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Introduction: Mars lacks an internally generated
magnetic field today. However, crustal remanent mag-
netism discovered by Mars Global Surveyor evidences
dynamo activity prior to ~4.1 billion years ago [e.g., 1].
Vigorous fluid motions must constantly occur in the
core to drive a magnetic dynamo. Any field would dis-
sipate within ~10* years after the fluid stagnates [e.g.,
2]. Thermal and/or compositional convection, in partic-
ular, requires a minimum amount of heat flow across the
core/mantle boundary. Popular explanations for the ces-
sation of internal magnetism on Mars rely on a decrease
in the rate of core cooling as mantle convection becomes
sluggish [3], possibly hastened by radiogenic heating in
cumulates above the core/mantle boundary [4]. Alter-
nate hypotheses include thermal stratification of the
core caused by shock heating after a giant impact [e.g.,
5]. Identifying the mechanism(s) of dynamo activity is
key to the internal evolution of Mars in general.

Here we present a new scenario for the cessation of
dynamo activity in Mars. Hydrogen diffusing out of hy-
drated silicates into the core creates a sink of gravita-
tional energy that overwhelms other power sources for
the dynamo. The mantle becomes dehydrated over time
as wadsleyite and ringwoodite equilibrate with the
core—losing almost all their hydrogen—but the
core/mantle heat flux never rises above the critical value
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Figure 1 | Preliminary calculations. Rates of
hydrogenation that will kill any dynamo (black
line) compared to the mass flux derived for ring-
woodite (blue region) and estimates for the actual
heat flux around the age of magnetized crust (or-
ange region) [3]. This predicts that equilibrium
hydrogen partitioning from hydrated silicates
would quickly suppress convection in the core.

to drive a dynamo. Geophysical missions like InSight
could detect several signatures of a hydrogen-rich core.

Delivering hydrogen to the core: We focus on the
mass of hydrogen that is available for transport into the
core over geologic time. Hydrogen that is already mixed
in the core immediately after accretion does not affect
the dynamo except by reducing the liquidus tempera-
tures—thus delaying the formation of an inner core.

Total mass budget: Minerals like wadsleyite and
ringwoodite—found in the transition zone between
depths of 410 and 660 km on Earth—can host up to ~2.5
wt% of water in their crystal structures. Studies of ring-
woodite inclusions in ultra-deep diamonds imply that
the water content could be ~1 wt% in the region [6].
Earth’s core is blanketed with relatively dry materials
like bridgmanite. However, in Mars, which is smaller,
the equivalent of Earth’s transition zone starts at a depth
of ~1100 km and extends to the core/mantle boundary.
We estimate a total budget of hydrogen as ~10%° kg
based on the water storage capacity of wadsleyite, ring-
woodite, and majorite—assuming that water is predom-
inantly stored in the olivine polymorphs.

Rate of mass transfer: The partition coefficient for
hydrogen between ringwoodite and iron—at pressures
appropriate to Mars—was experimentally determined
as ~26, which means that ~97 mol% of hydrogen in
ringwoodite should partition into metallic iron at equi-
librium [7]. However, chemical diffusion limits the ac-
tual rate of mass transfer into the core.

We can derive a characteristic scaling for hydro-
genation by equating the timescales for chemical diffu-
sion and convective overturn. The diffusivity of hydro-
gen in ringwoodite at 1800 K is Dy ~ 6 x 101 m?/s [8],
and the convective velocity is plausibly vy ~ 10°° m/s.
A natural timescale is thus tm = Dp/(Vm)?~ 6 X 10°s. We
assume that all hydrogen within I, ~ (Dmtm)? ~ 60 cm
above the core/mantle boundary is transported into the
core in ty, after which this boundary layer is rejuvenated
by solid-state convection. The analogous time scale in
the core is only t; ~ 0.1 s since v ~ 10-® m/s. Therefore,
the initial rate of mass transfer is ~4.3 to 8.6 x 107
kg/Myr for ~1 to 2 wt% water in ringwoodite. The tran-
sition zone will gradually dehydrate over time.

