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Abstract

A paleomagnetic, geochronologic and petrographic study was undertaken on the flat-lying gabbros and basalts of
the Nova Floresta Formation of Rondo“nia state, western Brazil in order to constrain the Mesoproterozoic
paleogeography of the Amazon craton. Measurement of the anisotropy of magnetic susceptibility on the gabbroic
samples reveals a flat-lying foliation with a radiating pattern of lineations, supporting the field evidence that the
gabbros are part of a large, undeformed sill. Petrographic observations of oxides in the gabbros reveals two
populations of magnetite grains produced during the original cooling of the sill : large, oxyexsolved titanomagnetite
grains and fine-grained magnetite in igneous reaction rims. New 40Ar/39Ar age dating of biotite and plagioclase yield
ages of V1.2 Ga, which represent the rapid cooling following emplacement of the mafic magma. Whole rock dating
of basalt samples yields total gas ages of 1062 þ 3 Ma, similar to the V1.0 Ga K/Ar ages reported by previous
workers. However, the strong compositional dependence of the age spectrum renders this younger whole rock age
unreliable except as a minimum constraint. A single magnetic component is found in the basalts, indistinguishable
from the characteristic remanence found in the gabbros that is oriented WNW and steeply upward. This
magnetization is considered to be primary and was acquired during the cooling of the sill and associated lavas. A
paleomagnetic pole calculated from the Nova Floresta Formation (n = 16 sites, Plat: = 24.6‡N, Plong: = 164.6‡E,
A95 = 5.5‡, Q = 5), the first reported pole for the Amazon craton for the 1200^600 Ma Rodinia time period, constrains
the paleogeographic position of Amazonia at V1.2 Ga. Juxtaposition of the western Amazon craton with the Llano
segment of the Laurentia’s Grenville margin causes the NF pole to lie on the 1.2 Ga portion of the combined APWP
for Laurentia and Greenland, which indicates that a collision with the Amazon craton could have caused the Llano
deformation in early Grenvillian times. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Paleogeographic reconstructions for the Prote-
rozoic have suggested a long-lived connection be-
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tween Laurentia and Amazonia, the largest cra-
tonic areas of North and South America, respec-
tively [1,2]. Recognition of the Grenville Province
as the product of continent^continent collision led
to the proposed juxtaposition of Grenville-aged
mobile belts of the western Amazon craton (Sun-
sas-Aguape|¤ belts) with the Laurentian Grenville
province. This collisional history marks the amal-
gamation of the Rodinia supercontinent at 1.2^
1.0 Ga. Given the total length of the Neoproter-
ozoic rifts that circumscribe the continent, Lau-
rentia is considered to occupy a keystone position
within the Rodinia supercontinent [3]. The break-
up of the supercontinent along Laurentia’s east-
ern margin is initiated with the opening of the
Iapetus ocean at the very end of the Proterozoic.
Marine sediments recording the opening of Iape-
tus are found in both eastern Laurentia [4] and
western Amazonia [5].

Independent evidence for the involvement of
several major cratons in the Rodinia superconti-
nent is provided by paleomagnetism. The main
approach used involves the matching of 1.1^0.95
Ga Grenville-aged APWPs for Laurentia, Baltica,
Congo-Sa‹o Francisco, and the Kalahari cratons
[6,7]. This analysis rotates APWPs of similar age
and shape into alignment, producing a paleo-
magnetically constrained Rodinia con¢guration
in large agreement with that of Ho¡man [2].
One of the shortcomings of these constrained Ro-
dinia reconstructions is the absence of a colliding
continent with the southernmost extension of
Laurentia, i.e. the Llano Uplift area of central
Texas (e.g. [1,2,7]). Dalziel et al. [8] addressed
this problem, citing paleomagnetic data for the
post-collisional 1.1^1.0 Ga interval in support of
the Kalahari as the continent involved. However,
existing data demonstrate more than 1500 km of
latitudinal separation between Laurentia and the
Kalahari [8,9].

