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A Paramagnetic Bonding
Mechanism for Diatomics in
Strong Magnetic Fields
Kai K. Lange,1 E. I. Tellgren,1 M. R. Hoffmann,1,2 T. Helgaker1*

Elementary chemistry distinguishes two kinds of strong bonds between atoms in molecules:
the covalent bond, where bonding arises from valence electron pairs shared between neighboring
atoms, and the ionic bond, where transfer of electrons from one atom to another leads to
Coulombic attraction between the resulting ions. We present a third, distinct bonding mechanism:
perpendicular paramagnetic bonding, generated by the stabilization of antibonding orbitals in
their perpendicular orientation relative to an external magnetic field. In strong fields such as
those present in the atmospheres of white dwarfs (on the order of 105 teslas) and other stellar
objects, our calculations suggest that this mechanism underlies the strong bonding of H2 in the
3S!

u (1sg1s*u) triplet state and of He2 in the 1S!
g (1s

2
g1s*u

2) singlet state, as well as their
preferred perpendicular orientation in the external field.

Chemical bondingmechanisms are not only
well understood phenomenologically and
theoretically, but are also accurately de-

scribed by themethods of modern quantum chem-
istry. Molecular atomization energies, for example,
are today routinely calculated to an accuracy of
a few kilojoules per mole—the “chemical ac-
curacy” characteristic of modern measurements
(1). However, nearly all our knowledge about
chemical bonding pertains to Earth-like condi-
tions, where magnetic interactions are weak rel-
ative to the Coulomb interactions responsible for
bonding. By contrast, in the atmospheres of rap-
idly rotating compact stellar objects, magnetic
fields are orders of magnitude stronger than those
that can be generated in laboratories. In particu-
lar, some white dwarfs have fields as strong as
105 T, and fields up to 1010 Texist on neutron stars
and magnetars. Under these conditions, magnet-
ism strongly affects the chemistry and physics of
molecules, playing a role as important as that of
Coulomb interactions (2). To understand this un-
familiar chemistry, we cannot be guided solely by

the behavior of molecules under Earth-like con-
ditions. In the absence of direct measurements
and observations, ab initio (as opposed to semi-
empirical) quantum mechanical simulations play
a crucial role in unraveling the behavior of mol-
ecules in strong magnetic fields and may be useful
in the interpretation of white dwarf spectra (3, 4).

Over the years, many quantum chemical studies
have been performed on one- and two-electronmol-
ecules in strong magnetic fields (5). Some of these
demonstrate how certain otherwise unbound one-
electron molecules become bound in strong fields.
Intriguingly, Hartree-Fock calculations by !aucer
and A"man in 1978 (6) and by Kubo in 2007 (7)
suggest that the otherwise dissociative lowest triplet
state 3S!

u "1sg1s*u# of H2 becomes bound in the
perpendicular orientation of the molecule relative
to the field. The binding has also been noted in
simplemodel calculations and rationalized in terms
of van der Waals binding (dispersion) (8) and a
shift of electronic charge density toward the mo-
lecular center (9). Bearing in mind that the un-
correlated Hartree-Fock model often strongly
overestimates the binding energy in the absence
of magnetic fields, these findings must be con-
firmed by more advanced quantum chemical
simulations.

Here, we report highly accurate calculations
on H2 in strong magnetic fields, taking advantage

of our recently developed LONDON code, which
is capable of treating molecular systems accu-
rately in all field orientations. Our studies not
only confirm the bonding of triplet H2 but also
provide an elementary molecular orbital (MO)
explanation that involves neither charge displace-
ment nor dispersion: Nonbonding molecular elec-
tronic states are stabilized by the reduction of the
paramagnetic kinetic energy of antibondingMOs
when these are oriented perpendicular to the mag-
netic field. The generality of the proposed bonding
mechanism is confirmed by calculations on He2,
previously not studied in strong magnetic fields.

To represent the molecular electronic states in
magnetic fields, we use the full configuration-
interaction (FCI) method [implemented using
string-based techniques (10–12)], where the
N-electron wave function is expanded linearly in
Slater determinants,

jFCI! $ ∑
n
Cn detjfp1n , fp2n , ::: fpNn j "1#

whose coefficients Cn are determined by the
Rayleigh-Ritz variation principle (13). Each de-
terminant is an antisymmetrized product of N or-
thonormal spinMOs fp; the summation is over all
determinants that may be generated from a given
set ofMOs. The exact solution to the Schrödinger
equation is reached in the limit of a complete set
of MOs, making it possible to approach this so-
lution in a systematic manner.

