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Abstract

Clay minerals found in and near the surface of Mars contain unique information about the
geochemical environment in the martian near-surface in the ancient past. In order to interpret this
information, it is necessary to fully understand the environments in which different clay minerals
form. Studies of terrestrial analog materials and environments are a useful way to address such
questions, and some terrestrial materials are also important standards for remote sensing and in
situ chemical and mineralogical analyses. This study presents new information on the formation
environment of an unusual standard clay, the Clay Minerals Society source clay SWa-1
ferruginous smectite of Grant County. The SWa-1 collection locality is in the Columbia River
Basalts (CRB), at the contact between a paleosol and a capping basalt flow. Features at the
contact indicate the paleosol soil was wet when the capping flow was emplaced, that lava-
sediment mixing occurred, and that both the soil and the capping lava were hydrothermally
altered. The soil was hydrothermally enriched in Fe, Mn, and Si. The SWa-1 sample was
collected from within the altered zone, suggesting it formed through alteration of paleosol clays
by addition of Fe. Similar environments are widespread in the CRB, particularly at the plateau
margins, suggesting that altered clays may occur frequently at lava-sediment contacts. Such
environments are likely to occur wherever basalt flows are emplaced under warm, wet conditions
promoting weathering — such as Mars >3.5 Ga before the present, when clay minerals were
forming at its surface. This information has important implications for the use of clay

compositions to inform clay formation environments on Mars.

Keywords: nontronite, Mars, clay minerals, Columbia River Basalts, SWa-1
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I ntroduction

Studies of martian meteorites first demonstrated the presence of clay minerals — likely of
martian origin — in these samples beginning in the 1980°s (Gooding et al. 1991; Bridges and
Grady 2000; Bridges et al. 2001). However, major occurrences of clays on Mars were not
confirmed until their detection by remote sensing (Poulet et al. 2005). Further studies showed
that clay minerals are widespread in ancient martian rocks (Bibring et al. 2005; Bibring et al.
2006; Mustard et al. 2008). These observations had dramatic implications for the climatic history
on Mars, for they showed that ancient (>3.5 Ga) Mars must almost certainly have experienced
periods of the warm, wet climatic conditions that promote rock weathering to clays. Some of the
observed clays, particularly Fe-Mg smectites, may have formed by fluid alteration in the
subsurface rather than at the surface, so the observed clay mineralogy may have implications for

martian hydrologic cycling as well (Ehlmann et al. 2011a).

The types and compositions of clay minerals observed in ancient martian deposits vary,
as do their potential environments of formation (Bishop et al. 2008; Ehlmann et al. 2008; Wray
et al. 2008; McKeown et al. 2009; Murchie et al. 2009; Noe Dobrea et al. 2010; Bristow and
Milliken 2011; Ehlmann et al. 2011a; Ehlmann et al. 2011b; Ehlmann et al. 2013). Outcroppings
of Fe-Mg smectites are widespread across the planet. More aluminuous smectites also occur, as
does kaolinite. At some localities, stratigraphic relationships are observed between clays of
different compositions, suggesting the strata formed in specific types of environments. For
example, layering of kaolinite or Al-smectites above Fe-Mg smectites could potentially indicate
in-situ clay development by basalt alteration in a pedogenic environment (Loizeau et al. 2007;
Bishop et al. 2008; Mustard et al. 2008; Wray et al. 2008; McKeown et al. 2009; Murchie et al.

2009; Ehlmann et al. 2011b; Carter et al. 2015), whereas clays in obviously sedimentary deposits
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such as deltas suggest possible sedimentary transport and redeposition (Loizeau et al. 2007;
Michalski and Noe Dobrea 2007; Ehlmann et al. 2008; Mustard et al. 2008; McKeown et al.

2009; Milliken and Bish 2010).

The crystal chemistry of martian clays is critical to these interpretations. For example,
where weathering in pedogenic environments is proposed, this is based upon a model of
progressive alteration of a mafic parent rock in which early weathering produces ferromagnesian
smectites, and progressive leaching at the surface removes soluble components until only
relatively aluminous phases remain. Application of this to a martian context requires a full
understanding of terrestrial weathering and clay formation. As the surface of Mars is largely
basaltic in composition, basalt weathering systems on Earth have been targeted as potential Mars
analogs (Michalski et al. 2006; Ehlmann et al. 2012; Greenberger et al. 2012; Thomson et al.

