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Geodynamo, Solar Wind,
and Magnetopause
3.4 to 3.45 Billion Years Ago
John A. Tarduno,1,2* Rory D. Cottrell,1 Michael K. Watkeys,3 Axel Hofmann,3 Pavel V. Doubrovine,1,4
Eric E. Mamajek,2 Dunji Liu,5 David G. Sibeck,6 Levi P. Neukirch,2 Yoichi Usui1,7

Stellar wind standoff by a planetary magnetic field prevents atmospheric erosion and water loss.
Although the early Earth retained its water and atmosphere, and thus evolved as a habitable
planet, little is known about Earth’s magnetic field strength during that time. We report
paleointensity results from single silicate crystals bearing magnetic inclusions that record a
geodynamo 3.4 to 3.45 billion years ago. The measured field strength is ~50 to 70% that
of the present-day field. When combined with a greater Paleoarchean solar wind pressure, the
paleofield strength data suggest steady-state magnetopause standoff distances of ≤5 Earth radii,
similar to values observed during recent coronal mass ejection events. The data also suggest
lower-latitude aurora and increases in polar cap area, as well as heating, expansion, and volatile
loss from the exosphere that would have affected long-term atmospheric composition.

The oldest record of Earth’s magnetic field
strength, based on a thermoremanent mag-
netization (TRM), is from silicate crystals

hosting single domain–like magnetite inclusions
separated from plutons from the Kaapvaal craton,
South Africa; these plutons have been dated to
3.2 billion years ago (Ga) (1). This record sug-
gests an intensity that is within 50% of the mod-
ern field value. The geomagnetic field may be
truly ancient, starting shortly after core forma-
tion, but several hypotheses suggest otherwise. A
null orweak field at 3.8 to 3.9Ga is predicted from
a hypothesis seeking to explain lunar nitrogen
values through transport from Earth’s atmosphere
by the solar wind (2). A delayed onset of the
geodynamo, to ages as young as 4.0 to 3.4 Ga, has
been predicted from a model for cooling of a
dense liquid layer at the base of the early Earth’s
magma ocean (3). However, testing these null-
field models is difficult because of the ubiquitous
metamorphism that has affected Paleoarchean
terrestrial rocks.

Some of the least metamorphosed Paleoarche-
an rocks, having experienced peak temperatures
of <350°C [e.g., (4)], are found in the Barberton
Greenstone Belt (BGB) in South Africa. Chem-
ical remagnetization associated with Fe mobiliza-
tion during metamorphism is also a concern.
Paleomagnetic and rock magnetic studies suggest
that some dacitic rocks of the BGB have largely

escaped this problem, probably because of a rel-
atively low Fe content. Specifically, dacite clasts
pass a conglomerate test, indicatingmagnetization
prior to 3.42 Ga (5). The ~3.45-Ga dacite parent
body for the clasts, however, reveals a high–
unblocking temperature magnetization with scat-
ter greater than that seen in younger rocks. The
simplest explanation for the large dispersion of
magnetic directions is the presence of multi-
domain magnetic grains in the dacite, seen in thin
section (5), that are susceptible to carrying mag-
netic overprints. Alternatively, the scatter could
reflect magnetization in the absence of a geo-
dynamo, in a field related to solar wind interaction
with the atmosphere. A good discriminator of
external versus internal terrestrial fields is paleo-
intensity. Using modern Venus as an example of a
planet lacking a dynamo (6), we expect that solar
wind–atmosphere interaction will create a field
that is highly variable in direction and at least an
order of magnitude weaker than the post–3.2 Ga
dynamo-driven field recorded on Earth.

We tested the nondynamo magnetization
scenario by sampling dacites from two Kaapvaal
craton localities for paleointensity analysis: the
Hooggenoeg Formation in the BGB (7) and the
Witkop Formation in the Nondweni Greenstone
Belt (NGB) (8, 9); the latter is located ~300 km
south of the BGB. Several authors have reported
ages of ~3.445 Ga for the BGB dacite (5, 10),
whereas newSHRIMPPb-Pb zircon data reported
here (10) (fig. S1 and table S1) indicate an age of
3.409 T 0.004 Ga for the NGB dacite site used in
our study. The BGB dacite is a shallowly em-
placed body that likely once linked to extrusive
(now eroded) counterparts. Our samples were
collected within 1 km of the contact with the
overlying Buck Reef Chert (7), but the dacite
body appears to represent the accumulation of
many smaller intrusions. We assume that our
BGB site represents a sample of one of these 100-
to 200-m-thick intrusive events. The NGB site is
from a flow or very shallow sill that is 100m thick

where sampled. Hand samples were collected
from topographic lows of exposures of both
dacites to avoid the effects of modern lightning
strikes. A field test for the age of remanence
similar to that reported for the BGB dacite (5) is
unavailable for our NGB site, but the high–
unblocking temperature in situ magnetic direction
seen in whole rock samples is far removed from
later overprint directions (fig. S2).

Single silicate crystals can host magnetic
carriers with single domain–like behavior, avoid-
ing complexities posed by the presence of multi-
domain grains [e.g., (11, 12)]. We isolated quartz
phenocrysts, 0.5 to 2 mm in size, as oriented and
unoriented samples. Preparation and selection
followed prior studies (1, 13) and included the
provision that samples could not show visible in-
clusions under low magnification, thereby ex-
cluding samples with larger multidomain magnetic
inclusions. This required a search through hundreds
of BGB crystals; the NGB dacites, however,
yielded cleaner quartz crystals suitable for
paleomagnetic and rockmagnetic measurements.

