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Geochemistry and mineralogy of a saprolite developed on Columbia River Basalt:
Secondary clay formation, element leaching, and mass balance during weathering
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Abstract
This study presents chemical and mineralogical data on weathering trends in a saprolite that is
preserved between flows of the Columbia River Basalt Group at Trinidad, Washington. Bulk chemistry,
electron imaging, and X‑ray mapping indicate early Fe and Mg depletion by dissolution of ferromagnesian minerals, followed by depletion of alkalis, Al, Ti, and P that corresponds to dissolution of feldspars,
titanomagnetite, and apatite. Secondary coatings of nontronite clay in the deep saprolite display intricate,
submicrometer-scale zoning in Fe and Mg content. Distinct aluminous zones in these clays become
more prominent at shallower depths. The primary Fe-containing phase shifts from nontronite in deeper
samples to hematite in shallow samples; samples at the boundary contain the assemblage kaolinite +
nontronite, which may mark the transition from permeability-limited fluid flow to fully open-system
behavior. This shift is observed in rocks that have lost 30–40% of the total rock mass to leaching,
and coincides with the disappearance of feldspar, Fe-Ti oxides, and apatite. Rocks in the uppermost
saprolite have been converted to an assemblage of Al-smectite + hematite (+kaolinite). These results
suggest that the presence of nontronite in weathered samples may indicate weathering under conditions
of limited permeability; however, it does not necessarily indicate weathering in a chemically closed
system. These observations may be useful in interpreting the clay mineral assemblages observed on
Mars and what information they contain about near-surface conditions in the planet’s ancient past.
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Introduction
The weathering of fresh volcanic rocks, and particularly of
fresh basaltic rock, is a major factor controlling ocean chemistry,
atmospheric CO2 fixation, and, ultimately, terrestrial climate
(Gaillardet et al. 1999; Kump et al. 2000; Benedetti et al. 2003;
Dessert et al. 2003; Dupré et al. 2003; Gislason et al. 2009; Maher
and Chamberlain 2014). These studies indicate that weathering
of basaltic lavas is responsible for approximately one third of
global CO2 fixation by weathering of continental rocks, with
much of this accounted for by weathering of young basalts in
warm, wet tropical localities. Subsurface weathering of volcanic
rocks can be, quantitatively, an even more significant ion source
and carbon sink than surface weathering (Rad et al. 2007). This
study presents a detailed examination of chemical leaching and
its relationship to secondary clay mineralogy in a basalt saprolite.
The Columbia River Basalts (CRB) are continental flood
basalt lavas located in the interior northwestern United States
including portions of Washington, Oregon, and Idaho (Tolan et
al. 1989; Reidel et al. 2013). The majority of these lavas were
erupted during the mid-Miocene Climatic Optimum, when
the climate of the northwestern United States was considerably warmer and wetter than in the present day (Takeuchi and
Larson 2005). Lava flows exposed at the surface weathered
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rapidly under these conditions to form soils. Those soils were
later covered by younger lava flows, preserving the buried
saprolites and paleosols as records of past climatic conditions
(Sheldon 2003, 2006; Takeuchi and Larson 2005; Hobbs and
Parrish 2016). Although some overprinting occurred where the
capping lava flows reacted with the capped soils (Baker 2017),
the paleosols and their underlying saprolite zones also preserve
a record of the weathering reactions that converted basalt flows
to soils. Weathering of CRB is considered to have significantly
contributed to both fixation of atmospheric CO2 and the flux
of dissolved ions to the world’s oceans via the Columbia River
system (Taylor and Lasaga 1999).
The fixation of carbon and the flux of dissolved ions from
a weathering basalt will depend upon the individual weathering reactions occurring in the surface and subsurface. Several
studies have examined the chemistry and mineralogy of basalt
weathering (Colman 1982; Eggleton et al. 1987; Nesbitt and
Wilson 1992). These studies show that weathering trends of
element depletion and preferential mineral dissolution vary from
system to system. The early weathering behavior of individual
rocks is controlled by their primary mineralogy and by the
microstructural properties that control water movement through
the rock (Meunier et al. 2007), with element leaching being
diffusion-limited until porosity reaches ~9% (Navarre-Sitchler et
al. 2009, 2013). Typically, olivine is the earliest-weathering phase
if present, but the order of subsequent dissolution of glass and of
minerals such as pyroxenes, plagioclase, and Fe-Ti oxides var1632