2014; Greenberger et al. 2015; Yesavage et al. 2015).

Ground-truthing of remote sensing instruments with appropriate terrestrial mineral
standards is also critical to proper interpretation of remotely sensed data from Mars. Several
widely used nontronite mineral standards -- including the nontronites of Garfield, Manito, and
Cheney, as well as the SWa-1 ferruginous smectite — were collected from, and presumed to have
been formed by, weathering of Columbia River Basalts (CRB). However, the environments in
which these clays were produced are surprisingly poorly understood, having been the subject of
little investigation since their original identification in the mid-20" century (Allen and Scheid
1946; Kerr and Kulp 1949; Hosterman 1960). The collection locations of standard nontronites
from Cheney and Spokane (at least two independent samples from “Spokane” — possibly those of
Ross and Hendricks (1945) but this is not clear) have never been described in print, and that of

the SWa-1 smectite was only recently identified (Baker and Strawn 2014). The Garfield and
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Manito nontronites are well located (Kerr and Kulp 1949), but their formation environments

have never been closely investigated.

The SWa-1 source clay has been widely used as a nontronite standard, but its unusually
aluminous composition sets it apart from most other CRB-derived nontronites (Gates et al.
2002). This study presents evidence that the unusual composition of SWa-1 is a result of its
formation by alteration of a preexisting soil clay rather than directly by alteration of a basaltic
parent. This type of clay alteration is likely to be widespread not only in the CRB, but in any
surface environment where basaltic volcanism and wet sediments coexist. Thus, it must be

considered as a potential clay-forming environment on Mars.

M ethods

Field site description

The CRB are continental flood basalt lavas located in the interior northwestern United
States including portions of eastern Washington, eastern Oregon, and northern Idaho (Hooper
1982). 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. Lava flows exposed at the surface weathered rapidly under these conditions to
form soils. Those soils were later covered by younger lava flows, preserving them as buried
paleosols that act as records of past climatic conditions (Sheldon 2003; Sheldon 2006; Takeuchi

et al. 2007; Hobbs and Parrish 2016). Interbedded sediments of non-pedogenic origin, such as

fluvio-lacustrine or volcanic material, are also present between flows at many localities (Smith et

al. 1989; Ebinghaus et al. 2014). The degree to which the capped soil or sediment and the
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capping flow appear to have interacted varies widely between localities, from no observable
alteration whatsoever, to interactions ranging from discoloration of sediments and/or capping
basalt through explosive mixing of basalt and sediments. This variation must have depended
strongly on the amount of water in the sediments and possibly the emplacement rate of the
capping basalt, but was also likely affected by other environmental factors such as soil or

sediment texture.

The SWa-1 sample was originally collected in 1970 from a basalt-capped paleosol near
Trinidad, WA (47°16°45” N, -119°58°59” W), as recorded in unpublished field notes by J. A
Kittrick (Baker and Strawn 2014). That site was revisited for the present study. Samples were
collected from an outcrop in a roadcut along Washington State Highway 28 at the Trinidad
Grade. At the site, a paleosol 30-40 cm thick overlies a saprolite developed upon a flow of the
Basalt of Gingko, and capped by a flow of the Basalt of Sand Hollow (both units of the
Frenchman Springs Member of the Wanapum Basalts of the Columbia River Basalts) (Tolan et
al. 2009). The elapsed time between emplacement of the Gingko and Sand Hollow flows is not
well constrained due to the difficulty of precisely dating the basalts, but is likely to be

considerably less than 1 Ma (Barry et al. 2013).

At the field site, the highway grade cuts progressively downward from the capping basalt
flow into the paleosol, the saprolite, and the saprolite parent flow, so that older rocks are exposed
downgrade. The capping flow exhibits features of lava-wet sediment interaction (Figure 1)
including hyaloclastites, peperites, sediment-filled spiracle or pipe vesicle-like structures, and
pillow-like structures. Along much of the outcrop, a discontinuous 10-50 cm thick layer of silica

sinter-like material lies between the paleosol surface and the capping flow. Occasional petrified
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wood is present weathering from the paleosol, and tree branch molds were observed in the

capping flow.

The exposed paleosol exhibits mottling and color banding, with distinct brown, green,

and white layers appearing in some locations. These layers are not continuous along the outcrop.