Magnetic hysteresis data measured with an
alternating gradient force magnetometer (Prince-
tonMeasurements Corp.) confirmed the presence
of single-domain to pseudo–single-domain car-
riers in the quartz crystals, whereas whole rocks
clearly contained multidomain contributions (fig.
S3). Thellier-Coe paleointensity measurements
were carried out on unoriented crystals, using
both heating with a thermal demagnetization
oven and a CO2 laser (10). Natural remanent
magnetizations (NRMs) were measured with a
2G DC 755R superconducting quantum interfer-
ence device (SQUID) magnetometer with high-
resolution sensing coils or with a new 2G DC
SQUIDmagnetometer with a small (diameter 6.3
mm) room-temperature access bore optimized
for single-crystal studies. Demagnetization data
showed the removal of one or more components
at unblocking temperatures less than ~450°C;
this agrees with theory predicting the temperature
range where an overprint acquired under low-
grade metamorphism should contaminate the
magnetization (14). At higher unblocking tem-
peratures, the magnetization showed univectorial
decay and linear NRM/TRM characteristics (Fig.
1), with maximum unblocking characteristics
consistent with a magnetite carrier. Paleointensity
data that met acceptance criteria (10, 15) (tables
S2 and S3) were available from 12 BGB and
seven NGB quartz crystals; these yield average
field intensities of 28.0 T 4.3 and 18.2 T 1.8 mT,
respectively. The paleointensity values showed
strengths that are unexpected frommagnetization
mechanisms in the absence of a geodynamo [e.g.,
(5)]. Thus, these data extend the record of a
geodynamo back in time 250 million years, from
3.2 (1) to ~3.45 Ga.

We applied the thin-section technique to
obtain oriented quartz crystals (13) from NGB
samples, yielding a paleoinclination of –42.4° T
5.9° (n = 7; table S4). Only two samples prepared
from BGB dacite thin sections met the selection
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criteria (10). Nonetheless, analyses of these samples
(table S4) suggest a paleoinclination (–44.5° T
11.1°) similar to that of the NGB dacite, which
implies that the two greenstone belts formed in
close proximity. Paleolatitude data (1) from 3.2-Ga
BGB rocks (~29°), when compared to the NGB
(~25°) and BGB (~26°) data, yield a minimum
long-term plate velocity of <1 cm/year, hinting at
the slow rates suggested by somemodels of mantle
cooling (16). When referenced to these paleolati-
tudes, the paleointensity data suggest a virtual
dipole moment (VDM) of 3.8 (T0.4) × 1022 A m2

for the NGB dacite and 5.8 (T0.9) × 1022 A m2 for
our BGB site, corresponding to 48 and 73% of the
modern value, respectively.

Unlike paleointensity estimates from 3.2-Ga
plutons of the Kaapvaal craton (1), which cooled
over tens of millions of years, our paleointensity
data should be less affected by cooling rates
because of the relatively shallow (or surface)
emplacement of the dacites. The cooling time (17)
to reach 450°C, the approximate starting point of
our paleointensity data calculations, is ~30 years
for the NGB dacite and ~90 to ~400 years for our
BGB sample site (10).

If the magnetic inclusions are adequately
represented by some theoretical considerations
of cooling rate effects on single-domain particles
(18), our paleointensity estimates could over-
estimate the true paleointensity by 26 to 35% (10)
(table S5). However, ourmagnetic hysteresis data
point toward grains having single-domain to
pseudo–single-domain characteristics; micro-

magnetic modeling suggests that the latter will
slightly underestimate field strength if they are
locked in a vortex state on geological time scales
and blocked in the single-domain state in the
laboratory (19). The net effect of these contrasting
cooling rate effects is probably small. Although the
shallow emplacement of the dacites lessens the
potential influence of cooling rates on paleointen-
sity values relative to more deeply emplaced
rocks [e.g., (1)], it also implies that the units
record less time. A potential limitation of the
VDMs, therefore, is that they represent field
averages only over decades (NGB) and centuries
(BGB).

We next examined the implications of our
paleointensity data with respect to shielding of
radiation from the young Sun. We again used
the dipole assumption because this maximizes
the magnetic shielding (20) and hence provides
a conservative estimate of conditions at ≥3.4 Ga.
The magnetopause standoff distance (rs) at the
subsolar point is determined by the balance of
the solar wind pressure and Earth’s magnetic
field (21)

rs ¼ m20 f
2
0M

2
E

4p2ð2m0Psw þ B2
IMFÞ

� �1=6
ð1Þ

whereME is Earth’s dipole moment, Psw is solar
wind ram pressure, f0 is a magnetospheric form
factor (= 1.16 for Earth), m0 is the permeability
of free space, and BIMF is the interplanetary

magnetic field; contributions from the latter are
minor. We used two approaches to assess the an-
cient solar wind. Changes in solar wind ram pres-
sure can be related to changes in mass loss rate
(ṁ) and solar wind velocity (vsw) [e.g., (22, 23)].
Studies of young solar analogs (23) suggest a
power-law mass loss from which we can derive a
relationship between current (t0, Psw0, ṁ0, vsw0)
and past values

Psw

Psw0
¼ ṁvsw

ṁ0vsw0
¼ t

t0

� �−2:33
ð2Þ

This suggests a mass loss at 3.45 Ga of 2.4 ×
10–13 M☉ /year, where M☉ is the present solar
mass. In the resultingmodel A (10), wind pressure
change with time leads to estimates of magneto-
pause standoff distance as a function of dipole
moment (Fig. 2). Our paleointensity estimates at
≥3.4 Ga suggest a considerable decrease of the
standoff distance, to between 45 and 51% of the
present 10.7 Earth radii (RE). The solar wind
pressure changes (Fig. 2) also imply that standoff
reductions are robust on a time scale of millions to
tens of millions of years, assuming that our paleo-
intensity values sample secular variation broadly
similar to that of the younger geomagnetic field
(10).

In another approach, we started with stellar
evolution models and predicted that the Sun at
3.45 Ga would appear to be a G6V star with a
rotational period of ~12 days (10, 24). Mass loss
rates among solar-type stars correlate with x-ray

Fig. 1. Paleointensity data
examples. For each panel,
inset image shows crystal as
measured (scale bar, 1 mm);
inset at upper right is orthog-
onal vector plot of field-off
magnetization (red, inclination;
blue, declination; unoriented
samples shown). Main panels
are plots of natural remanent
magnetization (NRM) versus
thermal magnetization (TRM);
plotted values are circles, with
partial TRM checks shown as
triangles (10). Line fit shows
data used for paleointensity
calculation (numerical value at
lower left). (A and B) Examples
from Barberton Greenstone
Belt locality, using thermal
demagnetization oven heating.
(C) Example from Nondweni
Greenstone Belt, using thermal
demagnetization oven heating.
(D) Example from Nondweni
Greenstone Belt, using CO2
laser heating (1) of grain from
oriented thin section in geo-
graphic coordinates.

