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ABSTRACT

Sledge, Jane, A. Elena Charola, Paula T. DePriest, and Robert J. Koestler. Conservation of the Exterior of the National 

Museum of the American Indian Building. Smithsonian Contributions to Museum Conservation, number 6, viii + 66 

pages, 56 figures, 5 tables, 2017.— The Smithsonian’s National Museum of the American Indian building on the National 

Mall in Washington, D.C., has a significant problem with dark staining on its facade. This volume brings together papers 

from studies undertaken by the Smithsonian’s Museum Conservation Institute to understand the staining problem, suggest 

procedures for the 2011 cleaning intervention, and propose test studies for the development of a maintenance plan for the 

building.

Cover images (from left): Detail of the north facade of the National Museum of the American Indian, September 2004, 

photo by John Steiner, Smithsonian Institution; detail of the National Museum of the American Indian west facade show-

ing dark streaking, April 2010, photo by Melvin J. Wachowiak and E. Keats Webb, Smithsonian Institution. 
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Preface

T
he National Museum of the American Indian building on the National Mall in 
Washington, D.C., is distinctive. It embodies the spirit of nature and is evoca-
tive of the first people who settled western mesas. The design is stylish, subtle, 
and suggestive. The buff Kasota stone, a dolomitic limestone, was chosen for 

most of the exterior facade because of its warm earth tones and its resemblance to the 
mesa landscape. No other building on the Mall can be compared to it. 

The natural weathering process of the building’s exterior has already begun. The process 
is usually a slow one caused by the dissolution and migration of iron oxide compounds—
the same compounds that give the Kasota stone its yellowish color—on the exterior surface. 
Eventually, over centuries, this process would result in a reddish, orange, or brown surface 
layer, as found on the quarry- weathered stones used for the blocks at the base of the build-
ing (stones referred to as “roughback”). Apart from this geochemical process, colonization 
of the stone by various microorganisms, such as bacteria, algae, and fungi, would lead to 
the deposition of organic materials, which may or may not be visible and may speed up the 
weathering process depending on environmental conditions at the site. 

Eleven years after the museum’s inauguration and with the building stone weather ing 
naturally, there are some areas where disfiguring dark streaking has occurred so  rapidly 
that two cleaning interventions have been required. The main cause of this staining is 
the growth of microorganisms, referred to as “biocolonization,” on certain areas where 
water flows or drips over the stone surface during rain events. 

This publication brings together all the information compiled by the Smithsonian’s 
Museum Conservation Institute, which investigated the origin of the staining problem, 
including papers on the “spirit” of the building; its construction history; characterization 
of the Kasota stone and its susceptibility to biocolonization; a correlation of the dark 
streaking pattern with design features; identification of the main colonizing microorgan-
isms found in the most severely stained areas, including the dark deposits of biological 
material that accumulate on surfaces subjected to frequent water flows; discussion of 
cleaning procedures, including documentation of the cleaning carried out in 2011; and 
recommendations for preventing or mitigating future staining. 

This volume also illustrates many of the benefits provided by an interdisciplinary 
approach when confronting the problems that can affect buildings. 

Jane Sledge, Associate Director, National Museum of the American Indian
A. Elena Charola, Research Scientist, Museum Conservation Institute
Paula T. DePriest, Deputy Director, Museum Conservation Institute
Robert J. Koestler, Director, Museum Conservation Institute
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T
he Smithsonian’s National Museum of the American Indian (NMAI) was in-
augurated in September 2004. Its juxtaposition to the National Air and Space 
Museum on the south side of the National Mall in Washington, D.C., presents 
a stark contrast in architectural styles. NMAI’s softly curving exterior and 

golden- hued stone were chosen to evoke the American Southwest, where many Native 
American people make their home. 

THE PROBLEM

In 2006, only two years after inauguration of the NMAI building and six years after 
the beginning of its construction, it was noted that the building had developed black-
ish streaks in localized areas—mostly on the north facade—that were at first thought to 
be the result of dust and urban pollution accumulation. The streaks were aesthetically 
unacceptable, and their cleaning was undertaken (Grissom and Charola, “Keeping the 
National Museum of the American Indian Building Clean,” this volume). However, the 
soiling problem recurred, and as a new cleaning intervention was being planned in 2009, 
the Smithsonian’s Museum Conservation Institute (MCI) was asked to investigate the 
reason for the resoiling so soon after the first cleaning. A careful survey and examination 
of the building facade showed that the soiling was concentrated in areas that had the 
highest amount of water flowing across their surfaces (Grissom and Charola, “Survey 
and Documentation of Darkening and Streaking on the National Museum of the Ameri-
can Indian Building,” this volume). The frequent wetting of the stone surfaces encour-
aged biocolonization of the stone. 

Biocolonization of building surfaces results from the deposition of spores, bacteria, 
and algae present in the air onto surfaces. It is enhanced when stone surfaces are rough 
and frequently wetted (Warscheid, 1990). Once microorganisms settle on the surface, 
they require appropriate conditions (i.e., light, nutrients, and water) to flourish. Nu-
trients are supplied by dust and other organic materials, such as carbon particles and 
hydrocarbons from vehicular traffic (Scheerer et al., 2009), or they may be biological 
in origin, for example, pollen and bird droppings. The stone surface roughness pro-
vides many crevices to entrap the food sources and to provide protected niches for the 
microorganisms while its finer porosity retains water for long periods of time. Under 
these  favorable conditions microorganisms will flourish and form communities, often 
composed of multiple species. Once a community develops, the extracellular polymeric 
substances secreted by the microorganisms serve to anchor them to the stone and protect 
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them from desiccation. The community forms what is generally 
known as a “biofilm” (Gorbushina, 2007). 

The biofilm on the NMAI’s Kasota limestone (a calcitic dolo-
mite) is composed of fast- growing, autotrophic (photosynthetic) 
algae, mixed with fungi (DePriest and Charola, this volume). 
The extensive colonization on the horizontal surfaces serves as 
a steady source of microorganisms to wash down the vertical 
faces of the stone every time it rains. Because of the unique fa-
cade structure, water flows down preferred pathways, resulting 
in preferential colonization and, ultimately, black staining in spe-
cific vertical streaks. Areas that receive a lot of water, such as 
those beneath scuppers, the outlets for draining water from the 
building’s roofs, have shown the highest biocolonization levels 
and, in some instances, exhibit stone flaking. Although, in gen-
eral, much attention has been focused on the visible streaking on 
the building, issues such as the induced deterioration by fairly 
constant water flow from the scuppers has not been considered.

ADDRESSING THE PROBLEM

The streaking problem was initially considered to be a sim-
ple soiling issue induced by air pollution and was treated by lo-
calized cleaning (carried out in 2006; see Grissom and Charola, 
“Keeping the National Museum of the American Indian Building 
Clean,” this volume). In April 2009, a workshop on identify-
ing and cleaning biocolonized surfaces was convened by MCI to 
discuss the latest approaches in this field, and as a serendipitous 
side problem, we talked about the staining on the NMAI build-
ing (Charola et al., 2011). At this meeting, participants felt that 
the soiling of NMAI was probably caused by biocolonization in 
the stone. By late 2009, after the rapid reappearance of staining 
cleaned in the 2006 intervention, NMAI asked for MCI’s assis-
tance in discovering the nature of the stains. The MCI called in 
four participants from our 2009 biocolonization workshop from 
different European research teams to return in 2010 to make a 
detailed examination of the stained areas of the building. The 
subsequent reports provided not only identification of the micro-
organisms but also suggestions on how to deal with the staining 
(Cappitelli et al., 2010; May et al., 2010; Salvadori, 2010; War-
scheid, 2010). Subsequently, Cappitelli et al. and Salvadori, with 
collaboration of colleagues, combined their results into a journal 
article (Capitelli et al., 2012). 

Following these studies, the use of a biocide—a chemical 
that can destroy or inhibit microorganisms—was recommended 
for subsequent cleanings. The biocide, a quaternary ammonium 
salt, served both as a surfactant (i.e., a chemical that changes the 
surface tension of water such as a detergent or wetting agent) 
and a biocide and was used in the second, localized cleaning 
campaign in 2011 (Grissom and Charola, “Keeping the National 
Museum of the American Indian Building Clean,” this volume). 
Although it is recognized that biocides can significantly decrease 
the growth of microorganisms on stone and consequently reduce 
their detrimental aesthetic, physical, and chemical effects, their 

action is time limited (Krumbein et al., 1993). Recolonization is 
inevitable and depends on the substrate and environment of the 
building in question (Young, 1998; Young and Urquhart, 1998; 
Delgado Rodrigues et al., 2011). 

Furthermore, there are concerns that residues of any surfac-
tants used during the cleaning may remain in the stone and serve 
as nutrients for microorganisms (Warscheid and Braams, 2000). 
Several studies have investigated this issue, but most have been 
carried out with specific microorganisms under laboratory con-
ditions (Leznicka et al., 1991; Krumbein and Gross, 1992), al-
though some in situ evaluations have also been attempted (Tiano 
et al., 1995; Young et al., 2003; Pinna et al., 2008) with varying 
results, depending on the substrate, biocolonization species, and 
environmental conditions. 

The problem of soiling from biocolonization, similar to that 
resulting strictly from air pollution, is a continuous problem. 
Although air pollution has significantly decreased following the 
Clean Air Act of 1970 and its subsequent amendments (U.S. En-
vironmental Protection Agency, 2016), for the microorganisms 
and biological material present in the air, such as spores and pol-
len, no control is practical. Thus, removal of the existing bio-
colonization can only be considered a temporary mitigation of 
the soiling problem, and other, longer- term control methods need 
to be developed and tested for each specific site on the building.

APPROACHES TO A SOLUTION

Since microorganisms and dust settlement cannot be elimi-
nated, periodic intervention is required to keep the building at 
an aesthetically acceptable level and avoid the development of 
thicker biological deposits that can actually induce deterioration, 
such as flaking of the stone surface (DePriest and Charola, this 
volume). Although the use of a biocide application can be effec-
tive in inhibiting recolonization, there is concern that long- term 
repeated use of the same compound may induce development of 
biocide- resistant microorganisms (Salvadori and Charola, 2011) 
or colonization by other, more invasive species (Agarossi et al., 
1988). However, other approaches can either reduce biocolo-
nization or complement the use of a biocide, for example, the 
application of water repellents to reduce the amount of water 
absorbed by a stone surface, which has been effective in limiting 
recolonization in some cases (Riecken et al., 1998). Nonethe-
less, even after a water repellent has been applied, rebiocoloniza-
tion has still been observed 5 and 20 years after its application 
(Bläuer Böhm, 2005); other disfiguring effects may happen, too, 
such as the formation of zebra stripes on the stone surface as 
the water repellent unevenly wears away (Charola et al., 2008; 
Salvadori and Charola, 2011). 

A potentially effective and minimally intrusive technique to 
control recolonization is the use of metal strips, such as zinc, ap-
propriately located above the problem areas (as shown by Wes-
sel, 2003, 2011). The success of this approach is based on the 
careful positioning of the metal strips so that water flows over 
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them and then flows across the whole stained surface. As the 
water flows over the metal strips, zinc ions are carried down the 
face of the stone and deposited in the stone, inhibiting the growth 
of microorganisms. Successfully implementing this technique on 
an irregular surface, such as the NMAI building, requires ex-
perimenting with placement of the strips, which was done for 
selected areas in early 2012, after the 2011 cleaning (Grissom 
and Charola, “Keeping the National Museum of the American 
Indian Building Clean,” this volume). So far, four years after 
placement of the strips, microbial soiling appears to have been 
inhibited in the zinc- enriched water runoff areas.

Another promising method to control biocolonization is the 
use of photocatalytic materials, such as titanium dioxide, applied 
to the stone surfaces. Although there have been successful ap-
plications of this methodology (Fonseca et al., 2010; Quagliarini 
et al., 2013a), it may not always be effective because photocata-
lytic materials require a specific quality and quantity of light in 
order to be activated (Quagliarini et al., 2013b). Further compli-
cating matters, they might overwhiten surfaces and/or change the 
rate of biofilm formation and/or secretion of organic materials 
(Maurer- Jones et al., 2013). 

The inclusion of nanoparticles of copper or zinc oxides in for-
mulations, such as water repellents or consolidants (Szabó et al., 
2004), is yet another recent approach. However, it requires further 
refinement before application to cultural heritage (Baglioni et al., 
2012; Ranogajec et al., 2012). A related approach is based on 
the inclusion of silica nanoparticles into a consolidant or a water 
repellent, which produces a nanoroughening of the surface, mim-
icking nature’s approach for shedding water, like what occurs on 
lotus leaves or petals of a rose (de Ferri et al., 2011; Pinho et al., 
2014). Given the unusual shape of the NMAI building, there may 
not be a single solution to all of its staining problems.