The FCI model makes no assumptions about
the structure of the electronic system; in par-
ticular, it makes no assumptions regarding the
dominance of one Slater determinant (assumed
in Hartree-Fock and coupled-cluster theories).
This model is therefore capable of describing all
bonding situations and dissociation processes in
an unbiased manner, which is essential when un-
familiar phenomena are studied. Equally impor-
tant, the FCI model provides a uniform description
of different electronic states and is therefore able
to describe the complicated evolution of such
states that occurs with increasing field strength.

The FCI method is a standard technique of
quantum chemistry, often used to benchmark less
expensive and less accurate methods, and was
previously used by Schmelcher and Cederbaum
in their study of H2 in strong parallel magnetic
fields (14). Our FCI implementation differs from
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theirs in being invariant with respect to gauge
origin and hence capable of describing all ori-
entations of the molecule in a field equally well.
To understand this point, we recall that the ki-
netic energy operator (including the spin-Zeeman
term) in the magnetic field B is given, in atomic
units, by

T $ 1
2
∑
i
p2i ! B ⋅ ∑

i
si,

pi $ −i∇i !
1
2
B%"ri − O#

"2#

where i is the imaginary unit, and pi and si are the
kinetic momentum and spin operators of electron
i, respectively. The kinetic energy operator de-
pends parametrically on the gauge origin O, an
arbitrary point in space where the field contri-
bution to the operator vanishes. In exact theory,
all choices of O yield the same energy and other
properties of the system; in approximate calcu-
lations (except in parallel orientations with the
gauge origin on the molecular axis), the calcu-
lated results depend on O unless gauge origin

invariance is carefully imposed. For the results to
be reliable, it is essential that the calculations be
rigorously invariant with respect to gauge origin
in all molecular orientations. The kinetic energy
operator in Eq. 2 depends quadratically on pi
and therefore both linearly and quadratically
on B. For the field strengths considered here,
on the order of B0 = 2.35 ! 105 T (one atomic
unit), the linear and quadratic field contributions
to the Hamiltonian are equally important, result-
ing in a complicated chemistry in this regime.

To ensure gauge origin invariance, we ex-
pand the MOs linearly in a set of field-dependent
atom-fixed Cartesian Gaussian atomic orbitals
(AOs) of the form

cijk"r,K,B,O# $ NijkxiKy
j
Kz

k
K

% exp
1
2
iB% "O − K# ⋅ r

! "
exp"−ar2K# "3#

where r is the position of the electron relative
to the origin of the coordinate system, rK is its

position relative to the center of the Gaussian K
(here an atomic center), a > 0 is the Gaussian
exponent, and Nijk is the normalization constant.
These AOs depend on the field B and on the
gauge origin O in a physically reasonable man-
ner, being correct to first order in the external
magnetic field and ensuring gauge origin in-
variance of all computed expectation values. The
use of such field-dependent orbitals, introduced
by London in 1937 (15), is a standard technique
in perturbative treatments of molecular magnetic
phenomena (16–19). The use of London orbitals
in nonperturbative studies is technically more
complicated and therefore uncommon. Indeed,
London orbitals have previously been used only
in calculations on the one-electron H2

+ molecule
(20–22), on the two-electron H2 molecule (6, 7),
and on larger molecules by our group (23, 24),
all at the uncorrelated Hartree-Fock level of theory
[see also the Heitler-London model of Basile
et al. (9)]. Our gauge origin–invariant FCI code
allows us to study molecules in different elec-
tronic states and arbitrary orientations in a reliable
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Fig. 1. The H2 molecule in an external magnetic field. (A) Schematic il-
lustration of the chemical bonding in parallel orientation (left) and perpen-
dicular orientation (right) relative to the magnetic field, represented by red
arrows. (B and C) Potential energy surfaces E(R, q) of H2 in the S1 g

!(1sg
2) state

(B) and the S3 u
!(1sg1su

&) state (C) calculated at the FCI/un-aug-cc-pVTZ level
of theory in a field of strength B = 1.0B0, using a polar coordinate system
where R is the internuclear separation and q is the angle of the molecular

axis relative to the field (high values in red, low values in blue). (D and E)
Potential energy curves E(R, q) of the S1 g

!(1sg2) state (D) and the S3 u
!(1sg1su

&)
state (E) calculated at different field strengths in parallel orientation (q = 0°,
solid lines) and perpendicular orientation (q = 90°, dashed lines). The areas
between the full and dashed lines represent the energy for intermediate
(skew) orientations in the field. The minimum of each curve is marked with
a black dot.
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and unbiased manner. A more flexible but com-
putationally demanding scheme has been pro-
posed by Kennedy and Kobe, who equipped
the wave function with a variationally optimized
phase factor (25).