A B

C D
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emission ( fX), which in turn correlates with
rotation. We estimated mass loss as

ṁ ¼ Ṁ⊙
R

R⊙

� �2 f X
f X⊙

 !1:34�0:18

ð3Þ

where R is solar radius, R☉ is the modern value,
and f X⊙ is themodern soft x-ray surface flux. This
yields a higher mass loss of 1.5 × 10–12 M☉/year
(model B) and an even smaller standoff distance,
between 3.6 and 4.2 RE. The reductions in standoff
distance are similar to (model A) or greater than
(model B) those characterizing extreme modern
events, such as the Halloween solar storm of 2003
[e.g., (25)]. However, these standoffs would have
been typical, rather than the exceptional day-long
deviations associated with modern coronal mass
ejections (CMEs).

The continuous Halloween storm conditions
would have resulted in aurora at far lower
latitudes than is typically the case today. We used
a scaling law derived from the pressure balance
between the solar wind and Earth’s magnetic
field (26) to determine the latitude of the aurora,
namely the location of the polar cap boundary di-
viding closed (~dipolar) magnetospheric magnetic
field lines from open lines that extend into the
magnetotail and thence into interplanetary space:

cosðlpÞ ¼ ME

ME0

 !−1=6
P1=12cosðlpoÞ ð4Þ

where lp is the magnetic latitude of the polar cap
edge, lpo is the present value (71.9°), ME0 is the

present dipole moment, and P is the solar wind
dynamic pressure normalized to its present value
of ~2 nPa. This scaling relationship suggests that
at 3.4 to 3.45 Ga, the area of the polar cap
increased up to a factor of 3 (model B) relative to
the present, allowing solar energetic particles far
greater access to Earth’s atmosphere.

The smaller standoff distances and larger
polar cap area would result in heating and
expansion of Earth’s exosphere, promoting loss
of volatiles and water (27). An early, high loss
rate of hydrogen may have been an important
factor in the transition from a mildly reducing to
an oxidizing atmosphere (28), whereas an early,
high loss rate of water implies that Earth had a
greater initial water inventory. We also note that
whereas our estimatesmake use of time-averaged
estimates of solar wind pressures, Sun-like stars
with ages of ~1 Ga are observed to have more
frequent and energetic x-ray flares than those of
the current Sun (29). Presumably, CMEs would
also have been more frequent and energetic.
Individual CMEs could decrease standoff to
levels much less than time-averaged values,
exacerbating any impact on the exosphere. Thus,
although a Paleoarchean geodynamo produced a
magnetic field that would have prevented whole-
scale atmospheric erosion, magnetic field and
solar wind strengths suggest important modifica-
tions during the first billion years of Earth
evolution. The dynamo suggested by our paleo-
intensity data is near the oldest age suggested for
inner core growth (30). More extensive changes
in the atmosphere and Earth’s water budget

would have occurred if an earlier dynamo driven
solely by thermal convection was weaker, or if
dynamo action was delayed (2, 3).
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Fig. 2. Subsolar magnetopause
standoff distance (expressed in
Earth radii) versus dipole moment
with respect to the age of Earth (in
billions of years), with present-day
value (blue square) and estimates
from 3.2-Ga Kaap Valley (KVP) and
Dalmein plutons (DP) [range from
values uncorrected to corrected for
cooling rate assuming single-
domain behavior shown (1)] and
virtual dipole moments from the
Barberton Greenstone Belt (BGB)
and Nondweni Greenstone Belt
(NGB) dacite localities.
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Site Locations and Geochronology

The BGB dacite has been dated at 3445 ± 8 Ma
(Armstrong et al., 1990), 3445 ± 3 Ma (Kröner
et al., 1991) and 3451 ± 5 Ma (de Vries et al.,
2006). We sampled the dacite at 25o 55.986

′
S,

30o 52.595
′

E. We report new age data for the
NGB dacite below, sampled at 28o 15.240

′
S,

30o 49.459
′

E.

Methods. Zircon separation was done using
standard techniques of combined density and
magnetic separation. Unknown zircons were
mounted along with TEM zircon standard
(417 Ma, Black et al., 2003). Then the mount
was polished in order to produce sections of
the zircons and coated by gold, after which
cathodoluminescence (CL) microscopy images
were taken using an electron microprobe. The
zircons were dated using SHRIMP II (Sensitive
High Resolution Ion MicroProbe) at the Beijing
SHRIMP Centre, Academy of Geological Sci-
ences, following established operating techniques
(Williams, 1998). Analysis spots with ∼25 µm
diameter were bombarded by a 4 nA, 10 kV
O2− primary ion beam to sputter secondary
ions. Prior to each analysis, the primary ion
beam rastered the gold coating for 2-3 minutes
with a ∼120 µm spot diameter to remove any
contamination on the mount surface. Five scans
were done on every spot, and the average mass
resolution was >5000 (1%). TEM standard
zircons were analyzed after every three unknown
zircons. SL13 standard zircon (572 Ma, U=238
ppm) was used for the reference value of U
concentration in zircon, and TEM standard
zircons were used for Pb/U ratio correction
(Williams, 1998; Black et al., 2003). Common
Pb was corrected based on measured 204Pb.
The ages were calculated using U and Th decay
constants recommended by Steiger and Jäger
(1977). Data processing was performed using
the SQUID/Isoplot (Ludwig, 2001a,b) pro-
grams. Analytical errors for individual analyses
are at 68% confidence levels (1σ uncertainties),
whereas errors for weighted average ages are at
95% confidence levels (2σ uncertainties).

Fig. S1 Concordia diagram showing distribution
of analytical data for least discordant zircons from
dacite sample of the Nondweni Greenstone Belt.
Inset shows all analytical data.

