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ABSTRACT

Fine material in rock crevices from the deserts of southwestern North America and

Hawaii, studied by light and electron microscopy, derive from both in sitn weathering -
of the adjacent rock and the accumulation of aeolian dust. In some cases, such as quartz

found in Hawaitan rock crevices, we see evidence for an acolian origin. In other cases,

the texture and chemistry of the fine material indicates a weathering origin. Fines in

Tock fractures are analogous to soils, and a general model for development of
"fissuresols” is presented. Where tocks are friable and weathering is rapid, a residual

fissuresol develops. Where dust storms are commoen and rocks are resistant to

weathering, a cumulic fissuresol forms. A continuum likely exists between these two

extremes in space today, from drier to wetter climates. Fissuresols can be tens of
thousands of years old and experience drastically different climates. Therefore, the

relative importance of weathering and aeolian input can shift over time.

INTRODUCTION

A topic in aeclian geomorphology that has received little attention is the
ubiquitous fine material in rock fractures. Although desert dust has been
examined in detail (e.g., Goudie 1978, Pye 1987), only a few geomorphologists
have explored fine material in rock crevices. Coudé-Gaussen et al. (1984)
present evidence for an aeolian orgin for the fines found in crevices in granitic
rocks in the Sinai Peninsula. In every fissure we have ever forced open witha
rock hammer in arid lands, material has been found both adsorbed to crevice
sides and resting loosely in the joint. We have ohserved fines in rock crevices
from arid lands in Africa, Asia, Australia, North America, and South America, -
and in dozens of lithologies ranging from basalt to granodiorite to limestone.
If Coudé-Gaussen et al. (1984) are correct in assuming that most fines in rock
crevices are aeolian dust, then rock fissures represent an aeriaily extensive
terrestrial dust trap, second only to plants. The question we address in this study
is whether fines are aeolian in origin, as Condé-Gaussen et al. (1984) contend,
or in situ from rock weatherin g on crevice walls.

" Dustin rock crevices has both theoretical and applied significance. Fines
absorb water and support plant life. Fines expand and contract with wetting and
drying, aiding in the weathering of rocks. Fines also contain salts that are
rcmoblhzed and reprecipitated to shatter cobbles (Amit et al. 1993). The
material in rock crevices can influence the nature of rock coatings on crevice
walls. Such coatings may include rock varnish, calcrete, or amorphous silica.
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Rock varnish in fractures is believed to cause the orange color of Ayers Rock
in Awustralia (Dorn and Dragovich 1390).

The issue of whether fines in rock fissures are from in situ weathering or
aeolian faliout has applied relevance. One of the difficulties in interpreting the
geochemistry of dust in experiments is the role of humans. Even in "remote
areas” dirt roads that cut across calcic soil horizons can be prominent sources
of calcium carbonate. If fines in rock crevices are cumulic, they could serve as
patural “background” for studies in acolian geochemistry. This could prove
useful in a comparison with contemporary pollution studies. Because heavy
metals such as copper and zinc preferentially adsorb onto fines, dust in rock
fractures can be used for identifying areas with higher concentrations of heavy
metals.

The purpose of this paper is to (a) assess the genesis of fines in rock fissures
by examining samples from the Sonoran Desert, Death Valley, California, and
Hawaii at millimeter and micrometer scales; and (b) present a general model
for the development of fines in rock crevices.

METHODS

Mesic and xeric samples were selected from the Sonoran Desert of Arizona,
Death Valley National Monument in California, and Hawaii. The Sonoran
Desert was emphasized because of the abundance of cumulic loess deposits as
a result of frequent dust storms (Brazel 1989). In contradistinction, we
anticipated that fines from weathering would most likely be in more moist
regions where dust storms are less commeon,

All samples were collected from the tops of rock outcrops to avoid input
by slope wash. There is the possibility for transport of fines to rock fractures
by ants and other organic agents. While we cannot completely rule out this
possibility, we did not observe any evidence of "organic transport.” Also, the
fissures were al} "tight"——with openings less than 2 mm at the fop—not
allowing the movement of likely transport organisms. Still, we cannot truly test
thlS hypothesis until monitoring studies are conducted.