BALANCING MEANING AND THE SOLUTION

The condition of a building’s exterior is a result of its his-
tory, including past interventions. Although documentation of 
conservation or restoration actions on museum objects is stan-
dard practice, this is seldom the case for architectural heritage. 
Most interventions are carried out by contractors, and the gen-
eral work is described in a service contract, but the details are 
left to the interpretation of the contractor. Often, there is no re-
quirement to document in full the treatment used. The current 
publication addresses this issue for the Smithsonian’s NMAI, and 
it should help us develop the most effective and efficient main-
tenance protocols for the building (Koestler et al., this volume).

Any conservation intervention needs to have a clear objective 
and must be in harmony with the value and significance of the 
object in question. Cleaning interventions, in particular, are per-
ceived as a straightforward application of detergent, water, and 
scrubbing by which any soiling is removed. However, because this 
type of intervention is irreversible as it removes small particles 
of the stone surface, it should be used only as a last resort. For 

the NMAI building, it is important to consider what the build-
ing represents, which is the suggestion of American Southwest 
rock formations, and its landscaping aims to echo that originally 
found in the same area. The building was envisioned as “a ‘clump 
of rock’ carved as wind and water would do” (Grissom et al., 
this volume), which would reflect the harmony and balance be-
tween nature and design as well as the equilibrium native people 
had achieved with nature. Its design was to “embody and com-
municate the museum’s mission to both Native and non- Native 
visitors.” (Grissom et al., this volume) and reflect the vision of the 
various Native tribes that are rooted in place and culture. Even 
if total elimination of colonizing micro organisms were feasible, 
it might not be desirable. A balance between the aesthetics of the 
building and its equilibrium with nature is the ultimate objective. 
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T
he National Museum of the American Indian (NMAI) is unlike any other 
building on the National Mall. With its curving, undulating stone exterior and 
its unique landscaping, it expresses the culture of its constituents more than 
any other Smithsonian building and is the first building on the Mall that an-

nounces the twenty- first century (Figure 1).
In 1916, retired Standard Oil executive George Gustav Heye established the Museum 

of the American Indian in New York City for his collection of Native American artifacts. 
The collection contained more than 800,000 objects as well as 86,000 photographic 
negatives and 40,000 books. Over the years, the building that housed the collection 
became unsuitable for the proper maintenance of the collection, and a new home was 
needed. In 1989, the U.S. Congress authorized the creation of the National Museum of 
the American Indian in Washington, D.C., as part of the Smithsonian complex. This act 
allowed for the transfer of the Heye’s collection to the Smithsonian, with the stipulation 
that a presence would be maintained in New York City. In consequence, the National 
Museum of the American Indian encompasses the George Gustav Heye Center (part of 
the U.S. Custom House) in New York City as well as a Cultural Resources Center for 
collection storage and research in Suitland, Maryland, but it is the building for exhibits 
and public programs that opened in 2004 on the National Mall that is referred to here as 
the National Museum of the American Indian.

DESIGN PHILOSOPHY

It was crucial that Native American people be engaged and involved in all aspects 
of the new museum on the Mall, especially the programming and the design. In 1991, 
the Smithsonian hired the architectural firm Venturi, Scott Brown to organize a series of 
consultations with Native people throughout the United States, Canada, and Central and 
South America to determine what was important to them in a new museum. Some of the 
comments from the tribes were the following: “Say who we are visually.” “A living mu-
seum—not formal and quiet.” “We want to welcome people—that should be in the en-
trance.” “It should be a natural experience to go there—one should feel the love of Indian 
people for who they are. These things are alive and part of today” (Venturi, et al., 1993).
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Venturi, Scott Brown also interviewed Smithsonian manage-
ment and a wide variety of the museum’s staff members to solicit 
their views on what a workable museum should be; the latter 
included everyone from curators to maintenance crews, exhibit 
designers, and security guards. The interview process took three 
years to complete and contributed greatly to the success of the 
project. These consultations evolved into a programming docu-
ment, “The Way of the People,” that informed the architects 
about what Native peoples wanted in “their museum” (Ewing 
and Ballard, 2009:132).

The founding director of the museum, W. Richard West Jr., 
is a member of the Cheyenne and Arapaho tribes. He came to 
the Smithsonian from a New Mexico legal firm, where he rep-
resented Native American rights. He was the perfect man for 
the job because he crossed two worlds—the Anglo and the In-
dian—with great ease. West defined three elements of the new 

museum’s mission: (1) represent and interpret Native culture as 
a living, vibrant phenomena, (2) interpret Native cultural inheri-
tance and contemporary lives through performance and creative 
art (West, 2004), and (3) “support cultural preservation in the 
Native community because it is in the United States’ vital interest 
to do so” (Venturi, et al., 1993). 

It was essential that the design for the new building on the 
National Mall embody and communicate the museum’s mission 
to both Native and non- Native visitors. Every tribe has its own 
traditional building type, generally with forms, materials, and 
technologies closely reflecting climatic and site conditions as 
well as tribal social structures. In other words, designs are deeply 
rooted in place and culture, and it was important to convey this 
concept in the new Mall building. At the same time approval had 
to be gained from a large group of Smithsonian stakeholders and 
the web of design review agencies in Washington, D.C. Also, it 

FIGURE 1. Left: a view of the east- facing entrance facade of the building. Right: the north facade where the cataract and pool are found. Photos 
by Eric Long, Smithsonian Institution.
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was important that an architect be found who could design a 
building that would reflect the past and present as well as look 
to the future of indigenous people of the Western Hemisphere. 

The Smithsonian hired the Philadelphia firm Geddes Brecher 
Qualls Cunningham, which assembled a formidable team of Na-
tive American designers. The primary architect was Douglas 
Cardinal (Canadian Blackfoot), who studied architecture at the 
University of Texas. Growing up in western Canada and living 
in Texas gave him a respect and love of windswept plains evident 
in his architecture. Cardinal walked the streets of Washington 
and the Mall to get a feel for the city. He also relocated his office 
from Ottawa to Washington, met with Smithsonian and regula-
tory review staff, and organized a consultation process of his 
own, a three- day “vision session.” The ideas that came from this 
vision session were not limited to design but encompassed ways 
of life: how do people deal with each other, with nature, the 
world? Cardinal invited tribal elders such as the late Lloyd Kiva 
New (Cherokee Nation), a respected artist from New Mexico, to 
attend and give ideas to augment “The Way of the People.” The 
elders blessed the site and drew inspiration from it by walking 
every inch. The session confirmed that the entrance to the build-
ing should face east, following many traditional Native dwell-
ings whose entrances are oriented to greet the morning sun; the 
design should include references to Native cosmology; and the 
building should contain as much natural material as possible 
and be welcoming to everyone. Cardinal believed that the new 
museum “should endeavor to be a spiritual act and should be de-
manded from all those contributing to the design the very best of 
their endeavors.” He designed the building from the inside out, 
placing human needs at the heart of the design process. The cen-
ter of the Potomac—a large interior gathering space—was to be-
come the heart of the building from which everything else grew. 
At the same time, rather than designing something that is merely 
functional, Cardinal paid close attention to the building’s visual 
form. He envisioned the exterior as a “majestic  curvilinear sym-
bol representing the nurturing female forms of Mother Earth” 
(Cardinal, 2016), and it appears solid and timeless but also un-
dulates with sensuality—it is alive and dynamic.

A unique team of Native experts worked with Cardinal on 
the design. Ramona Sakiestewa, a noted Hopi weaver, was asked 
to develop design schemes for the museum’s interior and also 
worked with the designers on the color palette. Johnpaul Jones, 
an architect and landscape architect from Seattle and a member 
of the Cherokee and Choctaw tribes, collaborated with Donna 
House, a Navajo and Oneida botanist, in the landscape design 
that surrounds the building. Jones and House felt it was im-
portant to use indigenous plants throughout the landscape and 
honor the host tribes of the D.C. region upon whose land the 
museum was being built by recalling the landscape that existed 
prior to European contact. The plantings include elm trees, cat-
tails, wild rice, water lilies, and manna grass. The plantings in 
the crop area to the south are carefully selected as examples of 
Native American resources for culinary, artistic, and medicinal 
purposes (Ottesen, 2011). 

Cardinal and his team were very aware of the other build-
ings on the National Mall, and they wanted to respect that 
tradition and context. Also, they had to incorporate height 
and setback limitations, as well as views that needed to be re-
spected, the most important being the view to and from the 
U.S. Capitol. Since it had been decided that the main entrance 
would face east, it would therefore face the U.S. Capitol. Car-
dinal envisioned the building as a “clump of rock” carved as 
wind and water would do. As a result, the building’s volume, 
curving forms, and rough and smooth textures evoke a natural 
rock formation that has been carved by wind and water while 
still relating to the context of the National Mall. To comple-
ment the dome of the National Gallery of Art across the Mall, 
the architect designed a lower stepped dome for the Potomac 
with an opening at its center that brings in light and sun and 
serves as a focal point above. 

The water elements are a crucial feature of the landscape 
and contribute to the architecture of the building. As Johnpaul 
Jones (Jones and Jones Architects, personal communication to 
A.B.) wrote, “Indigenous people of this country consider water 
as an important welcoming element; a natural element that of-
fers itself to us freely. Since most of the visitors coming to NMAI 
come from the northwest direction we thought that here is where 
the water should welcome folks. The physical design idea was 
to make it look like the water flowed out of the rock layers of 
the stone building into small pools and then flowed over a lower 
stone projection as a series of waterfall, cascading to a lower 
pool, and then flowing along the north side of NMAI to the east 
end of the building where it magically flows into the east site 
wetland area” (Figure 2).

Jones also reveals a secret about another water feature: 
“There is a wonderful little detail that you can only see in action 
on a rainy day at the NMAI; it is just around the corner to the 
right as you face the waterfall . . . on the west face of the water-
fall area.” The rain from the roof is drained “down a vertical 
hidden pipe and appears at a stone element that spins the water 
in a spiral before it flows into another pipe which leads to the 
wetland area, where it is cleaned up by the wetland plants and 
sent on its way to the Potomac River.” 

A FOCUS ON STONE

Natural stone is fundamental to the design concept of the 
NMAI, which Cardinal referred to as an “abstraction of the 
rock that formed this continent” and “spirit mountain” (Forgey, 
2004) and the design team identified as a “rock formation carved 
by wind and water, a formation emerging from the earth rather 
than being set down upon it” (Blue Spruce, 2008:17). These vi-
sions were realized in large part by cladding the curvilinear build-
ing with the warm earth tones of buff- colored Kasota limestone 
supplied by Vetter Stone (Figures 1, 3). Johnpaul Jones recalls, 
“Originally we considered using the same stone that was used 
for the exterior of the East Building of the National Gallery of 
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FIGURE 3. Entrance (left) and north facade (right) during the building’s inauguration, September 2004. Photo by John 
Steiner, Smithsonian Institution.

FIGURE 2. Two views of the cascade and fountains at the northwest corner of the build-
ing. Photos by Eric Long, Smithsonian Institution.



n u m b e r  6   •   9

Art, but there wasn’t enough of it available. So we chose instead 
a creamier colored Kasota stone that is quarried in Minnesota.” 

In addition to the Kasota limestone installed on the facade, a 
range of other stones were used throughout the building. The cas-
cade portion of the watercourse is made of Golden Sand limestone 
imported from Mexico, selected to match the Kasota limestone 
but more resistant to abrasion by water; this stone was also used 
at the base of the building where it is in contact with water (Fig-
ure 2). Exterior paving and a bench in the Potomac are made of 
American Mist granite quarried by Rock of Ages in Morgantown, 
Pennsylvania, and fabricated by Granicor of St. Augustin, Quebec. 
Thermal- finish Mount Airy granite decorates the curbs of planters 
along the site’s perimeter and exterior stair treads. Thermal- finish 
Missouri Red granite surrounds the maple floor at the center of 
the Potomac. A single block of red Seneca sandstone, a local stone 
used for the facade of the Smithsonian Castle, is at the center of 
the floor, the “hearth and heart of the building.” Polished Cam-
brian Black is used in the museum store and café, polished Giallo 

Sahara marble is used on countertops in the public restrooms, and 
honed Calizza Capri limestone is used for interior handrails and 
the cap of the monumental stair (Stinnard, 2005). 