Results. Zircon grains in sample NOND6/8-
NT2 are prismatic crystals and show well-
developed oscillatory zoning. Twenty-five
analyses of 24 zircons were performed. All
analyses define an upper intercept 207Pb/206Pb
age of 3412 ± 8 Ma (MSWD=2.3). Nine of these
analyses are close to concordia and show similar
207Pb/206Pb ages (3400-3422 Ma). The Th/U
ratio of these zircons is > 0.4 (0.53-0.90), typical
for magmatic zircons (Hoskin and Schaltegger,
2003). The weighted average age of these 9
analyses is 3409 ± 4 Ma (MSWD=1.3), which
is consistent with the intercept age and is
interpreted as the crystallization age of the rock.

Paleomagnetism

Methods. Paleointensity measurements using
unoriented quartz phenocrysts were conducted
using the Thellier approach as modified by Coe
(Thellier and Thellier, 1959; Coe, 1967; Cottrell
and Tarduno, 2000). Temperature steps of
∼50 oC were used for the first 300 oC to 400
oC, an unblocking temperature expected to be
dominated by overprints on the basis of the peak
low grade metamorphic temperatures (less than
or equal to 350 oC, see main text). At higher
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Supporting Online Material Table 1: Zircon data

Spot 206Pbc

(%)
U
(ppm)

Th
(ppm)

232Th
/238U

206Pb∗

(ppm)

207Pb
/206Pb∗

± % 207Pb∗

/235U
± % 206Pb∗

/238U
± % err

corr

206Pb
/238U
Age(Ma)

207Pb
/206Pb
Age(Ma)

Discor-
dant
(%)

1.1 0.05 607 326 0.55 232 0.2735 0.29 16.73 2.7 0.444 2.7 .994 2367 ±53 3326.3 ±4.6 29
2.1• 0.01 400 321 0.83 236 0.2899 0.30 27.40 2.6 0.686 2.6 .993 3366 ±67 3416.9 ±4.6 1
3.1 0.15 160 83 0.53 66.3 0.2833 0.64 18.83 2.8 0.482 2.7 .973 2536 ±56 3381.3±10.0 25
4.1 0.12 385 293 0.79 199 0.2881 0.33 23.85 2.7 0.600 2.6 .992 3032 ±64 3407.3 ±5.1 11
5.1 0.00 667 298 0.46 324 0.2867 0.26 22.35 2.6 0.565 2.6 .995 2889 ±60 3399.8 ±4.1 15
6.1 0.08 298 140 0.49 140 0.2821 0.60 21.22 3.0 0.546 2.9 .979 2807 ±66 3374.4 ±9.5 17
7.1 0.08 718 357 0.51 245 0.2743 0.29 15.01 2.6 0.397 2.6 .994 2155 ±47 3330.5 ±4.5 35
8.1 0.24 532 277 0.54 147 0.2689 0.51 11.86 2.6 0.320 2.6 .980 1790 ±40 3299.5 ±8.1 46
9.1• 0.08 142 74 0.54 85.7 0.2909 0.50 28.21 2.7 0.703 2.7 .983 3433 ±71 3422.2 ±7.8 0
10.1 0.18 525 218 0.43 193 0.2795 0.33 16.48 2.6 0.428 2.6 .992 2295 ±50 3360.4 ±5.1 32
11.1 0.02 746 308 0.43 256 0.2700 0.75 14.84 2.7 0.399 2.6 .959 2162 ±47 3306.0 ±12 35
12.1 0.00 467 211 0.47 230 0.2868 0.31 22.67 2.6 0.573 2.6 .993 2921 ±60 3400.4 ±4.9 14
13.1• 0.08 471 385 0.84 265 0.2880 0.28 25.98 2.6 0.654 2.6 .994 3245 ±66 3406.7 ±4.4 5
14.1• 0.22 389 337 0.90 224 0.2867 0.31 26.45 2.6 0.669 2.6 .993 3302 ±67 3399.7 ±4.7 3
15.1 1.04 391 277 0.73 141 0.2746 0.62 15.67 2.7 0.414 2.6 .973 2223 ±49 3332.4 ±9.6 33
16.1• 0.15 116 60 0.53 70.5 0.2893 0.64 28.05 2.9 0.703 2.9 .976 3433 ±76 3413.8 ±10 -1
17.1 0.64 62 29 0.49 33.7 0.2860 1.0 24.78 3.1 0.628 2.9 .940 3143 ±71 3396.0 ±12 7
18.1• 0.02 140 78 0.57 86.6 0.2890 0.52 28.67 2.7 0.719 2.7 .981 3494 ±72 3412.2 ±8.1 -2
19.1• 0.08 96 54 0.58 57.4 0.2889 0.63 27.83 3.2 0.699 3.1 .980 3416 ±83 3411.7 ±9.9 0
19.2• 0.49 214 147 0.71 121 0.2875 0.49 26.03 2.7 0.657 2.6 .984 3254 ±67 3403.9 ±6.0 4
A1.1• – 217 144 0.69 127 0.2884 0.37 27.05 1.7 0.680 1.6 .975 3346±43 3408.8 ±5.8 2
A2.1 0.10 483 318 0.68 264 0.2872 0.25 25.21 1.6 0.637 1.6 .987 3176±39 3402.5 ±3.9 7
A3.1 0.16 417 223 0.55 189 0.2846 0.31 20.67 1.6 0.527 1.6 .981 2728 ±35 3388.3 ±4.9 19
A4.1 1.34 633 235 0.38 282 0.2702 1.60 19.06 3.3 0.512 2.8 .869 2664 ±62 3307 ±25 19
A5.1 1.28 1434 737 0.53 287 0.2524 3.30 8.01 4.3 0.230 2.8 .650 1336 ±34 3200 ±52 58
• : samples close to concordia
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Supporting Online Material Table 2: Paleointensity parameters for BGB and NGB quartz phenocrysts.