Afterremoval with arock hammer, samples were placed in tissue paper for
gentle transport to the lab, mounted in epoxy, and polished for cross-sectional
analysis of the fine material/rock interface. Samples were examined with light
and backscatter electron microscope (BSE). In BSE, both the chemistry and

texture are imaged simultaneously; brightness is a function of average atomic -

number (Krinsley and Manley 1989). The contactbetween the fine material and
the adjacent rock was analyzed chemically with a JEOL wavelength dispersive
electron microprobe with ZAF corrections and a 30-second counting time. We
used both a 2- and a 10-micrometer spot size in order to study this fine/rock
interface. The larger spot size was used to average the geochemistry
of the smallest particles, whereas the smaller spot size was used to obtam
quantitative data on specific grains.
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In Death Valley, we compared the chemistry of quartzite and the adjacent
fines in rock fissures. About 10 grams of loose fine material was collected from
each fissure, and 10 grams was powdered from the adjacent quartzite (from a
pposition in the cenier of the rock). These powders were then homogenized in
a flux of lithium metaborate. The resultant homogenized beads were mounted
in epoxy, polished, and carbon coated. Their composition was analyzed by an
‘electron microprobe with a 30-micrometer spot size. Five separate measure-
‘ments were made on each bead. Probe totals were normalized to 100% (Table
1) to account for the lithium metaborate flux.

RESULTS

Kitt Peak, Arizona

‘The Kitt Peak granodiorite samples were collected along an environmental
gradient from about 900 m, where creosote bush (Larrea divaricata ) domi-
nates, 1o about 2000 m, where chaparral vegetation is the dominant species:
Contrary to our expectations that the desert site would have the clearest loess
signal and the high elevation sites mostly weathering, both sites showed
evidence of weathering and dust. '

Figure 1 shows the presence of fine particles next to the unweathered rock

at the 2000 m elevation site. The microprobe transect shows a similarity in
chemistry across the fines/rock boundary, suggesting in-situ weathering.
Figure 2 presents another sample from this high elevation site, but the texture
. consists of finer particles. The microprobe transect reveals a very noisy
chemical signature. Certain elements (Na, Al, K, Ca, Ti) are present in the fine
particles, butnot in the rock which is composed of quartz. Trace elements in the
quartz (Mn, Fe) are also found in much greater concentrations in the adjacent
fines.
" Figures 1 and 2 represent the range of observed chemistries and textures
found in the Kitt Peak study. Textures and chemistries characteristic of
aeolian dust appear to occur more frequently at lower elevations. The aeolian
materials are most likely from dust storms associated with summer convective
thunderstorms (Brazel 1989)., However, these and similar observations
indicate that both weathering and acolian deposition occurs at ali elevations at
Kitt Peak.

Sedona, Arizona

Samples were collected from joint fractures in a fluvial sandstone member of
the Supai formation in the Schnebly Hill area of Sedona. Despite the high
friability of the sandstone, there was evidence of both internal and external
origin of the fracture constituents. While we scanned the cross section, there
were quartz grains scattered throughout the fines that were similar in size and
shape to the grains in the rock. It seems plausible that weathering dislodged
 these grains from the crevice.wall.
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Table 1

Electron microprobe measurements of bulk chemisiry of fine material

in rock fissures in quartzite, Death Valley, Califomia.

Collection site Quartzite Rock fissare
Sea level, Hanaupah Canyon Fan, desert AlLO;, 057 NaO0 3.52% MgO 341%
scrub vegetation near playa margin; 8i0, 98.70 AlO, 10.44% SiQ, 66.28%
Fe,0, 0.73 PO, 247% 80, 027%
pH of fissure fine material 9.8 £ 0.7 Ca0  420% K,0 2.93%
TiO, 0.72% MnQ 0.10%,
Fe,0, 5.37% BaO 029%
~1000 m, Panamint Range, desert scrub, on 5i0, 98.56 Na,0 2.08% MgO 427%
crest of hill, several kilometers from playa Ca0 024 ALO, 2549% SiO, 4630%
Fe,0, 1.20 PO, 3.80% SO, 038%
pH of fissure fine material 8.5 0.3 Ca0  518% K0 3.35%
TiO, 090% MnC 0.11%
Fe,0, 7.77% BaO 0.17%