Grenville-aged metamorphism and deformation
is known to have a¡ected the entire 3500 km east-
ern margin of Laurentia stretching from Labrador
to central Texas [10,11]. The complex nature and
timing of tectonometamorphism varies substan-
tially along strike, typically recording early epi-
sodes of arc accretion culminating in continent^
continent collision. In general, peak deformation

ages associated with the ¢nal episodes of collision
young to the northeast along (present-day) oro-
genic strike. Following accretion of the 1.3 Ga
Coal Creek arc complex in the Llano Uplift re-
gion, continent^continent collision is documented
as having occurred between 1238 þ 8 Ma and
1119 þ 6 Ma [11^13]. Similarly, the Grenville belt
of the Adirondacks region and southeastern On-
tario records a polymetamorphic history with ac-
cretion of the Elzevir arc terrane (1350^1185 Ma)
followed by peak deformation at 1090^1010 Ma
associated with ¢nal continent^continent collision
[14^19]. The youngest Grenville deformation ages
are found in the Labrador region of Canada
where evidence of an accretionary event is lacking
[19]. Here the V990 Ma metamorphic ages un-
ambiguously re£ect deformation of Paleoprotero-
zoic to Archean basement rocks [20] with post-
tectonic granite intrusions occurring from 974 to
956 Ma [21].

Recent regional mapping undertaken by the
Brazilian Geological Service (CPRM) has re-
vealed the existence of large scale, strike-slip shear
zones (Ji-Parana¤ shear zone (JPSZ) in Fig. 1) af-
fecting the basement rocks of the Amazon craton
[22]. Cooling from this amphibolite-grade defor-
mation is recorded by hornblende 40Ar/39Ar ages
which range from V1.18 to 1.15 Ga [23], coeval
with collisional deformation recorded in the Lla-
no Uplift. However, the lack of paleomagnetic
data from Amazonia for this time period has pre-
vented the meaningful evaluation of the proposed
Laurentia^Amazonia connection within the Rodi-
nia framework. The purpose of this paper is to
establish a link between the early Grenvillian de-
formation of the western Amazon craton and de-
formation of the Grenville province of Laurentia.

2. Regional geology

The JPSZ is a strike-slip, sinistral shear zone
that crosscuts the poylcyclic basement rocks of
the western Amazon craton. Hornblende cooling
ages from this early Grenville deformation range
from 1.18 to 1.15 Ga [23]. Younger Grenville-
aged deformation (ca. 1.0 Ga) is found in two
metamorphic belts of the western Amazon region,
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i.e. the Sunsas and Aguape|¤ belts exposed in Bo-
livia and Brazil, respectively [24]. Sandwiched be-
tween these two belts lies the Paragua craton,
which preserves a ca. 2.0 Ga metamorphic base-
ment intruded by the V1.3 Ga Pensamiento bath-
olith. Recent regional scale geological mapping
undertaken by the CPRM, the Brazilian geologi-
cal survey, in conjunction with new single mineral
40Ar/39Ar dating of basement samples, suggests
that the Aguape|¤ belt and Nova Brasila“ndia belt
to the northwest are part of the same monocyclic,
metasedimentary belt deformed at V1.0 Ga
[22,23]. The younger ca. 1.0 Ga cooling history
of this belt, together with the deep water nature
of sediments in the Nova Brasila“ndia portion of
belt, suggests that the Paragua craton may repre-
sent an exotic terrane accreted to the Amazon
craton during late Grenvillian times (Fig. 1, top
inset).

The ma¢c Nova Floresta Fm. (NFF) is found
in isolated outcrops north of the Nova Brasila“n-
dia Metasedimentary Belt in Rondo“nia state,

within the stable, undeformed portion of the Am-
azon craton proper. The hypabyssal microgab-
bros and sub-aerial, columnar basalts that com-
prise the NFF have a total thickness estimated at
300 m [25,26]. Outcrops of basalt display varying
degrees of alteration and epidotization, while gab-
bros are commonly massive and unaltered. The
NFF intrudes the 1346 þ 5 Ma Alto Candeias
granitic suite (U/Pb zircon) [27]. The NFF is over-
lain by the £at-lying, crossbedded, pink arkoses of
the Palmeiral Fm. (PF). Although no conclusive
contact with the underlying NFF has been found,
we consider the PF to be signi¢cantly younger
than the NFF based on an angular unconformity
between the PF and the V1.0 Ga metasediments
of the Nova Brasila“ndia Belt.

3. Sampling and methods

A total of 123 samples were collected from the
basalts and gabbros of the NFF from 16 sites

Fig. 1. Simpli¢ed geological map of the SW Amazon craton exposed in the Brazilian states of Rondo“nia and Mato Grosso
adapted from [22]. Outlined area is depicted in more detail in Fig. 3. Bottom inset: South American location map. Top inset:
sketch map of the Grenville-aged Sunsas and Aguape|¤ belts.
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distributed in two regions V75 km apart, one
located on the NE margin of the formation and
the other sampling region located on the northern
margin. Oriented samples were collected in the
¢eld with a gasoline-powered drill and a magnetic
compass from fresh outcrops judged to be in situ.
No discernible magnetic anomalies were observed.
Site locations were recorded with a Garmin X12
GPS, which was also used to verify compass di-
rections.