CONSTRUCTION

After a decade of planning, groundbreaking for the mall 
building occurred on September 28, 1999, and was followed 
shortly afterward by site excavation. The construction con-
tract was awarded on June 20, 2001, to the Clark Construction 
Group of Bethesda, Maryland, and Table Mountain Rancheria 
Enterprises of Friant, California, who were overseen by archi-
tects of record Polshek- SmithGroup and Smithsonian staff. 

Although the building is clad with stone, it is primarily con-
structed with poured concrete floors, columns, and shear walls 
(Figure 4; see also figure 7 in Grissom and Charola, “Survey and 
Documentation of Darkening and Streaking on the National 

FIGURE 4. General plan. Site plan by Polshek, Toby + Davis, Jones & Jones, and Granicor Inc., G100, February 2, 2001 ©2016 Smithsonian 
Institution.
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Museum of the American Indian Building,” this volume). To 
support the museum building, Clark drove over a thousand 
friction- resistant piles of epoxy- coated steel (H310- section) 
15 m into bearing strata (McCraven, 2002) upon which they 
constructed the building’s framing, using flat- plate construction 
of reinforced concrete floors to keep floor- to- floor heights to a 
minimum. In this way, the number of floors (six plus two mezza-
nines) was maximized while the building’s height remains within 
the capital’s building height restriction of 40 m (130 feet). Frame 
columns were offset between floors, allowing more flexibility to 
accommodate interior requirements while maintaining the struc-
tural integrity of the frame (Portland Cement Association, 2016). 

Construction of the building was complicated by the design’s 
curvature throughout: curves number over 1,000, with little rep-
etition. For pouring the concrete walls, an innovative adjustable 
radius formwork made by Conesco Doka was used, forming con-
cave or convex walls with radii as tight as about 3 m. Nearly 
5- m- high serpentine formwork panels, which sat on 2.4- m- wide 
climbing platforms, were positioned by a crane for each pour 
(McCraven, 2002). Grout- filled concrete block walls in some 

locations completed the structure. Steel framing was used in only 
two locations: to bear the weight of the cantilevered entrance 
portico and to support the precast glass- fiber- reinforced concrete 
dome crowning the nearly 40- m- diameter Potomac space.  

Buff Kasota limestone, technically a dolomitic limestone, 
was supplied from the more than 200 ha Vetter Stone quarry 
near Mankato, Minnesota (Figure 5). Instead of using the pan-
elized stone systems common for construction today, 50,000 
blocks were custom cut at the quarry with over 150 different 
curves, both convex and concave (Granitto, 2005).

“Although in some ways the building looks as though it was 
carved by nature, it shows a human hand as well” (Blue Spruce, 
2004:72). Although all blocks measure approximately 10 cm 
in thickness, three different ways were employed to fashion the 
stone for different parts of the building or architectural elements: 

1. “Splitface” stones covering the majority of the facade 
were made from over 700 m3 (25,000 ft3) of Vetter 
Stone’s Northern Buff Kasota limestone using hydraulic 
chisels to create curved blocks with the desired irregular 

FIGURE 5. A view of the Vetter Stone quarry, Mankato, Minnesota. Photo by Duane Blue Spruce, Smithsonian Institution.
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surfaces of natural stone. Thus, the facade is in marked 
contrast to that of the flat ashlar masonry of other build-
ings on the National Mall. Sawed to four course heights 
(15, 20, 30, and 40 cm) and a range of widths (Figure 6), 
blocks were arranged irregularly on the facade to  create 
the appearance of natural stone formations. These blocks 
were laid “in the bed,” as is most common for building 
stones, that is, with bedding planes horizontal. 

2. “Roughback” stones, also known as “quarry creek” and 
“fleuri cut,” are the highly decorative blocks of Golden 
Buff Kasota limestone at ground level. These blocks were 
cut as large as possible and often span splitface coursing 
just above them; block sizes and placement are also more 
irregular than for splitface blocks. Exterior surfaces of 
the blocks reflect naturally weathered horizontal sur-
faces of quarry beds colored by iron deposits in rusty 
hues ranging from yellow to red to dark brown, and 
they are highly textured by trace fossils. These blocks 
are installed with bedding planes vertical, in masonry 
parlance known as “face bedded.” Since their surfaces 

reflect bedding planes, they are mostly planar, in contrast 
to the curved splitface blocks. Thus, roughback areas are 
characterized by ledges and faceting on the otherwise 
curved surfaces of the building. Remarkably, however, 
a few “tour de force” stones were obtained whose sur-
faces follow highly curved portions of the building, for 
example, the extraordinary nearly 3- m- wide block to the 
left of the main entrance (Figure 7).

3. “Tapestry” finish on Northern Buff Kasota limestone 
was used for sills, copings, and window surrounds re-
quiring smooth surfaces. These stones were sawed and 
then sandblasted to remove saw marks for a smooth 
natural- looking finish (Figure 8). Blocks with this type of 
finish were also used for interior walls.

Installation of the stone began in April 2003 and was com-
pleted around April 2004. More than 40 masons employed by 
G- A (George & Asmussen) Masonry of Canada and Crestwood, 
Kentucky, individually installed each stone block, working 
closely with Vetter Stone. 

FIGURE 6. Saw at Vetter Stone. Photo by Duane Blue Spruce, Smithsonian Institution.
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Prior to installation of the stone blocks, a 5- cm- thick layer 
of polyurethane foam insulation was spray applied to the con-
crete structural masonry covered with a rubber blueskin moisture 
barrier (Figures 9, 10). Additional brown- colored insulation was 
then sprayed on top of the blueskin barrier, covering stainless- 
steel attachment hardware for the stone. 

Each stone block was secured to the building with the 
hardware while leaving a vented 5- cm air gap between stone 
and insulation to provide an additional barrier for modulating 
the interior climate of the building. For splitface stonework, a 
course was laid on a custom- made stainless- steel shelf bracket 
bolted to the interior structure about every 3 m (Figures 9, 
10). Blocks then laid on top of this course were secured with 
V- ties to hardware fixed to the interior structure. Roughback 

stones at the base of the building were secured with hardware 
at each side and by tiebacks at intervals on their top surfaces 
(Figures 11, 12).

Stone blocks were wet set with mortar in full depth, con-
suming nearly 3,000 tons of custom color- blended mortar, and 
2,500 tons of core- fill grout were used for the concrete (CMU) 
block (Quikrete, 2016). An exception was made where rubber-
ized flashing was placed atop the stainless- steel shelf brackets 
and under coping stones and sills. These joints were instead 

FIGURE 8. Detail of the three fabrication types for the Kasota lime-
stone facade near the museum’s entrance: large blocks of rough-
back stone at lower left, splitface blocks to the right and above, and 
smooth tapestry- finish blocks at upper right. Dark gray American 
Mist granite paving can be seen at the base of the wall. Photo by 
Carol Grissom, Smithsonian Institution.

FIGURE 7. Area to the left of the building’s entrance, showing a 
nearly 3- m- wide roughback block in the third course, marked with 
an arrow, whose curvature follows that of the building. Photo by 
Carol Grissom, Smithsonian Institution.
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FIGURE 9. Installation of splitface blocks at the southeast corner of the building. Note the 
blueskin moisture barrier, brown polyurethane foam, and shelf brackets at horizontal intervals. 
Photo by Michael Dobbs, SmithGroup.

FIGURE 10. North wall layers visible during construction: (from interior) concrete structural 
masonry, blueskin barrier, stainless- steel hardware at intervals with brown foam insulation over 
top, a 5- cm- wide air gap, and Kasota limestone. A shelf bracket is visible at the base of the brown 
foam insulated area. Photo by Michael Dobbs, SmithGroup.
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caulked with silicone sealant. Open head joints, that is, vertical 
joints without mortar, serve as weeps at intervals above flashing, 
allowing any moisture trapped inside the air gap to escape. 

CONCLUSIONS

Use of stone is integral to achieving design objectives for 
the National Museum of the American Indian. In particular, the 
buff- colored Kasota limestone facade provides the building with 
the warm tones and random surfaces of the natural world. At 
the same time, the internal concrete structure to which the stone-
work is attached provides the desired interior spaces, efficiently 
insulated by spray insulation and an air gap to help maintain 
climate control suitable for the museum’s important collection 
of artifacts. 
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C
haracterization of a building stone is fundamental to understanding dete-
rioration mechanisms that may affect it during its service time. The most 
relevant properties are chemical and mineralogical composition, porosity, 
and microstructure, as well as its behavior with respect to water absorption 

and drying.

CHARACTERIZATION OF THE STONE

The stone used for cladding the exterior of the National Museum of the American 
Indian (NMAI) building is variously referred to in the building trade as Minnesota, Ka-
sota, and Mankato limestone (Lent, 1925:11), but for consistency in this publication it 
will be referred to as Kasota limestone. In lithological terms, the stone is a dolomite, since 
it contains a significant amount of magnesium carbonate as well as calcium carbonate. 
Stratigraphically, it is a part of Ordovician age Oneota dolomite strata found in south-
eastern Minnesota (Lathram and Thiel, 1946). 

Figure 1 shows two blocks that illustrate textural and color variation of the stone; 
differences in texture are more pronounced for the block on the right, where denser 
strata are interspersed with less dense layers. Color measurements were taken using a 
Minolta CR- 300 Chroma Meter that uses the CIELAB 1976 system (Urland, 1999). The 
values measured for three samples ranged from 74.22 to 77.14 for L* (lightness), 1.90 to 
3.01 for a* (red- green), and 14.91 to 22.22 for b* (yellow- blue). The Munsell notations 
for these values range from 2.5Y8/2 (white) to 2.5Y8/4 (pale yellow). The color results 
mainly from iron- bearing minerals present in the stone, expressed as approximately 1% 
of iron(III) oxide (Fe2O3) by weight (Table 1).

Most stone on the NMAI building is a relatively uniform buff color, and most blocks 
were cut and installed with bedding planes horizontal, as is customary for durability. For 
special decorative effect, more colorful blocks were used at street level, known variously 
as roughback, fleuri cut, or quarry creek stones (Grissom et al., this volume). These blocks 
were cut from the tops of buried beds that acquired thin surface layers of reddish brown, 
ochre, orange, and even gray coloration from deposition of iron-  and manganese- rich 
solutions over time. The range of colors was also affected by variations in environmental 
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conditions during deposition and diagenesis that produced dif-
ferent oxidation states of iron and manganese. These colorful 
surface layers are thin, delicate, and easily detached or eroded. 
Moreover, installation of the blocks with the colorful surface 
 layers parallel to the wall makes them vulnerable to spalling off.

Table 1 shows results of atomic spectroscopy for Kasota 
limestone performed by Twin City Testing (unpublished data) for 
Vetter Stone and wet chemical analyses from geological literature 
(Bowles, 1918:155; Lathram and Thiel, 1946). On the basis of 
its chemical composition, the Kasota limestone is classified by ge-
ologists as a calcitic dolomite because of the relative percentages 
of calcium and magnesium (Carozzi, 1972:264). 

Acid AttAck AnAlysis

The NMAI Kasota limestone was characterized at the Mu-
seum Conservation Institute (MCI) by simple acid attack using a 

standard procedure (Teutonico, 1988:113–115). This approach 
is based on dissolution of the carbonate fraction of the rock, that 
is, dolomite, a calcium magnesium carbonate (CaMg(CO3)2), 
and calcite, a calcium carbonate (CaCO3). Left behind is the in-
soluble fraction of the stone containing minerals such as quartz, 
feldspars, and clays. Table 2 presents results obtained from three 
samples left over from NMAI construction, each with a mass of 
approximately 100 g. Two samples, A and B (corresponding to 
1A and 3E in C. Grissom and N. Little, Mankato Stone Analysis, 
unpublished report, February 2011) were obtained from stone 
stored at the Paul E. Garber facility located near the MCI at the 
Museum Support Center, whereas the third one, C, was provided 
by Tim Rose (TR in Grissom and Little, unpublished report) 
from the Department of Mineral Sciences within the Smithso-
nian’s National Museum of Natural History, one of the Vetter 
Stone quarries’ samples provided to the Smithsonian prior to 
construction. Results from Table 1 are included for comparison, 

FIGURE 1. Cut surfaces of two wetted blocks of NMAI Kasota limestone showing differences in color and texture. Photo by 
Carol A. Grissom.
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as well as those for two samples taken from the Philadelphia 
Museum of Art built in 1928 from materials quarried at a loca-
tion now owned by Vetter Stone. These were analyzed by Wiss, 
Janney, Elstner Associates, (WJE, Laboratory Studies, 1997:29). 
Results for the Kasota stone used in the NMAI building are simi-
lar to those in other studies.