Sample collection

Samples were collected from several localities along the basalt-paleosol contact. At Site
1, the paleosol and overriding basalt were separated by a thick layer of green-colored silica, and
the paleosol and basalt exhibited streaky brown, green, and white mottling (Figure 1e). The silica
and subsamples of the brown and green clays were collected. At Site 2, the silica layer was not
present, and the contact between the paleosol (35 cm thick at the sampling site) and overriding
basalt was exposed (Figure 1f). Samples were collected from the paleosol immediately below the
contact with the overriding basalt. Individual white, green, and brown color bands were
physically separated and subsampled. A bulk sample of mottled paleosol containing all three
colors was also collected. The paleosol and underlying saprolite were sampled at 10, 15, 20, 30,

60, and 80 cm below the basalt-paleosol contact.

Samples were collected using a trowel to excavate intact hand samples. The paleosol soil
(0-10 cm) was coherent and was also collected in pebble-sized pieces. The coherence of the
paleosol soil bore no apparent relationship to the color banding. Saprolite hand samples were
coherent, and were collected with a trowel or pried loose with a rock pick depending on their

hardness.

The lowermost parent basalt exposed at the transect site appeared to be lightly altered and

fresh, unaltered parent basalt was not accessible from directly beneath the sampled transect.
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Therefore an unweathered-appearing sample of parent basalt was collected from the same flow at

a site ~30 m down-grade, from the base of an outcrop of columnar basalt.

Analytical methods

Bulk samples of all saprolite and paleosol samples, and of the parent basalt, were
submitted to Bureau Veritas (Vancouver, Canada) for lithium metaborate fusion and ICP-AES
analysis. Bulk paleosol, saprolite, and basalt samples and the differently colored paleosol
subsamples were crushed by hand for mineralogical analysis by Fourier transform infrared
spectrosopy (FTIR) and powder X-ray diffractometry (XRD). Samples of the silica layer were
crushed by hand using a mortar and pestle and prepared as grain mounts for optical analysis,
FTIR, and XRD. Clay fractions were separated by centrifugation from the green clay subsample
from Site 1. Oriented mounts of clay separates were prepared using the method of Drever (1973).
XRD scans were run on a Siemens D5000 diffractometer using a Cu Ka source, and data were
analyzed using the Bruker Diffracplus Eva evaluation program. Samples for FTIR analysis were
mixed with optical-grade KBr at a clay:KBr ratio of 3:100 and analyzed on a Perkin-Elmer
System 2000 spectrometer with diffuse reflectance accessory. IR spectra were processed using

the Kubelka-Munk algorithm provided in Perkin Elmer Spectrum 2.0 software.

Results

Bulk chemical analyses

Bulk chemical analyses of the parent basalt and saprolite samples collected from Site 2
are shown in Table 1. These data show the progressive leaching of mobile elements from the
saprolite samples. At 80 cm depth, compared to the parent basalt, the majority of Mg and K had

7
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already been leached from the rock along with some Ca, Si, and Fe. This leaching trend
progressed with decreasing depth up to 20 cm. At 10-15 cm depth, Na, K, and Ca were almost
entirely depleted. Calculated values for the Chemical Index of Alteration (Nesbitt and Young
1982), also shown in Table 1, reflected these element losses and were typical of progressive
element losses during chemical weathering of mafic rocks. Depletion of P and Ti in the 10-15 cm
samples suggested the onset of dissolution of apatite and Fe-Ti oxides at these depths. This result
is somewhat unusual since Ti is frequently considered to be a conservative element during
weathering (Hill et al. 2000); however, Ti mobility in individual profiles is affected by the

resistance to weathering of the individual mineral phase in which it resides (Maynard 1992).

In opposition to typical chemical weathering trends of upward depletion of most
elements, several elements were significantly enriched in the upper saprolite and/or the paleosol.
This enrichment is more noticeable when sample compositions are considered on a volatile-free
basis (Table 1). Concentrations of Fe in the paleosol and 10 and 15 cm saprolite samples
exceeded Fe concentration in the lower saprolite and the parent basalt. Similarly, Si
concentrations in the paleosol and the saprolite samples down to 20 cm exceeded Si
concentration in the parent basalt. The Mn concentration in the saprolite was enriched to several
times its value in the parent basalt. The Mg concentration in the 10 and 15 cm saprolite samples

was over twice its concentration in the samples from 30-80 cm.

These enrichments are not typical of weathering trends created by progressive leaching of
minerals. Such atypical surface enrichments strongly suggest that Fe, Mn, and Si were added to
the paleosol and/or uppermost saprolite from an external source, superimposing a later

enrichment trend on the earlier chemical patterns created by pedogenic weathering.