Measurement of the anisotropy of magnetic
susceptibility (AMS) was carried out using a Geo-
fyzika Brno KLY-2 Kappabridge instrument. Fif-
teen positions were measured on each of six sam-
ples per site. Eigenvectors representing the axes of
the magnetic ellipsoid were calculated using pro-
cedures outlined by Jelinek [28]. An average of
12^16, standard 2.54-cm diameter specimens
were demagnetized using either a Sapphire Instru-
ments SI-4 AF demagnetizer (maximum ¢eld
strength of 200 mT) or an Analytical Services
Co. shielded oven. AF demagnetization was car-
ried out in V15 steps per specimen with 2^5 mT
steps below 40 mT and 10^30 mT steps above 30
mT. Thermal demagnetization was carried out in
22 steps with 50‡ steps up to 400‡, 25‡ steps from
400 to 500‡C, and 5^10‡ steps from 500 to 580‡C.
Magnetic moments were measured after every
step using a three-axis cryogenic 2G magneto-
meter in the ¢eld-free room at the University of
Michigan. Remanence directions were calculated
for all samples using principal component analysis
[29] of linear demagnetization vectors picked from
orthogonal projection plots [30]. An average of
seven points per specimen was used to de¢ne a
vector with a mean angular deviation of less
than 8‡.

Petrographic observations were made on pol-
ished thin sections using both a standard Leitz
optical microscope and a Toshiba scanning elec-
tron microscope. Quantitative analysis of some
phases was performed using a Cameca Camebax
electron microprobe with a backscattered electron
imager. Both natural and synthetic mineral phases
were used as probe standards. All mineral phases
were analyzed with wavelength dispersive PET,
TAP, and LiF crystal spectrometers. Anhydrous
phases were analyzed with a point beam (ca. 1 Wm)

using an accelerating voltage of 15 kV and a sam-
ple current of 10 nA.

Portions of the paleomagnetic drill core sam-
ples selected for 40Ar/39Ar geochronology were
crushed, sieved, rinsed with deionized water and
dried. Biotite and plagioclase grains ranging in
size from 375 to 850 Wm were picked by hand.
Whole rock samples from the basalt were also
prepared. Aluminum foil-packaged samples were
irradiated for 10^14 days at the University of
Michigan Ford Phoenix Reactor. Neutron £uxes
were monitored with the 1071 þ 2 Ma 3gr stan-
dard [31]. Single grains were step-heated until
fused using a defocused argon-ion laser to ensure
uniform sample heating. Non-argon components
were extracted using two 1/s SAES getters (ST101
alloy) and a liquid N2 cold ¢nger. Argon isotopic
ratios were measured with a Mass Analyzer Prod-
ucts 215 mass spectrometer with a Niers source
and Balzer electron multiplier. Extraction line
blanks were run after every 10 heating steps. Du-
plicates were run on all samples to determine
grain to grain variability and reproducibility of
results. Plateau ages cited in the text re£ect ¢ve
or more consecutive steps representing s 50% of
the total gas whose ages overlaps within error at
the 2c level. All argon isotopic data have been
made available in the Background Data Set1.

4. Results and observations

4.1. Petrography

The NFF comprises sub-alkaline to alkaline
tholeiites with up to 2.0 wt% K [24]. Basalts are
typically altered by hydrothermal activity with ep-
idote and calcite in¢lling of amygdaloidal cavities.
The plutonic equivalents of these rocks are pre-
dominantly olivine gabbros with minor anor-
thositic gabbros. Typical assemblages are plag+
ol+aug+pig+ilm+mag+opx+bio þ kspar þ Fe-sul-
¢des. Olivine (Fo50Fa50) is prismatic to rounded
in form and is commonly rimmed by symplec-
titic intergrowths of orthopyroxene and magne-

1 http://www.elsevier.com/locate/epsl
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tite, especially where in contact with magmatic
ilmen ite. Plagioclase grains are elongate and
columnar with slight zoning, displaying ophitic
to sub-ophitic intergrowths with clinopyrox-
ene (En040:6Fs15:8Wo43:5) and orthopyroxene
(En57:7Fs39:4Wo2:9). Biotite occurs as a late mag-
matic phase, commonly rimming ilmenite.