Sample Method Temp. (oC) µT R2 N b σb f g q
da2a thermal 500-580 17.9 0.98 7 -0.298 0.030 0.346 0.716 2.43
da2b thermal 475-570 27.0 0.92 6 -0.450 0.095 0.396 0.756 1.42
da2h thermal 515-570 28.3 0.99 5 -0.478 0.022 0.333 0.705 5.02
da2c thermal 450-570 24.8 0.99 7 -0.414 0.010 0.543 0.810 18.23
da2e thermal 450-570 29.5 0.99 7 -0.491 0.019 0.681 0.791 13.93
da2(3)c thermal 475-570 23.9 0.99 7 -0.398 0.010 0.543 0.810 19.15
da2(3)d thermal 485-570 30.8 0.99 6 -0.513 0.020 0.458 0.801 9.42
da2-3*† laser 510-580 33.5 0.98 5 -0.558 0.070 0.572 0.591 2.70
da2-6*† laser 510-580 33.2 0.99 5 -0.553 0.056 0.634 0.672 4.21
da2m‡ laser 510-580 28.8 0.97 5 -0.961 0.067 0.571 0.600 4.91
da2p‡ laser 510-580 29.4 0.99 5 -0.980 0.048 0.634 0.672 8.70
da2r‡ laser 510-580 29.3 0.99 5 -0.977 0.011 0.573 0.733 37.28
nt2b thermal 545-580 19.8 0.99 6 -0.329 0.014 0.316 0.504 3.74
nt2-4† laser 510-580 20.1 0.97 5 -0.335 0.048 0.521 0.681 2.48
nt2-5† laser 510-575 16.8 0.99 4 -0.280 0.064 0.430 0.595 1.12
nt2a*† laser 510-575 19.3 0.98 5 -0.321 0.034 0.543 0.738 3.77
nt2b*† laser 510-575 19.4 0.99 4 -0.324 0.010 0.349 0.590 7.88
nt2f laser 510-575 15.8 0.99 4 -0.264 0.007 0.349 0.590 7.98
nt2h* laser 510-580 16.5 0.97 5 -0.276 0.042 0.520 0.681 2.33

Sample (“da”, BGB samples; “nt”, NGB samples), heating method, temperature range, paleofield
value, regression coefficient (R2), number of temperature steps used in line fit (N), slope (b), standard
deviation of line fit (σb), fraction of NRM used in line fit (f), gap factor (g) and quality factor (q).
Parameters after Coe et al., (1978). All samples measured with 2G 755 SQUID magnetometer except
where marked (*) which were measured with 2G small bore (6.3mm) DC SQUID magnetometer. A
60 µT laboratory field was used except where noted (‡) where a 30 µT laboratory field was applied.
Oriented thin sections were used for some results (denoted by †); otherwise all results are from isolated
unoriented crystals.

unblocking temperatures finer (e.g. 25 oC)
steps were used with partial thermoremanent
magnetization checks until >90% of the NRM
was lost, or the magnetization was no longer
stable. Typical heating times were 25-30 min-
utes; cooling times 30 minutes. A field of 60 µT
was used for the field-on steps. Some samples
were also measured with a smaller applied field
(30 µT) to check for field dependence. We feel
our crystal (see main text) and NRM/TRM
selection criteria (see main text and below)
limit the influence of MD magnetic grains. As
another test, we perform the partial remanent
magnetization tail test (Dunlop and Özdemir,

2000) as implemented by Riisager and Riisager
(2001). All paleointensity values are based on
least squared line fits to the raw experiment
data (i.e. smoothing of the data because of
experimental noise relative to the signal was
unnecessary).
Thellier-Coe experiments were also performed
using a Synrad Firestar V20 CO2 laser with cal-
ibrations as described in Tarduno et al. (2007).
There are two advantages of this approach.
First, the faster heating times (i.e. typical heat-
ing times were 3 minutes; cooling, 5 minutes)
decreases the possibility of thermally-induced
laboratory alteration. Second, the approach
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Supporting Online Material Table 3: Summary Paleointensity Values

Sample Method Intensity (µT)
da2a thermal 17.9 ± 1.8
da2b thermal 27.0 ± 1.5
da2h thermal 28.3 ± 2.8
da2c thermal 24.8 ± 0.6
da2e thermal 29.5 ± 1.0
da2(3)c thermal 23.9 ± 0.5
da2(3)d thermal 30.8 ± 1.2
da2-3*† laser 33.5 ± 3.2
da2-6*† laser 33.2 ± 2.1
da2m‡ laser 28.8 ± 4.1
da2p‡ laser 29.4 ± 2.9
da2r‡ laser 29.3 ± 1.2
Average 28.0 ±4.3

Sample Method Intensity (µT)
nt2b thermal 19.8 ± 1.0
nt2-4† laser 20.1 ± 2.9
nt2-5† laser 16.8 ± 0.9
nt2a*† laser 19.3 ± 2.0
nt2b*† laser 19.4 ± 2.0
nt2f laser 15.8 ± 1.9
nt2h* laser 16.5 ± 2.7
Average 18.2 ±1.8

Uncertainties reported are 1σ. See Supporting Online Material Table 2 for definition of *, † and **
symbols.

allows the rapid heating of oriented sub-sections
(i.e. portions of thin sections) containing single
quartz phenocrysts.

The field-off data of some experiments al-
lowed the calculation of paleodirection (and
hence paleolatitude) for some samples. A limit-
ing factor in the thin-section approach (Tarduno
et al., 2007) is the presence of larger magnetic
inclusions that cannot be physically removed
because they are near the glass slide used to
hold the initial quartz phenocryst; this forced
rejection of 20 oriented grains from BGB. The
NGB site is from a plunging syncline (Wilson
and Versfeld, 1994; Hoffman and Wilson, 2007).
We use a trend of 250o and a plunge of 65o, and
a dip of 80o and dip direction of 50o to correct
to horizontal. The BGB dacite sampled is from
a plunging antiformal syncline (de Ronde and
de Wit, 1994). We use a plunge (overturned) of
80o trending at 225o, and a dip of 85o and dip
direction 25o to correct to horizontal.

