)i

and m(SO4
2�)i requires an additional constraint. The product

m(Ca2�)i � m(SO4
2�)i is one of these. Its value is a measure of

the degree of saturation of seawater with respect to anhydrite,
CaSO4. The present value of this product is 305 (mmol/kg
H2O)2. Seawater at 25°C becomes saturated with respect to
gypsum at a DE of 3.8 (McCaffrey et al., 1987). This is

Fig. 4. Composition of Phanerozoic seawater (mol%) in the Mg-2K-SO4 and Mg-Ca-2K Jänecke diagrams at 25°C
estimated from primary fluid inclusions in marine halite (A) For 0 to 150 Ma. (B) For 150 to 250 Ma. (C) For 250 to 390/410
(/530) Ma. (D) For 390/410 (/530) to 550 Ma. mSW � modern seawater at the halite facies; DOL � predicted chemistry
of seawater affected by the dolomitization of limestones during evaporative concentration; Hardie SW � predicted seawater
chemistry caused by variations in seafloor spreading rates according to Hardie (1996). Stability fields of solid phases are
labeled.

Table 1. The concentration of K� (mmol/kg H2O) in seawater during
the Phanerozoic on the basis of the composition of selected fluid
inclusions in marine evaporites.

Time
Age
(Ma) m(K�)i

Modern seawater 0 10.6
Messinian 5 10.8 � 0.4
Upper Triassic 230 9.3
Upper Permian 250 10.9 � 1.1
Lower Permian 270 10.3
Middle Devonian 380 10.1
Upper Silurian 420 11.5 � 0.2
Late Proterozoic 550 �9
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considerably smaller than 1700 (mmol/kg H2O)2, the value of
the product in seawater that is saturated with respect to gypsum
at 25°C. It is considerably larger than 23 (mmol/kg H2O)2, the
value of the product at which anhydrite precipitation at 25°C
begins at the same DE as halite (Holland, 1984; Horita et al.,
1991). If the product was larger than 305 (mmol/kg H2O)2 in
the past, the precipitation of gypsum began at a smaller DE.
Conversely, if the product was smaller than today, the precip-
itation of gypsum began at a larger DE.

It is intriguing to explore the consequences of the proposition
that the product m(Ca2�)i � m(SO4

2�)i has remained essentially
constant during the Cenozoic. With this assumption Eqns. 3
and 4 can be solved, and the values of m(Ca2�)i and m(SO4

2�)i

can be calculated from the analyses of fluid inclusions in the
Tertiary marine evaporites that have been studied to date. The
validity of the results can be checked by comparing the trend of
the m(Mg2�)i/m(Ca2�)i ratio based on these calculations with
the trend provided by independent estimate of the m(Mg2�)i/
m(Ca2�)i ratio in Tertiary seawater. There are two imprecise
estimates of this ratio during the early Tertiary. One is based on
the switch of the oceans from “aragonite” to “calcite” seas.
Sandberg (1983, 1985) observed long-term variations in the
relative abundance of aragonite and calcite in oölites and ma-
rine carbonate cements. He suggested that the oceans were
“aragonite seas” between 0 and 57 � 10 Ma, between 180 and
340 Ma, and before 550 Ma, but that they were “calcite seas”
between 57 � 10 Ma and 180 Ma, and between 340 and 550
Ma. Morse et al. (1997) demonstrated that the mineralogy of
marine carbonates is a function of temperature and of the
m(Mg2�)i/m(Ca2�)i ratio of seawater. At 15°C, calcite precip-
itates from artificial seawater with a molar m(Mg2�)i/m(Ca2�)i

ratio �2, whereas aragonite precipitates from artificial seawater
with a molar m(Mg2�)i/m(Ca2�)i ratio �2. At 20°C, the thresh-
old value of the m(Mg2�)i/m(Ca2�)i ratio is 1.2. It seems
reasonable, therefore, to use a threshold value of 1.5 � 0.5 for
the m(Mg2�)i/m(Ca2�)i ratio in seawater at which calcite has
switched to aragonite in oölites and marine cements during the
Phanerozoic. Füchtbauer and Hardie (1976) reported similar
experimental results. Figure 7 shows the value of m(Mg2�)i/

m(Ca2�)i derived from fluid inclusion data on the assumption
that the product m(Ca2�)i � m(SO4

2�)i remained constant during
the Tertiary, and the m(Mg2�)i/m(Ca2�)i ratio indicated by the
early Tertiary switch from “aragonite” to “calcite” seas. The
two estimate of the course of m(Mg2�)i/m(Ca2�)i ratio agree
within their rather imprecise limits.

Changes in the Mg content of benthic foraminiferal calcite
offer a second method of calculating the course of m(Mg2�)i/
m(Ca2�)i ratio in seawater during the Cenozoic. The Mg/Ca
ratio of benthic foraminifera varies linearly with the m(Mg2�)i/
m(Ca2�)i ratio of seawater and exponentially with the temper-
ature at which they grow. The only available data for the Mg
content of a long-lived benthic foraminiferal species are those
of Lear et al. (2000) for Oridorsalis umbonatus. If the �18O
record of marine calcite is used to reconstruct the temperature
during the Eocene, and if the coefficient of the temperature in
the exponential term is set equal to 0.10 for O. umbonatus as
suggested by Lear et al. (2000), the m(Mg2�)i/m(Ca2�)i ratio of
seawater 50 � 2 myr ago is calculated to be 2.1 � 0.7. The
large uncertainty in the m(Mg2�)i/m(Ca2�)i ratio computed in
this fashion is due in part to the uncertainty in the assumed
temperature, in part to uncertainties in the coefficient of the
temperature, and in part to potential changes in the Mg content
of the foraminifera during diagenesis. More data for other
foraminifera are needed, but the general agreement between the
estimate of the m(Mg2�)i/m(Ca2�)i ratio based on this ap-
proach and that based on the “aragonite-calcite” transition is
encouraging (Fig. 7). Both sets of observations are consistent
with those obtained from inclusion brines of the Tertiary halites
under the assumption of a constant value for the product
m(Ca2�)i � m(SO4

2�)i during the Cenozoic. On this basis it
follows that in the early Tertiary m(Ca2�)i was 16 to 17
mmol/kg H2O and that it has decreased gradually to its present
value of 10.6 mmol/kg H2O (Fig. 8). The estimated concentra-
tion of SO4

2� increased from 17 to 19 mmol/kg H2O during the
Oligocene and Eocene to its present value of 29 mmol/kg H2O
(Fig. 9). Varying the product m(Ca2�)i � m(SO4

2�)i from half to
1.5 times the modern value has only a moderate effect on the
calculated values of m(Ca2�)i and m(SO4

2�)i (Figs. 8 and 9,
Table 2).

4.2. Mesozoic and Paleozoic

Even after careful examination of many brine inclusions in
the Mesozoic and Paleozoic evaporites, the composition of
some of the remaining inclusions may have been modified by
in-basin dolomitization. If so, this implies that y � 0 in Eqns.
2 and 3. Without an independent measure of the value of y, the
composition of fluid inclusions can then only set minimum
values on the concentration of Mg2� and SO4

2� and maximum
values on the concentration of Ca2� in seawater at the time
when the inclusions were formed. As a result, the values of the
m(Mg2�)i/m(Ca2�)i ratio calculated under the assumption that
dolomitization has not influenced the composition of the inclu-
sion brines are minimum values. During periods of “calcite
sea” the value of m(Mg2�)i/m(Ca2�)i ratio in seawater at which
the oceans become “aragonite sea” can be used to set an upper
limit of 1.5 � 0.5 on the m(Mg2�)i/m(Ca2�)i ratio and hence
on the effect of dolomitization on the composition of fluid
inclusions formed during these periods. Similar correction can

Fig. 5. Concentration of K� in seawater during the Phanerozoic
based on analyses of fluid inclusions in marine halite (solid circles �
analyses; open circles � assumption) compared with the variation
predicted by Hardie (1996). For inclusion data, see Table 2.
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Table 2. The composition of seawater (mmol/kg H2O) during the Phanerozoic estimated from the composition of primary fluid inclusions in marine halite.a

Time Basin
Age
(Ma) DE N

Fluid inclusions m(Mg2�)i/m(Ca2�)i

y-max

Seawater

m(Mg2�)/DE m(Ca2�)/DE m(SO4
2�)/DE y � 0 limit m(Mg2�)i m(Ca2�)i m(SO4

2�)i

Modern seawater 0 5.2 55.1 10.6 29.2
Messinian Red Sea 5 Br 4 43 (�7) 0 14 (�2) 3.6 43 12 (7–15) 26 (21–29)
Badenian Eastern Europe 14 K 28 48 (�5) 0 8 (�1) 3.4 48 14 (9–18) 22 (17–26)
Oligocene Mulhouse 35 K 2 35 (�1) 0 0 2.0 35 17 (12–21) 17 (12–21)
Eocene Navarra 37 K 4 38 (�5) 0 3 (�1) 2.4 38 16 (11–20) 19 (14–23)

