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I.

II.

Introduction. The purpose of this contract was to provide a geolog-

ical perspective to the problem of stone-masonry deterioration in
the arid Southwestern U. S. The outline of the investigative method
follows.

A.

Identification of problem sites from the following:

"1l. Experience of Western Archeolgical Center staff.

2. Phone contacts with site staffs.
Field investigations.

1. Personal visits to several dozen ruins at 11 National Park
Service jurisdictions.

2. On-site discussion with Monument or Park staffs.

3. Sampling of fresh and deteriorated stone masonry and na-
tural rock for laboratory analysis.

Laboratory investigations.

1. Infrared absorbtion spectrophotometry.

a. Bulk mineral determinations of mineral types, quantities
and changes in fresh and deteriorated materials.

b. Analysis of salts for identification and determination
of changes of salt species and quantities in deteriorat-
ing zones.

c. Analysis of fine sieve portions of selected samples for
further characterization of subtle clay-salt mixtures.

2. Microscopic (thin section) examination as back-up to IR
work.
3. Chemical analysis of soluble salt fractiomns.

Interpretation of field and lab. results.

1. Application to preventative measures.
2. Recommended future investigationms.

Sites Considered. Several of the sites visited showed severe gener-

al problems while others showed localized problems, less severe gen-—
eral deterioration or essentially no conditions of immediate con-
cern. In order of apparent concern:

A.

Chaco Canyon and Mesa Verde - Severe deterioration is evident at
exposed sites on mesa tops and at Chaco, on the valley floor.
Cliff sites at Mesa Verde show localized deterioration only.

Aztec and Bandelier - General and localized deterioration of
somewhat less severe nature than for "A".

El Morro - Special conditions of natural deterioration of the
cliff face which threaten the surface inscriptions.

Canyon de Chelly - Localized deterioration was moderate to
severe at Antelope House but not a general problem at other
sites visited.



III.

E. Wupatki and Navajo - Minor localized problems.

Other sites showed miscellaneous problems of lesser concern and will
be excluded from discussion in this report.

Rock Deterioration. As treated here "rock deterioration" includes

physical and chemical geologic processes called weathering, general-
ly similar to the processes of soil formation.

While previous reports (Rock Motion Hazard Reports A & B) dealt with
mechanical deterioration of rock in masse resulting in motion, this
report deals with subtle alteration of the building stones, founda-
tion rock or associated cliff faces. These alterations are internal
chemical-mineral changes or grain-by-grain motion resulting in loss
of strength, color change, and erosion of the archeological mate-
rials.

At the sites considered here, the resource materials are rock (rock
being an aggregate of minerals) and in all sites except Bandelier,
the rock is sandstone. The fragmental volcanic rocks of Bandelier,
when deteriorating, behave somewhat like sandstones so the processes
of deterioration can be generalized. Possible geologic processes of
granular-rock deterioration:

A. Alteration of mineral grainms.
e.g. Feldspars change, in part, to clays; carbonate grains dis-
solve out or are replaced by other minerals. Magnetite oxidizes
and hydrolizes to soft, bulky iron compunds.

B. Cementing agents removed or replaced.
e.g. Carbonates dissolved out leaving voids, or replaced by low
strength materials. Stable cementing agents replaced by mobile
(soluble) materials or expanding-contracting species.

C. Existing clay minerals shrink and swell.
e.g. Smectite (montmorillonite-type) clays change volume dras-
tically during wet-dry weather cycles pushing adjacent mineral
grains out of place.

D. Salt crystals grow in voids cyclically (relative to water satur-
ation).
e.g. Salt crystals grow between mineral grains, push them out
of place, salts dissolve and precipitate elsewhere.

E. Salts change volume in place.
e.g. A given salt changes its character and volume by taking
water into its structure during wet or humid periods and desic-
cating during dry periods.

F. Freeze-thaw.
e.g. Ice crystal damage is proportional to intensity of temper-
ature changes, degree of moisture saturation, and the number of
freeze-thaw cycles experienced yearly on a given rock face ex-
posure.



Iv.

G. Organic action.
e.g. Root growth in cracks and micro-fractures shatters rock.
Organic acids from lichen growth or organic residues attack rock
minerals. Organice residues affect salt activity, Eh and Ph.