For the calculation of uncertainty of magnetic
directions obtained from oriented thin sections,

we use (Fisher, 1953):

cosα(1−p) = 1− N− Rv

Rv

{(
1
p

) 1
N−1

− 1

}
(1)

where Rv is vector length, N number of vectors
and (1 − p) is the choice of probability level (in
this case, 0.95). For the BGB where N=2, this is
appropriate as Rv>1.98 (McFadden, 1980). We
determine the uncertainty in inclination from:

I95 = α95/2× [1 + 3cos2(Ix)] (2)

where Ix is the mean inclination.

Selection Criteria and Results. Prior stud-
ies have documented that magnetic inclusions in
silicates have a composition that mimics that
seen in magnetic phenocrysts in the matrix of
the whole rock. Our new results are fully con-
sistent with these previous findings (Cottrell and
Tarduno, 1999; Cottrell and Tarduno, 2000; Tar-
duno et al., 2001; 2002; Tarduno and Cottrell,
2005; Tarduno et al., 2006; Cottrell et al., 2008).
Magnetite is found as phenocrysts in the dacite
(Usui et al., 2009) and thermal unblocking data

4



(e.g. Figure 1) suggest a magnetite Curie tem-
perature for magnetic inclusions in the BGB and
NGB quartz phenocrysts.
Criteria used to evaluate the paleointensity data
(for unoriented and oriented quartz crystals)
follow those described by Cottrell and Tarduno
(2000) and Tarduno et al. (2007). However,
we relax the criteria on the percentage of NRM
used in the best-fit to determine paleointensity
specified in Cottrell and Tarduno (2000). All
BGB and NGB rocks have experienced low grade
metamorphism and we expect that magnetic
overprints will be dominant at low unblocking
temperatures. Therefore, a smaller percentage
of the NRM is available for paleointensity
determination relative to younger rocks.

Seventy-two paleointensity experiments were
conducted on BGB crystals (total of unoriented
and oriented crystals; 12 successful, ∼17%
success rate). Twenty-eight NGB crystals were
selected for paleointensity analysis (total of
unoriented and oriented crystals; 7 successful,
∼25% success rate). An additional 5 oriented
NGB crystals were demagnetized exclusively for
directional studies.

For the BGB results, there is a hint of a cooling
rate dependence in the laboratory data (mean of
values obtained with oven cooling at 30 minutes
is 26.0 ± 4.3 µT, mean values obtained with
laser cooling of 5 minutes is 30.8 ± 2.3 µT).
However, this relationship has not been seen
previously in a similar study (Tarduno et al.,
2007) and a NGB paleointensity value obtained
from laser heating does not differ from others
obtained from oven heating (Table T2). With a
factor of 2 change in applied field (Table T2),
no field dependence was noted. Specifically,
for BGB the critical value for 10 degrees of
freedom (degrees of freedom = n-2) tc for a
unpaired t-test is 2.2, whereas the calculated
test statistic is t = 0.5 for a comparison of
paleointensity means using a 30 µT and 60
µT field. As t < tc, the difference in the
means is not significant at the 95% confidence
level. Partial-thermoremanent magnetization
tail checks are less than 5% at a given step,
consistent with the negligible influence of MD

Supporting Online Material Table 4: Inclination
and Paleolatitude data.

Sample Dec (o) Inc (o)
nt2-2† 239.2 -49.9
nt2-4† 232.0 -41.2
nt2-5† 227.5 -44.0
nt2-7† 237.1 -36.9
nt2-8† 239.8 -42.3
nt2a*† 228.8 -37.2
nt2b*† 228.0 -44.3

Sample Dec (o) Inc (o)
da2-3*† 239.7 -49.5
da2-6*† 240.7 -39.4

All directional information was obtained using
oriented crystals heated with a CO2 laser. Fisher
average of stratigraphic directions: NGB, declina-
tion, 233.1o; inclination, -42.4o; n=7; α95= 4.5o.
BGB, declination 240.2o; inclination, -44.5o; n=2;
α95= 8.7o. See Supporting Online Material Table
2 for definition of * and † symbols.

grains, predicted by our crystal selection criteria.

Geologic and Laboratory Cooling Rates

We estimate the geologic cooling rate of our
samples through field relations and modeling.

Method. The NGB samples are likely from
a flow or a very shallow intrusion that is 100
m thick. Our BGB samples, however, were
intruded at depth; we assume the intrusion we
sampled was between 100 and 200 m thick. We
use Jaeger’s (1967) error function analysis to
estimate the cooling rate:

T/To = φ(ξ, τ)− φ(2k − ξ, τ) (3)

φ(ξ, τ) =
1
2

{
erf

ξ + 1
2τ1/2

− erf
ξ − 1
2τ1/2

}
(4)

ξ = x/a, τ = κt/a2 (5)
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Fig. S2 (A) Orthogonal vector plot of thermal demagnetization data of whole rock sample from NGB
dacite in geographic coordinates. Red squares, inclination; blue circles, declination. High unblocking
temperature magnetization (I=-51o, D=136o) is isolated between 475 oC and 580 oC. (B) High un-
blocking temperature component of magnetization (NGB) in geographic coordinates versus potential
overprint fields (the latter summarized in Tarduno et al., 2007).

where a is the half thickness of the igneous unit,
x is the distance between the midplane of the
unit and the surface, t is time in seconds, k is
a factor relating unit thickness and depth below
the surface (such that x=ka), and κ is the ther-
mal diffusivity (assumed to be 0.6 - 1.0 x 10−6

m2/s).

We follow Halgedalh et al. (1980), who investi-
gated the variation of the ratio of TRM acquisi-
tion of single domain grains with respect to ge-
ologic and laboratory cooling times, and use the
approximation:

TRMancient

TRMlab
≈
(

1 +
xTRM

2aTRM

)
Hancient

Hlab
(6)

where xTRM is the natural log of the ratio of the
blocking temperatures in the lab and in nature
and aTRM is a constant representing blocking
energy (∼ 25) (Halgedalh et al., 1980).