Upper Jurassic Predobrogea 150 K 1 28 14 0 1.1 (0.9) �1.5 5 (8) 28–33 (36) 20–26 (19–29) 7–14 (5–19)
Upper Triassic Lorraine 230 Br 1 28 0 1 1.6 (1.3) �28 �17 (21) �13 (22)
Middle Triassic Muschelkalk 240 K 1 32 0 3 2.0 (1.6) �32 �16 (20) �14 (21)
Upper Permian Delaware 250 Br 12 52 (�5) 0 10 (�1) 4.0 (3.1) �52 �13 (17) �18 (19)
Lower Permian Kansas 270 Br 1 48 0 7 3.3 (2.7) �48 �14 (18) �16 (19)
Middle Devonian Saskatchewan 380 Br 1 31 26 0 0.9 (0.8) �1.5 10 (12) 31–41 (43) 25–35 (24–38) 5–11 (3–15)
Upper Silurian Michigan 410 Br 2 37 (�7) 21 (�3) 0 1.2 (1.1) �1.5 4 (7) 37–41 (44) 25–31 (25–34) 6–11 (4–15)
Late Proterozoic Oman 550 Br 2 �67 0 17 �6.1 (4.7) �67 �11 (14) �23 (17)

DE, degree of evaporation based on Br or K; N, number of analyses used in calculating DE; y, dolomite formed (mmol/kg H2O).
a For the Messinian to Eocene, upper and lower limits were calculated on the basis of y � 0 (no in-basin dolomitization) and m(Ca2�)i � m(SO4

2�)i � 305 ( modern value) or 150–450 (in parentheses).
For Triassic, Permian, and Late Proterozoic upper and lower limits were calculated on the basis of y � 0 and m(Ca2�)i � m(SO4

2�)i � 150–305 or 100–450 (in parentheses). For Jurassic, Devonian and
Silurian, upper and lower limits were calculated on the basis of y � 0 or m(Mg2�)i/m(Ca2�)i � 1.5 and m(Ca2�)i � m(SO4

2�)i � 150–305 or 100–450 (in parentheses). m(Mg2�)i/m(Ca2�)i is based on
y � 0 and m(Ca2�)i � m(SO4

2�)i � 305 or 450 (parentheses). y-max (maximum in-basin dolomitization in mmol/kg H2O) is based on m(Ca2�)i � m(SO4
2�)i � 150–305 or 100–450 (in parentheses).
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not be made for fluid inclusions that were formed during
periods of “aragonite sea,” because no upper limit on the
m(Mg2�)i/m(Ca2�)i ratio of seawater is set by the mineralogy
of marine carbonate during these periods.

The Upper Jurassic evaporites of the Predobrogea Basin in
the Ukraine formed during a period of “calcite seas,” in which
the upper limit of the m(Mg2�)i/m(Ca2�)i ratio in seawater is
constrained. If the products m(Ca2�)i � m(SO4

2�)i fell in the
range of 150 to 305 (mmol/kg H2O)2, the predolomitization
concentration of Mg2� in seawater falls from 28 to 33 mmol/kg
H2O—that is, �50 to 60% of the Mg2� concentration of
present-day seawater. The concentration of Ca2� falls between
20 and 26 mmol/kg H2O, and the concentration of SO4

2�

between 7 and 14 mmol/kg H2O (Table 2). The calculated

concentration of these elements changes only moderately by
changing the minimum and maximum values of the product
m(Ca2�)i � m(SO4

2�)i to 100 to 450 (mmol/kg H2O)2 (Table 2).
Triassic and Permian evaporites were deposited during a

period of “aragonite seas.” Thus, calculations based on the
composition of inclusion brines yield only maximum values for
the Ca2� concentration and minimum values for the concen-
tration of Mg2� and SO4

2�. The minimum concentration of
Mg2� in Triassic seawater ranges from 28 to 32 mmol/kg H2O;
the lower limit of the SO4

2� concentration is between 13 and 14
mmol/kg H2O (Figs. 6 and 9, Table 2). The best estimate for the
maximum Ca2� concentration in Triassic seawater is 16 to 17
mmol/kg H2O (Fig. 8). In Permian seawater the concentration

Fig. 6. Concentration of Mg2� in seawater during the Phanerozoic
based on analyses of fluid inclusions in marine halite (solid symbols).
Thick and thin vertical bars are based on the assumption of different
values for m(Ca2�)i � m(SO4

2�)i. The dashed line indicates our best
estimate of age curve. Open boxes � Horita et al. (1991); open
circles � Zimmermann (2000a). Also shown are the results of model-
ing by Lasaga et al. (1985), Wilkinson and Algeo (1989), and Hardie
(1996). For inclusion data, see Table 2.

Fig. 7. m(Mg2�)i/m(Ca2�)i ratio in seawater during the Tertiary
based on analyses of fluid inclusions in marine halite (solid circles and
dashed line) compared with data based on the Mg/Ca ratio of O.
umbonatus (open circles) (Lear et al., 2000) and the boundary of the
“aragonite–calcite seas” of Sandberg (1985).

Fig. 8. Concentration of Ca2� in seawater during the Phanerozoic
based on analyses of fluid inclusions in marine halite (solid symbols):
circles, triangles, and thick-thin vertical bars are based on the assump-
tion of different values for m(Ca2�)i � m(SO4

2�)i. The dashed line is our
best estimate of the age curve. Also shown are the results of modeling
by Lasaga et al. (1985), Wilkinson and Algeo (1989), Hardie (1996),
Stanley and Hardie (1998), and Wallmann (2001). For inclusion data,
see Table 2.

Fig. 9. Concentration of SO4
2� in seawater during the Phanerozoic

based on analyses of fluid inclusions in marine halite (solid symbols).
Circles, triangles, and thick-thin vertical bars are based on the assump-
tion of different values for m(Ca2�)i � m(SO4

2�)i. The dashed line is our
best estimate of the age curve. Open circles � Zimmermann (2000a).
Also shown are the results of modeling by Hardie (1996). For inclusion
data, see Table 2.
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of Mg2� was �48 mmol/kg H2O, and the concentration of
Ca2� �14 mmol/kg H2O. The lower limit for the SO4

2� con-
centration in Permian seawater is 16 mmol/kg H2O (Figs. 6, 8,
and 9, Table 2). Changing the minimum and maximum values
of the product m(Ca2�)i � m(SO4

2�)i to 100 to 450 (mmol/kg
H2O)2 has a moderate effect on the calculated maximum and
minimum concentrations of Ca2� and SO4

2�, respectively (Ta-
ble 2, Figs. 8 and 9).

Inclusion fluids in Devonian and Silurian marine evaporites,
which formed during a period of “calcite seas,” may also have
been affected by in-basin dolomitization. Our calculations re-
sult in a range of Mg2� concentrations in seawater of 31 to 41
mmol/kg H2O for the Devonian and 37 to 41 mmol/kg H2O for
the Silurian. The concentration of Ca2� in Devonian and Silu-
rian seawater ranges from 25 to 35 mmol/kg H2O, the SO4

2�

concentration from 5 to 11 mmol/kg H2O (Table 2). The use of
100 and 450 (mmol/kg H2O)2 for the minimum and maximum
values of the product m(Ca2�)i � m(SO4

2�)i, increases the range
of the calculated concentration of these elements somewhat.

4.3. Late Proterozoic

The Late Proterozoic Ara Formation in Oman can also be
used to constrain the composition of seawater. Most of the
inclusion brines analyzed appear to be saturated with respect to
potash minerals and MgSO4 minerals as discussed before.
Thus, only lower limits are constrained: m(K�)i �9 mmol/kg
H2O; m(Mg2�)i �67 mmol/kg H2O; m(SO4

2�)i �17 to 23
mmol/kg H2O; m(Ca2�)i �11 to 14 mmol/kg H2O (Table 2,
Figs. 6, 8, and 9).

4.4. Secular Changes during the Phanerozoic

On the basis of the reconstructed composition of seawater
during the Tertiary, Jurassic, Triassic, Permian, Devonian, Si-
lurian, and Late Proterozoic, our best estimates of the evolution
of the concentration of K�, Mg2�, Ca2� and SO4

2� in Pha-
nerozoic seawater are shown in Figures 5 to 9. Although the
composition of seawater is well documented for only a few
geologic periods, the major features of secular changes in the
composition of seawater have emerged. Our results clearly
demonstrate that the composition of seawater has changed
significantly during the past 600 myr. The variation of the
Mg2� concentration in Phanerozoic seawater mimics the stand
of sea level (Vail et al., 1977). At low stands of sea level at the
present and during the Permian and the Late Neoproterozoic,
the concentration of Mg2� in seawater was �50 mmol/kg H2O.
During high stands of sea level in the Cretaceous/Jurassic and
Devonian to Early Cambrian the concentration of Mg2� in
seawater was significantly lower, in the range of 30 to 40
mmol/kg H2O. The SO4

2� concentration varied from values as
low as 5 to 10 mmol/kg H2O to near-present values of 28
mmol/kg H2O in phase with Mg2� (Fig. 9). On the other hand,
the Ca2� concentration in seawater was high during the Cre-
taceous/Jurassic and the Devonian to Early Cambrian, and
similar to its present value during the Late Neoproterozoic and
the Permian (Fig. 8). The trends of Mg2� and SO4

2� appear to
be mirror images of Ca2�. Because of this inverse relationship
between the estimated Ca2� and Mg2� concentrations in sea-
water, the m(Mg2�)i/m(Ca2�)i ratio has changed by a factor of

�5 in phase with the alternating “calcite-seas” and “aragonite-
seas” of Sandberg (1983, 1985) (Fig. 10). Lowenstein et al.
(2001) reached similar conclusion regarding the secular varia-
tions in the m(Mg2�)i/m(Ca2�)i ratio during the Phanerozoic.
This is not surprising because many of their halite samples
were obtained from the same evaporite deposits as ours and
because they used the same literature data.