H. Complex salt solutions alter the chemical stability of masonry
mineralogy.

It is likely that freeze-thaw has a deteriorating effect at sites
considered. Intensity and cycling will vary according to the mois-
ture within rocks and the thermal variations. At some sites maximum
effect would be on north wall or cliff faces. Other sites may show
maximum effects on south faces. 1In any case the problem is more
climatological-meteorological than geological and cannot be analyzed
here.

Organic deterioration is obviously related to lichen growth at El
Morrow and it is suspected that organic compounds contribute to rock
deterioration in most of the ruins. A unique rock deterioration en-
vironment is likely due to long-time accumulation of human and ani-
mal excrement, refuse and organic remains in the ruin sites. Salt,
pH (acid-alkaline) and Eh (oxidation-reduction) effects are likely.

Water-Salt Cycles in Archeological Sites. Each of the deterioration

processes take place only in the presence of water. Moisture is the
ultimate control variable to be dealt with in the prevention of de-
terioration.

The addition of soluble salts to the system then increases the po-
tential deterioration effects of:

A. Crystal growth —- physical disruption.
B. Hygroscopic action —-- physical disruption.
C. Changes in the weathering environment in terms of Eh and pH.

This alters any balance that has been achieved within the rocks in
their natural state. The rocks now present in archeological masonry
may be affected by simple ionic solutions or combinations of simple
and complex ions or replacement of one species by another.

The unique environment of the ruins has already created unique chem-
ical systems including many possible salt, Eh, pH, temperature, and
moisture combinations. This unique environment may approach a new
equilibrium through time, burial and chemical activity. This ap-
proach to new, equilibrium, (different from the natural evnironment
of the rocks), certainly involves the processes we term '"deteriora-
tion." This third adjustment could be more or less damaging depend-
ing on the individual situation, but is a consideration in manage-
ment of the ruins.

Observed field conditions tie in with the likely water-salt inter-
actions shown in Figures 1 and 2.
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Note that airborne particulate salts are abundant in the arid envi-
ronment and that the ruins provide for complex organic inputs and
unusual salt concentrations relative to habitation. Post-habitation
use of ruins by bats, birds, and pack rats provides significant or-
ganic input.

Observed conditions:

A.

The most general wall deterioration is at or near ground level,
particularly when £fill is higher on the opposite side of the
wall.

The most severe deterioration is where walls long-buried in
moist soil are now exposed by excavation and still chronically
moist.

Kivas and base portions of wall adjoiniﬁg deeply back-filled
rooms best satisfy condition "B".

Thick rubble-core walls may retain salts and moisture sufficient
to satisfy condition "B".

Surface salt blooms may or may not appear in the deteriorated
zones (and often appear in non-deteriorated zones).

Oxidation, noted as color changes toward reds, yellows and
oranges may or may not be evident in deteriorated zones (though
oxidation generally accompanies the most severe examples).

In attacked zones, highly to moderately permeable masonry stones
show roughly equal deterioration. Very low permeability materi-
als survive even in severe deterioration zones.

Recently ecavated wall sections may immediately show intense de-
terioration. Such walls disintegrate quickly if chronic mois-
ture conditions prevail.

Poor drainage of wall tops, rooms and plazas adjoining kivas is
generally associated with the most severe deteriorations. Sim-
ple passage of water, such as down a wall face even beneath a
drain point, does not necessarily promote severe deterioration.

Deterioration can be quite random on a given wall depending on
susceptibility of various rock types present and the degree of
deterioration of the particular stones prior to construction.

Examples of Deterioration.

A.

Aztec. Rock types vary considerabyly so deterioration can be
quite random. The near-surface water table has been noted as a
cause of deterioration in kivas. A present kivas show general-
ized deterioration related to surface water accumulations in
backfill, rubble-core walls and on plazas or walkways.



Random deterioration exists within enclosed rooms at the base of
rubble-core walls. High salt concentrations (mainly nitrates)
exist in such areas though salt bloom is not always visible
(Figures 3 through 6).

