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Proterozoic low orbital obliquity and
axial-dipolar geomagnetic field from
evaporite palaeolatitudes

David A. D. Evans

Palaeomagnetism of climatically sensitive sedimentary rock types, such as glacial deposits and evaporites, can test the
uniformitarianism of ancient geomagnetic fields and palaeoclimate zones. Proterozoic glacial deposits laid down in
near-equatorial palaeomagnetic latitudes can be explained by ‘snowball Earth’ episodes, high orbital obliquity or markedly
non-uniformitarian geomagnetic fields. Here | present a global palaeomagnetic compilation of the Earth’s entire basin-scale
evaporite record. Magnetic inclinations are consistent with low orbital obliquity and a geocentric-axial-dipole magnetic field
for most of the past two billion years, and the snowball Earth hypothesis accordingly remains the most viable model for
low-latitude Proterozoic ice ages. Efforts to reconstruct Proterozoic supercontinents are strengthened by this demonstration
of a consistently axial and dipolar geomagnetic reference frame, which itself implies stability of geodynamo processes on

billion-year timescales.

The principle of uniformitarianism, in which modern geological
processes guide our conception of the ancient world, has faced a
challenge in the field of Precambrian palaeoclimate. In contrast with
Ordovician and younger ice ages, which are characterized by expect-
edly high palaeolatitudes, Proterozoic glaciogenic deposits have until
now vyielded purely low to moderate palacomagnetic latitudes,
including several near-equatorial results of high reliability"*. A sim-
ple interpretation of these results invokes the encroachment of ice
sheets across all latitudes, a model known as snowball Earth®>. The
concept of a ‘hard’ snowball with global ice cover enduring for mil-
lions of years has been controversial, with some scientists advocating
partly unfrozen tropical oceans®’.

An alternative to global refrigeration invokes a high Precambrian
planetary obliquity of more than 54U which would reverse zonal
mean-annual temperature gradients, preferentially spawning ice ages
in the tropics rather than near the poles®’. A single direct measure of
Precambrian obliquity by using stromatolite heliotropism'® suggests
a ‘normal’ low value at about 630 Myr, but this isolated example
should be confirmed by similar studies elsewhere. Geophysical con-
siderations on the feasibility of the high-obliquity hypothesis are
generally negative''™"’, yet the spatial distribution of Precambrian
glacial deposits, which lack any well-documented high-latitude exam-
ples, currently permit both the snowball and high-obliquity models"*.

A non-uniformitarian Precambrian geomagnetic field may also be
invoked to explain the low palacomagnetic inclinations. Database-
wide palaeomagnetic compilations indicate a shallow bias relative to
random sampling of a geocentric-axial-dipole (GAD) field across the
spherical surface, which may be explained by the preferential motion
of continents into low latitudes, or subsidiary higher-order compo-
nents to the ancient geomagnetic field'. Some support for the latter
possibility was raised by means of numerical geodynamo modelling
with spatially non-uniform core-mantle boundary conditions'>'°.

The distribution of ancient evaporite deposits can help distinguish
between these non-uniformitarian alternatives. Modern tro-
pospheric Hadley—Ferrel circulation descends on the subtropics of

both hemispheres, where evaporation exceeds precipitation in
today’s desert belts. Fifty years ago, the emerging science of palaeo-
magnetism admirably succeeded in reconstructing consistent palaeo-
climatic zones in the context of post-Pangaean continental drift'’".
Subsequent studies considered evaporitic rocks as old as the
Cambrian period and found deposits concentrated in palaeolatitude
bands consistent with modern evaporite belts of 15-35ulatitude* .
Here I revisit the evaporite palaeolatitude test according to the cur-
rent palacomagnetic data set and extend it back through Proterozoic
time, to the oldest recognized examples of large evaporite basins on
Earth.

Evaporite palaeolatitudes

The world’s largest Cenozoic—Mesozoic evaporite basins, with pre-
served salt volumes greater than 10* km?, are listed in Table 1; refer-
ences are given in Supplementary Data. Continental reconstructions
from this interval benefit from combined analysis of palacomagnetic
data from exposed rocks and seafloor anomalies (see, for example,
ref. 24). The basins are distributed primarily through the 15-35uarid
latitude belt as determined previously, with a 23 = 4u(95% confid-
ence) volume-weighted mean latitude (Fig. 1) that is independent of
icehouse—greenhouse global climate state and the reversal frequency
of geomagnetic polarity. Consistency of this result with modern cli-
mate zones bolsters the use of ancient evaporites as palaeolatitude
proxies and supports a predominantly, if not entirely, GAD geomag-
netic field model for the past 230 Myr (refs 14, 25). Detailed palaeo-
magnetic work on Late Triassic sedimentary rocks, spanning a range
of palaeoclimatic zones in the north Atlantic region, also supports a
GAD geomagnetic field model*.