Ilmenite and magnetite are the most common
opaque minerals with minor abundances of pyr-
rhotite. Magnetite occurs in two distinct popula-
tions: as micron to sub-micron scale intergrowths
with ilmenite in large, magmatic Ti-magnetite
(Mt0:82Usp0:18) and in symplectitic intergrowths
with orthopyroxene at grain boundaries between
olivine and ilmenite (Fig. 2). The extremely ¢ne-
grained nature of both of these magnetite phases
renders accurate microprobe analysis di⁄cult, giv-
en the matrix interference that compounds the
problem of evaluating ferric iron content by stoi-
chiometry.

Two observations based on these microanalyses
are emphasized. First, a range of magnetite com-
positions can be found within the oxyexsolved
magmatic Ti-magnetite (C2^C3 stage of Haggerty

[32]) with a minimum variation from Mt90:1Usp9:9

to Mt59:5Usp40:5. This variation in magnetite
composition would likely be responsible for a
similar range in Curie temperatures for the indi-
vidual magnetite sub-grains. Secondly, the pres-
ence of Ti in the symplectitic magnetite suggests
that it is formed by an oxidation reaction of oli-
vine+il-menite to form orthopyroxene+magnetite.
Note that both magnetite populations are consid-
ered to have been produced during the original
cooling of the magma due to deuteric alteration
of once homogeneous Ti-magnetite and the
development of igneous oxidation reaction rims.
If this inference is true, the magnetic remanence
carried by either magnetite population would be a
high temperature chemical remagnetization, albeit
one acquired early enough to be considered pri-
mary.

4.2. Magnetic fabric and paleomagnetism

The bulk susceptibility measurements of the
gabbroic samples have high average values of
V3U1032 SI, suggesting that the magnetic fabric

Fig. 2. (a) Oxyexsolution textures of magnetite+ilmenite þ u« lvospinel found in large magmatic Ti-magnetites. (b) Small particles
of magnetite found intergrown with orthopyroxene at reaction rims between olivine (not shown), magmatic magnetite (with oxy-
exsolution texture) and magmatic ilmenite.
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is dominated by the ferromagnetic contribution
sensu lato. Values for the normalized degree of
anisotropy, H, range from 0.011 to 0.105 with
symmetrical distribution around the mean value
of 0.048. Shape anisotropy is expressed as T,
with oblate fabrics characterized by 06T9 1
and prolate fabrics characterized by 319T6 0
[33]. Values for T range from 30.83 to 0.89,
with most values clustering symmetrically around
the mean value of 0.08, or slightly oblate. Both
oblate and prolate anisotropies are common, even
within the same site. A clear magnetic fabric
present at all sites and in all samples is character-
ized by K3 axes at steep angles corresponding to a
horizontal magnetic foliation (Fig. 3). The distri-

bution of K1 axes varies with geographical distri-
bution; sites located in the NE portion of the
NFF are marked by NE-trending magnetic linea-
tions whereas samples from the northern margin
of the NFF are characterized by N-trending mag-
netic lineations.

Measurement of J/J0 during thermal demagne-
tization demonstrates both steep- and soft-shoul-
dered curves for both gabbros and basalts. There
is no apparent correlation of demagnetization
pro¢le with lithology. All magnetic components
are removed by 550^580‡C, suggesting that Ti-
poor magnetite is the principal carrier. Basalt
samples are characterized by a single magnetic
component whereas gabbro samples tend to dis-

Fig. 3. Map: area outlined in Fig. 1 showing distribution of gabbro (D) and basalt (+) sample sites along NFF. Hollow symbols
indicate sites used for 40Ar/39Ar dating. Inset stereonets: axes of AMS ellipsoid from the two sampling regions indicated by black
arrows. Note the predominance of a £at-lying foliation and a radiating pattern of magnetic lineations, suggestive of emplacement
from a central vent.
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play a signi¢cant, secondary magnetic overprint.
Both thermal and AF demagnetization revealed
the single magnetic component for basalt samples
oriented NW with steep, upward directions (Fig.
4a^f). AF demagnetization was used to isolate
individual magnetic components in gabbroic sam-
ples (Fig. 4g^i) ; thermal demagnetization of gab-
broic samples results in the simultaneous removal
of two components (Fig. 4j^l). J/J0 pro¢les for

AF demagnetization depict the removal of up to
95% of the magnetic moment of most samples by
15^25 mT with a steeply up, NW ChRM isolated
at ¢elds s 30 mT (Fig. 4g^i). This ‘hard’ compo-
nent is similar to the ChRM isolated in the ba-
salts, suggesting that both were acquired at about
the same time (Table 1). The direction of the sec-
ondary overprint is not consistent between sites,
i.e. distributed along many di¡erent great circles