In all calculations reported here, we use the
correlation-consistent aug-cc-pVTZ basis set
(26, 27) in uncontracted form (denoted un-aug-
cc-pVTZ). For B on the order of or greater than
B0, the anisotropic distortion of the electronic
distribution by the magnetic field is most eco-
nomically described using anisotropic AOs,
with different Gaussian exponents in the parallel
and perpendicular directions relative to the field
(28, 29). The isotropic un-aug-cc-pVTZ basis
that we use is sufficient for an accurate descrip-
tion of electronic systems in fields up to B0 but
becomes progressively less suited in stronger fields,
as the systems become more compact and an-
isotropic. Selected FCI calculations carried out
in the larger un-aug-cc-pVQZ basis and in the
un-aug-cc-pVTZ basis with extra orbitals added
confirm that the un-aug-cc-pVTZ basis provides
a qualitatively correct description of the systems
studied here.

Because of the shrinking prolate shape of the
constituent atoms, diatomic molecules become
smaller and develop an energy dependence on

their orientation in a magnetic field, as illustrated
for the parallel and perpendicular orientations in
Fig. 1A. In the covalently bound singlet state, the
electronic energy of H2 increases diamagnetically
with increasing field strength (Fig. 1D). More-
over, the molecule becomes shorter and more
strongly bound, reflecting a more pronounced
diamagnetic behavior in the dissociation limit
than in the united-atom limit. As expected for a
covalently bound state, the energy is lower in the
parallel orientation than in the perpendicular
orientation (Fig. 1A), owing to the greater in-
teratomic overlap in this orientation. In the polar
plot for B = B0 (Fig. 1B), we therefore observe
global minima at inclination angles q = 0°, 180°
connected by saddle points at q = 90°, 270°. As
the field increases from 0 to 2.25B0 (the strongest
field considered here), the bond distance Re de-
creases by 24% from 74 to 56 pm, while the
dissociation energy De (without the zero-point
vibrational contribution) increases by 83%, from
455 kJ mol–1 to 834 kJ mol–1. Because of the
prolate shape of the atoms, the saddle points
for rotation occur at a slightly shorter distance
of 50 pm,with a barrier to rotation of 239 kJmol–1.

The triplet state 3S!
u "1sg1s*u# behaves very

differently from the singlet state. With increasing
field strength, the energy of the bb triplet com-

ponent in Fig. 1E (the ground state for all finite
fields considered here) is lowered paramagneti-
cally and the system becomes more compact, as
expected from the shrinking atomic size. Themol-
ecule thereby becomes bound, with a preferred
perpendicular orientation in the field. At B =
2.25B0, for instance, the bond distance is 92 pm
and the dissociation energy 38 kJ mol–1. The bar-
rier to rotation is only slightly lower, 34 kJ mol–1,
with saddle points at a large internuclear sep-
aration of 241 pm. The other two triplet com-
ponents behave in the same manner but with the
energy shifted upward by the Zeeman interaction.
The different shapes of the H2 singlet and triplet
surfaces are immediately apparent from the polar
plots in Fig. 1, B andC.Although both surfaces are
distinctively prolate in the field direction, the plots
reveal two very different states: a fairly isotropic,
compact singlet state with parallel global minima
connected by perpendicular saddle points, con-
trasted with a more anisotropic, diffuse triplet
state with a larger inaccessible inner region and
perpendicular minima connected by parallel sad-
dle points.