X- RAy PowdeR diffRAction

The acid- insoluble residues were further analyzed at MCI 
using a Rigaku Micro X- Ray diffractometer for identification of 
crystalline materials. Table 3 lists X- ray powder diffraction (XRD) 
results for minerals identified in the residues, which had been sepa-
rated into coarse-  and fine- grain- size fractions, above and below 
20 μm, respectively, during the acid analysis procedure. Figure 2 

shows XRD patterns for the two fractions of one sample. Quartz 
was found to be the major component in all acid- insoluble resi-
dues, and in one coarse fraction it was the only mineral found. 
Minor amounts of alkali (K, Na) feldspars, such as orthoclase and 
microcline, were identified in all other samples. Feldspars were also 
identified by WJE (Laboratory Studies, 1997:23) by XRD analysis 
of the acid- insoluble fraction of stone from the Philadelphia Mu-
seum of Art, whereas petrographic analyses provided by Vetter 
Stone (H. Vetter, Vetter Stone Co., personal communication) iden-
tified plagioclase, (Ca, Na) feldspar, as a minor constituent in one 
of two samples from their quarry. Finally, XRD showed patterns 
consistent with traces of mica (possibly muscovite) or clays (pos-
sibly illite and/or palygorskite) in the fine fraction, labeled in the 
detail of the initial section of the XRD pattern at lower 2Θ angles 
and higher d values in Figure 2.

TABLE 1. Chemical analysis of stone from quarries near Kasota, Minnesota. The Twin City Testing (TCT) analy-
sis was done on “glacier buff #21” from Vetter Stone’s quarry near Kasota. Bowles (1918) analyzed stone from 
McClure and Widell quarries closer to Mankato, now owned by Mankato Kasota Stone Inc. Lathram and Thiel 
(1946) analyzed samples from Kasota (L&T-K) as well as  Ottawa (L&T-O), about 16.1 km north of Kasota. 
Values are percentages by weight. A dash (—) indicates the compound was not found by the test.

Fractions Compound  TCTa Bowles  L&T-K  L&T-O 

Carbonate (%) CaCO3  47.4  48.26 49.54 51.02

 MgCO3 36.8  38.67 32.34 40.06

Acid insoluble (%) SiO2 9.97 7.35  

 Al2O3 1.45 4.51  

 Fe2O3  0.80 0.97  

 Mn2O3 0.09 — 13.18 8.99

 TiO2 0.07 0.08  

 P2O3 — 0.06  

 K2O 1.29 —  

 Na2O 0.08 —  

Total  97.95 99.90 95.06 100.07

aResults as reported by the laboratory.

TABLE 2. Results for acid attack analysis of three NMAI Kasota limestone samples compared to results from studies of other stones 
quarried near Kasota (expressed as weight percent), where Vetter corresponds to the data provided by Vetter Stone; Bowles (1918); L&T 
corresponds to Lathram and Thiel (1946) and WJE corresponds to Wiss, Janney, Elstner Associates (WJE, 1997).

 NMAI samples Other studies

Residue A B C Vetter Bowles  L&T WJE

Carbonate (%) 86.50 87.40 82.50 84.20 86.93 81.88–91.08 90.4–92.0

Acid insoluble (%)  13.50 12.60 17.50 15.60 12.87 13.18–8.99 9.6–8.0 

Total 100.00 100.00 100.00 99.80 99.80 95.06–100.07 100.0
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TABLE 3. Results from powder X-ray diffraction of coarse- and fine-grain-size fractions of acid-insoluble residues (AIR) for three 
samples of NMAI Kasota limestone.

Sample Percent w/w per sample  AIR fraction Percent w/w per fraction Minerals present  Relative amount 

A 1.1 Coarse 8 α-Quartz Major

 12.4 Fine 92 α-Quartz Major

    Orthoclase Minor

    Microcline Minor

    Clays or micas Traces

B 0.9 Coarse 7 α-quartz Major

    Orthoclase Minor

    Microcline Minor

 11.7 Fine 93 α-Quartz Major

    Microcline Minor

    Orthoclase Minor

    Clays or micas Traces

C 2.0 Coarse 11 α-Quartz Major

    Orthoclase Minor

    Microcline Minor

 15.5 Fine 89 α-quartz Major

    Microcline Minor

    Orthoclase Minor

    Clays or micas Traces

FIGURE 2. The XRD patterns for the acid- insoluble fractions of a NMAI Kasota limestone sample (B) expressed in terms of d spacing (distance 
between adjacent lattice planes). Top left: coarse- grain- size fraction. Bottom left: fine- grain- size fraction. Right: detail of the initial section of the 
pattern for the fine fraction, with peaks associated with mica or clay minerals identified.
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micRoscoPic eXAminAtion

Polished thin sections were examined with Leica and Olym-
pus polarizing light microscopes and an FEI Quanta 200F field 
emission scanning electron microscope (FE SEM). A Bruker 
5030 energy- dispersive spectrometer attached to the SEM was 
used to collect hyperspectral X- ray images of analyzed regions. 

A polished thin section examined with the Leica microscope 
gives an idea of the texture of the stone (Figure 3). Using this 
technique, the largest pores in the section measured over 1 mm 
in linear dimensions, and the smallest measured about 50 μm.

Higher magnification of a thin section shows the Kasota 
limestone pore structure more clearly (Figure 4). Rather than 
being held together by the matrix, the crystals are in contact with 

FIGURE 4. Thin section of NMAI Kasota limestone (sample 2B): left: plane- polarized light; right: crossed- 
polarized light. The large pore in the center between dolomite crystals is partly filled with fine- grained ce-
ment, which reduces its size. Dolomite crystals are about 100 μm in length, and the micritic calcite is <3 μm. 
Photos by Edward Vicenzi, Smithsonian Institution.

FIGURE 3. This dark- field image of an entire thin section of NMAI Kasota limestone (sample 1b) is a 
mosaic of five image tiles. Pores appear black in this image, and areas with the largest pores are circled in 
red. The largest pores measure about 1 mm (1,000 μm) in linear dimension. Composite photo by Melvin J. 
Wachowiak, Smithsonian Institution.
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each other, creating a grain- supported structure. Note that the 
void between crystals is partly filled with fine- grained cement, 
referred to as micritic calcite (<4 μm), a recrystallized lime mud.

Cement that fills pores in the stone was further examined 
and analyzed using the FE SEM. Figure 5 illustrates the range of 
pore textures and mineral assemblages found in the stone. Some 
pores are largely unfilled, whereas others contain large euhedral 
(potassium) K feldspar crystals, with and without finer- grained K 
feldspar and quartz. Other pores appear to be almost completely 
filled with fine- grained calcite. 

A series of false- colored X- ray images shown in Figure 6 il-
lustrates heterogeneity within the Kasota limestone. Void spaces 
are black, whereas silicates (feldspars and quartz) are repre-
sented by blue, calcite by red, and dolomite by yellow or green. 
The images show that pores in the section range in size from 
about 10 to 400 μm in linear dimensions. In general, larger pores 
are partly filled, whereas smaller pores are mostly filled. Pores 
filled by both silicates and calcite were likely formed as the result 
of two successive generations of fluid precipitation, and these 
regions tend to have the least amount of void space remaining. 

Figure 7 shows typical cement mineral assemblages at higher 
spatial resolution, which allows individual crystals to be distin-
guished. Large K feldspar crystals measure as much as 25 μm in 

linear dimension. Smaller K feldspar and quartz crystals measure 
about 5 μm or less. Fine- grained calcite particles measure 1 μm 
or less, sometimes appearing as agglomerations. A few individ-
ual clay platelets are present, measuring 2 μm or less, but no 
mica was observed. 

wAteR AbsoRPtion And dRying chARActeRistics

The behavior of any stone with regard to water absorp-
tion and loss is a function of its pore system, particularly pore 

FIGURE 5. Overview backscattered electron image of Kasota lime-
stone. Note that because the image intensity scales lighter with higher 
average atomic number in backscattered electron images, both cal-
cite and K feldspar appear lighter than dolomite in the image. Image 
by Edward Vicenzi, Smithsonian Institution.

FIGURE 6. Composite X- ray images showing the heterogeneity of 
cement minerals at a moderate length scale. The false- colored images 
comprise three components: red (calcium), green (magnesium), and 
blue (silicon). Dolomite grains have a color spread from yellow to 
green stemming from automatic color scaling depending upon the 
total X- ray count rate of its two components (Mg + Ca). Where void 
space is high, the count rates were correspondingly low and shifted 
the intensity of green in dolomite to yellow. Images by Edward Vi-
cenzi, Smithsonian Institution.
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sizes and their distribution. Porosity of stone with respect to 
water can be measured in several different ways. Total poros-
ity can only be measured under vacuum, but measurement of 
open pores alone can be done at atmospheric pressure (Borelli, 
1999). Apparent porosity (also referred to as percent absorp-
tion) is the percent absorption by weight of water in open pores. 
Open porosity is the percent absorption by volume of water in 
open pores.

For the present study, the apparent porosity was measured 
on two 5 × 5 × 5 cm Kasota limestone cubes from the NMAI 
construction (Kasota 1 and Kasota 2) following the procedure 
of ASTM C97- 96 (American Society for Testing and Materials, 
1996). Since it is unlikely that building stone would be com-
pletely saturated by water, however, the test was modified by 
reducing the immersion time from 48 to 24 hours. The open 
porosity percentage was calculated from the apparent porosity 
percentage following Borelli (1999). Table 4 shows that poros-
ity values for the two Kasota limestone samples are within the 

values reported by Wiss, Janney, Elstner Associates for the Phil-
adelphia Museum of Art (WJE, Laboratory Studies, 1997:22) 
but considerably higher than those reported in the literature for 
stones from other Oneota quarries (Lathram and Thiel, 1946), 
perhaps because they are a hundred miles or more from Kasota. 
The values for the Kasota stone fall at the high end of apparent 
porosity for dolomite rock, which ranges from 1.0% to 5.0% 
according to Winkler (1997:34).

To further characterize the porosity of the stone, the cubes 
were tested using a standard capillary water absorption method, 
UNI 10859 (Ente Nazionale Italiano di Unificazione, 2000). 
This test was followed by total immersion of the samples in 
water for 24 hours and drying at environmental conditions of 
21°C and 45% relative humidity. Figure 8 shows the absorption 
and drying curves obtained from the test. Slight differences in 
the drying curves may reflect variations in texture and porosity 
between the two Kasota limestone samples and/or slight differ-
ences in environmental conditions since the samples were not 
run simultaneously. Data shown in Table 5 were derived from 
these curves.

For most inorganic porous materials, water absorption is a 
relatively fast mechanism, whereas drying takes a significantly 
longer time. For the two samples of NMAI Kasota limestone, 
about 25 hours of contact with water was required to nearly 
reach asymptotic values in the capillary absorption curves. This 
means that it would take about 25 hours of constant rain to satu-
rate the building’s stone to 95% of its fully immersed capacity. 
When the two samples were dried after immersion, on the other 
hand, it took four times longer (some 100 hours) to lose the same 
amount of water.

Pore size and pore size distribution are critical in determin-
ing both absorption and drying characteristics (Rousset Tournier, 
2001). Macropores are defined as those with diameters above 
1 mm, capillary pores are those with diameters ranging from 
1 mm down to 1 μm, and micropores are those with diameters 
below 1 μm. When liquid water initially comes into contact with 

TABLE 4. Apparent and open porosity values measured for 
two NMAI Kasota limestone samples (calculated from data in 
Table 5), along with those reported by Wiss, Janney, Elstner As-
sociates (WJE) and for the Oneota dolomite by Lathram and 
Thiel (1946; L&T). A dash (—) indicates that the data was not 
 reported.