Palaeozoic evaporites are widespread and voluminous, as reviewed
comprehensively by Zharkov®’. Although no seafloor-spreading data
exist before the Jurassic period, Palaeozoic continental apparent
polar wander (APW) paths are generally coherent enough to allow
palaeolatitudes at specific ages to be calculated from running means
or spline fits (see, for example, ref. 25). Palaeolatitude estimates vary
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Table 1| Palaeomagnetic constraints on evaporite basin depositional latitudes

Evaporite basin (N, UE) Age (Myr) Volume (km) Palaeopole (N, LE) Dipole 9 (U
Cenozoic-Mesozoic (0-250 Myr)
1. Messinian (36, 018) 5 1,000,000 Present position 36 N
2. Red Sea (21, 038) 10 900,000 BCO2 mean (85, 174) 18+2N
3.SW Iran (31, 047) 20 300,000 BCO2 mean (84, 229) 25+3N
4. S Mozambique (—23, 035) 20 27,000 BCO02 mean (84, 176) 2835
5. E China (34,115) 40 20,000 BC02 mean (81, 162) 403N
6. Rus, Arabia (25, 050) 50 200,000 BCO2 mean (75, 237) 10+3N
7. N Sahara (32, 008) 90 32,000 BCO2 mean (67, 249) 195N
8. Indochina (16, 104) 100 50,000 Y+01 mean (57, 170) 26+4N
9. S Atlantic (-3, 010) 120 35,000 BCO2 mean (54, 261) 13+35
10. Hith, Arabia (24, 050) 150 360,000 BCO2 mean (47, 268) 11+65
11. Central Asia (43, 070) 150 250,000 BCO2 mean (75, 160) 41+7N
12. Andes (35, 290) 160 40,000 BCO2 mean (89, 264) 3555
13. Gulf of Mexico (27, 265) 160 2,400,000 BCO02 mean (74, 150) 19£5N
14. Alan, Arabia (33, 044) 180 20,000 BCO2 mean (61, 270) 11£5N
15. Tanzania (—10, 040) 200 150,000 BCO2 mean (62, 252) 3345
16. N Sahara (35, 355) 200 710,000 BCO2 mean (62, 252) 25+4N
17. Keuper (52, 005) 225 50,000 T+01 mean (56, 132) 26+3N
18. Jilh, Arabia (29, 049) 230 120,000 TVO02 mean (49, 254) 9+11S
19. S China (29, 106) 230 80,000 Z+96 mean (46, 218) 67N
Cenozoic-Mesozoic volume-weighted mean (95% confidence) 23+4
Permian-Carboniferous (250-360 Myr)
1. Zechstein (54, 011) 250 200,000 T+01 mean (52, 155) 202N
TC04,15% G3 (55, 158) 23
2. Khuff, Arabia (27, 050) 260 75,000 TVO02 mean (43, 257) 16+115
TCO4, interpolated (36, 243) 26
3. E European (52, 052) 270 1,100,000 T+01 mean (45, 165) 23=3N
TC04,12.5% G3 (45, 167) 22
4. Peru-Bolivia (=13, 291) 270 62,000 TV02 mean (68, 174) 22+9S
TC04,12.5% G3 (62, 161) 30
5. Midcontinental USA (41, 257) 270 81,000 T+01 mean (44, 126) 6*3N
TCO04, 12.5% G3 (44, 128) 7
6. Amazon (=3, 310) 300 25,000 TVO02 mean (60, 174) 24+65
TCO04, 10% G3 (55, 158) 33
7. Sverdrup (79, 264) 315 120,000 V93 mean (28, 129) 20+4N
TCO04, 10% G3 (36, 127) 28
8. Canadian Maritime (46, 298) 340 46,000 TCO04 mean (19, 118) 255
TV02, 20% G3 (7, 136) 34
Permian-Carboniferous volume-weighted mean (95% confidence) 21+4
Recalculated for G3 contributions (95%) 23%4
Devonian-late Ediacaran (360-600 Myr)
1. E European (57, 040) 370 1,100,000 V93 mean (27, 149) 13+8N
2. Taimyr (74, 115) 370 18,000 TCO04 mean (10, 117) 26N
3. W Canada (55, 250) 390 86,000 V93 mean (23, 110) 5+85
4. Morsovo (53, 033) 400 81,000 CT02 mean (2, 145) 115
5. Michigan (41, 279) 420 29,000 CT02 mean (14, 125) 305
6. Canning (=21, 124) 440 26,000 CT02 mean (19, 201) 5N
7. Canadian Arctic (76, 265) 460 19,000 CT02 mean (13, 149) 7N
8. Mackenzie (65, 234) 500 110,000 CT02 mean (4, 165) 12N
9. Morocco-Iberia (34, 357) 520 50,000 Debated _
10. Siberia (60, 105) 520 800,000 Tommotian-Toyonian (8-25) S
11. Persian Gulf (22, 058) 545 500,000 Sinyai (—33, 326)* 134N
12. Salt Range (33, 073) ~550 240,000 Khewra (—28, 032) 18x115
Devonian-Ediacaran volume-weighted mean (95% confidence) 14x2