Siemann (2000) showed that the Br content of basal halite
from many Phanerozoic marine evaporite deposits ranges be-
tween 30 and 100 ppm. He argued that these changes can be
readily explained by major changes in the chemistry of seawa-
ter similar to those proposed by Hardie (1996).

Cicero and Lohmann (2001) have compiled trace element
(Mg and Sr) concentration data for Holocene, Pliocene, M.
Triassic, Late Devonian, Late Silurian, and Early Cambrian
abiogenic marine carbonate cements, and have suggested that
the concentration of these elements can be used to estimate
their concentration in seawater. If the Mg concentration of
these marine calcite cements was determined solely by the
m(Mg2�)i/m(Ca2�)i ratio in contemporaneous seawater, this
ratio in Middle Triassic, Late Devonian, Late Silurian, and
Early Cambrian seawater could be evaluated (Fig. 10). Low
m(Mg2�)i/m(Ca2�)i ratios obtained in this way, particularly
those for Late Silurian seawater, probably reflect the complex-
ity of the processes that govern the distribution of trace ele-
ments in marine carbonate cements and possibly the effects of
diagenesis.

5. CAUSES OF THE SECULAR CHANGES IN THE
COMPOSITION OF SEAWATER

During the past two decades, a number of models have been
proposed for the chemical evolution of seawater during the
Phanerozoic. Several of these are compared with ours in Fig-

Fig. 10. m(Mg2�)i/m(Ca2�)i ratio in seawater during the Phanerozoic
based on analyses of fluid inclusions in marine halite (solid symbols
and dashed line) compared with the data based on Mg/Ca of O.
umbonatus (open circles) (Lear et al., 2000) and of abiogenic marine
carbonate cements (open squares) (after Cicero and Lohmann, 2001).
Also shown are the results of modeling by Lasaga et al. (1985),
Wilkinson and Algeo (1989), and Hardie (1996). “A” and “C” at the
top indicate the aragonite and calcite seas of Sandberg (1985). For
inclusion data, see Table 2.
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ures 5 to 10. The Berner-Lasaga-Garrels (BLAG) box model
developed by Berner et al. (1983) and Lasaga et al. (1985)
included all of the major geochemical processes that affect the
composition of seawater. Their changes in the concentration of
Mg2� and Ca2� during the past 100 myr are, however, much
smaller than our estimates (Figs. 6 and 8). The differences are
due in part to the absence of dolomite as a major sink of Mg2�

in the BLAG model. On the other hand, Wallmann (2001)
proposed concentrations of Ca2� much higher than our esti-
mates (Fig. 8) because he assumed, as an initial value in his
model, that at 150 Ma the Ca2� concentration in seawater was
twice that of modern seawater.

The effect of penecontemporaneous dolomite deposition on
the chemical evolution of seawater was included in the model
published by Wilkinson and Algeo (1989), which was based on
Given and Wilkinson’s (1987) compilation of the distribution
of limestones and dolomites in Phanerozoic sediments. Their
calculations suggest that the concentration of Ca2� in seawater
remained relatively constant (�20%) during the Phanerozoic,
but that the concentration of Mg2� changed significantly,
largely in phase with their proposed dolomite-age curve (Figs.
6 and 8). The changes that they proposed for the concentration
of both elements differ significantly from those in our model, in
part because of their incomplete compilation of Phanerozoic
carbonate rocks (Holland and Zimmermann, 2000).

A decided step forward was taken by Spencer and Hardie
(1990) and Hardie (1996), who based their model on changes in
the mixing ratio of river water and hydrothermal fluids gener-
ated by MORs. Hardie (1996) assumed that the flux of MOR
hydrothermal fluids has varied linearly with the rate of seafloor
spreading. For the past 150 myr this rate can be estimated
directly from the distribution of seafloor ages. For times before
150 Ma Hardie (1996) used the first-order global sea-level
curve (Gaffin, 1987) and the abundance of granitic plutons
(Engel and Engel, 1964) as a proxy for the spreading rate of
MORs. Hardie’s (1996) calculations suggest that the concen-
tration of Ca2� and K� in seawater has undergone 4-5 fold
secular changes in phase with crustal production rates during
the past 540 myr. The concentration of these elements in
modern seawater represents minima for both elements. The
concentration of other elements (Mg2�, SO4

2�, etc.) is proposed
to have changed only moderately. Hardie’s (1996) calculations
suggest that seawater was of the Ca-Cl type during the early
and middle Phanerozoic, the Cretaceous, and the early and
middle Cenozoic. These predictions are consistent with the
mineralogy of marine potash deposits (MgSO4 vs. KCl potash
deposits) and the mineralogy of marine skeletal limestones
(“aragonite-calcite seas” ). Stanley and Hardie (1998) have ex-
panded the Hardie hypothesis, arguing that secular changes in
the m(Mg2�)i/m(Ca2�)i ratio of seawater driven by changes in
the flux of MOR fluids has also controlled the mineralogy of
hypercalcifying algae.

Hardie’s calculations (Hardie, 1996; Stanley and Hardie,
1998) agree reasonably well with our age-curve for m(Ca2�)i

and for the m(Mg2�)i/m(Ca2�)i ratio (Figs. 8 and 10). They
differ significantly from our age curves for m(Mg2�)i and
m(SO4

2�)i (Figs. 6 and 9). The differences between our age-
curves and those of Hardie (1996) are due in part to the
simplicity of his model. The chemical evolution of seawater is
clearly controlled by many factors other than the mixing of

present-day river waters with present-day hydrothermal fluids
(Holland et al., 1996). However, some of the differences are
probably due also to the inadequacy of the available fluid
inclusion data and the uncertainties in their interpretation. A
more definitive model for the chemical evolution of seawater
will emerge when analyses of inclusion fluids consisting of
unevaporated seawater become available.

What is already clear is that the composition of seawater has
responded to tectonic forcing and to biologic evolution. Fischer
(1984) was the first to recognize two supercycles in the Earth’s
exogenic processes during the Phanerozoic. These cycles in-
cluded eustatic changes of sea level, changes in climate, and
biotic crises. He related these cycles to mantle convection, plate
motions, and continental drift and showed how these processes
can serve to explain many of the long-term changes in the
sedimentary record as well as the two supercycles in the com-
position of seawater.

Global tectonics do not, however, explain the significant
changes in the composition of seawater during the past 40 myr
because the rate of seafloor spreading seems to have been
nearly constant during most of the Tertiary (Lithgow-Bertelloni
et al., 1993). Holland and Zimmermann (2000) have proposed
that the changes in the Mg2�, Ca2�, and SO4

2� concentration of
seawater during this period are due to the decrease in the global
rate of dolomite formation. This decrease was occasioned by
the gradual transfer of CaCO3 deposition from shallow- to
deep-water settings due to the proliferation of marine plank-
tonic calcareous organisms. If this explanation is correct, the
composition of seawater has been influenced by biologic evo-
lution as well as by tectonic processes. At present we seem to
have a reasonable qualitative explanation for the chemical
evolution of seawater during the Phanerozoic. A quantitative
model is still lacking. Its development is surely one of the most
intriguing challenges of paleoceanography.
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Appendix. Composition of major species and Jänecke units of fluid inclusions in Phanerozoic marine halite from this study and from the literature.a

Stratigraphy/basin Sample Inclusion type Method

Na K Mg Ca Cl SO4 Br Li
CB
(%)

Mg 2K SO4 Ca

(mmol/kg H2O) Jänecke unit (%)

Plio-Pleistocene: Sedom Formation, Israel (this study)
Dead Sea Sedom IZ2-1 ch Extraction-IC 1240 377 3110 7170 70 61.2 2.7 85.3 12.3 2.4
Dead Sea Sedom IZ2-2 ch Extraction-IC 939 551 3190 7680 130 56.6 1.1 90.4 8.8 0.9
Dead Sea Sedom IZ2-3 ch Extraction-IC 1240 868 2840 7710 78 62.5 2.9 83.3 10.4 6.3
Dead Sea Sedom IZ3-1 ch Extraction-IC 740 757 3470 8460 33 73.8 2.9 86.6 8.3 5.1
Dead Sea Sedom IZ3-2 ch Extraction-IC 1530 760 2640 7220 76 59.5 2.8 82.0 10.0 8.0
Dead Sea Sedom IZ3-3 ch Extraction-IC 810 665 3430 8180 33 70.1 1.3 83.6 10.0 6.4

sw Dead Sea Sedom IZ5(1)-1 ch Extraction-IC 1860 609 2440 6770 185 47.9 1.2 89.6 6.2 4.1
Dead Sea Sedom IZ5(1)-2 ch Extraction-IC 1200 584 3030 7260 178 46.1 �1.7 86.1 11.3 2.5
Dead Sea Sedom IZ5(2)-1 ch Extraction-IC 2050 569 2330 6620 228 38.1 �0.5 83.4 12.3 4.3