 L&T

    Wabasha Houston 
Porosity Kasota 1 Kasota 2 WJE County County

Apparent (%) 4.66 4.45 2.7–4.2 0.62–2.64 1.31–2.57

Open (%) 12.11 11.58 — 1.72–6.73 3.55–6.68

FIGURE 7. (A–C) Backscattered electron and (A′–C′) composite 
X- ray images of three varieties of natural cement in the NMAI Ka-
sota limestone. The false- colored X- ray images comprise four com-
ponents: red (potassium), green (calcium), blue (silicon), and yellow 
(aluminum). Aluminum- rich regions indicate volumetrically minor 
clay particles; yellow ellipses locate them on the backscattered elec-
tron images. Images by Edward Vicenzi, Smithsonian Institution.
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stone, water will line the walls of macropores, whereas capillary 
pores and micropores are filled. Even when stone is totally im-
mersed in water, macropores are never completely filled because 
air is trapped in them. When stone dries out, liquid water first 
evaporates from large pores open to the exterior (straight initial 
section of the drying curve in Figure 8). Then, below the critical 
moisture content, two transfer mechanisms operate simultane-
ously, capillary transport in smaller pores and water vapor dif-
fusion from larger pores, to move it to the stone surface (curved 
section in Figure 8 because the contribution of each mechanism 
changes with time). At the final stage, the only transport mecha-
nism is water vapor diffusion within the stone (straight final sec-
tion in Figure 8; Charola and Wendler, 2015). This means that 
the Kasota limestone on the NMAI building could stay in the 
final drying stage for many days after a rain event.

Porosity of the Kasota limestone is nonhomogeneous be-
cause of the wide variety of pore sizes (Figures 3–7), and it is 
characterized by irregular connections between pores, which af-
fect water transport and retention. The empty “structure,” re-
ferred to as void tortuosity, depends on the type, shape, and size 
of mineral grains or crystals and their organization, best seen in 
Figures 6 and 7. The largest pores in the capillary range measure 
nearly 1.0 mm in the linear dimension (Figure 3); micropores 
can be seen at high magnification (Figure 7). Fractured surfaces 
offer a different view of the stone’s texture and morphology (Fig-
ure 9): the largest capillary pores (about 1 mm) are surrounded 
by denser areas with lower porosity that will retain moisture 

TABLE 5.  Water-related parameters for NMAI Kasota lime-
stone. Values in parentheses are correlation factors for calculated 
slopes. A dash (—) indicates that the test was not extended to 
allow calculation of the final drying rate.</tab title> 

Parameter Kasota 1 Kasota 2

Capillary absorption 0.00191 (0.999) 0.00202 (0.999) 

 coefficient (g cm−2 s−0.5)

Water absorbed at asymptotic 14.44 14.25 

 value (g)

Water absorbed after 24-hour 15.14 14.47 

 immersion (g)

Initial drying rate (g cm−3 h−1) 0.0153 (0.997) 0.0151 (0.996)

Critical moisture content 0.06 0.06 

 (g cm−3)

Final drying rate (g cm−3 h−1) — 0.00008 (0.998)

FIGURE 8. Water absorption and drying curves for two samples of 
NMAI Kasota limestone. Top: capillary absorption curves; bottom: 
drying curves.

FIGURE 9. Backscattered electron micrograph of a fractured surface 
of NMAI Kasota limestone showing a range of texture and porosity. 
The pores are seen as black areas; a band of larger pores crosses the 
sample at the center of the photograph. Note the wide range of crys-
tal and grain aggregate sizes from a few microns to about 2–3 mm 
length. Photo by Hanna Szczepanowska, Smithsonian Institution.
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longer after rainfall. Shapes of pores also play a role in mois-
ture retention. Long, flat pores found in the Kasota limestone 
between platy minerals or in cleavage plane fissures of dolomite 
and feldspar minerals also retain water longer. Moreover, capil-
lary condensation can occur at relative humidity of around 90%; 
in other words, these pores may hold liquid water even if it is 
not raining. 

It is rare that a building stone will be saturated with as much 
water as a test sample immersed in water for 24 hours, and it is 
unlikely that the initial drying rate will be constant in actuality. 
For the specific case of the NMAI building, drying was observed 
after a nightlong heavy rain, and it was seen that the north side 
dried significantly faster than the south side, a feature attributed 
to the prevailing WNW wind at the time. Furthermore, wind 
eddies were detected, apparently forming on account of the 
building’s curved walls, and they clearly accelerated drying in 
localized areas.

DISCUSSION AND CONCLUSIONS

The Kasota limestone used for cladding on the NMAI build-
ing is classified as a calcitic dolomite; it is mostly grain supported 
and has an open porosity of 12%. The general color of the stone 
is tawny on account of iron(III)- bearing minerals. More highly 
colored surface layers on some stones at ground level are attrib-
uted to the deposition of iron and manganese minerals at the top 
of buried quarry beds.

The NMAI Kasota limestone is susceptible to dissolution by 
water, particularly if the water is acidic. The presence of carbon 
dioxide in the air results in the formation of carbonic acid in rain 
water, which can attack the stone’s carbonate minerals, dolomite 
(calcium magnesium carbonate) and calcite (calcium carbonate). 
Although the solubility of calcite is only about one- twelfth that 
of dolomite when in equilibrium with a saturated solution at 
about 20°C, calcite dissolves at a faster rate in dolomite (Mar-
tinez and White, 1999). Therefore, calcite will be leached out 
first from Kasota limestone under normal weathering conditions. 
When found as micritic particles within pores, the large specific 
surface area (i.e., its surface to volume ratio) of calcite will in-
crease its dissolution rate (Thomson and White, 1974: Charola 
and Koestler, 1985/1986). 

The pore structure and surface roughness of stone affect 
the absorption of water, whereas pore sizes control water loss. 
Under laboratory conditions, it was found that drying a Ka-
sota limestone sample took four times longer than wetting it. 
Although after a rain event the surface layer of the stone may ap-
pear dry, water can still be held within subsurface capillary pores 
and micropores. In addition, the splitface blocks comprising the 
majority of the stonework, made using hydraulic chisels (Gris-
som et al., this volume), introduced fissures and microcracks 
below the surface. This has made the blocks more susceptible to 
water retention and subsequent spalling from mechanisms such 

as freeze- thaw and biocolonization, as discussed in more detail 
by DePriest and Charola (this volume).

When considering regular cleaning, the susceptibility of Ka-
sota limestone to aqueous dissolution is relevant because it leads 
not only to surface erosion but also to an increase in porosity 
and loss of mechanical strength. It is noteworthy in this context 
that Golden Sand limestone (with low apparent porosity of less 
than 1%) was used for the building’s cascade because of its su-
perior resistance to water flow, instead of the Kasota limestone 
(with much higher apparent porosity of about 4.5%; Grissom 
et al., this volume). 
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S
tonework on the facade of the National Museum of the American Indian (NMAI) 
has undergone changes since the building’s inauguration in 2004. Some of these 
changes were expected from weathering and suit the aesthetic of the building, 
but some were unexpected darkening in color and disrupt this aesthetic. In 2010, 

darkened areas were surveyed and studied to understand the reasons for the changes 
before a major cleaning in 2011. High- quality photographs of the building were taken, 
construction drawings were examined, and the building was observed during and im-
mediately after rainfall. In general, darkening occurred in areas that had the most water 
flowing over the stone surfaces and was correlated with design features and unusual 
environmental conditions.

Specifically, examination of the building showed that darkened areas could be cat-
egorized into six types related to architectural features that predicate flow and retention 
of rainwater: 

A. general darkening on the top and sides of capstones both at the roofline and on 
balconies unprotected from rainfall by any overhangs

B. slight, relatively uniform darkening below capstones over which water flows 
evenly, most notably below the capstones at the roofline

C. localized dark streaking below capstones over which water flows unevenly, often 
channeled by joints between capstones

D. dark spots on blocks that protrude from the facade and catch water, both rough-
back blocks at the base of the building and scattered individual blocks

E. very dark streaks below the Senator Daniel K. Inouye Terrace, where there is 
increased flow of water over sloping and multiple capstones

F. very dark, thick deposits on areas below scuppers that drain rainwater from roofs 
above (not visible from the ground)

It is a well- known phenomenon that upper parts of buildings are most wetted dur-
ing rain events, often with surprisingly little wetting of facades below. On traditional 
buildings, cornices at the tops of facades are typically flashed with metal on horizontal 
surfaces and guttered to channel rainwater into drains, limiting moisture penetration of 
stonework below. On the NMAI building, capstones at the roofline and on balconies 
were not flashed on top but were isolated from blocks below with rubberized mem-
branes on their undersides. Most of these capstones are level, confirmed by the pattern 
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of draining in both directions when a small amount of water was 
poured onto the center of a capstone (Figure 1). Thus, capstones 
not only receive but retain significant amounts of rainwater and 
show general darkening on both horizontal and vertical surfaces. 
The wetting and darkening patterns within individual blocks are 
not completely uniform (type A, Figure 1) because of variations 
in porosity, texture, and roughness of the stone (Charola et al., 
this volume). In addition, minimal wetting and darkening occurs 
on stones next to joints where water repellent components of sili-
cone sealants bled into the stone, also seen in other photographs 
in this chapter. Finally, areas of stone adjacent to an electrical 
conduit on inner sides of capstones and near a lightning rod are 
relatively clean (see Figure 1). 

The traditional projection of cornices over facades (often 
several feet or more) minimizes the wetting of areas below by 
rainwater. On a free- standing wall around NMAI’s loading dock 
west of the building, the capstones do not project at all (Fig-
ure 2), and the walls are completely wetted by rainwater (also, 

FIGURE 2. Wetting of the free- standing loading dock wall during a 
rainstorm in 2010. The absence of an overhang as well as the slope 
of the capstones and the wall results in overall wetting. Photo by 
Carol A. Grissom, Smithsonian Institution.

FIGURE 1. Darkening of capstones on the roofline (type A) in 2010. Flow of water in both directions when poured onto 
the center of the middle stone shows that the stone is essentially level. Note the light areas next to joints where water repel-
lent components of silicone sealants bled into the stone. Photo by Carol A. Grissom, Smithsonian Institution.
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sloping capstones and walls are a factor in increasing the volume 
of water running over this wall). In all other locations, capstones 
project 3.8 to 5 cm over the NMAI facade. This relatively small 
amount of overhang contributes to the appearance of the build-
ing as a natural stone outcropping but reduces its protection of 

the facade. Below many capstones along the roofline of the fa-
cade, darkening was acceptable since it was barely noticeable 
and uniform on account of even water flow (type B, Figure 3). 
Below others, unsightly streaks formed, often where slightly re-
cessed silicone sealant joints between capstones channeled water 

FIGURE 3. Slight, relatively uniform darkening (type B) immediately below the roofline of the south 
facade in contrast to clean- appearing areas below overhangs at right in 2010. Photo by Melvin J. 
 Wachowiak and E. Keats Webb, Smithsonian Institution.
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downward; capstone edges in the joints made water repellent by 
the sealant probably also increased water volume in these areas 
(see Figure 1; type C, Figure 4).

The NMAI building is distinguished by many gently curved 
“balconies,” which protrude from the building but are not ac-
cessible (Figure 5). Most balconies are protected from rainwater 
by overhangs with the same curvature, such as those indicated 
by white arrows in Figure 5; as a result, they appeared clean in 
2010. Other balconies, such as those indicated by red arrows 
in Figure 5, are unprotected by overhangs; they displayed dark 
deposits more clearly visible in the detail in Figure 6. In total, 
darkening was visible to some extent on capstones and stone-
work below seven unprotected balconies in 2010, identified on a 
plan of the building (Figure 7). Two of these balconies are on the 
south facade (Figures 5, 6); two are on the west facade (Figures 
8, 9), and three are on the north facade (Figures 10, 11). 

In many cases dark streaks occurred primarily below cap-
stone joints on balconies (Figures 4, 8), but patterns of darkening 
were also affected by details of balcony construction. Balconies 

on the west facade were constructed with a single row of cap-
stones abutting the building (Figures 8, 9). The slope and depth 
of the capstones gradually increase toward the center while cap-
stone heights diminish in tandem. As might be expected, this 
seems to have increased the amount of water flowing toward the 
center and concentrated darkening toward the center on stone-
work below (Figure 9). 

Other balconies were designed with parapet walls, tops of 
capstones sloping slightly inward, and internal drains. Never-
theless, darkening has occurred on facades just below, as seen 
in Figure 10. The deepest balcony is paved with multiple rows 
of stones, which can be seen from the interior of the building 
through windows on the fourth floor (Figure 11). Water is chan-
neled through open joints between stones in the penultimate row 
into interior drains by inwardly sloping stones, but areas wet-
ted during rain events were darkened, as was stonework on the 
 facade below. 

Stones that protrude to any extent from the facade and 
regularly retain water from rainfall are darkened. Roughback 

FIGURE 4. Prominent dark streaks (type C) below the balcony’s capstone joints above the cascade at the northwest corner in contrast to gen-
eralized darkening visible on the sides of capstones in 2010. Photo by Carol A. Grissom, Smithsonian Institution.
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FIGURE 5. Clean- looking stone below balconies protected by overhangs on the south facade (white arrows), in contrast to darkened stone 
below those that are not protected by overhangs (red arrows), in 2010. Photo by Melvin J. Wachowiak and E. Keats Webb, Smithsonian 
 Institution.