To understand the mechanism responsible for
the field-induced perpendicular bonding, we ex-
amine the behavior of the bonding 1sg and an-
tibonding 1s*u orbitals in an external magnetic

A B C

(pm)

(k
J 

m
ol

-1
)

(pm)

Fig. 2. Orbital energies of the bonding 1sg (blue) and antibonding 1su& (red)
H2 orbitals in parallel orientation (solid lines) and perpendicular orientation
(dashed lines) relative to an external magnetic field. (A) The field-induced
change in the orbital bonding energy DEp(R, q, B0) calculated with a fixed

exponent a = 1 for different internuclear separations R. (B) The field-
induced change in the orbital bonding energy DEp(R, q, B0) calculated
with an optimized exponent for different internuclear separations R. (C)
The MO energy level diagram in a magnetic field.

A B

Fig. 3. (A) Potential energy curve of He2 in the S1 g
!(1sg21su&2# state calculated using FCI/un-aug-cc-pVTZ theory in parallel orientation (solid lines) and

perpendicular orientation (dashed lines) for 0 ! B ! 2.5B0. (B) Same as (A) for He2 in the S3 u
!(1sg21su&2sg) state. The energy minimum of each curve is marked

with a black dot.
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field. In a minimal basis consisting of two 1s
Gaussian orbitals of the form given in Eq. 3
with i = j = k = 0, the normalized bonding and
antibonding MOs of H2 located on the z axis in
an external field B of arbitrary orientation are
given by

1sg=u $ 2!− 2 exp −
a
2
"1! B̃2

x ! B̃2
y#R

2
h in o−1=2

% "1sA !− 1sB# "4#

where 1sA and 1sB are 1s orbitals with exponent
a on the two atoms, R is the internuclear sep-
aration, and B̃x $ Bx=4a and B̃y $ By=4a are
scaled perpendicular field components. There is
no contribution from Bz to the MOs. When R
tends to zero, theseMOs transform smoothly into
helium AOs of the same exponent:

lim
R!0

1sg $ 1s "5#

lim
R!0

1s*u $ "1! B̃2
x !B̃2

y#
−1=2

% "2pz ! iB̃x2py − iB̃y2px# "6#

Whereas 1sg transforms into an 1s orbital, 1s*u
transforms into a combination of 2p orbitals. In
particular, for B̃ $ 1, 1s*u becomes 2p0 in the
parallel orientation and 2p–1 in the perpendicular
orientation. In a magnetic field, the 2p–1 orbital
has a lower energy than the 2p0 orbital (by the
orbital-Zeeman interaction); therefore, 1s*u favors
a perpendicular orientation relative to the mag-
netic field. No such orientational preference is
observed for 1sg, which transforms into the same
1s orbital in all orientations. By this argument,
H2 adopts a perpendicular orientation in the
triplet state, with its singly occupied bonding
and antibonding orbitals.

Let Ep(R, q, B) be the orbital energy of fp at
configuration (R, q) and in the field B, and
consider the quantity

DEp"R,q,B# $ 'Ep"R,q,B# − Ep"R,q,0#( −

'Ep"∞,q,B# − Ep"∞,q,0#( "7#

which represents the field-induced change in
the orbital energy Ep(R, q, B) – Ep(R, q, 0) at

the molecular configuration (R, q) relative to
the change observed in the dissociation limit.
With a fixed orbital exponent a= 1, we observe the
expected stabilization of 1s*u in the perpendicular
orientation (and a smaller 1sg destabilization in
the bonding region), and neither stabilization
nor destabilization in the parallel orientation
(Fig. 2A). However, when the exponent a is var-
iationally optimized for each (R, q) (Fig. 2B), 1sg
is stabilized in the united atom (where the ori-
entation no longermatters for this orbital), where-
as 1s*u (for which the orientation in the united
atom matters) is destabilized in the parallel ori-
entation but further stabilized in the perpendicular
orientation. These changes lead to the modified
MO energy level diagram shown in Fig. 2C and
to the following energy ordering of the lowest
H2 states in a magnetic field:

E∥"1s2g#≤ E⊥"1s2g#≤ E⊥"1sg1s&u#≤ E∥"1sg1s&u#
"8#

The field-induced bonding of H2 in the per-
pendicular orientation is thus not covalent in
nature, nor does it depend on dispersion. Instead,
it arises from a lowering (relative to the atomic
limit) of the kinetic energy associated with the
induced paramagnetic rotation of the electron in
the antibonding orbital. The pivotal role of the
kinetic energy is confirmed by FCI calculations
on H2; although the field-induced changes in the
FCI kinetic and electrostatic energies at a given
(R, q) are of the same order of magnitude, the ap-
pearance of a minimum in the dissociation curve
is almost entirely due to the lowering of the ki-
netic energy.