~2000 m, Panamint Range, juniper dwarf Si0, 99.03 Na,0 1.80% MgO 3.87%

woodland, east-facing slope Fe,0, 097 Al0, 33.10% Si0, 39.3%
“P,0,  527% 80, 0.29%
pH of fissure fine material 8.2 £0.7 CaQ  4.18% K,0 2.67%
Ti0, 097% MnO 0.21%
Fe,0, 8.17% BaO 0.17%
~3000 m, Panamint Range, {imber bristle- AlLO, 037 Na 0O 1.22% MgO 3.52%
cone pine woodland, east-facing slope 5i0, 92.13 AL0, 29.11% Si0, 44.89%
Fe, 0, 030 PO, 472% SO, 031%
- pH of fissure fine material 8.0£0.5 Ca0  394% KO 3.17%
TiO, 0.85% MnO 0.25%
Fe,0O, 7.90% BaO 0.12%|

Evidence for an aeolian origin for the fines is seen in Figure 3, owing to the
fibrous texture for the dust material. Quantitative electron microprobe mea-
surements (10 mm spot size}, on the inorganic fraction of the interface between
fines and rock, show a relative enrichment in Ca, Mg, Na, and P as compared
to the underlying sandstone, indicating a contribution from an outside source.
The wavelength dispersive mode on the electron microprobe was used quali-
tatively to determine the carbon signal of the fibrous material. Carbon typically
appears as blackin BSE images, because of the low atomic number (Z=6). The
BSE image in Figure 3 was taken with very low contrast, in' order to bring out
the filamentous structure of the organic material in the fines.

Tempe Butte, Arizona
Figure 4 illustrates a typical fracture in the andesite at Tempe Butte, Arizona,
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Figure 1. Backscatter (BSE) electron microscope image of a joint face in granodiorite sampled
from ~2000 m at Kitt Peak. The line indicates the transect where electron microprobe measure-
ments were made. The adjacent chart presents electron microprobe measurements (2 mm spot size)
that are consistent with a plagioclase mineralogy for both the debris and the adjacent unweathered
rock face,

Figure 2. BSE image of a joint face in granodiorite sampled from 2000 m at Kitt Peak, within a
‘meter of Figure 1. The corresponding electron microprobe measurements (2 mm spot size) along
the transect show elements in the fine material that are not present along this fracture in quartz,

where the texture and geochemistry of the fine material is distinct
from the underlying rock. In this sample, Mg, P, Fe, and Ca are more abundant
in the dust than the underlying rock. This sample was collected at the very top
of a fissure to avoid contamination of materials from above.

At Tempe Butte, we conducted a separate test for the relative contribution
of aeolian dust and weathering products. Ten 2 x 2 cm samples were collected
from rock fractures on a prominant south-facing knob of andesite. The upper
part of these fractures were all touching the surface of the rock, so there was no

_ source of weathered material from higher up in the rock fracture. First, the
distribution of fine material was mapped. Then, this material was washed away
and scrubbed gently with tap water and a toothbrush, revealing rock coatings
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2L et
Figure 3. BSE image of a joint face in Supai sandstone sampled from the Sedona region of Arizona,
showing the fibrous texture of the dust material.

Figure 4. BSE image of fracture in andesite at Tempe Butte in Arizona. In this case, there was no
coating between the fine material and the adjacent rock. The corresponding probe profiles (10 mm
spot size) show a distinct change in chemistry from the fine material in the erevice to the adjacent
rock.

of crack varnish and calcium carbonate. Lastly, the distribution of these
coatings was mapped (Figure 5).