XRD
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Bulk XRD of the parent basalt (Figure 2a) showed that plagioclase feldspar was the
major crystalline phase, consistent with published descriptions of the Gingko flow (Martin et al.
2013). Minor titanomagnetite was also detected. The broad peak centered near 12° 20 arises from

minor interstitial glass.

Bulk XRD of the lower saprolite samples indicated that feldspar persisted up to 20 cm
below the contact before mostly disappearing, although a small relict feldspar peak was apparent
in the 10 cm sample. A small smectite peak at 14.3 A appeared in the deeper saprolite samples
and became dominant in the 10 cm saprolite sample. A broad 7.2 A peak, suggestive of kaolinite,
was present in the 20 cm saprolite sample but was very weak in the 10 cm sample. The 10 cm
sample also displayed broadening of the small, sharp magnetite peak evident in the lower
samples, probably due to dissolution of primary titanomagnetite (Table 1, Ti loss above 20 cm)

and precipitation of Fe (oxyhydr)oxides such as goethite.

Bulk analysis of a crushed sample of the paleosol indicated smectites, goethite, and minor
quartz. Analyses of hand-separated samples of color bands within a portion of the paleosol
indicated varying proportions of smectites, kaolinite, goethite, and quartz. The green-tinted silica

layer contained quartz with minor smectites and goethite.

XRD clay mineral analysis was carried out on the clay-size fraction separated from a
green clay subsample collected from the basalt-paleosol contact at the approximate locality of
the original collection of the SWa-1 sample (Figure le). This analysis showed the green clay was
a smectite (Figure 2b) with a d-spacing of 14.5 A for the Mg-saturated clay, collapsing to 12 A
upon K-saturation and to 10.3 A upon heating of the K-saturated slide to 300°C. Expansion of
the clay upon glycerol solvation was minimal (to 15 A); nontronites are typically less expansive

than montmorillonites (Harris and White 2008).
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FTIR

The IR spectra of the bulk paleosol, colored paleosol layers, brown lens, green silica, and
10 cm saprolite samples (Figure 3) generally agreed with the major mineralogy determined by
XRD. FTIR peak locations and assignments are given in Table 2. The locations of stretching and
bending peaks are useful for distinguishing clay compositions, particularly in mixed Fe-Al
smectites (Gates 2005; Neumann et al. 2011). Kaolinite is also distinctive in IR spectra, with its
pair of OH-stretching bands at 3620 and 3700 cm™, and goethite may be distinguished by the
hydroxyl stretch near 3160 cm™ and the bending vibrations near 895 and 795 cm™ (Russell and

Fraser 1994).

The sample of green-tinted silica that was identified by XRD as containing quartz did not
display the characteristic sharp IR doublet at 800 and 780 cm' that is observed for crystalline
quartz; rather, it displayed a single, somewhat broad peak centered near 795 cm™. Such a peak is
more characteristic of cristobalite, tridymite, or opaline silica than of quartz (Madsen et al. 1995)
or moganite (Zhang and Moxon 2014). Cristobalite is ruled out by the XRD peak at 3.34 rather
than 4 A. This material may be comparable to the silica sinters found in hydrothermal areas,

which recrystallize over time from less ordered opal phases to quartz (Herdianita et al. 2000).
Optical analysisof grain mounts

The green-tinted silica sample examined in grain mount had a very fine sugary texture
with grain sizes on the order of 100 um. Some of these grains were rod-shaped with double
terminations. Similar quartz grains have been experimentally shown to form at temperatures of

350-550 °C from modern sediments containing silica (Wiist et al. 2008). As discussed above,
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XRD analysis of this sample indicated that it contained quartz (Figure 2), while FTIR analysis

suggested a less ordered silica phase (Figure 3).

Discussion

Paleosol alteration model for formation of SWa-1 ferruginous smectite

This trend of upward depletion followed by re-enrichment is apparent on the triangle
diagram in Figure 4, which shows the compositions of parent basalt, saprolite and paleosol
samples, and a nontronite clay separate. For purposes of comparison, a published analysis of
SWa-1 source clay is also shown (Gates et al. 2002). The arrows labelled “1” and “2” on the
diagram show typical trends that would be expected from early leaching of ferromagnesian
minerals followed by later dissolution of feldspar. These two processes have been shown to be

typical for weathering and soil formation on some CRB (Thomson et al. 2014).