Table 1
Location and demagnetization data for individual sites from the NFF

Site Location (UTM) n/Nsp Dec. Inc. k R K95

Gabbro sample sites:
RON-01 20L 0436997 6/6 313 358 24.5 5.8 13.8

8818344
RON-02a 20L 0433127 8/8 299 361 76.2 7.91 6.4

8818986
RON-03 20L 04325542 6/8 309 366 27.3 5.82 13.1

8818480
RON-04 20L 0436142 8/8 298 355 98.6 7.93 5.6

8818632
RON-05 20L 0439158 8/8 297 360 143.4 7.95 4.6

8816988
RON-06b 20L 0438717 6/8 296 369 30 5.83 12.4

8818110
RON-07b 20L 0437746 8/8 299 364 288.8 7.98 3.3

8818028
RON-08 20L 0436349 8/8 294 367 63.3 7.71 7.6

8818326
RON-09 20L 0435359 8/8 281 362 205 7.97 3.9

8818383
RON-10 20L 0431313 7/8 275 369 55.8 6.89 8.1

8818783
RON-11 20L 393313 8/8 284 367 173.1 7.96 4.2

8836580
RON-12 20L 0393340 7/8 283 371 36 6.83 10.2

883648
RON-13 20L 0393635 8/8 288 350 13.3 7.47 15.8

8836327
Mean direction from gabbro sites: D = 295.1, I =363.2, K95 = 4.4
Basalt sample sites:
RON-14c;d 20L 0387623 8/8 295 353 66.4 7.89 6.8

8837566
RON-15d 20L 0387623 8/8 296 340 14.7 7.59 16.3

8837566
RON-16d 20L 0387623 3/5 283 350 8.9 2.78 44

8837566

Mean direction from basalt sample sites: D = 291.5, I =347.5, A95 = 12.3
a Specimen from site used for 40Ar/39Ar dating of plagioclase.
b Specimen from site used for 40Ar/39Ar dating of biotite.
c Specimen from site used for 40Ar/39Ar dating of whole rock.
d Actual drilling sites þ 300 m due to interference from forest canopy.
Grand mean calculated from all 16 sites: D = 294.2, I =360.3, R = 15.76, k = 61.9, A95 = 4.7
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with some samples recording NRMs antipodal to
the ChRM. A paleomagnetic pole (24.6‡N,
164.6‡E, A95 = 5.5) was calculated from the virtual
geomagnetic poles determined from individual site
means.

4.3. Geochronology

Single grains of biotite from two di¡erent sam-
ples (from sites 6 and 7) display a very homoge-
neous distribution of radiogenic argon through-
out the release spectrum. The total gas age for
both of these samples, 1196 þ 2 to 1199 þ 3 Ma,
agree within error and are similar to the respective
plateau ages of 1198 þ 3 to 1201 þ 2 Ma (Fig.
5a,b). Measurement of the Ca/K (37Ar/39Ar) and
Cl/K (37Ar/39Ar) ratios in both samples reveals a

very homogeneous composition with no signi¢-
cant argon contribution from alteration products
or £uid inclusions (Fig. 5c). The initial heating
steps of a plagioclase grain from a third sample
(site 2) are marked by the release of an excess
argon component, likely associated with degas-
sing of £uid inclusions as indicated by the high
Cl/K ratios for these steps. The rest of the release
spectrum is a well-behaved staircase spectrum
with nearly s 50% of radiogenic argon released
in the ¢nal steps, in spite of the small wattage
increments. The weighted average ages of the
last ¢ve plagioclase heating steps are 1190 þ 2
and 1211 þ 3 Ma, in reasonable agreement with
the ca. 1.2 Ga ages recorded by igneous biotite
(Fig. 5).

Argon dating was also undertaken on a whole

Fig. 4. Representative Zijderveld diagrams from AF demagnetization of basalts (a^c); thermal demagnetization of basalt (d^f);
AF demagnetization of gabbro with insets showing removal of characteristic magnetic component proceeding to the origin (g^i);
and thermal demagnetization of gabbro (j^l) samples. The y-axis is up and North for all plots.
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rock sample of the basalt (site 14), in spite of clear
indications of hydrothermal alteration in thin sec-
tion. A total gas age of 1062 þ 3 Ma is obtained
from the whole rock sample, similar to the previ-
ously reported age 982 þ 10 Ma and 1038 þ 14 Ma
for the basalts of the NFF [25]. The argon release
spectrum for the whole rock sample shows a clear
correlation between composition (both Ca/K and
Cl/K ratios) and the inferred ages for the individ-
ual steps (Fig. 5d). Contributions from at least
three phases can be discerned sequentially in the
spectrum: an old phase poor in Cl and Ca, a
young phase with an intermediate Ca and Cl con-
tent, and a Ca-rich, Cl-rich phase of intermediate
age. Clearly, the geological signi¢cance of this
whole rock spectrum is uncertain and only a min-
imum age can be assigned to the basalt from
whole rock dating alone.