FIGURE 6. Detail of dark streaking (type C) below the unprotected 
balcony on the left in Figure 5 in 2010. Photo by Melvin J. Wachowiak 
and E. Keats Webb, Smithsonian Institution.
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FIGURE 8. Dark streaking below a few capstone joints on west facade balcony 2 in 2010. Photo by Melvin J. Wachowiak and 
E. Keats Webb, Smithsonian Institution.

FIGURE 7. Plan of the NMAI building showing locations of seven unprotected balconies (in red) and the Director’s Terrace parapet, now Sena-
tor Daniel K. Inouye Terrace, below which stonework was darkened in 2010. Carol A. Grissom, modified from Conformed Drawings, National 
Museum of the American Indian, vol. 2, A115, Fifth Floor Plan, West Side, 29 March 2001.
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FIGURE 9. Generalized darkening below capstones toward the center of west facade balcony 1, probably from water 
flowing over the center capstones that are more sloped than those on the sides, in 2010. Photo by Melvin J. Wachowiak 
and E. Keats Webb, Smithsonian Institution.

FIGURE 10. Darkening on stonework of the facade below north facade balcony 1, although the capstones slope slightly 
inward to drains, in 2010. Photo by Melvin J. Wachowiak and E. Keats Webb, Smithsonian Institution.
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FIGURE 11. Dark deposits at the unprotected end of the deck of north facade balcony 2, seen 
from the fourth floor inside the museum, in 2010. Dark streaks occurred on the facade below, 
although the outermost stones slope inward on this balcony. Photo by Carol A. Grissom, 
Smithsonian Institution.
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blocks at ground level, mainly on the south and west facades, 
project slightly from the building since their planar surfaces 
cannot conform to the curvature of the building. Darkening 
was found to be surprisingly varied on roughback blocks in 
2010: they appear untouched in some locations (Figure 12) 
and darkened in others (type D, Figure 13). Several factors 
may be responsible. First, some areas dry far more quickly 

after wetting than others, in accordance with variable air flow 
patterns around the undulating stone exterior of the build-
ing. Second, darkening is often found near significant vegeta-
tion, where stones are in direct contact with the soil, regular 
watering occurs, and plants provide a barrier to evaporation. 
Third, some roughback stones have been periodically cleaned 
by NMAI staff, enabled by easy accessibility from the ground. 
In general, darkening on roughback stones was not as visually 
disturbing as on other areas of the building, perhaps because 
of lower contrast with the more highly colored stone surfaces. 
Scattered individual stones that project from the facade as part 
of the architects’ intention to imitate the irregularities of stone 
outcroppings are also darkened. Examination during and im-
mediately after rainfall showed that they were darkened where 
they were preferentially wetted, whereas nonprotruding stones 
were not wetted or darkened (type D, Figure 14).

The most disfiguring dark deposits visible on the building’s 
facade are attributed to the unique construction of a large fifth- 
floor outdoor space, the Inouye Terrace (Figure 7, and type E, 

FIGURE 13. Wetting and darkening of other roughback blocks 
(type D) with shielding vegetation nearby, such as these to the left 
of the Independence Avenue entrance to the building; photographed 
just after a rain event in 2010. Photo by Carol A. Grissom, Smithso-
nian Institution.

FIGURE 12. Slight darkening of some highly colored roughback 
blocks next to paving in 2010. Photo by Carol A. Grissom, Smith-
sonian Institution.

FIGURE 14. Wetting and darkening of the protruding block at the 
center (type D), photographed just after a rain event in 2010. Photo 
by Carol A. Grissom, Smithsonian Institution.
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Figure 15) Three factors are responsible for greater volumes of 
water flowing onto the facade below the terrace: 

1. Across the terrace parapet wall, capstones slope 6° 
downward toward the facade, as shown by drawings 
(Vetter Stone Co., parapet detail, shop drawing 63, 
April 2, 2003, final approval) and confirmed by mea-
surement of about 5° slope; thus, they shed more water 
onto the facade than horizontal capstones elsewhere on 
the building. 

2. At the east end of the terrace (red arrow in Figure 
15), water from terrace parapet capstones flows onto 

intersecting roof parapet capstones before falling onto 
the facade, which increases the amount of water flow-
ing over the facade and results in intense dark streak-
ing there. The oblique view in Figure 16 shows the two 
walls more clearly, as well as the near waterfall that 
occurs during rainstorms.

3. At the west end of the terrace, indicated by blue arrows 
in Figures 15 and 16, the terrace parapet wall intersects a 
windowsill, and large sloping capstones collect and fun-
nel greater amounts of water over the facade (Figure 17).

Finally, at the top of the NMAI building, extremely dark 
and thick deposits were found on terrace walls below scuppers 
that drain rainwater from roofs above (type F, Figure 18). Since 
these areas are not visible from the ground, they have not been 
prioritized for attention, although they are significantly more 
unsightly. In addition, surface flaking indicates that the stone 
has sustained damage (Figure 19; see figure 3 in DePriest and 
 Charola, this volume).

FIGURE 15. Dark streaks on the facade (type E) below the Inouye 
Terrace on the north facade in 2010. The red arrow indicates streak-
ing compounded by runoff from both the terrace and an intersecting 
parapet wall. The blue arrow indicates streaking by increased runoff 
from stones sloping toward the intersection of the window sill and 
parapet wall. Photo by Melvin J. Wachowiak and E. Keats Webb, 
Smithsonian Institution.

FIGURE 16. (Left) Wetting of the area shown in Figure 15, pho-
tographed during a rain event in 2010; arrows are as in Figure 15. 
Photo by Carol A. Grissom, Smithsonian Institution.
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FIGURE 18. Thick, dark deposits under scuppers (type F) that drain roofs atop the NMAI building with flows of large amounts of water in 
2010. Photo by E. Keats Webb, Smithsonian Institution.

FIGURE 17. Darkening of capstones at the intersection of the Inouye Terrace parapet wall with 
the windowsill on the left in 2010. The large capstone displaying the darkest surface on the left 
slopes down and outward, whereas the stone to its right slopes toward it. During rainfall a large 
volume of water is funneled over these capstones onto the facade, contributing to the severe 
dark streaks seen in Figures 15 and 16. Photo by Carol A. Grissom, Smithsonian Institution.
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In summary, the locations of darkened areas on the NMAI 
building appear to correlate with areas of water flow over the 
building’s facade; furthermore, the greater the water flow is, 
the more intense the darkening is. This variation suggests that 
the degree of darkening is a consequence of the building’s de-
sign influencing water flow. The examination indicated that the 
darkening occurred where water preferentially flowed over stone 
surfaces, a necessary condition for biocolonization, as confirmed 
by further studies (DePriest and Charola, this volume). For the 
most part, darkened areas present a largely aesthetic problem. 
However, if not kept at an incipient stage, this could lead to the 
deterioration of the stone of this distinct building. 
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B
iological organisms—whether plants, animals, fungi, or microbes—can cause 
damage and deterioration to buildings and building materials (Caneva et al., 
1991, 2009). The damage may be direct, such as staining or chemical and phys-
ical/mechanical changes to the stone. Also, the organisms may indirectly create 

environmental conditions—such as increased moisture, nutrients, and organic material—
that support the growth of other organisms capable of causing damage. The National 
Museum of the American Indian (NMAI) building on the National Mall has disfigur-
ing streaking (see Grissom and Charola, “Survey and Documentation of Darkening and 
Streaking on the National Museum of the American Indian Building,” this volume). Be-
cause of its rapid formation and pattern on the building, it does not appear to be from 
soiling with soot or city dust that is deposited by the prevailing winds. These streaks are 
good candidates for the biological stains that are known by the German name Tinten-
strich (Jaag, 1945:236; Lüttge, 1997), literally “ink stroke,” as illustrated in Figure 1. 
The NMAI building’s inky stains follow water paths dripping over terrace ledges and 
protruding stones and down the face of the building (see figures 3–6 in Grissom and Cha-
rola, “Survey and Documentation of Darkening and Streaking on the National Museum 
of the American Indian Building,” this volume). Without the decades required to build up 
organisms and organic debris that could support fungi or plant roots, the stain- producing 
organisms are most likely dominated by fast- growing, autotrophic (photos ynthetic) algae 
or cyanobacteria (see Cappitelli et al., 2012; May et al., 2010). They live either on the 
surface of the stone face (epilithic organisms) or beneath the surface (endolithic organ-
isms; see figure 2 in Cappitelli et al., 2012). Identifying the staining and its biological 
source is important for developing cleaning protocols and a preservation plan for this 
landmark building, as suggested by Warscheid (Warscheid, 2010; Warscheid and Leisen, 
2011) and discussed elsewhere in this volume (see Grissom and Charola, “Keeping the 
National Museum of the American Indian Building Clean,” this volume; Koestler et al., 
this volume). 

The Kasota limestone facing stone of the NMAI building, finely porous and fis-
sured from its rough cut (see Charola et al., this volume), is known to be susceptible 
to epilithic and endolithic colonization by photosynthetic algae, either the eukaryotic 
algae, known as green algae, or the unicellular or filamentous prokaryotic cyanobacteria, 
commonly known as blue- green algae (Pentecost and Whitton, 2000). The first report 
of endolithic organisms, by Diels (1914), was of algae and cyanobacteria growing inside 
white dolomitic rock in the Alps. The dolomite’s transparent crystals, similar to calcite 
crystals found in limestones and marbles, and other transparent crystals such as quartz 
in sandstones and granites (Nienow et al., 1988a, 1988b) and gypsum in gypsum crusts 
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on sandstones in Antarctica (Hughes and Lawley, 2003) allow 
sufficient light to penetrate into the stone to support the pho-
tosynthesis of both green algae and cyanobacteria. It has been 
found that light may penetrate to a depth of millimeters before 
it is attenuated and becomes a limiting factor for photosynthesis 
and growth (Horath et al., 2006). The depth of light penetration 
into stone may be increased by other factors such as the presence 
of water (Nienow et al., 1988b) and, in the case of quartz, the 
crystals’ orientation (Hall et al., 2008; Hall, 2011).

Inside the stone, these microbes are protected from heat, 
drying, and excessive visible and UV light. The cyanobacteria 
in particular secrete a polysaccharide covering, referred to as an 
extracellular polymeric substance (EPS) or biofilm, which further 
protects them and other microbes in close proximity from des-
iccation. However, when the biofilm is swollen with water and 
physically pushing the rock crystals apart, the diffusion of CO2 
is significantly decreased, and the cyanobacteria’s photosynthe-
sis is reduced. Some marine cyanobacteria growing on carbonate 
rocks such as dolomite, limestone, and coral reefs may overcome 
a similar problem by driving the release of CO2 by decomposing 
the stone (Garcia- Pichel et al., 2010). Over longer periods of time, 
the thin layers of water and dissolved organic acids released by the 
cyanobacteria held in capillary pores and micropores of the stone 
favor chemical dissolution of the carbonate minerals and decom-
position of the stone with release of CO2. Dissolved Ca2+ will even-
tually be redeposited as finely crystalline aggregates, referred to as 
micritic calcite (Viles, 1987), that may form surface crusts or fill 
the pores (see figures 4–7 in Charola et al., this volume). In these 
stones, cyanobacteria can create their optimal environment and 
even support a complex community of microbes: bacteria, green 
algae, fungi, and fungal- algal associations called lichens (Figure 2).