The only potential source of weathered fines appears to be from places
where a coating was not present, Light microscope examination of these fissure
sides reveals a thin weathering rind (<2 mm). Evidence for in situ clays or
spalling of silt- or clay-sized particles in the weathering rind was not found.
Similar results were also obtained by Colman and Pierce (1981).
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Figure 5. The distribution of dust and the underlying rock coatings in andesite fissures at Tempe
Buite, Arizona. When rock coatings of orange varnish or carbonate rest directly under the dust, the
‘source of the fing material cannot be from the underlying andesite rock, especially when the coating
is at the top of the fracture. The lack of a coating could allow any weathering of the andesite to
contribute to the fissuresol.

Figure 6 illustrates a lightly weathered rock, where rock varnish separates
the rock from the dust. The fine material could not have weathered from the
immediately adjacent andesite because of the presence of the rock coating. The
combination of rock coatings separating dust from rock, and the lack of silt and
clay weathering products, indicates that the fines have an aeolian origin.

We caution the possibility for an "optical illusion" effect in studies of dust
in rock fissures. Our initial qualitative field observations revealed that basalt
and andesite joint fractures in the Tempe Butte, Arizona, area contain a plethora
of fine material, more so than granodiorite at Kiit Peak or sandstones at Sedona.
This may simply reflect the texture of rock weathering products. Granodiorite
weathers to grus, sandstone to sand. On the other hand, the weathering of basalt
and andesite produces weathering rinds and cobble-sized angular fragments
(Colman and Pierce 1981). We suspect, therefore, that the fines in basalt/
andesite fractures look like "pure"” loess, and the lack of visual contamination
by sand-sized material creates the illusion that extrusive rocks are more
efficient dust traps. A test of this hypothesis requires controlled monitoring
studies.

" Death Valley, California
Death Valley is 2 graben located in one of the most arid regions of North
America. Yet, adjacent to this desiccated lowland are the semi-arid slopes of
the Panamint Range. The latter rise to over 3000 m. The higher elevations are
. mantled with coniferous vegetation. We collected quartzite samples from the
floor of Death Valley to the 3000-m-elevation environmental gradient. Quartz-
ites contain only minor amounts of trace elements, and thus are ideal for
assessing the amount of external components to rock crevice fines.
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Figure 6. BSE image of fracture in andesite at Tempe Butte in Arizona. Taken from same outcrop
less than a meter from the sample in Figure 4, this fracture displays a coating of orange (Mn-poor,
Fe-rich) rock varnish that separates the fines from the rock. It is quite likely that the fines are
incorporated into the orange crack vamnish as it grows; this is indicated by the detrital grains within
the orange varnish.

The bulk analysis of the fine material in guartzite crevices in Death Valley
National Monument reveals distinct geochemistries (Table 1). There are
abundant elements in the rock fissure fines that are not present in measurable
quantitites in the quartzite. These elements are found in both arid environments,

“such as adjacent to the salt playa, as well as in the subalpine environment,
among the coniferous vegetation.
. There is also evidence that quartzite weathering is contribufing silica to
fissures. Observations of cross sections with BSE provided textural evidence
for etching on crevice walls (Figure 7). This etching may be similar to the
solution features observed on quartz grains with the secondary electron
microscope (e.g., Tchakerian 1991). Itis possible that the higher concentration
of 8i0, in the fissure dust at the playa margin is the result of higher pH, gypsum,
and halite aiding in the dissolution of quartzite (Table 1). In contrast, frost
weathering of quartzite could have contributed to the higher 5iO, concentra-
tions in fissures atop the Panamint Range (Table 1).

Hawaii

The higher elevations of the volcanoes in Hawaii are above the trade-wind
inversion, and are extremely arid. Plant cover is extremely sparse. Figire 8
shows fines in rock fractures from within a few hundred meters of the summits
of three of the larger volcanoes in the Hawaiian chain: Mauna Kea and Hualalai
on Hawaii, and Haleakala on Maui. The presence of quartz is especially
significant, given the fact that free quartz is rare in basalts. The quartz probably
originates from Asia and is transported by upper-level winds (Beget et al.
1993). '
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Figure 7. BSE image of clay minerals next to quartzite, from 2000-m site in Death Valley (see Table
1}. The bright particle is a clast of barium sulfare. Note the enhanced etching of the quartzite along
the ﬁssure margin.