Results. For a flow or intrusion very near the
surface, k=1. This is the likely scenario for the
NGB samples. A 100 m thick flow will take
approximately 30 years (assuming a thermal
diffusivity of 0.6 × 10−6 m2/s) to cool to a
temperature below 450 oC (the approximate
lower temperature bound for the high unblock-
ing temperature component identified in our
experiments). If the NGB site is a shallow sill,
the temperature of the country rock at the
time of intrusion is unknown. But country rock
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temperatures of 50 oC and 100 oC result in only
minor differences in cooling time.

The BGB dacite sampled was intruded as much
as 1 km below the boundary of the overlying
sediments. We assume sill thicknesses of 200
m and 100 m, k=10 and k=20 respectively,
intruded into a 100 oC to 200 oC country
rock. A 200 m thick intrusion, will cool in 402
years below 450 oC if it is intruded into 200
oC country rocks; it will cool in 340 years if
it is intruded into 100 oC country rocks. A
100 m thick sill will cool below 450 oC in 104
years if it is intruded into 200 oC country rock,
and 86 years if intruded into 100 oC country
rocks. (The relevance of these cooling times to
geomagnetic field averages is discussed further in
the “Astrophysics and Magnetopause Standoff”
section).

These geologic cooling times, when coupled
with the Halgedahl et al. (1980) approximation,
suggests that our paleointensity data could
overestimate the true value by 26% to 35%
(table S5), assuming solely single domain
magnetic carriers. However, rock magnetic
experiments suggest small PSD magnetic
grains behave differently (Dunlop and Argyle,
1997); micromagnetic modeling predicts these
grains underestimate the true paleointensity
value (Winklhofer et al., 1997). As noted
in the main text, the net effect of these con-
trasting cooling rate behaviors is probably small.

Astrophysics and Magnetopause Standoff

We estimate solar mass loss, wind velocity and
ram pressure following two approaches (Model A
and B) outlined below.

Model A. Wood et al. (2002) used data on H I
Lyman-α astrospheric absorption to estimate the
mass loss rates of solar-like stars. We use these
estimates to derive how the solar wind pressure
changed through time. In a recent compilation
Wood (2006) suggests that the mass loss rate
(ṁ) approximately follows a power law:

ṁ ∝ t−2.33±0.55 (7)

There are two important caveats. First, this rela-
tionship breaks down at t = 0.7 Gyr; a younger
star (ξ Boo) has apparently much lower mass
loss rate. Second, this empirical relationship was
obtained under the assumption that the stellar
wind speed for all stars is the same irrespective of
age. As discussed by Newkirk (1980), however,
the stellar wind speed is expected to decrease
with age.

The mass loss rate is related to the stellar wind
properties by the continuity equation:

ṁ = 4πR2ρswvsw =
4πR2Psw

vsw
(8)

where R is the distance from the star (1.496 ×
108 km for the Earth’s orbit), ρsw and vsw are
the wind density and velocity at this distance,
and Psw (= ρswv

2
sw) is the wind pressure. The

amount of astrospheric absorption scales approx-
imately as a square root of Psw (e.g. Wood and
Lindsky, 1998). Because Psw ∝ ṁvsw, the mass
loss inferred from models of astrospheric absorp-
tion is inversely proportional to the assumed
wind velocity. However, the estimates of wind
pressure and ṁvsw are insensitive to the choice
of vsw, and hence should follow the same power
relationship regardless of whether the wind ve-
locity is assumed to be constant or not:

Psw ∝ ṁvsw ∝ t−2.33±0.55 (9)

Normalizing by the present values (denoted by
the “0” subscript), we have:

Psw

Psw0
=

ṁvsw

ṁ0vsw0
=
(
t

t0

)−2.33

(10)

In our model, we consider magnetopause stand-
off distance at the subsolar point (rs) as a
function of the Earth’s magnetic dipole moment
(ME) and solar wind pressure (Psw). The latter
is estimated using the mass loss model described
above. ME is estimated from our paleointensity
experimental data, presented and discussed in
the main text.

The model highlights the importance of the
increased solar wind pressure (Figure 2) at
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Supporting Online Material Table 5: Projected Paleointensity Overestimates Assuming Single Do-
main Carriers.

Site (thickness) Temp† Time to Cool Lab Cooling Time Value
NGB (100 m) 0 oC 30 years 30 mins (5 mins) 26 (30) %
NGB (100 m) 50 oC 31 years 30 mins (5 mins) 26 (30) %
NGB (100 m) 100 oC 34 years 30 mins (5 mins) 27 (30) %
BGB (100 m) 100 oC 86 years 30 mins (5 mins) 28 (32)%
BGB (200 m) 100 oC 340 years 30 mins (5 mins) 31 (35)%
BGB (100 m) 200 oC 104 years 30 mins (5 mins) 29 (32)%
BGB (200 m) 200 oC 402 years 30 mins (5 mins) 32 (35)%

†Temperature of the country rock when the dacite formed.

3.4-3.45 Ga. As discussed in the main text and
in the discussion of cooling rates above, our
paleointensity values represent samples of the
paleofield on hundreds of years (BGB) to decade
(NGB) timescales. Paleointensity values from
young (<10 Ma) lavas (Tanaka et al., 1995)
suggest the geomagnetic field shows intensity
variations (i.e. standard deviation) of ∼49%.
This value may be exaggerated because whole
rock samples often contain nonideal magnetic
carriers; nevertheless, even in the unlikely case
that our paleointensity means both underes-
timate the true field intensity by 50%, the
standoff would still be reduced (to ≤ 6Re). As
discussed below, Model B predicts even higher
wind pressure at 3.4-3.45 Ga.