Precambrian (pre-Ediacaran; - 600 Myr)

1a. Skillogalee (=31, 138) ~770 25,000 Mundine Well (46, 135)* 13+4
1b. Curdimurka (=30, 138) ~785 50,000 None -
2a. Kilian-Redstone River (68, 238) ~770 30,000 Direct (22, 151) 21+9
2b. Minto Inlet (68, 238) ~800 90,000 L. Dal Basinal (—16, 141) 173
3. Duruchaus (—22, 018) ~800 15,000 None -
4. Copperbelt (=12, 027) ~8307? 25,000 None -
5. Centralian (=25, 129) ~830 140,000 Browne (—44, 312) 20+5
6. Borden (73, 278) ~1,200 15,000 Strathcona S. (8, 204) 12+3
7. Char/Douik (23, 352) ~1,200? 8,000 None _
8. Belt (48, 245) 1,460 10,000 Belt B1-4 (—25, 214)* 12+2
9. Discovery (=25, 118) ~1,500 #2,800 None -
10a. Balbirini (—17, 136) 1,610 2,500 Direct (—66, 178) 34+6
10b. Lynott (=17, 136) 1,635 3,000 Direct (=75, 163) 306
10c. Myrtle (=19, 138) 1,645 13,000 Emmerugga (=79, 203) 23+6
10d. Mallapunyah (=19, 138) 1,660 5,000 Direct (—35, 214) 22+3
10e. Corella (=21, 140) 1,740 2,000 Peters Creek (—26, 221)* 17+5
11. Stark (62, 248) ~1,870 30,000 Stark (—15, 212) 8+8
12. Rocknest (67, 246) ~1,950 1,000 Western R. (14, 341) 11+9
13. Juderina (=26, 120) ~2,100 1,000 None -
14. Tulomozero (63, 35) ~2,100 1,000 Kuetsyarvi (25, 301)* 20+13
15. Chocolay (47, 275) ~2,250 4,500 Lorrain (—46, 268) 3x3(
Pre-Ediacaran volume-weighted mean (95% confidence) 17 +3

Evaporite localities represent the centres of the basins. Dipole 29 is the palaeolatitude of the basin centre assuming a GAD magnetic field; 95% uncertainties are from (Ags) or (dp) confidence limits
on the palaeomagnetic poles. Poles are rotated into the coordinate reference frame of the evaporite basin, with Euler parameters from the cited sources, plus the Sinyai pole to Arabia from ref. 29. In
some instances, vertical-axis rotations of the palacomagnetic sample localities are known or suspected, but they are not corrected here. Abbreviations: G3, same-sign geocentric axial octupole
component; BCO2, ref. 24; CT02, ref. 47 (no uncertainties on means provided); T+01, ref. 48; TC04, ref. 39 (no uncertainties provided); TV02, ref. 25; V93, ref. 28; Y +01, ref. 49; Z+96, ref. 50. For
further information and references on evaporite deposits and palaeomagnetic poles, see Supplementary Information.

* Individual palaeomagnetic studies derived wholly or partly from volcanic rocks.
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Figure 2| Two sporadically
evaporitic pre-Ediacaran basins
that are palaeomagnetically well
constrained throughout their
depositional histories. The
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stratigraphic development, with
younger to the right. Latitude zones
are colour-coded for the present-
day humid tropics and arid
subtropics, on a Mercator

Redstone River Franklin-Natkusiak

projection. Darker, lighter, and

white circles indicate stratigraphic
intervals of major, minor, and
absent-to-negligible evaporites,

Myrtle

15°
5 X
@& Palaeo-Equator
=%
N
35°

Masterton Mallapunyah Amelia Tatoola

Tooganinie

Emmerugga

respectively. a, Neoproterozoic
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namely that continental positions tend on average towards low
latitudes by means of true polar wander through supercontinental
cycles”. Such a tendency would similarly impart a low-latitude bias
to the preserved subset of rift-related evaporites, but the largest basins
considered here are found in variable tectonic settings that should be
independent of supercontinental episodicity.