The presence of quartz in the Hawaiian rock fractures suggests an acolian
origin for some of the fracture constituents. The top BSE image in Figure 8 is
of a rock fracture just beneath glacially polished basalt near the summit of
- Mauna Kea. It is probable that these fractures have been receiving aeolian dust
input since Mauna Kea was last deglaciated about 15,000 yr B.P. (Dom et al.
1991). Individual quartz grains identified by electron microprobe analysis are
indicated in Figure 8. The middle BSE image is of a rock fracture near the
sumimit of Haleakala Volcano, Maui. The bottom image is an SEM micrograph
of a sample of tephra from near the summit of Hualalai Volcano, Hawati, and
shows the surface topography. The quartz in Figure 8 was identified by EDS
as pure Si.

The upper two images in Figure 8 show evidence of silica glaze (Curtiss
et al. 1985) between the quartz and the basalt. The enrichment of silica in the
glaze, sometimes 40% 8i0, more than the underlying basalt, has been an
uncertainty in silica glaze research in Hawaii (Curtiss et al. 1985). We suggest
that some of the silica is derived from the weathering of quartz loess.

DISCUSSION

Our analysis indicates that the fine materials in arid-land rock fractures derive
from both aeolian dust and weathering. In some instances, acolian dust appears
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to be the dominant source. In other cases, the texture and chemistry of the fine
material is consistent with a weathering origin. In still other cases, the evidence
is ambiguous.

Geoscientists have long recognized that the parent material of dryland
soils can be a composite of weathered bedrock and cumulic aeolian material
(Jenny 1941, Nikiforoff 1949, Marchand 1970, Yaalon and Ganor 1973,
Mabbutt 1979, Gerson and Amit 1987, Bach, this volume). Following Jenny
(1941) and Nikiforoff (1949), we view the fine material in rock fissures as the
start of pedogenesis. Accordingly we propose the term “fissuresols” for the
evolution of fines in rock crevices. We also recommend that fissuresols be
further subdivided into residual soil or a cumulic soil types.

Figure 9 presents a general model of fissuresol development that is
consistent with the evidence presented in this study. On one end of the
spectrum, fines in rock fissures are completely external and form a cumulic
fissuresol. On the other end, fines are entirely. derived from weathering.
Polygenetic fissuresols form when both weathenr_lg and aeolian dust contribute
to the development of fines. © -

Lithology cértainly plays a key role in dctermmmg whether the fissuresol
is residual or comulic. Friable rocks favor the development of residual
fissuresols that are characterized in the field by a lack of rock coatings and a
flaked texture on the crevice sides. Lithologies resistant to weathering would
favor the development of cumulic fissuresols, which are characterized in the
field by rock coatings on crevice sides. We are presently testing this model with
artificial fissures that are placed in different natural settings and monitored over
time. We are controlling most of the important variables involved in fissuresol
development, such as vegetation, microclimate, topography, lithology, and
dust storm frequency.

Climatic change may also be an important variable. Arid climates with
abundant dust storms (Brazel 1989) would favor cumulic fissuresols. Moister
climates tend to enhance weathering and the development of residual fissuresols.
We suspect that a polygenetic fissuresol, however, might not truly represent a
penecontemporaneous combination of dust and weathered crevice walls.

.Inputs from aeolian dust or weathering could be periodic. A rock fracture
_forced open during sample collection at Ayers Rock, Australia, yielded a
varnish radiocarbon age of ~27 ka (Dorn and Dragovich 1990). This is best
interpreted as aminimum age for the fracture. This example indicates that rock
crevices could be potentially old enough to have experienced drastically
different climates. It is quite possible that a fissuresol, now found i an arid
climate and receiving mostly dust, could have fragments left by rock weather-
ing during a more humid climate.
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Figure 8, Electron micrographs of quartz in Hawaii. Top: BSE image of fracture near Mauna Kea
‘summit. Middle: BSE image of fracture from Haleakala summit. Bottom: secondary electron
unage (showing topography) of tephra deposit near summit of Hualalai,
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