Model B. Stellar evolution models predict
that the Sun at 3.45 Ga (stellar age 1.12 Gyr;
calculated assuming a solar system age from
Pb-Pb dating of CAIs of 4568 Ma; Bouvier et
al., (2007)) had Teff ' 5505 K, a luminosity
of 78% of the modern solar value, and a ra-
dius 97% of the modern solar radius (using
solar metallicity models of Yi et al., (2003)).
Astronomically, the Sun would have appeared
to be a G6V star with color of B-V = 0.70
mag. Empirical“gyrochronological” relations
calibrated for age-dated solar-type stars suggest
that the Sun at age 1.12 Gyr (3.45 Ga) had
a rotation period of ∼12 days (Mamajek and
Hillenbrand, 2008). Furthermore, using the
empirical relations between rotation and X-ray

activity (Mamajek and Hillenbrand, 2008), a
solar-type star with 12-day rotation period
should have a soft X-ray flux (defined here
as the soft X-ray band matching the band
observed by the ROSAT X-ray observatory,
namely 0.1-2.4 keV) of 10−4.8 × the stellar
bolometric luminosity, which for the Sun at
3.45 Ga corresponds to a soft X-ray luminosity
of 1028.8 erg s−1, and soft X-ray surface flux of
106.0 erg s−1 cm−2.

In relating mass-loss to stellar X-ray emission
(see main text), we use a solar radius of 695,508
km (Brown and Christensen-Dalsgaard, 1998),
and a modern mean solar X-ray surface flux of
104.57 erg s−1 cm−2 which we estimate using
the solar X-ray data from Judge et al. (2003)
and having an uncertainty of ∼50%. Using
our parameters for the 3.45 Ga Sun previously
calculated (R = 0.97 R�, fX = 106.0 erg s−1

cm−2), the Sun’s mass loss rate at that time
is estimated to be 10−11.8 M�/yr, (∼80×
the current mean value). This is similar in
magnitude to the young Sun-like star with the
largest mass-loss per surface area in the Wood
et al. (2005) sample: 36 Oph, a ∼1.0 Gyr-old
(Mamajek and Hillenbrand, 2008) binary with
an inferred mass-loss rate ∼80× Ṁ�.

There are also caveats with this estimate.
First, the Wood et al. (2005) relation between
mass-loss rate per unit surface area and stellar
X-ray surface flux has a discontinuity near
fX ' 106 erg s−1 cm−2, near the predicted fX
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Fig. S3(A) Day plot (Day et al., 1977) of satu-
ration remanence (Mr)/saturation magnetization
(Ms) versus coercivity of remanence (Hcr)/ co-
ercivity (Hc) for NGB dacite whole rock sam-
ples (purple circles), BGB dacite whole rock
samples (black circles), NGB quartz phenocrysts
(blue squares) and BGB quartz phenocrysts (red
squares).Arrow identifies samples highlighted in
(B). Also shown are mixing curves between single
domain (SD) and superparamagnetic (SP) parti-
cles and SD and multidomain (MD) particles from
Dunlop (2002).B Magnetization (M) versus ap-
plied field (H) for select sample identified in (A).

value for the 3.45 Ga Sun. The main sequence
stars with fX > 106 erg s−1 cm−2 have inferred
mass-loss rates an order of magnitude or more
below those of three young, active K-type stars
with fX = 2-8×105 erg s−1 cm−2 (ε Eri, 36 Oph,
and 70 Oph). These three active stars have ages
of ∼0.8, 1.0, and 1.9 Gyr, bracketing the 3.45
Ga (1.12 Gyr) Sun, so it is reasonable to assume
that the Sun would be on the high mass-loss
side of the discontinuity.

As discussed in our presentation of Model A
above, the mass-loss rates estimates of Wood et
al. (2005) assume that stellar wind velocities
were identical to that for the Sun (400 km s−1).
A recent theoretical reanalysis of the Wood et
al. (2005) data by Holzwarth and Jardine (2007)
predicts higher terminal wind velocities among
the more active stars, and correspondingly
lower mass-loss rates. Further, Holzwarth and
Jardine (2007) claim that the three active stars
previously mentioned are anomalous, since
their coronal densities are less than an order of
magnitude larger than that observed for the Sun
(Wood and Linsky, 2006), yet their wind ram
pressures are nearly two orders of magnitude
higher. The Holzwarth and Jardine (2007)

study predicts a maximum of stellar mass-loss
rates among cool main sequence stars of ∼10×
Ṁ�.

Considering the Wood et al. (2005) and
Holzwarth and Jardine (2007) inferred mass-loss
rates as bounds, the Sun’s mass-loss rate at 3.45
Ga is plausibly in the range of 10-80× Ṁ� =
10−12.7 to 10−11.8 M�/yr. The lower value is
close to our estimate discussed in Model A. We
use the higher mass loss value in “Model B” to
derive standoff distances as discussed above.
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D.J. Dunlop, Ö. Özdemir, Effect of grain size and
domain state on thermal demagnetization tails,
Geophys. Res. Lett. 27, 1311 (2000).

R.A. Fisher, Dispersion on a sphere, Proc. R. Soc.
A 217, 295 (1953).

S.E. Halgedahl, R. Day, M. Fuller, The effects of
cooling rate on the intensity of weak-field TRM in
single-domain magnetite, J. Geophys. Res. 85, 3690
(1980).

A. Hoffman, A.H. Wilson, Silicified basalts, bedded
cherts and other sea oor alteration phenomena of
the 3.4 Ga Nondweni Greenstone Belt, South Africa,
in Earth Oldest Rocks, Dev. Precambrian Geol., vol.
15, Eds. M.J. Van Kranendonk, R.H. Smithies, V.C
Bennett, (Elsevier, Amsterdam) 571-605 (2007).

V. Holzwarth, M. Jardine, Theoretical mass loss
rates of cool main-sequence stars, Astron. Astrophys.
463, 11 (2007).

P.W.O. Hoskin, U. Schaltegger, The composition of
zircon and igneous and metamorphic petrogenesis,
Rev. Mineral. Geochem. 53, 27 (2003).

J.C. Jaeger, Cooling and solidification of igneous
rocks, in Basalts: The Poldervaart Treastise on
Rocks of Basaltic Composition, vol. 2, Eds. H.H.
Hess, A. Poldevaart, (Wiley-Interscience, NY),
503-536 (1967).

P.G. Judge, S.C. Solomon, T.R. Ayres, An estimate
of the Sun’s ROSAT-PSPC X-ray luminosities using
SNOE-SXP measurements, Astrophys. J. 593, 534
(2003).
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