As shown in Fig. 2, the bonding 1sg orbital
favors a perpendicular orientation in a magnetic
field for intermediate bond distances. In general,
therefore, the orientation of H2 in the triplet state
depends on a balance between the preference of
1sg for a parallel orientation and the preference
of1su* for a perpendicular orientation. Indeed, for
B = 2.25B0, the H2 minimum shifts slightly away
from the perpendicular orientation. Eventually,
the H2 ground state changes from 3S!

u "1sg1s*u#
to 3Pu(1sg1pu), which is covalently boundwith a

preferred parallel field orientation, as observed
by Kubo using Hartree-Fock theory (7).

To demonstrate that the behavior observed
for H2 is a general phenomenon, we have calcu-
lated the potential energy curves of He2 in its
lowest 1S!

g "1s2g1s*u2# singlet (Fig. 3A) and
3S!

u "1s2g1s*u2sg# triplet (Fig. 3B) states. With-
out a field, the He2 singlet ground state is weakly
bound by dispersion, with Re = 297 pm andDe =
0.092 kJ mol–1 (30). In the field, the energy in-
creases diamagnetically. Moreover, He2 assumes
a perpendicular orientation, becoming smaller
and more strongly bound, with a bond distance
of 94 pm and a dissociation energy of 31 kJ
mol–1 at B = 2.5B0. The nonmonotonic variation
of the saddle point (in the parallel orientation)
may be an artifact arising from basis set incom-
pleteness. In the triplet state, the covalently bound
He2 molecule behaves similarly to H2 in the sin-
glet state. As the field increases to 2.5B0, the
molecule aligns with the field and shortens from
104 pm to 80 pm while the dissociation energy
increases from 178 kJ mol–1 to 655 kJ mol–1. In
the bb component of the triplet, He2 becomes
diamagnetic at B ≈ 2.2B0.

We have presented advanced FCI calculations
on H2 and He2 in strong magnetic fields and
explained their behavior in terms of elementary
concepts of MO theory. To examine the role of
electron correlation, we compare the FCI and
Hartree-Fock potential energy curves of triplet
H2 (Fig. 4A) and singlet He2 (Fig. 4B). These
plots demonstrate that the paramagnetic perpen-
dicular bonding discussed above does not require
electron correlation for its qualitative description;
Hartree-Fock theory, in which electronic inter-
actions are described in an averaged, mean-field
manner, recovers all the main effects of para-
magnetic bonding, underestimating the bond dis-
tance slightly and the dissociation energy more
strongly. The bonding is clearly not van derWaals
in nature, although electron correlation is neces-
sary for its quantitative description. In short, we
have identified a distinct mechanism for chemical
bonding in strong magnetic fields, arising from
the stabilization of antibonding orbitals in a
perpendicular orientation relative to the magnetic
field. This stabilization leads to the bonding of

Fig. 4. (A) The FCI and
unrestricted Hartree-Fock
(HF) dissociation curves
of H2 in the S3 u

!(1sg1su&)
state for B" = 2.25B0
calculated in the un-aug-
cc-pVTZ basis set. (B)
Same as (A) for He2 in
the S1 g

!(1sg21su&2) state for
B" = 2.5B0. The Hartree-
Fockmodel overestimates
the bond distances of H2
and He2 by 1.5 and
4.1%, respectively, whereas
the dissociation energies are underestimated by 25 and 49%. The counterpoise corrections for the basis-set superposition error (not added to the plotted curves)
are 4 kJ mol–1 and 2 kJ mol–1, respectively, for H2 and He2 at the equilibrium distances.

A B
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species of zero bond order, which are either un-
bound or bound by dispersion in the absence of a
magnetic field. This bonding is sufficiently strong
to affect the chemistry of molecules in strong
magnetic fields.
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Sulfate Burial Constraints on the
Phanerozoic Sulfur Cycle
Itay Halevy,1,2* Shanan E. Peters,3 Woodward W. Fischer2

The sulfur cycle influences the respiration of sedimentary organic matter, the oxidation state of
the atmosphere and oceans, and the composition of seawater. However, the factors governing the
major sulfur fluxes between seawater and sedimentary reservoirs remain incompletely understood.
Using macrostratigraphic data, we quantified sulfate evaporite burial fluxes through Phanerozoic
time. Approximately half of the modern riverine sulfate flux comes from weathering of recently
deposited evaporites. Rates of sulfate burial are unsteady and linked to changes in the area of
marine environments suitable for evaporite formation and preservation. By contrast, rates of
pyrite burial and weathering are higher, less variable, and largely balanced, highlighting a
greater role of the sulfur cycle in regulating atmospheric oxygen.