Extraction-IC

Miocene, Messinian: Red Sea (Lazar and Holland, personal communication)
sw* DSDP-227 30-2/2 ch Extraction-IC 3520 362 1550 6170 479 29.1 �2.1 70.1 8.2 21.7
sw* DSDP-227 32-4/2 ch Extraction-IC 2910 618 1960 6050 598 52.3 2.7 68.4 10.8 20.9
sw* DSDP-227 35-5/1 ch Extraction-IC 3500 370 1600 6170 490 30.8 �1.1 70.3 8.1 21.5
sw* DSDP-227 35-5/3 ch Extraction-IC 3630 371 1580 6400 536 29.2 �4.3 68.7 8.1 23.3

Miocene, Messinian: Red Sea (Kovalevich et al., 1997)
sw DSDP-227 35-1/110-112 ch Petrichenko 178 1104 299 74.0 6.0 20.0
sw DSDP-227 43-4/015-017 ch Petrichenko 206 1158 361 71.4 6.4 22.2
sw DSDP-225 27-2/110-112 ch Petrichenko 249 1145 231 76.3 8.3 15.4
sw DSDP-225 27-2/137-140 ch Petrichenko 217 968 271 71.8 8.1 20.1
sw DSDP-225 28-1/062-066 ch Petrichenko 257 1177 274 74.5 8.1 17.3

Miocene, Messinian: Mediterranean Sea (Ayora et al., 1994b; Garçia-Veigas et al., 1995; Zimmermann, 2000b)
sw Porto-E-38 LU 647 ch SEM-EDS 2470 520 2150 6190 550 0.0 72.6 8.8 18.6
sw Siculiana-1 LU 745 ch SEM-EDS 2620 460 2480 6880 580 0.0 75.4 7.0 17.6
sw Siculiana-1 LU 675 ch SEM-EDS 2200 470 2500 6490 590 0.0 75.2 7.1 17.7
sw Siculiana-1 LU 647 ch SEM-EDS 1360 610 3250 7030 720 0.0 76.0 7.1 16.8
sw Realmonte LU 3	 ch SEM-EDS 2430 460 2210 6230 540 0.0 74.2 7.7 18.1
sw Porto-E.-38 UU 340 ch SEM-EDS 4420 230 800 5790 230 0.0 69.9 10.0 20.1
sw Realmonte UU 13 ch SEM-EDS 4210 250 1130 6100 310 0.0 72.2 8.0 19.8
sw Realmonte UU SRe95-14/04 ch LA-ICP-MS/SEM-EDS 4770 170 820 10 6050 230 16.5 1.4 72.9 7.6 19.6
sw Realmonte UU SRe95-14/06 ch LA-ICP-MS/SEM-EDS 4690 220 1030 10 5740 310 9.4 71.5 7.6 20.8
sw Lorca-S5 LHU 127 ch SEM-EDS 3170 380 1540 5620 490 0.5 69.4 8.6 22.1
sw Lorca-S5 LHU 134 ch SEM-EDS 3630 360 1390 5680 440 3.2 69.2 9.0 21.9

Miocene, Badenian: Forecarpathian B., Eastern Europe (Kovalevich and Petrichenko, 1997; Galamay and Karoli, 1997; Galamay et al., 1997; Garçia-Veigas et al., 1997)
sw FCB Wieliczka breccia ch Petrichenko 144 818 136 79.7 7.0 13.2
sw* FCB Wieliczka spiza salt ch Petrichenko 155 918 184 77.8 6.6 15.6
sw* FCB Wieliczka spiza salt ch Petrichenko 274 1195 193 78.4 9.0 12.7
sw* FCB Wieliczka shaft salt ch Petrichenko 226 945 130 79.6 9.5 10.9
sw* FCB Wieliczka green salt ch Petrichenko 263 877 201 72.5 10.9 16.6
sw* FCB Wieliczka 105 ch Petrichenko 172 813 160 76.8 8.1 15.1
sw* FCB Wieliczka 106 ch Petrichenko 169 804 123 79.5 8.4 12.2
sw* FCB Wieliczka 107 ch Petrichenko 155 809 118 80.5 7.7 11.8
sw* FCB Wieliczka 16 ch Petrichenko 184 863 138 79.0 8.4 12.6
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Appendix. (Continued)

Stratigraphy/basin Sample Inclusion type Method

Na K Mg Ca Cl SO4 Br Li
CB
(%)

Mg 2K SO4 Ca

(mmol/kg H2O) Jänecke unit (%)

Miocene, Badenian: Forecarpathian B., Eastern Europe (Kovalevich and Petrichenko, 1997; Galamay and Karoli, 1997; Galamay et al., 1997; Garçia-Veigas et al., 1997)
sw FCB Wieliczka 120 ch Petrichenko 169 909 116 81.9 7.6 10.5
sw* FCB Wieliczka 118 ch Petrichenko 217 890 140 78.1 9.5 12.3
sw* FCB Wieliczka 117 ch Petrichenko 206 904 117 80.4 9.2 10.4
sw* FCB Wieliczka 98 ch Petrichenko 212 850 118 79.1 9.9 11.0
sw* FCB Wieliczka 100 ch Petrichenko 212 850 129 78.4 9.8 11.9
sw* FCB Wieliczka 99 ch Petrichenko 155 827 128 80.1 7.5 12.4
sw FCB Wieliczka 6 ch Petrichenko 147 804 147 78.5 7.2 14.4
sw FCB Wieliczka 87 ch Petrichenko 147 854 131 80.7 6.9 12.4
sw* FCB Wieliczka 91 ch Petrichenko 209 1013 131 81.1 8.4 10.5
sw* FCB Wieliczka 89 ch Petrichenko 206 1022 143 80.6 8.1 11.2
sw FCB Wieliczka 12 ch Petrichenko 147 854 133 80.5 6.9 12.6
sw FCB Wieliczka 10 ch Petrichenko 158 909 143 80.4 7.0 12.6
sw FCB Wieliczka 20 ch Petrichenko 138 772 152 77.8 7.0 15.3
sw* ESB Zbudza Ep-2, 238.4 ch Petrichenko 153 804 161 77.2 7.3 15.5
sw ESB Zbudza Ep-2, 239.2 ch Petrichenko 147 786 157 77.3 7.2 15.5
sw* ESB Zbudza Ep-2, 71 ch Petrichenko 144 631 100 78.6 9.0 12.4
sw* ESB Zbudza Ep-2, 70 ch Petrichenko 136 609 101 78.3 8.7 13.0
sw* ESB Zbudza Ep-2, 68 ch Petrichenko 110 591 98 79.4 7.4 13.1
sw* ESB Zbudza Ep-2, 65 ch Petrichenko 155 759 105 80.6 8.3 11.1
sw* ESB Zbudza Ep-2, 63 ch Petrichenko 147 586 108 76.4 9.6 14.1
sw* ESB Zbudza Ep-2, 61 ch Petrichenko 127 518 95 76.5 9.4 14.1
sw* ESB Zbudza Ep-2, 59 ch Petrichenko 121 613 99 79.4 7.9 12.8
sw* ESB Zbudza Ep-2, 57 ch Petrichenko 136 581 103 77.3 9.0 13.7
sw* ESB Zbudza Ep-2, 56 ch Petrichenko 144 563 101 76.5 9.8 13.7
sw* ESB Zbudza Ep-2, 55 ch Petrichenko 147 591 113 76.0 9.5 14.5
sw* ESB Zbudza Ep-2, 54 ch Petrichenko 133 550 99 76.9 9.3 13.8
sw* ESB Zbudza Ep-2, 53 ch Petrichenko 127 604 111 77.5 8.2 14.3
sw* ESB Zbudza Ep-2, 52 ch Petrichenko 127 572 110 76.7 8.5 14.8
sw ESB Zbudza Ep-2, 50 ch Petrichenko 93 500 94 78.0 7.3 14.7

Oligocene: Mulhouse Basin, France (Canals et al., 1993)
sw* MB Salt IV 19.79 ch 2280 481 1604 117 6370 36 �3.8 83.3 12.5 4.2
sw* MB Salt IV 20.50 ch 3024 369 1187 43 5402 60 5.8 85.5 13.3 1.3

Eocene: Navarra Basin, North Spain (Ayora et al., 1994a)
sw* NB Biurrun BI-425 ch SEM-EDS 2640 560 1870 6570 160 0.7 81.0 12.1 6.9
sw* NB Biurrun BI-430 ch SEM-EDS 2580 520 1650 6640 120 �7.2 81.3 12.8 5.9
sw* NB Biurrun BI-436 ch SEM-EDS 2730 400 1690 6590 150 �5.7 82.8 9.8 7.4
sw* NB Biurrun BI-437 ch SEM-EDS 3680 360 1360 6910 140 �6.2 81.0 10.7 8.3

Upper Jurassic, Kimmeridgian: Kongazsky Series, Predobrogea Basin (Khmelevska, 1997)
sw* U. Jurassic Kimmeridge R65 ch Petrichenko 159 422 207 59.6 11.2 29.2