Cyanobacteria- mediated dissolution, transport, and repre-
cipitation of carbonate minerals, often referred to as boring (Gol-
ubic et al., 1975; Viles, 1987, 1995; Garcia- Pichel et al., 2010; 
Lombardozzi et al., 2012), are an important type of biological 
weathering and biodeterioration that can lead to disfiguring ex-
foliation or spalling of stone surfaces (Figure 3; see also figure 19 
in Grissom and Charola, “Survey and Documentation of Dark-
ening and Streaking on the National Museum of the American 
Indian Building,” this volume). Pentecost (1992; as discussed in 
Pentecost and Whitton, 2000) reported that the 2 g of limestone 
fragments dislodged beneath a thick Tintenstrich would be equiv-
alent to surface weathering of 3 mm/100 years. Both Hoppert et 
al. (2004) and Kolo et al. (2007) showed that on homogeneous 
carbonate rocks biological weathering leads to a gradual dissolu-
tion of the rock as some cyanobacteria and other microorganisms 
bore cavities, even directly into the calcite crystals. (In contrast, 
other microbes grow along crystal boundaries or in cracks and 
holes, avoiding the harder crystal surfaces; see figure 2d,e,f in 
Cappitelli et al., 2012). They also predicted that for endoliths, 
boring and reprecipitation of Ca2+ inside the rock may build min-
eral bridges that strengthen the structure, in contrast to epilith-
ics, whose reprecipitation is on the colony surface and may lead 
to exfoliation (Figure 3; see the limestone block in figure 19 in 
Grissom and Charola, “Survey and Documentation of Darken-
ing and Streaking on the National Museum of the American In-
dian Building,” this volume, and the exfoliated fragment in figure 
2b,e in Cappitelli et al., 2012). Hoppert et al. (2004:241) hy-
pothesized that the mechanisms of endolithic colonization may 
“stabilize and preserve the rock surface morphology.” Miller et 
al. (2010) proposed that pore size also influenced the ratio of 

FIGURE 2. Cross section of sandstone from the Linnaeus Terrace, 
Asgard Range, Antarctica, showing black, white, and green zones 
of endolithic lichen under the surface. The black zone is pigmented 
fungi, the white zone is colorless fungi, and the green zone is algae. 
Reprinted with permission from Friedmann (1982).

FIGURE 1. Characteristic Tintenstrich pattern on a structure at An-
gkor Wat, Cambodia. Note that the pattern follows the water drip 
lines. Reprinted with permission from Warscheid and Leisen (2011).
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epilithic to endolithic colonies on artificially colonized calcare-
ous rocks; mainly endolithic colonization developed on rock with 
large intergranular porosity, whereas both epilithic and endolithic 
colonies developed on rock with fine to medium porosity, such 
as the NMAI building’s Kasota limestone (see Charola et al., this 
volume). Also, Miller et al. (2010) observed other alterations of 
rock after cyanobacterial colonization, with possible neoforma-
tion of Fe- Mn oxides by the transformation of minerals present 
in the rock. For example, the original pyrolusite (MnO2) was re-
placed by hausmannite (Mn2+Mn2

3+O4) after biocolonization, and 
parallel changes were observed in the Fe oxides. 

In comparison to cyanobacteria, fungi (see Cappitelli et al., 
2012) may have more detrimental effects on the weathering and 
biodeterioration of carbonate rocks. Several studies address spe-
cifically fungal colonization on dolomitic limestones. Koestler 
et al. (1985) identified an ascomycetous fungus (likely Tricho-
thecium sp.), along with a green chlorococcalean algae and a 
cyanobacteria (Lyngbya sp.), on the yellow dolostone (mostly cal-
citic dolomite) of San Martín de Fuentidueña, originally located 
in Segovia, Spain, but now at the cloisters of the Metropolitan 
Museum of Art in New York (Figure 4). Cámara et al. (2011) 
detected both epilithic and endolithic colonization by ascomyce-
tous and basidiomycetous fungi, with green algae, cyanobacteria, 
and fungal- algal association, on dolostone samples from the Re-
dueña quarry and also proposed that petrographic characteristics 
influenced endolithic growth (Cámara et al., 2008). In general, 
fungal filaments, hyphae, colonized existing pores, growing into 
the larger spaces regardless of whether they were inter-  or intra-
crystalline. In low- porosity dolostone, endolithic growth was 
limited to preexisting fissures and cracks. For carbonate rocks, 
the fungal hyphae follow grain boundaries, apparently leaving 
bridges of biominerals, such as calcium oxalates like weddelite 
and whewellite, which are di-  and monohydrates, respectively 
(Kolo et al., 2007). Kolo et al. (2007) detected other bio minerals 
such as the magnesium oxalate dihydrate glushinskite and stru-
vite, ammonium magnesium phosphate hexahydrate, and both 
magnesium and calcium carbonates, as well their mixture, do-
lomite. One of the results of the aggressive attack by fungi is the 

FIGURE 3. Exfoliation of the Kasota limestone from the NMAI 
building in the area below a scupper water drain on the east terrace 
wall beyond the Senator Inouye Terrace (see figure 18 in Grissom 
and Charola, “Survey and Documentation of Darkening and Streak-
ing on the National Museum of the American Indian Building,” 
this volume). The exfoliation or spalling is potentially a result of the 
blackish epilithic colonization.

FIGURE 4. Fungi growing on the fractured surface of a single clear 
dolomite crystal used to evaluate damage by the bio colonization 
found at San Martín de Fuentidueña Apse. The vertical surface 
to the right was inoculated with the fungus, algae, and cyano-
bacteria, and the horizontal surface was exposed by fracturing five 
weeks after inoculation, showing biocolonization along a cleav-
age plane about 1 mm in depth. Reprinted with permission from 
Koestler et al. (1985).
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demicritization of the stone, that is, the dissolution of the fine 
micritic material, leaving the larger grains isolated and supported 
only by new biomineral bridges. This shows the large effect that 
fungi can have on the diagenesis of carbonate rocks.

The mere presence of microbes, cyanobacteria, algae, fungi, 
etc., produces visible stains on stone. All autotrophic plants and 
algae will have the photosynthetic pigments in shades of green 
to blue green, and some will have accessory pigments of orange, 
red, or even occasionally purple. Both autotrophic and heterotro-
phic organisms often have body structures that range from pale 
beige to dark brown. These are the colors that are expected and 
acceptable for nature and natural weathering of stone surfaces. 
However, two groups of pigments are especially dark and dis-
figuring on light stone surfaces. The first is melanins—a family 
of noncrystalline, light- absorbing (therefore blackish) aromatic 
compounds—which are both insoluble and resistant to decoloriz-
ing and cleaning (Butler et al., 2005). Melanins are thought to be 
protective against environmental stresses, such as UV radiation 
and oxidizing compounds, and to confer to fungi pathogenicity 
and virulence (Henson et al., 1999). The second is scytonemin, 
a dark yellow- brown, lipid- soluble pigment of the sheaths and 
biofilms of cyanobacteria (Garcia- Pichel and Casten holz, 1991; 
see figure 2g,i in Cappitelli et al., 2012, and figure 1 in May et 
al., 2010), the ink colorant of the Tintenstrich that intensifies 
in the driest sites (Pentecost and Whitton, 2000). Scytonemins, 
along with the colorless mycosporine- like amino acids (MAAs) 
of cyanobacteria, protect against UV radiation, specifically UV- A 
for scytonemin and UV- B for MAAs (Sinha and Häder, 2008). 
Intense UV- A radiation stimulates the production of scytonemin.

As cyanobacteria, fungi, and fungal- algal associations—
called lichens—may form black crusts on the stone faces of build-
ings (Lewin, 2006; Gaylarde et al. 2007), distinguishing melanin 
from scytonemin staining requires identifying either the organ-
isms or the staining compounds directly. Cyanobacteria, either 
unicellular- coccoid, clustered, or filamentous, are prokaryotic 
(lacking a true nucleus and cell organelles). Their cells have a 
somewhat uniform green pigmentation, although accessory pig-
ments may tint them purple to blue, with a light speckling com-
pared with the cells of eukaryotic (having a true nucleus) algae, in 
which the green chlorophyll is sequestered in large chloroplast or-
ganelles. Fungi are eukaryotic and heterotrophic—lacking chlo-
rophyll and depending on carbohydrates from other organisms 
for their nutrition. Their cells, either in filaments or occasionally 
yeast shaped, have a distinctive chitinous cell wall. Cyanobacteria 
will produce an often thick, protective EPS or biofilms, whereas 
fungi excrete polysaccharides to adhere to surfaces and to form 
a pseudotissue layer or cortex as found in lichen associations. 
At present algae, cyanobacteria, and fungi are routinely identi-
fied with molecular- genetic methods, usually DNA sequencing of 
regions encoding the ribosomal RNA (= ribosomal DNA, rDNA) 
or the rDNA’s internal transcribed spacer (Cappitelli et al., 2012). 
Although melanin, found in most organisms, is notoriously dif-
ficult to identify because of its amorphous form and range of 
molecular sizes, scytonemin, produced by only a few groups of 

cyanobacteria, has a defined structure and a known molecular 
mass of 544 Da (Sinha and Häder, 2008).

The hypothesis formulated was that the disfiguring stains on 
the NMAI building are of biological origin and not simply soil-
ing. Because it developed rapidly, over a period of a few years, it 
is most likely the result of colonization by photosynthetic organ-
isms that are limited only by the availability of light and water. 
The stone walls of the building analogous to a natural cliff, above 
any shading from trees or other vegetation, can reasonably be 
expected to be exposed to high light levels most of the year; add-
ing water along paths determined by the complex surfaces of the 
building imitating intermittent streams produces the condition 
for biocolonization. If the organisms are cyano bacteria, then the 
stain is most likely scytonemin and not melanin, which is typi-
cally produced by fungal decomposers. Scytonemin production 
is known to increase under high UV- A illumination, as would be 
found on the upper areas of the building. The walls of the build-
ing, with their combination of carbonate stone, water tracks, 
and high light exposure, provide optimal conditions for devel-
opment of a cyanobacterial Tintenstrich, in particular that of 
Gloeocapsa (Pentecost and Whitton, 2000), as reported by Cap-
pitelli et al. (2012). If this hypothesis is supported by documenta-
tion of cyanobacteria producing scytonemin or the detection of 
scytonemin directly, then the challenge is to develop protocols 
to remove scytonemin and scytonemin- producing cyanobacteria 
and prevent or slow the recolonization and weathering of the 
building’s facing stones.
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B
iocolonization of stone is a natural weathering phenomenon, but the rate at 
which it occurs depends on the stone and environmental conditions, particu-
larly the availability of light and water. In the case of the National Museum 
of the American Indian (NMAI) building, rapid biocolonization is favored by 

the porosity of Kasota limestone (Charola et al., this volume; DePriest and Charola, this 
volume) and design features that increase the water flow in certain locations (Grissom 
and Charola, this volume). The present study examined treatments that may control 
biocolonization on the building. First, several types of biocides were reviewed to select a 
biocide that was effective and approved for use in the United States. Second, a protocol 
for cleaning and applying biocide was developed and tested to ensure that it was effective 
and did not damage the building’s stone. Third, installation of metal strips that release 
metal ions with biocidal effects was tested for long- lasting prevention of recolonization.

BIOCIDES: PROBLEMS AND BENEFITS

Biocides can reduce existing biocolonization, but eliminating it completely is never 
easy. The effectiveness of a biocide is limited by the depth of its penetration into the stone 
(Cámara et al., 2011). Moreover, biocides generally do not have long- term residual ac-
tion, and periodic reapplication is required (see Koestler et al., this volume). In a garden 
setting such as that of the NMAI building, repeated application of biocides may also be 
undesirable since surrounding plants may be harmed as well.

Several types of biocide formulations have been used on outdoor stone. Many, such 
as organotin compounds, have now been banned in most countries. Others based on 
inorganic compounds, such as the strong oxidant sodium hypochlorite, for example, Clo-
rox, have the disadvantage of leaving behind sodium chloride (common table salt), which 
can be deleterious to stone. Hydrogen peroxide can be effective without leaving any 
residue, but it is impractical for large- scale application because it does not have any long- 
term effect. Furthermore, since both sodium hypochlorite and hydrogen peroxide act by 
oxidation, they can induce undesirable changes in the color of stone, especially when 
iron compounds are present as they are in Kasota limestone (Charola et al, this volume).

The most common biocides currently in use on stone are those based on quaternary 
ammonium salts, often referred to as “quats”; they have been widely used with success 
on buildings and monuments (Charola et al., 2007; Delgado Rodrigues et al., 2011). 
Two formulations based on quats have been approved for use on masonry in the United 
States: D/2 Biological Solution1 and BioWash (Prosoco). Recent formulations of biocides 
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containing isothiazolone (Morley et al., 2005) appear to be more 
effective than quats (Warscheid and Leisen, 2011; Warscheid, 
2010) but are not yet available for use on buildings in the United 
States. Bartolini et al. (2004) have shown that although quat- 
based biocides have a high extraction capacity for pigments, 
such as green chlorophyll a, orange β- carotene, and the brown 
scytonemin contained in dark cyanobacteria biofilms, these pig-
ments can remain embedded in stone even after the organisms 
have been eliminated (Delgado Rodrigues and Valero, 2003). 