Normal soil-forming processes on a basaltic parent rock would be expected to follow the
chemical leaching trends labeled 1 and 2 on Figure 4. These trends describe, first the leaching of
Fe and Mg by dissolution of olivine and/or pyroxenes, followed by later leaching of K, Na, and
Ca and formation of aluminous clay minerals as a result of incongruent dissolution of feldspars.
The end result of these processes is a residual soil enriched in Al and depleted in more mobile
components. Residual Fe in the soil is typically present in the form of (oxyhydr)oxides rather
than as Fe silicates. Nontronite clay, while typically found in the deep saprolite, would not be

expected in the paleosol.

On Figure 4, the Trinidad saprolite samples from 20 cm and below follow trend 1. No
saprolite or paleosol samples analyzed define trend 2; however, the identification of

11

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-5735

montmorillonite and kaolinite in the upper saprolite and paleosol, as well as textural evidence of
feldspar dissolution at depths <20 cm, strongly suggests that the original soil formation processes
followed that trend. This is in agreement with the data presented by Thomson et al. (2014) for a
CRB paleosol near Craigmont, ID, where saprolite samples following trend 1 (ferromagnesian
depletion) were capped by a kaolinitic paleosol that plotted at a composition close to the tip of

the trend 2 arrow in Figure 4.

The Trinidad 10 and 15 cm saprolite samples, and all the paleosol samples, would
therefore be expected to plot near the tip of the trend 2 arrow. The actual bulk compositions of
these samples are much more aluminous than the deeper and less weathered saprolite samples,
but they are also strikingly enriched in Fe and Mn with respect to those samples. This re-
enrichment is most pronounced in the paleosol sample, the bulk composition of which plots very
close to that of the high-iron nontronite clay separate collected from this site. The SWa-1
composition falls along a mixing line between the 10-15 cm saprolite samples and the paleosol

and high-Fe nontronite sample.

This enrichment in Fe, Mn, and Si of the paleosol and uppermost saprolite samples would
not be expected to arise through normal pedogenic processes. Given the obvious signs of lava-
soil-water interaction at this site, it appears that this enrichment arose by leaching of Fe, Mn, and
Si from the capping basalt and redeposition of these elements in the paleosol and upper saprolite.
The enrichment of Fe and Si in samples 10-15 cm deep in the saprolite showed that this process
did not occur directly at the contact between basalt and sediment, and therefore that transport by
water was required. The mottling and banding observed in the altered sediments near the basalt-
soil contact was likely controlled by variations in local porosity and permeability, or by

variations in solution chemistry affecting mineral stability.
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As shown on Figure 4, the bulk paleosol composition is close to that of a high-iron
nontronite sample. However, XRD and FTIR results show that the paleosol contains a mixture of
clays and oxides including kaolinite, montmorillonite, pyrolusite, and goethite as well as
nontronite. The mottling and variations in mineralogy observed in the paleosol indicate that,
even where bulk composition is similar, the mineralogy may be dominated by nontronite or it

may consist of Al-clays plus goethite.

No nontronite was observed in the upper saprolite samples (Figures 2 and 3), and
nontronite would not be expected in the pre-alteration paleosol. However, the SWa-1 nontronite
was collected from immediately below the basalt-paleosol contact, indicating that it came from
the altered paleosol. This strongly suggests that SWa-1 formed via hydrothermal alteration of
aluminous paleosol clays by hot fluids charged with dissolved Fe, Mn, and Si. This origin for the
SWa-1 clay provides reasonable explanations for its unusually aluminous and magnesian

composition.

Conditions and timescale of alteration

Some previous studies have examined the proposed type of clay alteration. It has been
proposed that the Al-rich composition of the Uley nontronite NAu-1 could result from nontronite
recrystallization during kaolinitization (Keeling et al. 2000). Alteration of aluminous smectites
has also been investigated in the context of nuclear waste storage and of oolitic iron ores.
Aluminous clays may react with dissolved Fe(Il) or with metallic Fe to form a variety of phases
including ferrous saponite, berthierine, odinite, cronstedtite, and greenalite (Bhattacharyya 1983;

Wilson et al. 2006b; Wilson et al. 2006a; Lanson et al. 2012).
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Relatively little information exists regarding the modification of clay bulk composition
by volcanism in pedogenic environments; however, it has been proposed in continental (April
1980) and seafloor (Inoue and Utada 1991; Vitali et al. 1999; Lackschewitz et al. 2000; Abad et
al. 2003) sediments intruded by basaltic dikes, and in volcaniclastic sediments intruded by
diorites (Inoue and Utada 1991). Experimental studies have shown that Fe exchange between
nontronite clays and aqueous Fe(Il) occurs within hours at room temperature (Neumann et al.
2013), suggesting that the minimum time required for significant hydrothermal alteration of clay

chemistry may be very short.