5. Discussion

Given the overwhelming contribution of mag-
netite to the observed fabric, we conclude that the
magnetic lineations and foliations re£ect an aver-
age magnetite grain shape. We conclude that the
late-crystallizing magnetite grains were formed on
a silicate ‘template’, as has been suggested by oth-
er authors [34]. The observed orientation of mag-
netic ellipsoids are consistent with a sill origin for
the NFF gabbro with magnetic lineations possibly
re£ecting magmatic £ow directions from a central
vent. Signi¢cant to the paleomagnetic interpreta-
tion is the fact that this sill is undeformed and
that no tilt correction is necessary. Petrographic
observations reveal the igneous origin of the sili-
cate and oxide mineralogy, suggesting that no
subsequent metamorphism has a¡ected the body.
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Fig. 5. Argon degassing spectra for two samples of igneous biotite (a, b); a plagioclase grain (c); and a whole rock basalt sample
(d). Arrows on age spectra indicate the individual steps used to calculate plateau ages for each replicate.
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This is con¢rmed by the concordance of biotite
and plagioclase ages, which we interpret as re-
cording fast cooling following the emplacement
of the magma. Thus, the pole calculated for the
NFF (n = 16 sites, Plat: = 24.6‡N, Plong: = 164.6‡E,
A95 = 5.5‡) is considered to be primary and in situ
with a quality factor, Q, of 5 [35].

5.1. The 1.3^1.15 Ga APWP for Laurentia/
Greenland

The overall shape of the Proterozoic APWP for
Laurentia for 1300^1150 Ma has undergone sub-
stantial revision since early summary works
[36,37] as geochronological results were re¢ned

and erroneous paleomagnetic results recognized.
One important modi¢cation to these early pro-
posed paths is the shortening of the 1.25^1.0 Ga
Logan Loop [38,39]. The equatorial starting point
of this loop is anchored by the well-dated, well-
determined Mackenzie (1267 Ma) and Sudbury
(1235 Ma) poles. Recent re-evaluations of the
few data that de¢ned the rounded, ascending
limb of the loop (ca. 1.25^1.15 Ga) demonstrate
that these are (i) poorly dated poles based on
multiple dike generations, (ii) poles based on re-
magnetizations, or (iii) poles displaced due to im-
proper structural correction [39^41]. Circumvent-
ing these poles results in a ‘skinny’ loop whose
ascending limb at 1250 to 1150 is de¢ned by a

Fig. 6. Position of the Amazon craton according to Nova Floresta pole shown in modern Laurentia coordinates using the Euler
pole [8.7, 280.2, 3156.5]. The present-day northern margin of the Amazon craton is facing south in this ¢gure as indicated by
the isthmus of Panama. Note the proximity of the southwestern margin of the present day Amazon craton with the deformed
Llano portion of the Laurentian margin. The position of the ca. 1.2 Ga Nova Floresta pole is shown with respect to the com-
bined Laurentia/Greenland APWP for 1.3^1.15 Ga. Australia is depicted for reference in both the SWEAT [2] and the AUSWUS
[46] con¢gurations.
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Table 2
Selected paleomagnetic poles for Laurentia and Greenland from the 1.3^1.15 Ga interval

Age constraints A95 Plat: Plong: Age
assigned

1 2 3 4 5 6 7 Q Ref.

(Ma)a (‡N) (‡E)

Laurentia:
1 Nain Anorthosite Uzir 1305 þ 15 3 11 211 1305 1 1 0 0 0 1 1 4 [48,49]
2 Harp Dykes Ubad 1273 þ 1 7 19 228 1273 1 0 1 1 0 0 1 4 [50,51]
3 Muskox Int. Ubad 1270 þ 4 6 6 191 1270 1 1 0 0 0 0 1 3 [52,53]
4 Mackenzie dikes Ubad 1267 þ 2 5 4 190 1267 1 1 1 0 1 ? 1 5 [53,54]
5 Copper Mine R. 1050^1300 6 1 183 1260 0 1 0 0 1 0 1 3 [52]
6 Savage Pt./Aston

Bay Sillsb
675^1240 11 35 186 1240 0 1 0 0 1 0 1 3 [55]

