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Introduction: It is widely inferred that Mars 

possessed an internal dynamo prior to 4.0 Ga [see 1], 
nevertheless the mechanisms for generation and 
duration of the dynamo are debated [e.g. 2, 3, 4].  The 
presence of a core dynamo field during the end of 
heavy bombardment is difficult to reconcile with the 
lack of observable remnant magnetic anomalies over 
large impact basins such as Hellas and Argyre, for 
which current age estimates are 4.09 and 4.03 Ga 
respectively [5], and this suggests an early, short-lived 
field. 

The existence of mid/late Noachian valley networks 
and extensive erosion in the late Noachian [6, 7] 
require at least intermittent periods during which 
climatic conditions were more clement than at present, 
with surface pressures and temperatures close to, or 
above, the melting point of H2O [8]. An early Martian 
core dynamo likely created a magnetosphere large 
enough to prevent significant atmospheric loss due to 
sputtering [9]; however cessation of a dynamo as early 
as ~4 Ga would, in the absence of a remanent crustal 
field, leave the atmosphere unprotected.  This study 
investigates the extent to which a remanent crustal 
magnetic field shielded the Martian atmosphere from 
solar wind stripping, after the cessation of the core 
dynamo. 

Solar Wind / Magnetic Field Pressure Balance: 
Atmospheric protection from solar wind stripping 
(removal of gas atoms due to collisional and pick-up-
ion sputtering) is strongly dependent on the height of 
the dayside magnetopause boundary.  To first order, 
the magnetopause is defined as the location where the 
outward planetary magnetic field pressure is balanced 
by the dynamic solar wind pressure (PSW = PMagnetic).  
Most solar wind particles are deflected around the 
magnetopause and cannot impact and ionize upper 
atmosphere gas particles (or pick-up-ions) below the 
magnetopause.   

Given a solar wind mass density, ρSW, and velocity, 
uSW, it is possible to calculate the necessary planetary 
magnetic field strength, |B|Planet, needed to balance the 
dynamic solar wind pressure using equation 1,  
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where µ0 is the permeability of free space.  Second 
order contributions to solar wind pressure such as 
interplanetary magnetic field pressure are excluded 
here. 

We consider two previously proposed early solar 
wind conditions; [10] proposed a velocity 4 times and 
a density 15 times the current values, while [11] 
argued for a velocity similar to present day and a 
density 40 times current values (see table 1).  

Atmospheric Scale Height:  Pressure scale height, 
H, for a single-component atmosphere is given by 
kT/mg, where k is Boltzman’s constant, T is the surface 
temperature (K), m is the mean molecular mass of the 
constituent gas, and g is gravity.  Scale height is 
constant for a given temperature and defines the e-
folding height of the atmospheric pressure, or the 
height at which the pressure decreases by 1/e (~37%).  
After 5 e-folding heights the atmospheric pressure is 
less than 1% of its surface value. To calculate early 
Martian scale heights, we initially assume a CO2 
dominated atmosphere and a surface temperature of 
273K.  These conditions yield a scale height of 14 km. 

Magnetopause Height: For each point on a 2×2 
degree grid in the Terra Cimmeria region, we calculate 
the magnitude of the magnetic field due to crustal 
remanent magnetization as a function of altitude, using 
the magnetic field model of [12].  We determine the 
altitude at which the magnetic field pressure balances 
the ancient solar wind dynamic pressure.  A similar 
analysis is presented for current solar wind conditions 
by [13].  Figure 1a shows the calculated magnetopause 
height given the solar wind conditions proposed by 
[10].  Above the strongest surface magnetic anomalies 
the magnetopause is ~250 km, which is ~17 scale 
heights for a carbon dioxide atmosphere.  The solar 
wind conditions presented by [11] (Figure 1b) increase 
the height of the magnetopause to ~385 km or ~28 
scale heights.  Between 44% and 78% of the Terra 
Cimmeria region has a magnetopause above 5 scale 
heights for early solar wind conditions proposed 
respectively by [10] and [11]. 

Discussion: Clearly, the ability of a Martian 
magnetic field to protect an atmosphere is dependent 
upon the distribution of the crustal field intensities. 
Based on ages for the Northern Lowlands basement 
[14], it is not implausible that the ancient magnetic 
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properties of both northern and southern hemispheres 
may have been statistically similar, with modern 
differences stemming from a variety of forms of 
subsequent demagnetization [e.g. 15, 16].  Therefore it 
is reasonable to assume that the global magnetic 
properties of crust formed in the presence of the 
Martian dynamo might be represented by the present 
day magnetic field over Terra Cimmeria.  Regions 
retaining such magnetization could have provided 
substantive shielding of the early Martian atmosphere 
from the solar wind even under end-member ancient 
dynamic pressure conditions [10]. 

We use the results above, along with possible 
scenarios for the evolution of the Martian magnetic 
field and investigate for various atmospheric, solar 
wind, and magnetic field conditions (i) the percentage 
by mass of the atmosphere protected by the internal 
magnetic field, and (ii) the ensuing atmospheric loss 
rates, as estimated by oxygen ion production and CO2 
loss rates [9].  We assume 1-D atmospheric models, 
but as shown in Figure 1, spatial variations in the 
remanent crustal field are allowed.  The latter is 
important, because regions lacking strong magnetic 
signatures result in a complicated magnetopause 
surface, that in places leaves regions of the Martian 
atmosphere unprotected.  

We investigate the rate of atmospheric loss due to 
sputtering under several test case scenarios with 
increasing complexity: 1) no magnetic field, 2) dipole 
magnetic fields of varying strengths, as previously 
investigated by [9], 3)  the modern Martian crustal 
field, 4) a time varying model including dipole 
cessation and crustal field evolution.  From these rates 
of atmospheric loss we determine under what 
conditions a crustal magnetic field could have provided 
a plausible shield for the atmosphere. 

Conclusions: This study demonstrates that a strong 
crustal magnetic field can partially shield an 
atmosphere from sputtering. The modern Martian 
crustal magnetic field is sufficiently strong in regions 
to retard sputtering for an atmosphere as thick as 250-
400 km and surface temperature of 273K, assuming 
ancient solar wind conditions. A strong crustal field 
may help explain how an atmosphere capable of 
sustaining surface flow could have survived 
throughout the Noachian, even after cessation of an 
internal dynamo.  
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Table 1. Solar Wind Conditions and Magnetopause 
Results 

Solar Wind Scenario Conditions and Results 
[10] [11] 

uSW (m/s) 2.0E+06 4.0E+05 
ρSW (kg/m3) 1.5E-19 4.0E-19 

Max magnetopause (km) 246 383 
Surface area > 5H 44% 78% 

 
Figure 1.  Height of the magnetopause over Terra 
Cimmeria using the magnetic field model of [12] given 
solar wind conditions proposed by a) [10] and b) [11]. 
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