Hydrothermal clay alteration at high temperature (>200 °C) has been observed to result in
illitization or chloritization of smectites, and in production of other higher-temperature phases,
often with an observable zonation away from the igneous contact (Inoue and Utada 1991,
Lackschewitz et al. 2000) although this pattern is sometimes overprinted by cooling over time
(Abad et al. 2003). The absence of higher-temperature phases or of chloritized smectites from the
Trinidad paleosol suggests that alteration of the clays in this system was confined to

temperatures well below 200 °C.

Emplacement of a lava flow over wet sediments would result in immediate boiling of
water and quenching of lava at the contact. The presence of the heat source vertically above the
water would prevent convective transport of heat from the contact into the sediments below,
although lateral convection would be possible beneath non-flat portions of the contact (Nield and
Bejan 2006). All soil water heated to above the boiling point would therefore migrate upwards to
the paleosol-lava contact but would be unable to move further upwards, unless it was able to
percolate into the overlying hot basalt flow through fractures in the chilled margin. Deeper soil

water would likely be wicked upward into the dried near-contact sediments and, where
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temperatures were high enough, would boil. Expansion of steam and re-condensation in cooler
sediments would drive some non-convective water transport away from the lava contact. Even
after temperatures dropped below the boiling point, hydrothermal circulation would be
suppressed by the position of the heat source above the sediments, although fluid may have
moved laterally along the paleosol-lava contact. The hot fluids would alter the capping basalt and
extract soluble components from it, but transport of those components downwards into the
underlying soil would be limited. This is consistent with the observation that alteration of the
paleosol and saprolite is largely confined to within 15 cm of the contact, and with the absence of

higher-temperature alteration.

The solubilities of both Fe and Mn are strongly controlled by oxidation state. In the
reaction zone at Trinidad, a fresh basalt flow containing reduced Fe was emplaced over an
oxidized soil formed under pedogenic conditions. Fluids reacting with the glassy basalt at the
flow base would be buffered to reducing conditions by the basalt, increasing solubility of Fe and
Mn. The initially oxidizing conditions in the paleosol and uppermost saprolite would promote

oxidation and precipitation of those elements.

Origin of the silica layer

The sinter-like silica material is only found along the contact between the paleosol and
the overlying flow. It forms a discontinuous layer that in places appears to finger upwards into
the base of the overriding lava flow (Figure 1d). This physically distinct layer bears no apparent
direct relationship to the underlying paleosol. Its presence may account for the previous
identification of quartz in the unprocessed SWa-1 ferruginous smectite sample (Chipera and Bish
2001). This identification is otherwise difficult to explain because the source region is basaltic,

with no other apparent source of quartz.
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As discussed above, the paleosol and uppermost saprolite are enriched in Si with respect
to the immediately underlying layers, and the paleosol contains more Si than the parent basalt
(Table 1). This suggests the excess Si was hydrothermally deposited in the soil and upper
saprolite. One possible source for this excess Si is hydrothermal leaching from the glassy base of
the overriding lava flow. However, this source presents a mass balance problem. Deposition of a
given volume of pure silica requires leaching of 100% of the Si from approximately twice that
volume of basaltic lava, or less efficient leaching of a greater volume. Although the capping
basalt at this site is clearly altered, such extensive leaching would leave a residuum enriched in

elements such as Al, which is not observed.

During Wanapum time, tectonic activity in this region and the interaction of Frenchman
Springs flows with the Columbia River drainage caused that river, in this region of Washington
State, to form a series of interconnected lakes (Reidel and Tolan 2013; Ebinghaus et al. 2014).
These lakes served as habitat for abundant diatoms; diatomites are well documented in
Wanapum-aged sedimentary beds, and are economically exploited near the field site. Although
the Trinidad site was wet at the time of emplacement of the capping Sand Hollow basalt, no
specific evidence exists for long-term flooding of the Trinidad paleo-soil surface; however, this
site may have been flooded at some point between the time of soil formation and the time of the
capping flow emplacement, and the silica layer may have originally been diatomaceous in origin.