Upper Jurassic, Kimmeridgian: Haynesville Formation, Gulf Coast (this study)
U. Jurassic Haynesville-Form. 10178-1 Extraction-IC 983 332 2365 909 8073 47.5 6.6 �2.7 68.8 4.8 26.4
U. Jurassic Haynesville-Form. 10178-2 Extraction-IC 980 240 2401 948 7714 29.5 6.2 2.6 69.2 3.5 27.3
U. Jurassic Haynesville-Form. 10178-3 Extraction-IC 810 144 2447 1129 8682 45.8 �6.9 67.1 2.0 30.9
U. Jurassic Haynesville-Form. 10178-4 Extraction-IC 921 288 2450 942 8023 50.8 �0.4 69.3 4.1 26.7
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Appendix. (Continued)

Stratigraphy/basin Sample Inclusion type Method

Na K Mg Ca Cl SO4 Br Li
CB
(%)

Mg 2K SO4 Ca

(mmol/kg H2O) Jänecke unit (%)

Upper Jurassic, Kimmeridgian: Haynesville Formation, Gulf Coast (this study)
U. Jurassic Haynesville-Form. 10178-5 Extraction-IC 1242 272 2257 906 7894 39.1 �0.7 68.4 4.1 27.5
U. Jurassic Haynesville-Form. 10178-6 Extraction-IC 771 398 2547 979 8358 56.7 �1.7 68.4 5.3 26.3
U. Jurassic Haynesville-Form. 10333-1 Extraction-IC 476 487 3038 1167 9404 46.6 4.9 �0.3 68.3 5.5 26.2
U. Jurassic Haynesville-Form. 10333-2 Extraction-IC 559 473 2926 1086 9139 49.3 3.5 �0.9 68.9 5.6 25.6
U. Jurassic Haynesville-Form. 10333-3 Extraction-IC 589 610 2878 1048 9416 52.4 6.8 �3.9 68.0 7.2 24.8
U. Jurassic Haynesville-Form. 10333-4 Extraction-IC 879 587 2559 894 8464 53.7 8.3 �1.1 68.3 7.8 23.9
U. Jurassic Haynesville-Form. 10333-5 Extraction-IC 694 507 2815 1173 9054 48.4 1.4 66.4 6.0 27.7
U. Jurassic Haynesville-Form. 10896-1 Extraction-IC 2942 368 957 762 6940 22.4 �2.8 50.3 9.7 40.0
U. Jurassic Haynesville-Form. 10896-2 Extraction-IC 3276 290 1233 478 6394 15.8 8.9 66.4 7.8 25.8
U. Jurassic Haynesville-Form. 10896-3 Extraction-IC 2863 347 1186 675 6750 17.1 2.7 58.3 8.5 33.2

Middle Jurassic: Louann Formation, Gulf Coast (Land et al., 1995)
M. Jurassic Louann-Formation 11355-1 ch Extraction-IC 1460 983 1770 867 8300 67.5 17 �7.3 56.6 15.7 27.7
M. Jurassic Louann-Formation 11355-2 ch Extraction-IC 1679 1184 1955 745 7898 59.9 28 4.5 59.4 18.0 22.6
M. Jurassic Louann-Formation 11355-3 ch Extraction-IC 1914 1245 1486 929 8031 58.0 25 �0.5 48.9 20.5 30.6
M. Jurassic Louann-Formation 11364-1 ch Extraction-IC 1145 942 2535 744 8088 41.5 14 1.9 65.8 13.3 20.9
M. Jurassic Louann-Formation 11364-2 ch Extraction-IC 1139 943 2391 806 8272 79.6 12 2.4 65.2 12.9 22.0
M. Jurassic Louann-Formation 11364-3 ch Extraction-IC 1131 946 2349 783 8302 45.6 14 0.5 65.2 13.1 21.7
M. Jurassic Louann-Formation 11364-4 ch Extraction-IC 1176 988 2251 899 8113 89.0 11 4.2 61.8 13.6 24.7
M. Jurassic Louann-Formation 11364-5 ch Extraction-IC 1005 889 2347 845 7923 86.7 15 4.4 64.5 12.2 23.2
M. Jurassic Louann-Formation 11440-1 ch Extraction-IC 1867 1112 1432 856 7595 53.9 19 �0.5 50.3 19.5 30.1
M. Jurassic Louann-Formation 11440-2 ch Extraction-IC 1660 1090 1630 866 8170 56.0 27 �5.4 53.6 17.9 28.5
M. Jurassic Louann-Formation 11440-3 ch Extraction-IC 1492 1033 1467 920 7799 62.2 27 �6.6 50.5 17.8 31.7
M. Jurassic Louann-Formation 11440-4 ch Extraction-IC 1919 1268 1479 922 7852 58.2 28 1.7 48.7 20.9 30.4

Late Triassic-Early Jurassic: Offshore Morocco, DSDP Leg 79, Site 546 (this study)
E. Jurassic Rhaet-Hettangian 79-546-1 ch Extraction-IC 150 79 3410 1960 10600 92.8 3.4 63.0 0.7 36.2
E. Jurassic Rhaet-Hettangian 79-546-2 ch Extraction-IC 177 106 3600 2150 11000 111 13 6.9 62.0 0.9 37.0
E. Jurassic Rhaet-Hettangian 79-546-3 ch Extraction-IC 268 191 2390 2590 10200 95.8 28 2.1 47.1 1.9 51.0
E. Jurassic Rhaet-Hettangian 79-546-4 ch Extraction-IC 255 168 2940 2790 11400 119 29 4.1 50.6 1.4 48.0
E. Jurassic Rhaet-Hettangian 79-546-6 ch Extraction-IC 127 136 2430 3270 11700 46.0 �0.3 42.1 1.2 56.7

Upper Triassic, Early Carnesian: Lorraine Basin, borehole SG26 (Fanlo and Ayora, 1998)
Keuper SG26-226.7 P-H40 ch SEM-EDS 2350 90 2020 7080 60 �1.3 95.1 2.1 2.8
Keuper SG26-220.4 P-H39 ch SEM-EDS 2210 490 2310 7000 160 �7.4 85.1 9.0 5.9
Keuper SG26-220.8 P-H38 ch SEM-EDS 2410 120 2060 6930 50 �5.1 94.9 2.8 2.3
Keuper SG26-225.6 P-H34 ch SEM-EDS 2290 120 2090 7190 240 �1.7 87.4 2.5 10.0
Keuper SG26-226.3 P-H32 ch SEM-EDS 2430 330 2000 7000 240 �6.7 83.2 6.9 10.0
Keuper SG26-232.3 P-H28 ch SEM-EDS 2310 190 2160 6960 110 �8.5 91.3 4.0 4.7
Keuper SG26-232.8 P-H27 ch SEM-EDS 2540 180 1990 6900 260 �10.3 85.0 3.8 11.1
Keuper SG26-240.0 P-H23 ch SEM-EDS 2270 260 2130 7140 140 �2.5 88.8 5.4 5.8
Keuper SG26-243.1 P-H21 ch SEM-EDS 1970 520 2380 7530 70 �5.5 87.8 9.6 2.6
Keuper SG26-270.0 N-H17 ch SEM-EDS 1870 170 2430 7330 50 �3.2 94.7 3.3 1.9
Keuper SG26-277.9 N-H14 ch SEM-EDS 2500 210 1810 7320 30 0.7 93.1 5.4 1.5
Keuper SG26-278.8 N-H13 ch SEM-EDS 1950 120 2420 7100 40 �7.2 96.0 2.4 1.6
Keuper SG26-280.5 N-H11 ch SEM-EDS 2670 100 1960 6610 50 �13.9 95.1 2.4 2.4
Keuper SG26-283.9 N-H9 ch SEM-EDS 1690 120 2590 7540 40 �5.7 96.3 2.2 1.5
Keuper SG26-285.1 N-H8 ch SEM-EDS 2580 90 1840 7120 70 �6.2 94.1 2.3 3.6
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Appendix. (Continued)

Stratigraphy/basin Sample Inclusion type Method

Na K Mg Ca Cl SO4 Br Li
CB
(%)

Mg 2K SO4 Ca

(mmol/kg H2O) Jänecke unit (%)

Upper Triassic, Early Carnesian: Lorraine Basin, borehole SG26 (Fanlo and Ayora, 1998)
Keuper SG26-285.3 N-H7 ch SEM-EDS 2320 160 2000 7230 30 �3.0 94.8 3.8 1.4
Keuper SG26-285.9 N-H6 ch SEM-EDS 2350 230 2050 7040 30 �0.9 93.4 5.2 1.4
Keuper SG26-289.0 N-H4 ch SEM-EDS 2340 70 2010 7180 50 �3.7 95.9 1.7 2.4
Keuper SG26-291.2 N-H1 ch SEM-EDS 2190 240 2210 7120 180 0.5 88.0 4.8 7.2