Delayed delivery? Depending on the actual size of
the core and the initial temperature profile, the basal
mantle may start within the stability field of bridgmanite
[9-11]. Ringwoodite might form at the core/mantle
boundary only after a period of cooling and hydration
through diffusion or convection because of the negative
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Clapeyron slope of the post-spinel transition. If hydro-
genation destroys the dynamo, then the youngest mag-
netized crust may mark the disappearance of bridg-
manite—connecting the interior and surface evolution.
Several factors could affect the eventual rate of hy-
drogenation. First, the partition coefficient could change
for metal that already contains some light elements like
sulfur. Second, the abundance of hydrated silicates is
possibly heterogeneous across the core/mantle bound-
ary. Because the density anomalies that drive flow in the
(low viscosity) core are quite small, baroclinic instabil-
ities will swiftly erase lateral density variations [12].
Energetics of the dynamo: We calculate the dissi-
pation available to generate a global magnetic field us-
ing a one-dimensional parameterization of the radial
structure of the core [13, 14]. Neglecting radiogenic
heating, the global energy balance is simply Qc = Qs —
Q~n. Here Qc is the total heat flow across the core/mantle
boundary, Qs represents secular cooling, and Qu is the
(sink of) gravitational energy associated with hydro-
genation. We may write the minimum core/mantle heat
flow required for a dynamo as Qc > (TcQu +
TsTcEk)/(Ts — Tc), where Tc is the temperature at the
core/mantle boundary and Ts is close to the average tem-
perature in the core. The entropy sink associated with
thermal conduction along the adiabatic temperature gra-
dient is Ex. Even without hydrogenation, Qc > 0.34 TW
is required to drive a dynamo if the thermal conductivity
of the core is 40 W/m/K. We can also equivalently write
an upper bound for Qu < [(Ts— Tc)/Tc]Qc — TsEk. Be-
cause of the Carnot-like efficiency term that penalizes
Qs (and thus Qc), Qn = 0.2 TW mandates Qc > 5 TW.
We calculate Qu as the change in gravitational en-
ergy caused by redistributing an infinitesimally thin
layer of H-rich fluid from the top of the core. We assume
uniform mixing throughout the core for simplicity. To
first order, the gravitational energy associated with in-
stead forming a thin layer is independent of the thick-
ness of the layer given a specific mass flux. Therefore,
hydrogenation is physically analogous (in a reverse
sense) to novel chemical processes—precipitation of
MgO [15, 16] and/or SiO; [17] and transport of these
light species from the core to the mantle—recently pro-
posed to power Earth’s dynamo. For example, Qu ~ 0.2
TW is equivalent to a mass flux of ~8 x 10%" kg/Myr.
Formation of stable stratification: Concentrating
hydrogen in a thin, stable layer may produce a seismic
signature relative to a completely homogenous core.
This might resemble the low density layer found at the
top of Earth’s core. Diffusion of oxygen (and possibly
silicon) downwards from Earth’s core/mantle boundary
has been proposed to create ~100s km of stratification
over geologic time [e.g., 18], which could explain seis-
mic and geomagnetic observations. Following previous
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analyses [e.g., 19], we can estimate whether convection
is likely to erode a H-rich layer in the core of Mars. If
the layer thickness is h, then the maximum rate of ero-
sion is dh/dt = v¢/Ri, where Ri = (NR/v;)? is the Richard-
son number with N as the buoyancy frequency and R ~
1700 km as the radius of the core. Compared to the sit-
uation on Earth, convective erosion is ~40 times more
efficient on Mars because the core is half as large and
hydrogen has two orders of magnitude larger diffusivity
than oxygen (so h is larger and thus N is smaller). Still,
the predicted erosion depth for a layer of pure FeH over
Fe is <5 km, which may imply that stratification is quite
likely. Convection can only efficiently mix fluids that
have small differences in the molarity of hydrogen.

Consequences of a hydrogen-rich core: Models of
the interior structure of Mars typically assume that sul-
fur is the only light element present in the core [e.g., 9,
10]. Oxygen and silicon are probably immiscible (espe-
cially in the presence of sulfur) under the pressure/tem-
perature conditions relevant to Mars. However, hydro-
gen has been recognized as a plausible constituent of the
core since iron and hydrogen are miscible at pressures
>10 GPa [11]. Hydrogen depresses the liquidus temper-
ature by as much as 700 K for pure FeH compared to
Fe, which increases the amount of total cooling required
to form an inner core. This diminishes the motivation to
invoke >13 wt% of sulfur—several times the abun-
dances considered geochemically reasonable for Earth’s
core—to keep the core partially liquid until present day
and explain the observed mass, radius, and moment of
inertia. Whereas models that consider only sulfur in the
core predict that an inner core and stratification in the
outer core would often occur together [20], hydrogena-
tion provides a mechanism to produce stratification but
no inner core. Overall, this study demonstrates the im-
portance of core/mantle interactions to dynamical pro-
cesses that are relevant to surface conditions.
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