If so, as no evidence for diatom structures was observed in grain mount.

As noted above, rod-shaped, doubly-terminated silica grains similar to those observed in
the silica layer have been experimentally shown to form by recrystallization of biogenic silica at
temperatures of 350-550°C (Wiist et al. 2008). The co-occurrence of nontronite in the green

silica layer indicates that it likely did not achieve this temperature range because nontronite is
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not stable at T > 200°C. Wiist et al. (2008) did not carry out experiments at temperatures below
350°C, but they suggest recrystallization of biogenic silica is likely to occur even at ambient

conditions, with elevated temperatures facilitating nucleation and growth of quartz crystals.

Likely importance at other CRB sites

Zones of lava-sediment interaction are widespread in the CRB. They are particularly
abundant near the distal edges of the plateau, where lava flows embaying higher topography
repeatedly dammed drainages, resulting in formation of short-lived lakes or wetlands and in
deposition of locally thick sediments between flows (Hosterman 1960; Smiley and Rember
1985). Towards the western edge of the plateau, thick sequences of volcaniclastic sediments
derived from eruptions of the Cascades volcanoes are present between flows (Smith 1988a;
Smith 1988b; Smith et al. 1989). Hydrothermal alteration of interbedded sediments and their
capping lava flows is therefore likely to be very common in CRB. The resulting mineral
assemblages will be a product of both the conditions of alteration and the original primary
mineralogy of the sediments (soil, fluviolacustrine, volcaniclastic). Further analysis of sediments
collected from a variety of sites will explore the possible range of final clay compositions and the
thickness of alteration zones, to assess the likely volumetric importance of clay minerals altered

by hydrothermal activity at lava flow margins.

A “nontronite-beidellite” clay that is unusually (for a CRB clay) rich in both Al and Fe
was described by Ross and Hendricks (1945) as having been found “lying between basalt flows”
of the CRB. This sample was collected from the area southeast of Spokane, WA, but not enough
location information exists to pinpoint its source. Both paleosols and sedimentary clay interbeds
commonly occur between basalt flows near the eastern margins of the CRB where this sample

was collected (Hosterman 1960). This sample therefore potentially represents an example of a
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pedogenic or sedimentary clay that was later altered by hydrothermal interaction with a capping

basalt flow.

Likely significanceto Mars

At the time of clay formation (<3.5Ga), Mars was a volcanically active planet with an
environment that may have been relatively warm and wet. In this environment, lava flow
emplacement would be coeval with aqueous sediment transport and deposition, and with clay-
forming surface processes such as pedogenesis. Occurrences of interbedded lava, sediment, and
soil are therefore virtually certain to occur on Mars — as has been proposed for many of the
observed clay outcrops. The chemistry of some of these clays could therefore have been affected
by lava-sediment hydrothermal interactions as proposed here for the Trinidad paleosol. The
resulting mineralogical changes could significantly change potential interpretations of clay-
forming environments observed from orbit. Hydrothermal overprinting of a pedogenic sequence
comparable to that observed at the Trinidad site could be marked by superposition of nontronites
atop aluminous clays. In the CRB, this overprinting produces clay layering that is distinctive on a
scale of centimeters to meters; such stratigraphic sequences may be difficult to distinguish from

orbit, but would be easily apparent from a ground-based observing platform such as a rover.

As noted above, it is not clear whether the green silica layer at the paleosol-basalt contact
is typical of this type of alteration or whether it indicates an unusually silica-rich surface
sediment. Therefore, this feature is likely not a good marker to search for as an indicator of lava-

sediment interaction on Mars.

It has also been proposed that early Mars was predominantly cold and icy. The CRB

presents a relatively poor terrestrial analog for this type of system. However, eruption of basalt
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onto ice-bearing sediments would be expected to provide a pulse of heat that temporarily
produced warm, wet conditions in the subsurface immediately underneath the lava flow and
around feeder dikes (Squyres et al. 1987; McKenzie and Nimmo 1999). This could lead to
similar patterns of alteration beneath freshly emplaced lava flows, whether the original water

source was liquid water or ice.