Upper Triassic, Early Carnesian: Lorraine Basin, Varangeville (this study)
Keuper Varangeville 1-1 ch Extraction-IC 2130 225 2303 6742 69 53.7 1.2 92.7 4.5 2.8
Keuper Varangeville 1-2 ch Extraction-IC 2478 272 2122 18 7087 96 55.7 �3.5 90.8 5.8 3.3
Keuper Varangeville 1-3 ch Extraction-IC 1918 170 2534 98 7162 7 70.0 2.4 93.5 3.1 3.4
Keuper Varangeville 1-4 ch Extraction-IC 2181 244 2250 20 6814 70 60.1 0.2 92.9 5.0 2.1
Keuper Varangeville 1-5 ch Extraction-IC 1967 190 2310 6407 67 68.0 3.5 93.4 3.8 2.7
Keuper Varangeville 1-6 ch Extraction-IC 2160 286 2281 21 6788 47 54.6 2.4 93.1 5.8 1.1
Keuper Varangeville 1-7 ch Extraction-IC 1817 136 2538 6809 98 69.7 0.4 93.9 2.5 3.6
Keuper Varangeville 2-1 ch Extraction-IC 1872 172 2635 7398 55 63.9 �2.6 94.9 3.1 2.0
Keuper Varangeville 2-2 ch Extraction-IC 2265 191 1897 6238 40 51.2 �1.1 93.4 4.7 1.9

sw* Keuper Varangeville 2-3 ch Extraction-IC 2832 541 1658 6605 35 50.7 0.2 84.4 13.8 1.8
Keuper Varangeville 2-4 ch Extraction-IC 3140 262 1640 34 6204 43 44.4 7.1 92.1 7.4 0.5
Keuper Varangeville 3-1 ch Extraction-IC 1652 654 2411 34 7279 15 81.6 �1.6 87.5 11.9 0.7
Keuper Varangeville 3-2 ch Extraction-IC 2530 645 2012 28 6631 38 64.2 7.8 85.8 13.8 0.4
Keuper Varangeville 3-3 ch Extraction-IC 1810 629 2228 73 6977 14 74.3 0.5 85.7 12.1 2.2
Keuper Varangeville 3-4 ch Extraction-IC 1921 527 2368 31 7144 20 79.8 0.9 89.6 10.0 0.4

Middle Triassic, Lower Anisian: Muschelkalk Basin, N Switzerland (Kovalevich and Hauber, 2000)
sw* Muschelkalk R65 198.2m ch Petrichenko 216 651 73 78.3 13.0 8.7
sw? Muschelkalk S129 395.7m ch Petrichenko 319 674 79 78.6 14.3 7.1

Upper Permian: Leine Formation, Allertalgraben, Bartensleben, Germany (Herrmann et al., 1997)
Zechstein 3 Na3�, 55. L. 1-1 Extraction-IC 2664 527 1063 43 5301 52 23.6 3.8 0.0 79.6 19.8 0.6
Zechstein 3 Na3	, 200. L. 2-1 Extraction-IC 2609 389 1832 22 6439 133 32.7 3.9 0.0 85.7 9.1 5.2
Zechstein 3 Na3	, 200. L. 2-2 Extraction-IC 2720 372 1676 18 6200 140 30.1 3.9 0.0 84.5 9.4 6.2
Zechstein 3 Na3	, 200. L. 2-3 Extraction-IC 2331 455 1549 9 5340 281 28.6 3.8 0.0 75.6 11.1 13.3

sw Zechstein 3 Na3	, 200. L. 2-4 Extraction-IC 2609 328 1538 44 5490 305 27.4 3.8 0.0 78.4 8.3 13.3
sw Zechstein 3 Na3	, 200. L. 2-5 Extraction-IC 2220 278 1421 61 4940 261 23.3 3.7 0.0 80.8 7.9 11.4
sw Zechstein 3 Na3	, 200. L. 2-6 Extraction-IC 3053 400 2387 89 7449 477 34.7 8.1 0.0 80.2 6.7 13.1
sw Zechstein 3 Na3	, 195. L. 3-1 Extraction-IC 2553 333 1649 4 5551 320 27.4 3.8 0.0 77.3 7.8 14.8
sw Zechstein 3 Na3	, 195. L. 3-2 Extraction-IC 2553 333 1699 23 5662 334 28.1 3.8 0.0 78.1 7.7 14.3
sw Zechstein 3 Na3	, 195. L. 3-3 Extraction-IC 2387 300 1560 9 5240 292 25.6 3.7 0.0 78.3 7.5 14.2

Zechstein 3 Na3	, 195. L. 3-4 Extraction-IC 1388 339 2798 27 7055 160 46.9 12 0.0 90.2 5.5 4.3
sw Zechstein 3 Na3	, 195. L. 3-5 Extraction-IC 1277 555 3231 21 7272 532 38.9 5.9 0.0 80.4 6.9 12.7
sw Zechstein 3 Na3	, 195. L. 3-6 Extraction-IC 3553 433 2115 7 7427 401 32.8 6.1 0.0 77.6 7.9 14.5

Zechstein 3 Na3	, 195. L. 4-1 Extraction-IC 2109 555 2260 45 7105 84 32.4 4.0 0.0 87.7 10.8 1.5
Zechstein 3 Na3	, 195. L. 4-2 Extraction-IC 2387 555 2344 33 7605 46 38.4 4.0 0.0 89.0 10.5 0.5

Upper Permian: Boulby Formation, England (this study)
Zechstein 3 1 Extraction-IC 503 629 3170 494 8780 55.5 37 �3.7 79.7 7.9 12.4
Zechstein 3 2 Extraction-IC 490 633 3330 531 8300 63.0 25 6.4 79.7 7.6 12.7
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Appendix. (Continued)

Stratigraphy/basin Sample Inclusion type Method

Na K Mg Ca Cl SO4 Br Li
CB
(%)

Mg 2K SO4 Ca

(mmol/kg H2O) Jänecke unit (%)

Upper Permian: Boulby Formation, England (this study)
Zechstein 3 3 Extraction-IC 649 788 2830 898 8700 71.1 32 2.2 68.7 9.6 21.8
Zechstein 3 4 Extraction-IC 627 770 2470 1360 9084 63.4 32 �0.3 58.6 9.1 32.3
Zechstein 3 5 Extraction-IC 533 637 3670 226 8600 61.7 22 4.1 87.1 7.6 5.4

Upper Permian: Delaware Basin, Rustler Formation (this study)
Rustler Formation H11-1 Extraction-IC 449 526 3870 8640 33 24.9 0.1 92.9 6.3 0.8
Rustler Formation H11-2 Extraction-IC 222 159 4680 9230 4 169 34 5.3 98.3 1.7 0.1
Rustler Formation H11-3 Extraction-IC 274 172 4430 9020 12 179 41 2.9 97.8 1.9 0.3
Rustler Formation H11-4 Extraction-IC 476 547 3960 8800 60 38.4 9.2 0.3 92.2 6.4 1.4
Rustler Formation W19-1 Extraction-IC 445 406 4200 8470 63 48.8 10 7.3 94.0 4.5 1.4
Rustler Formation W19-2 Extraction-IC 464 613 3990 227 9660 31.7 �1.6 88.2 6.8 5.0
Rustler Formation W19-3 Extraction-IC 878 196 2990 463 7510 51.8 6.1 84.2 2.8 13.0
Rustler Formation H12-1 Extraction-IC 14601070 1830 782 7530 38.1 2.9 58.2 17.0 24.8
Rustler Formation H12-2 Extraction-IC 1070 655 2800 362 7760 61.3 5.5 3.7 80.2 9.4 10.4
Rustler Formation H12-3 Extraction-IC 1030 495 2600 588 7570 62.0 5.8 4.3 75.7 7.2 17.1
Rustler Formation H12-4 Extraction-IC 15301140 2360 505 8130 53.5 3.3 68.7 16.6 14.7

Upper Permian: Delaware Basin, Salado Formation (Horita et al., 1991)
sw* Ochoan/Salado WIPP-3: basal ch Extraction-IC 5120 132 575 6040 145 12.6 1.1 73.2 8.4 18.4
sw* Ochoan/Salado WIPP-3: basal ch Extraction-IC 4960 119 647 6040 155 12.0 1 0.4 75.1 6.9 18.0

Ochoan/Salado WIPP-3: basal ch Extraction-IC 4770 125 772 6180 177 16.4 �1.5 76.3 6.2 17.5
Ochoan/Salado WIPP-3: basal ch Extraction-IC 4830 96.4 785 16 6020 181 15.7 5 2.3 78.6 4.8 16.5
Ochoan/Salado WIPP-3: basal ch Extraction-IC 4170 123 1250 6280 276 20.0 �0.6 78.7 3.9 17.4
Ochoan/Salado WIPP-3: basal ch Extraction-IC 4170 149 1260 6060 307 16.4 2.4 76.8 4.5 18.7

sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2480 480 2080 6200 406 39.4 1.5 76.3 8.8 14.9
sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2680 476 2150 6590 459 37.2 �0.7 75.5 8.4 16.1
sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2540 481 2160 6440 428 34.0 3 0.6 76.4 8.5 15.1
sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2480 433 2170 6480 422 34.1 �1.0 77.3 7.7 15.0
sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2490 449 2190 6330 416 34.7 2.2 77.4 7.9 14.7
sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2510 451 2200 6130 400 31.3 5 6.0 77.9 8.0 14.2
sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2510 469 2200 6540 428 37.0 �0.2 76.9 8.2 15.0
sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2460 466 2200 6500 427 34.4 �0.4 76.9 8.1 14.9
sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2490 474 2210 6390 427 33.7 2 1.9 76.9 8.2 14.9
sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2510 460 2210 6520 430 34.1 0.1 77.0 8.0 15.0
sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2170 443 2240 6590 421 34.9 �4.7 77.7 7.7 14.6
sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2590 491 2260 6590 426 36.9 2.1 77.1 8.4 14.5
sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2330 443 2270 6380 423 34.6 1.2 77.9 7.6 14.5
sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2440 464 2290 6440 437 34.7 2.3 77.4 7.8 14.8
sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2460 494 2340 6340 423 34.3 6.0 77.7 8.2 14.1
sw* Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2500 469 2390 6530 427 35.8 2 4.8 78.3 7.7 14.0

Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 2060 418 2520 6530 405 36.4 3 2.4 80.4 6.7 12.9
Ochoan/Salado WIPP-4: 655.3 m ch Extraction-IC 1920 397 2590 6370 397 36.1 3 4.5 81.3 6.2 12.5

Upper Permian: Werra Formation, Poland (Peryt and Kovalevich, 1996)
sw Zechstein 1 Zdrada IG3, 7 ch Petrichenko 230 1224 161 81.6 7.7 10.7

Zechstein 1 Zdrada IG3, 3 ch Petrichenko 220 1627 194 84.2 5.7 10.1
Zechstein 1 Zdrada IG6, 29a ch Petrichenko 269 1555 248 80.2 6.9 12.8

sw Zechstein 1 Zdrada IG6, 28a ch Petrichenko 188 1023 176 79.1 7.3 13.6
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Stratigraphy/basin Sample Inclusion type Method

Na K Mg Ca Cl SO4 Br Li
CB
(%)

Mg 2K SO4 Ca

(mmol/kg H2O) Jänecke unit (%)

Upper Permian: Werra Formation, Poland (Peryt and Kovalevich, 1996)
Zechstein 1 Zdrada IG6, 27a ch Petrichenko 65 445 96 77.6 5.7 16.7
Zechstein 1 Zdrada IG6, 26a ch Petrichenko 208 1212 181 81.0 6.9 12.1
Zechstein 1 Zdrada IG6, 25 ch Petrichenko 239 1519 224 81.6 6.4 12.0

sw Zechstein 1 Zdrada IG6, 30a ch Petrichenko 235 970 162 77.6 9.4 13.0
Zechstein 1 Zdrada IG6, 23 ch Petrichenko 112 678 146 77.0 6.4 16.6
Zechstein 1 Zdrada IG6, 19 ch Petrichenko 128 733 134 78.7 6.9 14.4
Zechstein 1 Zdrada IG6, 16 ch Petrichenko 129 927 171 79.7 5.5 14.7
Zechstein 1 Zdrada IG6, 12 ch Petrichenko 165 1176 179 81.9 5.7 12.4

sw Zechstein 1 Zdrada IG6, 8 ch Petrichenko 228 1109 212 77.2 8.0 14.8
Zechstein 1 Zdrada IG6, 3 ch Petrichenko 115 1063 142 84.2 4.5 11.2

sw Zechstein 1 Zdrada IG8, 19 ch Petrichenko 147 573 126 74.2 9.5 16.3
Zechstein 1 Zdrada IG8, 12 ch Petrichenko 114 759 172 76.8 5.8 17.4

sw Zechstein 1 Zdrada IG8, 16 ch Petrichenko 208 831 178 74.7 9.3 16.0
sw Zechstein 1 Zdrada IG8, 7 ch Petrichenko 187 1014 193 78.0 7.2 14.8
sw Zechstein 1 Zdrada IG8, 4 ch Petrichenko 163 843 185 75.9 7.4 16.7

Lower Permian: Kansas Basin, Wellington Formation, Hutchinson Salt Member (Horita et al., 1991)
sw* Leonardian We-2: ASC mine 1 ch Extraction-IC 3080 347 1600 12 6030 262 29.2 2 1.5 79.1 8.6 12.4

Leonardian We-2: ASC mine 3 ch Extraction-IC 2330 353 2200 6770 272 42.4 4 �3.2 83.1 6.7 10.3
Leonardian We-1: 198.1m 3 Extraction-IC 2900 401 1780 6600 100 34.9 0.9 85.6 9.6 4.8
Leonardian We-1: 198.1m 1 Extraction-IC 2710 364 1800 6320 98 33.9 2.4 86.5 8.8 4.7
Leonardian We-1: 198.1m 5 Extraction-IC 2710 270 1810 6980 23 22.8 �6.2 92.0 6.9 1.2
Leonardian We-1: 198.1m 12 Extraction-IC 2670 243 1820 6430 17 38.0 1.4 92.9 6.2 0.9
Leonardian We-1: 198.1m 4 Extraction-IC 2490 387 2090 6620 103 38.8 3.3 87.6 8.1 4.3
Leonardian We-1: 198.1m 8 Extraction-IC 2280 455 2280 7020 130 43.5 0.2 86.4 8.6 4.9
Leonardian We-1: 198.1m 2 Extraction-IC 1830 207 2470 6850 16 41.9 1.4 95.4 4.0 0.6
Leonardian We-1: 198.1m 10 Extraction-IC 1790 409 2530 7040 134 45.6 �0.7 88.2 7.1 4.7
Leonardian We-1: 198.1m 11 Extraction-IC 1480 379 2760 6900 173 51.3 1.8 88.4 6.1 5.5
Leonardian We-1: 198.1m 6 Extraction-IC 1590 375 2780 7060 141 48.8 2.5 89.4 6.0 4.5
Leonardian We-1: 198.1m 9 Extraction-IC 1350 325 3080 7610 122 57.3 �0.2 91.5 4.8 3.6
Leonardian We-1: 198.1m 7 Extraction-IC 1060 327 3230 7500 128 60.4 1.2 91.7 4.6 3.6

Middle Devonian: Saskatchewan Basin, Prairie Formation, Elk Point Group (Horita et al., 1996)
Saskatchewan IMC K-1 AW30-F2 Extraction-IC 83 53 2960 3270 11900 49.8 7 5.7 47.3 0.4 52.3
Saskatchewan IMC K-1 AW30-F4 Extraction-IC 172 44 2590 2890 10200 47.0 6 9.1 47.1 0.4 52.5
Saskatchewan IMC K-1 AW30-F11 Extraction-IC 72 60 2960 3460 12600 58.3 6 2.9 45.9 0.5 53.6
Saskatchewan IMC K-1 AW30-F11 Extraction-IC 74 41 2940 3470 12400 55.8 6 4.2 45.7 0.3 54.0
Saskatchewan IMC K-1 AW32-F5 Extraction-IC 83 43 2910 3090 11400 52.7 6 6.2 48.3 0.4 51.3
Saskatchewan IMC K-1 AW38-F1 Extraction-IC 88 43 2830 3200 11200 51.4 6 8.5 46.8 0.4 52.9
Saskatchewan IMC K-1 AW38-F2 Extraction-IC 109 62 2820 3340 11300 54.2 6 10.0 45.5 0.5 53.9
Saskatchewan IMC K-1 AW40B-F1 Extraction-IC 79 35 2980 3200 12400 56.8 6 0.6 48.1 0.3 51.6
Saskatchewan IMC K-1 AW40B-F3 Extraction-IC 101 51 2700 3190 10900 50.9 4 9.0 45.6 0.4 53.9
Saskatchewan IMC K-1 AW40B-F4 Extraction-IC 75 29 2960 3210 11500 54.1 7 7.9 47.9 0.2 51.9
Saskatchewan IMC K-1 AW40B-F5 Extraction-IC 72 32 2980 3240 12400 58.1 7 1.2 47.8 0.3 52.0

sw? Saskatchewan Lanigan AW46-F4 ch Extraction-IC 3480 377 1060 440 6380 25.0 7.2 62.8 11.2 26.1
Saskatchewan Lanigan AW46-F11 ch Extraction-IC 2970 240 1170 470 6430 24.5 0.9 66.5 6.8 26.7
Saskatchewan Lanigan AW46-F14 ch Extraction-IC 3060 229 1240 453 6710 24.9 �0.5 68.6 6.3 25.1

(Coninued)
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Appendix. (Continued)

Stratigraphy/basin Sample Inclusion type Method

Na K Mg Ca Cl SO4 Br Li
CB
(%)

Mg 2K SO4 Ca

(mmol/kg H2O) Jänecke unit (%)

Middle Devonian: Saskatchewan Basin, Prairie Formation, Elk Point Group (Horita et al., 1996)
Saskatchewan Lanigan AW47-F4 Extraction-IC 85 55 2020 4140 12300 56.6 6 1.3 32.6 0.4 66.9
Saskatchewan Bredenbury AW49-F7 Extraction-IC 953 121 1720 2050 7660 30.7 3 11.7 44.9 1.6 53.5
Saskatchewan Bredenbury AW49-F13 Extraction-IC 172 137 2220 3290 10600 57.6 7 6.6 39.8 1.2 59.0
Saskatchewan Bredenbury AW49-F27 Extraction-IC 933 94 1650 2010 8170 33.2 5 2.1 44.5 1.3 54.2
Saskatchewan Bredenbury AW49-F28 Extraction-IC 145 115 2810 3440 11700 52.9 6 8.7 44.6 0.9 54.5
Saskatchewan Bredenbury AW49-F21 ch Extraction-IC 1880 68 1730 711 6540 34.7 4.3 69.9 1.4 28.7
Saskatchewan Bredenbury AW49-F22 ch Extraction-IC 2200 47 1210 1190 6750 12.6 4.3 49.9 1.0 49.1
Saskatchewan Bredenbury AW49-F23 ch Extraction-IC 1910 44 1940 568 6940 14.2 0.4 76.7 0.9 22.5
Saskatchewan Bredenbury AW49-F24 ch Extraction-IC 1920 56 1900 670 7060 12.5 0.8 73.1 1.1 25.8
Saskatchewan Bredenbury AW49-F25 ch Extraction-IC 2180 121 1230 1180 6790 41.0 4.8 49.8 2.4 47.8

sw* Saskatchewan Bredenbury AW49-F26 ch Extraction-IC 3170 262 808 674 6560 22.6 �2.5 50.1 8.1 41.8