A significant octupole component (about 10-15% relative to
GAD) was determined by consistency tests on palacomagnetic
data from the late Palaeozoic continents Laurussia®® and
Gondwanaland®, and this also resolved some long-standing overlap
problems with reconstructions of Pangaea between those two plates
(a pure GAD model requires a large Permian megashear between the
two continents®®). The present compilation of evaporite inclinations
does not provide further insight into this debate, because error-min-
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Figure 3| Plot of magnetic inclination against same-sign geomagnetic
octupole component relative to a purely GAD field. The values for the
inclination biases were calculated from the equation in ref. 36. Dashed
curves indicate the declining inclination values, according to increasing
octupole contributions, that would correspond to 15uand 35ulatitude limits
of present arid subtropical zones. The solid curve corresponds to the same
biasing effect on inclinations computed from the mean latitude of
Cenozoic-Mesozoic evaporite basins and a pure GAD field (circle), with its
95% error envelope (shaded). Permian—Carboniferous (triangle),
Devonian—Ediacaran (diamond), and pre-Ediacaran (square) mean
inclinations and their 95% uncertainty limits, when aligned with the
Cenozoic-Mesozoic baseline curve, provide quantifiable estimates of
ancient geomagnetic octupole field components.
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imizing octupole field corrections for Permian to Late Carboniferous
APW paths® have no significant effects on the volume-weighted
mean for evaporites of that interval (Table 1). Octupole-corrected
early Palaecozoic APW paths are not yet available for all continents,
but such calculations will help to determine whether the early part of
the Palaeozoic era was a time of departure from an otherwise uni-
formitarian GAD field, perhaps as a result of particular convective
patterns at the core-mantle boundary.

Other factors may have contributed to the substantially shallowed
mean inclination for Devonian—Ediacaran evaporites, and the
slightly shallowed mean for pre-Ediacaran evaporites: first, narrow-
ing of the Hadley zones due to a faster rotation rate*’; second, a
shallow bias of palaeomagnetic inclinations due to sedimentary mag-
netization processes*'; and third, particular continental distributions
conducive to aridity in deep tropical regions®»**. The first process
may have contributed to the shallowing of Precambrian inclinations
but not substantially to the more marked early Palaeozoic anomaly.
Regarding the second process, the pre-Ediacaran mean remains low
even when only igneous-based palacomagnetic results are considered
(Table 1). The significantly shallowed early Palaeozoic mean evapor-
ite palaeolatitude could be a result of the third process, because
several of the larger basins reconstruct near the vertex of a proto-
Tethys-like sea®®, which may have been influenced by monsoon-like
circulation in the same manner that produces anomalously dry con-
ditions in present-day eastern Africa®®. The slightly shallowed pre-
Ediacaran mean inclination could also reflect one or more instances
of similar palaeoclimatic peculiarities.

Implications

First-order consistency of Precambrian evaporite basin palacomag-
netic latitudes with modern arid zones and Cenozoic—Mesozoic eva-
porite palaeolatitudes confirms the GAD hypothesis for the Earth’s
magnetic field since about 2,000 Myr ago, about four times longer
than known from previous palaeoclimatic—palaeomagnetic global
comparisons>*"*2. Because no voluminous evaporites are preserved
from the times of Proterozoic ice ages, the present study allows the
possibility of relatively short-term geomagnetic departures from the
GAD model, as a potential contributor to the low glacial palaeolati-
tudes. However, those departures would need to be extreme to pro-
duce the near-equatorial results, and, on the contrary, stratabound
antiparallel palacomagnetic polarity reversals from within some of
the Proterozoic glaciogenic successions® seem to reflect ‘typical’
geomagnetic behaviour of more recent times. Short-term departures
from low Earth obliquity are not possible because of the stabilizing
influence of the Moon''.

©2006 Nature Publishing Group
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Earth’s evaporite record extends in abundance only through the

Proterozoic Eon®"** studies such as this are therefore unlikely to

characterize the growth of Earth’s geomagnetic field, which seems
to have occurred before 2,450 Myr ago**. Conversely, reliable palaeo-
magnetic data from Archaean sedimentary rocks are currently so
sparse as to preclude comprehensive treatment of any palaeoclimatic
indicator from that interval, evaporitic or otherwise. Nonetheless, the
present compilation addresses several important issues of deep time:
first, that the high-obliquity hypothesis has failed an important
observational test that is independent of Earth’s Precambrian glacial
record; second, that near-equatorial palacomagnetic latitudes of
Precambrian glacial deposits are not likely to be substantially biased
by non-dipolar field components, unless such components were of
exceptional magnitude and short duration coincident with ice ages;
and third, that—according to the available tests—Earth’s time-aver-
aged magnetic field may be approximated by a geocentric axial dipole
for most of the past 2 Gyr. Success of the uniformitarian principle in
explaining evaporite distributions implies that its failure, with regard
to low-latitude Precambrian glaciation, is most probably caused by
anomalies in palaeoclimatic rather than geophysical processes.
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