I mplications

This study demonstrates that hydrothermal alteration of soil clays by a younger basalt
flow can significantly alter the original pedogenic mineralogy. The compositions of layered clays
on Mars likely hold important clues to the formation environments of the clay minerals. The
young Mars was both wet (necessary to form clays) and volcanically active (as evidenced by
widespread lava flows). Where lava overran wet clay sediments, these sediments could have
undergone local compositional modification by hydrothermal fluids. More extensive contact
metamorphism could have resulted in illitization or chloritization of smectites, or in production
of higher-temperature phases. These possibilities should be taken into account in interpretations
of lava-capped phyllosilicate occurrences on Mars, including higher-grade occurrences which

have been interpreted as products of hydrothermal alteration (Ehlmann et al. 2011a).
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660  Figure captions

661  Figure 1. Photos of field site at Trinidad, WA, USA. (a) Plumes of sediment mixed throughout
662  overlying basalt flow. (b and c¢) Sediment plumes containing pillow-like pods of basalt, altered to
663  goethite in photo (c). (d) Sampling site 1, showing green silica layer with discontinuous

664  thickness along contact between paleosol and overriding basalt flow.(e) Green and brown

665  mottled clays immediately below light-toned silica layer, at contact with paleosol. (f) Sampling
666  site 2 (transect), with top end of measuring tape (1 m of tape shown) marking base of lava flow

667  contact with underlying paleosol; silica layer is not present at this site.

668

669  Figure 2. Upper: Bulk powder XRD scans of saprolite and paleosol samples. Lower: Clay XRD

670  scans of green clay separate from site 1.

671

672  Figure 3. FTIR scans of saprolite and paleosol samples. Peak assignments are given in Table 2.

673

674  Figure 4. Triangle plot showing progressive changes in bulk chemistry of saprolite and paleosol
675  samples (black circles). Labels show sample depth in cm; B is parent basalt; P is paleosol. Also
676  shown are composition of a green clay separate (Trinidad) and published composition of SWa-1

677  (Gates et al. 2002).

678

30



Table 1. Bulk compositions in weight percent of basalt, saprolite and paleosol samples, and calculated chemical index of alteration
(Neshitt and Y oung, 1982).

Sample SO, AlO3 FeeO; MgO CaO NaO KO TiO; P.Os MnO Sum LOI  CIA

TOP 5922 519 1896 09 111 002 003 034 005 075 9995 132 99
T10cm 46.60 1358 1547 194 292 071 008 053 003 002 9995 180 79
T15cm 4575 1376 1643 177 303 084 008 049 005 0.03 999 17.7 80
T20cm 4813 2167 333 146 570 262 031 502 115 006 99.82 102 61
T30cm 4654 1880 931 092 639 314 035 439 102 017 9987 87 54
T60cm 46.66 1932 871 092 629 308 034 451 105 013 9987 87 54
T80cm 4621 1754 1120 101 640 3.00 033 409 09% 018 9989 88 52
T Bas 5093 1364 1293 338 860 292 131 312 066 018 9985 20 38

Volatile-free basis
Sample SO, Al,O; FeeO; MgO CaO NaO KO TiO, P,Os MnO

TOP 6824 598 218 109 128 002 003 039 006 0.86
T10cm 56.84 1657 1887 237 35 087 010 065 0.04 0.02
T15cm 5560 16.72 1997 215 368 102 010 0.60 0.06 0.04
T20cm 5362 2414 371 163 635 292 035 559 128 0.07
T30cm 5099 2060 1020 101 700 344 038 481 112 0.19
Te0cm 5112 2117 954 101 689 337 037 494 115 014
T8cm 5068 1924 1228 111 702 329 036 449 105 0.20
T Bas 5197 1392 1319 345 878 298 134 318 067 0.18



Table 2. FTIR band assignments for clay minerals (Neumann et al 2011; Gates 2008) and goethite (Russell and Fraser 1994). Goethite
bands are indicated with the notation (G).

OH-stretching Si-O stretching OH-bending
AlAIOH FeFeOH AIAIOH AIFeOH  FeFeOH FeMgOH

Brown mottle 3160 (G) 1100, 1024 895, 800 (G)

Paleosol brown 3550 (clay), 3160 (G) 1105, 1020 885,800 (G) 795
Paleosol green 3565 1105, 1024 915 875 815

Paleosol white 3696, 3650, 3620 1115, 1037, 1005 915 875 795

Bulk paleosol 3565 1095, 1032 878 815 795
Green silica 3565 1225, 1095, 1032 875 823 795

Saprolite10cm 3624 3565 1105, 1024 915 875 780
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