Bandelier. The rock used in masonry at Bandelier is tuff; com-
posed of geologically unstable volcanic glass particles partial-
ly welded together by orginally contained heat. Glass instabil-
ity does not appear to play a role in deterioration of the ma-
sonry stones. Minor oxidation and dissociation of the particles
are the only processes generally evident. The effects are fo-
cused at and below ground level. Visible surface salts and non-
visible salts within the rock mass were detected in such zones
at Longhouse and Frijolito. Intense oxidation and deterioration
of tuff-masonry is evident in the masonry of Rainbow House kiva
walls (Figures 7 and 8).

Chaco Canyon. The most severe deterioration noted during this
study exists in the kiva at Pueblo del Arroyo. Oxidation, salt
crusting and physical disintegration of sandstone masonry is
carried to a visible extreme. Slump failure of the kiva wall
has taken place on occasion, revealing deterioration within the
rubble core as well. Groundwater may have risen to ruin level
periodically since habitation, though ponding and soaking by
surface water is probably a sufficient moisture source for ini-
tial deterioration. Processes are accelerated by continued
chronic moistening and exposure of the wall face.

Similar but less severe conditions exist in many Pueblo Bonito
kivas. Unusually thick rubble core walls accept rainwater, and
some ponding on nearby plazas and walkways was evident. Random
deterioration occurs throughout the Chaco Canyon ruins where
backfill levels vary from room to room (Figures 9 through 12).

Mesa Verde. Deterioration tends to be minor within cliff ruins
visited at Mesa Verde (Spruce Tree, Balcony House, Cliff Pal-
ace), though at Cliff Palace some moderate deterioration is evi-
dent. Moisture has left notable salt bloom on some kiva walls,
though it is not necessarily accompanied by significant deterio-
ration.

The mesa-top sites, particularly Far View and Site 820, show in-
tense general deterioration rivalling that of Pueblo del Arroyo
at Chaco Canyon. Even recently excavated kivas (Site 820) show
advance oxidation and deterioration due to long-term underground
wetness. Chronic moisture conditions prevail after excavation
as shown by mosses growing along kiva wall bases. Surface salt
bloom is minor to moderate.

Sun Temple, despite its exposure, was amazingly free of deterio-
ration apparently due to effective but unsightly concrete wall
caps (that act as drain gutters) and relatively low-level, con-
toured backfill profiles (Figures 13 and 15).



Figure 3. Aztec. General deter-
ioration accompanied by moderate
oxidation on wall of Kiva "N".
Water ponds somewhat on walkway
above. Rubble core wall may ab-
sorb some surface water directly.

Figure 4. Aztec. Localized intense deterioration culminating in par-
tial failure shows intense oxidation within the wall. Some such zones
carry very high nitrate contents and the normally stable green imper-

meable rocks there deteriorate more rapidly than the generally suscep-
tible sandstones. Kiva "V".



Figure 5. Aztec. Dense green siltstone generally does not deteriorate
(see Figure 4).

Here on the west wall, it shows beginning deterioration
but much less than the permeable sandstones.

This zone is in a drain
water-course.
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Figure 6.

airborne particulate salts.

Drain water-courses are moist and bordered by salts following
snow melt. White surface salts parallel the wall-top

also. Sources are:
(a) water, soil, and cement added as soil-cement caps; (b) more likely,

In any regard, deterioration is minor.



Figure 7. Bandelier. General deterioration at and below ground affecting
tuff masonry, Longhouse. Though the volcanic glass fragments are geologically-
chemically unstable, salt-moisture effects are physical dissociation of grains

and minor oxidation rather than gross devitrification of the glass itself as
might be expected.
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Figure 8. Rainbow House Kiva. Intense oxidation accompanies severe
deterioration and obvious surface salt bloom in moist zones. Here some

devitrification of the glass may be promoted. The glass fragments them—

selves are still sound, however, and intergrain dissociation is the
deteriorating effect.



Figure 9. Chaco Canyon. Extreme chronic moist zone showing intense oxidation

and surface salt bloom in kiva wall, Pueblo del Arroyo. The rock has been
softened and is deteriorating physically.
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Figure 10. South wall, opposite view of Figure 9. Similar deterioration
resultant in slump of wall materials. The apparently loose slump debris

has dried and solidified due to its salt content, though surface salt bloom
is minor here.