7 Sudbury Dykes Ubad 1235þ7/33 3 33 192 1235 1 1 1 1 1 0 1 6 [56,57]
8 Lower Bylotc 1174^1240 6 2 194 1220 1 1 0 0 1 0 1 4 [58^60]
9 Upper Bylot Pbcal 1204 þ 22 4 8 205 1200 1 1 0 0 1 1 1 5 [58^60]
10 Abitibi Dikes Ubad 1141 þ 1 14 43 208 1141 1 1 1 1 1 0 1 6 [40,61,62]
Greenlandd :
11 Motzfeldt Int. Uap 1350 þ 23 12 10 212 1350 1 1 1 0 0 1 1 5 [44,63]
12 ZigZag Basalts 4 12 243 1300 0 1 0 0 1 0 1 3 [64]
13 MidsommersÖ

Dolerite
Rbwr V1250 5 7 242 1300 0 1 0 0 0 0 1 2 [64]

14 Gronendal^Ika
complexe

Rbwr 1299 þ 17 8 12 227 1299 1 1 1 0 0 0 1 4 [65,66]

15 North Qoroq
Intrusive

Rbwr 1291 þ 62 12 13 203 1291 0 1 1 0 0 1 1 4 [44,66]

16 Nassarssuaq Stock 1230^1316 14 9 209 1291 0 0 1 0 0 0 1 2 [44]
17 BD0 dikesf U 1280 14 11 227 1280 1 1 0 ? 0 0 1 3 [45,67]
18 Victoria Fjord

Dykes
6 10 232 1275 0 1 1 1 0 0 1 4 [68]

19 West Gardar
Lamprophyre

Rbbio 1254^1276 10 3 206 1265 1 0 0 0 0 0 1 2 [69]

20 West Gardar dikes
(BD1)

1160^1316 10 3 215 1230 0 1 1 ? 0 0 1 3 [45]

21 Gronedal district
dikes

1160^1316 8 7 220 1228 0 0 1 ? 0 0 1 2 [45]

22 Kimberlite (LK1) Rbwr 1227 þ 12 5 3 215 1227 1 0 0 0 0 0 1 2 [70]
23 Eriksfjord Lowerg Sm V1185 þ 30 11 16 220 1185 1 1 1 0 1 0 1 5 [63,71,72]
24 Tugtutoq NNE

dikes
Ubad 1163 þ 2 5 36 224 1163 1 0 0 0 0 0 1 2 [64,73]

25 South Qoroq
Intrusive

Rbwr 1160 þ 8 12 42 216 1160 1 1 1 0 0 1 1 5 [44,66]

26 West Gardar SW^
NE dikes

1143^1154 5 34 222 1150 1 1 1 ? 0 0 1 4 [45]

27 NE-SW dikes
(BD2^BD3)

1143^1154 5 33 231 1149 1 1 1 ? 0 0 1 4 [44]

a Age constraints from geological relations as reported by author or from direct radiogenic dating. Symbols for radiogenic sys-
tem employed as follows: Uzir (U^Pb zircon); Ubad (U^Pb badelleyite); Pbcal (Pb^Pb carbonate); Uap (U^Pb apatite) ; Rbwr (Rb^
Sr whole rock isochron); Rbbio (Rb^Sr biotite); and Sm (Sm^Nd plagioclase^pyroxene isochron). 1, age of rock unit known to
within 40 Ma; 2, adequate no. of samples; 3, well-documented demagnetization; 4, ¢eld test; 5, structural control (note, continu-
ity with craton is assumed here); 6, presence of reversals; 7, does not resemble younger pole.
b Combined pole calculated from [55].
c Combined from Nauyat Fm. and Adams Fm. as reported in [58].
d Greenland poles rotated to Laurentian coordinates using the Euler pole (Plat: 67.5‡, Plong: 3118.5‡, 313.8‡) from [43].
e Grand mean recalculated from combined host rock amphibolites and intrusives sites reported in [65].
f Age data reported as preliminary.
g Grand mean recalculated from combined sites of [71,72].
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more direct, NNE-oriented path (Fig. 6, squares).
The return path during the Keweenawan interval
is well-documented and has been discussed else-
where [42].

