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River basin, and the origin of Arizona's Grand Canyon

Sears, J.*, University of Montana, USA 

* E-mail: james.sears@umontana.edu 

Prior to destruction by continental glaciation, the Paleogene/Neogene 

Bell River drained an Amazon-scale basin that embraced most of 

Canada. The river emptied into the Labrador Sea through Hudson 

Strait, and fed the largest delta on the eastern seaboard between Florida 

and Baffin Island. Live headwaters of the Bell River basin are 

preserved in the Mackenzie Mountains and in the Rocky Mountains of 

Canada and Montana. Southern headwaters may have reached 

Arizona's pre-Pliocene Grand Canyon. Recent studies at Caltech 

suggest that Grand Canyon eroded to mid canyon depths between 28 

and 18 Ma. The deeper half was cut beginning at about 5 Ma when the 

river was diverted to the newly-opening Gulf of California. In 

Montana, surviving Bell River tributaries include the headwaters of the 

Missouri River. Thick, fluvially deposited late Eocene through early 

Miocene ash beds fill remnants of paleo-tributaries in Montana. The 

ash may have been transported northward down a major Paleogene rift 

system that propagated southward from Montana along the edge of the 

Nevadaplano, reaching the latitude of Grand Canyon by 28 Ma. By 26 

Ma, a second rift system (Rio Grande rift) propagated northward in 

New Mexico. Its uplifted west rim formed the east margin of the upper 

Colorado River drainage basin. The Colorado flowed westward 

through a knick point, entered the neighboring Nevadaplano rift, and 

began to dissect the upper levels of Grand Canyon. Erosion reached 

base level in the rift by 20 Ma, marking a hiatus in canyon deepening. 

By 5 Ma, a third rift system propagated from the newly opening Gulf 

of California and captured the Colorado near Lake Mead, initiating 

incision of the deep Inner Gorge through the broad Miocene floor of 

Grand Canyon. Basin-Range faulting, the Yellowstone hotspot, and 

continental glaciation destroyed the Bell River basin. 
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Models for the accretion and breakup of Proterozoic supercontinents 

commonly assume a geocentric axial dipole (GAD). Such GAD-based 

models are, however, often at variance with tectonic evolution. Geology-

based models of Proterozoic supercontinents, however, are often 

incompatible with GAD. Here I propose a quadrupolar model for the 

Proterozoic geodynamo to permit certain geology-based supercontinent 

configurations, such as one proposed earlier. That model joins the 

eastern margin of the Siberian craton with the western margin of 

Laurentia, yielding precise geologic matches between ~ 20 Archean to 

Cambrian tectonic provinces. Provinces include orogenic belts, dike 

swarms, and epicratonic basins. The reconstruction also predicts a 

geologically viable rift/drift path for Siberia on a transform fault system 

along the Laurussian margin to its terminal Paleozoic collision with 

Baltica. The model is GAD-consistent from Ordovician through Permian 

time, but, instead, fits quadrupolar geometry for Proterozoic time. 

Correlative Proterozoic site-mean paleomagnetic data from the Siberian 

and Laurentian cratons fit the normal, tesseral quadrupolar base 

developed by Knapp in 1980. This second-degree spherical harmonic 

expansion (l = 0, m = 2) defines the most general non-zonal configuration 

of the quadrupole. The quadrupole model suggests magnetic field 

rotations, rather than rapid tectonic plate rotations for Proterozoic time, 

and is thus more consistent with geologic evidence. The Proterozoic 

geomagnetic field may have resembled the ambient field of Neptune, 

where, in the absence of large solid core, a quadrupolar field appears to 

be generated within a thin shell atop a stably-stratified liquid core. Those 

conditions may also describe Proterozoic Earth, before growth of the 

solid core. The solid state and conductivity of Earth's inner core and its 

tangent cylinder evidently anchor and stabilize GAD.
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Epithermal silver mineralization is commonly accompanied by 

ammonium bearing alteration halos. Since ammonium produces 

absorption in shortwave infrared (SWIR), a portable SWIR 

spectrometer is widely used in exploration, but the detection limit of 

spectrometers is unknown. Furthermore, minerals hosting ammonium 

are not well understood. Samples were collected from the El Zapote 

prospect of the Tizapa mining district in the Sierra Madre Occidental 

of Mexico. The Ag mineralization forms quartz veins in Tertiary 

rhyolitic intrusions near the contacts with Mesozoic metasedimentary 

rocks of phyllite and limestone. Rhyolite samples are pervasively 

altered to form quartz, illite, muscovite and kaolinite. Samples with 

high ammonium abundance (~ 1000 ppm) are found near Ag veins 

(1000 ppm, produces the features of ammonium absorption in SWIR 

spectra, but the relationship between ammonium content and 

absorption is not apparent for samples with less than 500 ppm. 

Samples with no absorption of ammonium in SWIR spectrum yielded 

ammonium from 330 ppm to 1020 ppm, whereas samples with 540 

ppm and 830 ppm ammonium show the specific absorption in the 

SWIR spectra. N isotopic composition values are similar among the 

samples, ranging from +1.1 to +9.2 ‰, plot within the range of 

sediments. The data suggest ammonium is derived from sediments, but 

the metamorphosed direct country rocks are an unlikely source. 
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The Cubric Ni-Cu-(PGE) showing occurs in the Southern Manneville fault 

zone in the Abitibi greenstone belt of the Superior Province, ~ 24 km north 

of Malartic, Quebec. New geological mapping, core logging, petrographic-

geochemical analyses, and high-resolution aeromagnetics provide new 

insights into the modification of Ni-Cu-(PGE) mineralization in the Abitibi 

Belt. Host rocks include ultramafic to felsic metavolcanic rocks of the 2714 

± 1 Ma La Motte-Vassan formation of the Malartic Group, a 2680 ± 1.5 

Ma hornblende gabbro, and an oxide-facies iron formation. This age on the 

hornblende gabbro constrains both the maximum ages of D2 and D3 

deformation as well as the maximum age of sulfide mobilization at the 

Cubric showing. D2 is manifested as a generally east-west striking primary 

S2 foliation related to the Southern Manneville fault and associated 

isoclinal folds, whereas D3 is manifested as a superimposed non-

penetrative northeast-striking S3 cleavage. Ni-Cu-(PGE) mineralization 

occurs as semi-massive brecciated sulfides within the margins of the 

hornblende gabbro, as transposed sulfide bands parallel to foliation and 

durchbewegung texture within the iron formation, and as disseminated 

sulfides within ultramafic rocks. Sulfides are recrystallized and include 

pyrite-pyrrhotite-violarite-chalcopyrite-millerite-magnetite-pentlandite ± 

sphalerite ± galena. The mineralization has average grades of 2.5 % Ni and 

0.2 % Cu at surface. The high Ni/Cu ratio suggests derivation from 

komatiites of the La Motte-Vassan Formation, which also host the nearby 

Marbridge deposit, and mobilization into the iron formation and 

hornblende gabbro, rather than derivation from the gabbro. Based on the 

lack of fractionation of Cu-rich and Cu-poor sulfides the sulfides appear to 

have been mobilized as monosulfide solid solution at amphibolite-facies 

metamorphic temperatures, but two end-member hypotheses – which are 

not mutually exclusive – are being considered for the mechanism of 
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