Sulfate (SO4
2–) is the fourth most abundant

ion in modern seawater and a major com-
ponent of the alkalinity budget, which gov-

erns the pH of seawater (1). Bacterial sulfate
reduction accounts for ~50% of sedimentary
organic matter respiration (2), and precipitation
of pyrite (FeS2) is one of the major exit channels
of sulfur from the ocean (3). Because reduction
of riverine sulfate and burial of the sulfide leave
oxidized products in the ocean-atmosphere sys-
tem, pyrite burial is considered a major indirect
source of oxygen to the atmosphere (4, 5).

Several time series data sets constrain aspects
of the Phanerozoic sulfur cycle (Fig. 1A). The
sulfur isotope composition, d34S, of carbonate-
associated sulfate, sulfate evaporites, and barite
(BaSO4) records the d34S of seawater sulfate,
whereas the d34S of sedimentary pyrite captures
the products of microbial sulfate reduction (6–8).

The chemical composition of fluid inclusions in
halite constrains the concentration of major ions
in seawater, including sulfate (9, 10).

Variability in the d34S records of seawater
sulfate and sedimentary pyrite is typically inter-
preted to reflect changes in the fraction of sulfur
removed from the oceans as pyrite, fpyr. Because
pyrite is depleted in 34S by several percent rel-
ative to the sulfate reservoir fromwhich it formed,
times of high seawater sulfate d34S are interpreted
as times of high rates of pyrite burial. By as-
suming a steady state and constant input mag-
nitude and d34S, or by scaling inputs and outputs
to modern values, models of the Phanerozoic sul-
fur cycle explain long-term trends in d34S values
by changes in fpyr between ~0.2 and~0.6 (4, 11–13).
Recognizing that the magnitude and d34S of the
influxes to the ocean have likely varied in time,
thereby influencing the isotopic record, somemod-
els included parameterized influxes and solved
mass balance equations for the outfluxes and the
value of fpyr (4, 13). The parameterizations are
uncertain, however, because they are largely based
on a scaling of modern influxes by debated fac-
tors, such as the relative rates of seafloor spread-
ing and continental runoff (14, 15).

It is possible to measure the sink of sulfate
evaporites from seawater and obtain estimates of
the influx magnitude and d34S by mass balance,
though previous volume estimates of Phanero-
zoic evaporites (mostly halite, but some sulfate)
have been considered too coarse or uncertain to
accurately constrain past rates of sulfate burial
(16–18). We quantified sulfate burial over Phan-
erozoic time, using a comprehensive macrostrati-
graphic database (19, 20), which includes 23,843
lithostratigraphic rock units in 949 geographic
locations across North America and the Carib-
bean (NAC).Datawere binned by age, and sulfate
burial rates were obtained by dividing evapo-
rite volume by bin duration. Macrostratigraphy-
based estimates of sulfate burial rates are higher
than those derived from other compilations. This
is due to the improved spatial and lithological
resolution of this data set, which includes sedi-
mentary rocks in the surface and subsurface, and
many comparatively thin but widespread depos-
its not included in previous compilations. Nota-
bly, the NAC burial rates are highly variable, with
values 2 to 14 times the average occurringmainly
in Paleozoic intervals (Fig. 1C).

Themacrostratigraphic database currently pro-
vides comprehensive coverage only in NAC, but
can be scaled globally (Fig. 1D) by using mech-
anistic relationships between the observations
and environmental controls on sulfate evaporite
deposition (20). The volume-weighted average
ratio of global to North American sulfate deposit
volumes is ~8 (16, 17). In comparison, the area-
weighted ratio of global to NAC submerged
continental area in latitudes of net evaporation,
estimated from paleogeographic reconstructions
(20, 21), is ~7. This close agreement reflects a
primary requirement for massive sulfate evapo-
rite deposition—hydrographic isolation of large,
marine-fed basins at latitudes of net evaporation
(22). Such basins are created by rifting, small
changes in sea level or the development of a
barrier to circulation (22), often at the shoreward
edge of submerged continental shelves. Indeed,
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