Late Silurian: Michigan Basin, Salina Group, F Salt 1 (Das et al., 1990)
Michigan Salina Group F1 86ND101-ND1 Extraction-IC 1970 350 1560 730 6530 31.3 5.5 63.3 7.1 29.6
Michigan Salina Group F1 86ND101-ND2 Extraction-IC 1480 410 1840 930 7770 31.5 �4.5 61.8 6.9 31.3
Michigan Salina Group F1 86ND101-ND3 Extraction-IC 1050 370 2050 950 7550 46.2 �1.7 64.4 5.8 29.8
Michigan Salina Group F1 86ND101-ND4 Extraction-IC 1390 370 1960 920 7170 45.0 4.8 63.9 6.0 30.0
Michigan Salina Group F1 86ND101-ND5 Extraction-IC 750 460 2340 1100 7200 43.9 11.6 63.8 6.3 30.0

sw Michigan Salina Group F1 86ND101-ND6 Extraction-IC 1320 490 1470 1410 7840 48.7 �3.5 47.0 7.8 45.1
Michigan Salina Group F1 86ND103-ND7 ch Extraction-IC 960 490 1750 1310 7500 53.3 0.9 53.0 7.4 39.6

sw? Michigan Salina Group F1 86ND103-ND8 ch Extraction-IC 880 490 1990 1020 7690 40.4 �4.0 61.1 7.5 31.3
sw? Michigan Salina Group F1 86ND103-ND9 ch Extraction-IC 950 500 2070 1040 7460 44.2 2.8 61.6 7.4 31.0

Michigan Salina Group F1 86ND103-ND10 ch Extraction-IC 1000 540 2220 1050 8060 51.9 0.2 62.7 7.6 29.7
sw? Michigan Salina Group F1 86ND103-ND11 ch Extraction-IC 860 510 2220 1040 7700 43.6 2.4 63.2 7.3 29.6
sw? Michigan Salina Group F1 86ND103-ND12 ch Extraction-IC 1040 540 2220 970 8000 41.8 �0.5 64.2 7.8 28.0

Michigan Salina Group F1 86ND104-ND13 ch Extraction-IC 1000 460 2130 1110 7200 46.5 9.8 61.4 6.6 32.0
sw? Michigan Salina Group F1 86ND104-ND14 ch Extraction-IC 960 480 2030 920 7000 40.2 4.7 63.6 7.5 28.8

Michigan Salina Group F1 86ND104-ND18 ch Extraction-IC 850 460 1630 1910 9580 41.3 �13.2 43.2 6.1 50.7
sw* Michigan Salina Group F1 86ND105-ND15 Extraction-IC 1830 460 1280 740 6210 35.0 1.9 56.9 10.2 32.9
sw* Michigan Salina Group F1 86ND105-ND16 Extraction-IC 1650 420 1520 830 6220 31.3 8.5 59.4 8.2 32.4
sw? Michigan Salina Group F1 86ND105-ND17 Extraction-IC 1780 410 1590 890 7380 34.9 �3.2 59.2 7.6 33.1

Lower Silurian: Carribuddy Formation, Australia (this study)
Australia Carribuddy Car12-3-3-1 Extraction-IC 167 280 4750 1060 11600 80.6 3.9 79.8 2.4 17.8
Australia Carribuddy Car12-2-3-1 Extraction-IC 107 44.6 3250 3310 13600 108 �2.4 49.4 0.3 50.3
Australia Carribuddy Car12-3-2-1 Extraction-IC 130 77 2990 2990 11200 80.2 8.3 49.7 0.6 49.7
Australia Carribuddy Car12-3-2-2 Extraction-IC 177 175 2780 2620 10500 76.7 6.0 50.7 1.6 47.7
Australia Carribuddy Car12-2-2-1 Extraction-IC 107 77.6 2940 2880 10600 85.5 10.9 50.2 0.7 49.2
Australia Carribuddy Car12-3-2-3 Extraction-IC 261 357 2500 2480 10200 71.3 5 3.6 48.5 3.5 48.1
Australia Carribuddy Car12-4-4-1 Extraction-IC 222 239 2750 2530 10600 74.9 4 3.9 50.9 2.2 46.9

Early Cambrian: E Siberian Platform (this study)
Siberia Sib1-2 ch Extraction-IC 438 435 3070 1250 9330 55.4 26 1.9 67.7 4.8 27.5
Siberia Sib1-3 ch Extraction-IC 474 437 2920 1170 8840 41.7 25 2.8 67.8 5.1 27.2
Siberia Sib1-4 ch Extraction-IC 257 293 2390 2520 10000 67.8 29 3.6 47.3 2.9 49.8
Siberia Sib1-5 ch Extraction-IC 1910 279 1320 950 6680 29.2 14 0.7 54.8 5.8 39.4
Siberia Sib2-1 ch Extraction-IC 446 591 3150 1180 9610 63.8 16 0.9 68.1 6.4 25.5

(Continued)

3755
C

hem
ical

evolution
of

seaw
ater

during
the

Phanerozoic



Appendix. (Continued)

Stratigraphy/basin Sample Inclusion type Method

Na K Mg Ca Cl SO4 Br Li
CB
(%)

Mg 2K SO4 Ca

(mmol/kg H2O) Jänecke unit (%)

Early Cambrian: E Siberian Platform (this study)
Siberia Sib2-2 ch Extraction-IC 470 639 3080 1020 9070 46.2 12 2.6 69.7 7.2 23.1
Siberia Sib2-3 ch Extraction-IC 457 619 3180 1100 9430 61.3 12 2.2 69.3 6.7 24.0
Siberia Sib2-4 ch Extraction-IC 437 570 3100 1100 9300 69.8 13 1.1 69.1 6.4 24.5
Siberia Sib2-5 ch Extraction-IC 604 707 2870 930 8770 82.3 13 1.6 69.1 8.5 22.4
Siberia Sib2-6 ch Extraction-IC 443 565 3040 1300 9330 61.1 16 3.8 65.8 6.1 28.1
Siberia Sib4-1 ch Extraction-IC 361 475 2860 1510 9100 48.8 16 5.1 62.1 5.2 32.8
Siberia Sib4-2 ch Extraction-IC 389 542 2740 1570 9050 41.6 14 5.4 59.8 5.9 34.3
Siberia Sib4-3 ch Extraction-IC 387 595 2460 1830 9410 42.7 15 1.6 53.6 6.5 39.9
Siberia Sib4-4 ch Extraction-IC 406 527 2790 1540 9380 30.1 16 2.2 60.7 5.7 33.5
Siberia Sib4-5 ch Extraction-IC 410 608 2520 1930 10400 54.4 15 �4.7 53.0 6.4 40.6
Siberia Sib5-1 Extraction-IC 398 349 2720 1690 9790 61.4 27 �2.3 59.3 3.8 36.9
Siberia Sib5-2 Extraction-IC 401 355 2870 1670 9870 30.7 22 �0.3 60.8 3.8 35.4
Siberia Sib5-3 Extraction-IC 336 318 2880 1650 9850 75.0 28 �1.4 61.4 3.4 35.2

Late Neoproterozoic: Ara Formation, Oman (this study)
Oman 7-1 ch Extraction-IC 493 589 4420 8530 410 69.3 9 5.9 86.3 5.7 8.0
Oman 7-2 ch Extraction-IC 500 570 4530 8950 436 79.8 10 3.1 86.3 5.4 8.3

sw?* Oman 7-3 ch Extraction-IC 405 421 4700 7795 761 58.2 14 82.9 3.7 13.4
sw?* Oman 7-4 ch Extraction-IC 486 565 4340 8590 407 55.9 14 3.4 86.3 5.6 8.1

Oman 7-5 ch Extraction-IC 499 587 4610 8890 456 69.9 11 5.0 86.0 5.5 8.5
Oman 7-7 ch Extraction-IC 476 555 4490 8980 465 68.0 11 1.0 85.8 5.3 8.9
Oman 7-8 ch Extraction-IC 430 532 4380 8510 382 65.2 11 4.7 87.1 5.3 7.6
Oman 7-9 ch Extraction-IC 491 619 4320 8640 443 66.1 11 2.3 85.2 6.1 8.7
Oman 7-10 ch Extraction-IC 477 581 4270 8500 360 72.6 14 4.0 86.8 5.9 7.3
Oman 7-11 ch Extraction-IC 483 553 4410 8120 394 64.1 14 10.1 86.8 5.4 7.8

a sw, seawater evaporated before potash facies on the basis of saturation index calculations with Harvie et al. (1984) model and screening criteria of Zimmermann (2001); *inclusions used to reconstruct
the composition of seawater (Tables 1 and 2, Figs. 5–10); ch, inclusions within or adjacent to chevron halite; CB, charge balance � [100 
 (�cations � �anions)/0.5 
 (�cations � �anions)].
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