Consideration of paleomagnetic results from
Greenland, corrected for the opening of the Lab-
rador Sea in the Tertiary [43], expands the list of
available poles, especially for the 1300^1275 Ma
interval for which Laurentian results are scarce.
The majority of these paleomagnetic results come
from the Gardar Province of SW Greenland,
where three episodes of rifting and associated vol-
canism at ca. 1300^1280 Ma, ca. 1220 Ma, and ca.
1160^1125 Ma are preserved [44,45]. Although
many of the Gardar dates are based on K^Ar
and Rb^Sr data, we note that several anchor
points for the combined APWP are provided by
well-dated poles from Laurentia. In compiling the
Laurentia/Greenland APWP, we have applied
modern criteria for the evaluation of the reliabil-
ity of a paleomagnetic result [35]. Speci¢cally, we
have excluded data from bodies with ambiguously
documented paleomagnetic directions, and poles
based on secondary magnetic overprints where
identi¢ed by the original authors. In general, the
selected Greenland poles con¢rm the inferred
shape and polarity of the skeletal Laurentian
APWP for the 1.25^1.15 Ga interval (Fig. 6,
circles). Signi¢cantly, several poles from Green-
land con¢rm the shortened, meridional version
of the Logan Loop (cf. the Gardar track of Piper
[44]). The NNE drift from the sub-equatorial Sud-
bury dikes pole position de¢nes a small loop
which crosses the earlier latitudinal path of
1300^1250 Ma (Table 2).

5.2. Paleogeography of the Amazon Craton

We use the ca. 1.2 Ga Nova Floresta pole as a
constraint on the orientation and latitude of the
Amazon craton. Comparing the attitude of Ama-
zonia with that of Laurentia in the latter’s north-
ward drift from V1.25 to 1.15 Ga permits the
geographic proximity of these two cratons in an
orientation that aligns the margins of both con-
tinents. We note that only the southernmost por-
tion of Laurentia, i.e. the Llano segment, is at the
same latitude as that portion of the western Am-

azon craton where early Grenville (inferred from
hornblende 40Ar/39Ar cooling ages) deformation is
observed. Furthermore, this juxtaposition of the
western Amazon craton with the Llano portion of
the Laurentian margin provides a test for the po-
sition of the V1.2 Ga Nova Floresta pole with
respect to the combined Laurentia/Greenland
APWP. We consider the overlap of the NF pole
with the 1.2 Ga segment of the Laurentia/Green-
land APWP as strong evidence of Amazonia’s
possible role in the Llano collisional event (Fig. 6).

The V1.2 Ga collision proposed here marks an
early phase in the assembly of Rodinia along the
Grenville margin. However, it is di⁄cult to com-
pare the Amazon^Laurentia collision within the
framework of existing Rodinia reconstructions
that depict the supercontinent at V1.0 Ga, the
generally accepted age for the ¢nal amalgamation
[1,2,6,7]. By locating Amazonia at the southern-
most portion of Laurentia’s Grenville margin
(modern coordinates), we establish a starting con-
¢guration for the ongoing assembly of Rodinia.
We also note that the Amazon craton’s position
at the southern margin of Laurentia (Fig. 6)
serves as a check on the position of continents
that may have bordered Laurentia’s southwestern
margin in the SWEAT and AUSWUS reconstruc-
tions, but only for times of V1.2 Ga [2,46].

5.3. The Llano Uplift

As stated previously, the Llano portion of the
Laurentian Grenville belt was unmatched by a
colliding continent in recent reconstructions
[8,9]. If our proposed connection between western
Brazil and the southernmost Grenville province of
Laurentia is correct, the tectonic history of the
Llano Uplift of west-central Texas should re£ect
this collision [11^13,47]. Preservation of ma¢c
eclogites records an early, high P^T metamorphic
event that is synchronous with early deformation.
Timing of this high P^T event is constrained by
the dating of metamorphic zircons that range in
age from 1128 þ 6 to 1147 þ 4 Ma [47]. An addi-
tional younger constraint on the timing of defor-
mation is provided by the youngest syntectonic
granite intrusions, dated at 1119 þ 6 Ma [13].
These age constraints are in agreement with the
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previously cited limits of 1238 þ 8 to 1098 þ 3 Ma
[12]. However, as noted by Mosher [11], ages de-
termined from syntectonic metamorphic minerals
are unlikely to record the true age of deformation.
Since metamorphic minerals typically record cool-
ing from peak T-conditions, which post-date peak
P-conditions in the clockwise P^T loop expected
for continent^continent collision, these ‘syntec-
tonic’ ages are likely to be younger than the
true deformation age. Thus, we consider the age
of the Amazon^Laurentia collision to be brack-
eted between about 1.24 and 1.12 Ga. A post-
tectonic episode of granite emplacement resulted
in regional, static metamorphism at low P^T am-
phibolitic conditions, resulting in widespread re-
setting of 40Ar/39Ar and Rb^Sr systems at 1098^
1014 Ma [13].
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