The effectiveness of quats as a biocide was found to be re-
duced by more than 90% when mixed with hard water, that is, 
with concentrations of calcium and magnesium ions greater than 
about 10 ppm (Ridenour and Armbruster, 1948). As a reference, 
moderately hard water, such as the tap water in Washington, 
D.C., contains between 70 and 120 ppm of calcium and magne-
sium ions, hard water contains between 120 and 180 ppm, and 
very hard water contains over 180 ppm. The reduction of effec-
tiveness of quats in hard water, however, varies with the chemical 
structure of the quat as well as the length of the alkyl groups. 
For example, a blend of C12/C14 alkyl groups is still effective even 
in the presence of over 1,000 ppm calcium and magnesium ions 
(Merianos, 2001). Similarly, the addition of a nonoxynol- 9 non-
ionic surfactant to commercial formulations allows quats to be 
more effective in the presence of hard water. 

Quats have been observed to be less effective on limestone 
than on marble but more effective on both these stones than on 
clay- bearing sandstones (Salvadori and Charola, 2011). They are 
highly adsorbed onto clays and other siliceous surfaces and re-
quire a higher concentration to be effective (Grant and Bravery, 
1981; Young et al., 1995). However, because of this adsorption 
they are slowly released over time, increasing their long- term ef-
fectiveness (Salvadori and Charola, 2011). On the basis of this 
property, formulations have been improved by adding surface 
bonding agents, such as alkoxysilanes, which allow quats to at-
tach to stone surfaces and resist being washed off (Isquith et al., 
1972; Walters et al., 1973). Other improved formulations em-
ploy a top layer of silica nanoparticles modified with attached 
quats over multiple layers of polyacrylic acid and polyallyl-
amine hydrochloride that incorporate silver nanoparticles. The 
quats in the top layer have a biocidal action on contact with 
bio colonization, whereas the silver ions in the lower layers are 
slowly released over time, providing a slower but longer- term 
biocidal action. This dual approach significantly extends anti-
microbial activity (Banerjee et al., 2011). Other approaches are 
being developed on the basis of antifouling agents that could 
prevent the formation of biofilms (Cappitelli et al., 2011). 

CLEANING:  
HISTORY AND PROTOCOL DEVELOPMENT

The buff- colored Kasota limestone facade of the National 
Museum of the American Indian was pristine when the build-
ing was inaugurated on September 21, 2004 (see figures 1–3 in 

Grissom et al., this volume). However, by 2006 black deposits 
had become noticeable and unsightly enough that the company 
Clean and Polish Building Solutions (Washington, D.C.) was con-
tracted to surface clean three areas on the Independence Avenue 
facade of the building. The statement of work required use of an 
unspecified Hydroclean product, probably the weak acid cleaner 
HT- 626,2 followed by pressure washing (K. Fleming, Smithso-
nian Office of Facilities, Engineering and Operations [OFEO], 
personal communication, 2015). Around the same time, NMAI 
staff members also began hand scrubbing without cleaners and 
pressure washing darkened stones accessible at ground level 
(K. Fogden, NMAI, and D. Grimes, OFEO, personal communi-
cation, 2011).

In late 2009, collaboration began between NMAI and Mu-
seum Conservation Institute (MCI) staff; the latter consulted 
with four biodeterioration experts (Charola and Koestler, this 
volume). A range of cleaning options was discussed at meetings 
held with the building’s stakeholders, including its building man-
ager, Kathleen Fleming; NMAI’s associate director for assets and 
operations, Jane Sledge; the eastern zone manager, John Bixler; 
associate director for architectural history and historic preserva-
tion Sharon Park; and other interested parties. The stakeholders 
eliminated high- pressure water washing as a possibility because it 
would likely erode the stone surface, increasing its roughness and 
exacerbating biocolonization by driving it deeper into the stone. 
Although pressure washing would make the building look cleaner 
immediately, recolonization could recur faster ( Salvadori, 2010). 

The two quat- based biocides approved for use on stone in 
the United States, Cathedral Stone’s D/2 Biological Solution and 
Prosoco’s BioWash, were tested prior to full- scale cleaning. They 
were applied first in the laboratory to determine whether they 
would affect the color of stone samples (Bienosek, 2010). Since 
no effects were observed, the solutions were applied in an out-
door setting at the Smithsonian’s Garber facility on blocks of 
stone left over from construction of the building (Charola et al., 
2012) and on an exterior area of the wall surrounding NMAI’s 
loading dock. After test results showed that D/2 was effective in 
reducing the stone’s darkening, this biocide was selected for ap-
plication on the building, and a scope of work for cleaning was 
written in the fall of 2010 (Burnett, 2010). 

In early 2011, the Smithsonian awarded a contract for 
cleaning the building with the D/2 biocide to Fresco Cleaning 
(Arlington, Virginia, at that time and Washington, D.C, cur-
rently). Cleaning was limited to darkened areas, which were 
marked on photographs for the use of the contractor (Figures 
1–4). A full set of high- quality images of the building was taken 
by Kathleen Fogden, NMAI photographer, just prior to cleaning 
for later comparison.

Cleaning began in the spring of 2011 after danger of frost 
had passed to avoid freeze- thaw problems (see Charola et al., 
this volume). Spring is the preferred time to apply biocides in 
temperate North America since organisms become more active 
during this period and therefore are more susceptible to bio-
cides. The spring of 2011 was unusually wet due to a La Niña 
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FIGURE 1. Cleaning map for the north facade. Areas N1–N5 to be cleaned are marked. Photos by John Bixler, Smithsonian Institution.
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FIGURE 2. Cleaning map for the east facade. Area E1 to be cleaned is marked 
by outline in the top image. Photos by John Bixler, Smithsonian Institution.
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FIGURE 3. Cleaning map for the south facade. Areas S1–S5 to be cleaned are outlined in the top image. Photos by John Bixler, Smithsonian 
Institution.
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FIGURE 4. Cleaning map for the west facade. Areas W1 and W2 for cleaning are outlined 
in the top image. Photos by John Bixler, Smithsonian Institution.
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weather pattern, with precipitation for March–April above 19.3 
cm, compared with a long- term average of 16.6 cm (National 
Weather Forecast Office, 2015). 

Beginning on April 6, Fresco’s workmen cleaned darkened 
areas accessible from the ground, such as the loading dock wall 
(Figure 5). Beginning on April 14 and continuing for approxi-
mately one week, they cleaned staining on the facade that re-
quired use of a lift (Figures 6–7). The cleaning map was generally 
followed, except that some horizontal surfaces of capstones on 
the loading dock wall were also cleaned, as were a few horizontal 
surfaces of capstones near the Senator Daniel K. Inouye Terrace.

Cleaning began with pump- spray application of D/2 onto 
designated areas (Figure 5, left). In a few cases, such as on the 
most severe black streaks below the Inouye Terrace, the biocide 
was applied twice (Figure 7). After waiting at least 10 minutes, 
the area to which the D/2 had been applied was vigorously 
scrubbed using long- handled plastic brushes (Figures 5, mid-
dle, and 7, right). Finally, the area was rinsed with water from 
the building’s water supply under ordinary pressure (Figure 5, 
right). After drying, darkened areas were greatly reduced, but 
areas that had been severely darkened could still be identified by 
slight shadows (see Figures 8 and 9). Typically, residual biocide 
effect and loss of dead biological material lead to some further 
lightening during the first year or more after application, before 
biocolonization and darkening begin anew. However, since most 
capstones were not cleaned, their surfaces retained active bio-
colonization, and any rain water flowing over them would have 
carried spores and organisms onto the facade, accelerating re-
colonization there. 

A set of high- quality detail images of cleaned areas after the 
biocide treatment were taken in May 2011 by MCI staff. When 
compared to images taken just prior to cleaning, the immediate 
reduction in darkening is remarkable (Figures 8 and 9). There-
after, areas prone to biocolonization have been photographed 
annually to record the rate at which microbial recolonization 
occurs.

In April 2014, in anticipation of dedication of the terrace to 
Senator Daniel K. Inouye (see figure 7 in Grissom and Charola, 
this volume), who had introduced the bill in the U.S. Senate to 
establish the museum, the same treatment method was used by 
Fresco to clean darkened terrace stonework. This area had not 
been cleaned in 2011. Prior to cleaning, detailed photographs of 
eight capstones were taken, and a range of darkened and undar-
kened areas was measured using a colorimeter to provide base-
line data for evaluating subsequent recolonization. 

OTHER PREVENTIVE METHODS:  
ZINC AND OTHER METAL IONS

Since biocides may eliminate biocolonization but do not 
have enduring residual action, an alternative approach to the 
problem was tested. As has long been known, some metal ions 
have biocidal action that prevents development of microorgan-
isms, illustrated by the traditional custom of throwing a silver 
spoon into a water well to keep the water drinkable (Hernández- 
Sierra et al., 2008) or spraying Bordeaux mixture3—an effec-
tive fungicide and bactericide based on an aqueous solution of 

FIGURE 5. Application of D/2 on the loading dock wall (left), followed by scrubbing (middle) and rinsing with water (right) on April 6, 2011. 
Photo by Carol A. Grissom, Smithsonian Institution.
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FIGURE 7. Application of the biocide D/2 to the most severely streaked area 
below the Inouye Terrace (left), followed by scrubbing the area (right) on 
April 15, 2011. Photo by Carol A. Grissom, Smithsonian Institution.

FIGURE 6. Working from a lift on the north facade on April 15, 2011. Photo by Carol A. Grissom, Smithsonian Institution.
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FIGURE 9. Another area on the north facade prior to cleaning in April 2010 (left) and after cleaning in May 2011 (right). 
Photos by Melvin J. Wachowiak, Smithsonian Institution.

FIGURE 8. Area below the Inouye Terrace prior to cleaning in April 2010 (left) and after cleaning in May 2011 (right). Photos by Melvin J. 
Wachowiak, Smithsonian Institution.
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copper sulfate and limewater—on vineyards to prevent mildew 
(Broome and Donaldson, 2010). On the NMAI building itself 
the biocidal effect of metal ions can be observed in areas where 
copper lightning rods have been installed (see the rightmost 
block in figure 1 in Grissom and Charola, this volume). 

The most effective biocidal metals are silver, copper, and 
zinc, in approximately that order. Silver is too costly to be practi-
cal, although silver nanoparticles appear to be a feasible alterna-
tive solution (Koestler et al., this volume). Copper compounds 
have the disadvantage of staining stone blue or green; for ex-
ample, small green stains can already be seen near the lightning 
rods on the NMAI building. Zinc compounds are white and not 
as visible, but colored stones may develop a grayish hue (Salva-
dori and Charola, 2011). In theory, zinc strips could be installed 
on the building to release biocidal ions. A uniform flow of water 
over the strips would be required to achieve maximum effec-
tiveness in preventing biocolonization. Additionally, the broader 
the zinc strips and the more surface exposed, the more zinc ions 
would be released, increasing their effectiveness. However, wider 
strips releasing more zinc ions could ultimately lead to faster dis-
coloration of stonework. Since this method is fundamentally pre-
ventive, installation of zinc strips is recommended after surfaces 
have been cleaned (Wessel, 2003, 2011). 

David Wessel provided expertise regarding the installation 
of zinc strips on the NMAI building at a meeting with NMAI 
stakeholders in October 2010. The regular shapes of traditional 
structures on which zinc strips have successfully been installed 
are far less challenging than the irregularly shaped NMAI 
building. To test both the installation and the effectiveness of 
strips in preventing recolonization, zinc strips were installed in 
two different test locations on the NMAI building in February 
2012, about 10 months after cleaning with the biocide.4 Instal-
lation of more strips will be considered after full assessment of 
results. 

The first test location was near the south entrance, where 
zinc strips measuring 5.5 cm in width and 0.475 cm in thickness 
were installed on the top ledges of two roughback blocks. These 
blocks project a few inches from the facade about 2 meters (6 
or 7 feet) above ground level. They were badly darkened be-
fore cleaning, apparently because of shading by nearby vegeta-
tion during the growing season, water collecting on their upper 
ledges, and slow drying related to air flow around the undulating 
facade (Figure 10; Grissom and Charola, this volume, figure 13). 
The width of the zinc strips was dictated by available space, and 
the strips were attached to the ledges with an adhesive to avoid 
any splitting of surfaces of the face- bedded roughback stones, 
which might have occurred with metal fasteners. By April 2014, 
less than three years after application of the biocide and more 
than two years after installation of the strips, biocolonization 
had returned to faces of many adjacent roughback stones but not 
on stones to which zinc strips were attached (Figure 10, arrows).

The second test location was on the Inouye Terrace, where 
wider zinc strips measuring 8.9 cm in width and 0.475 cm in 
thickness were attached with stainless- steel anchors on the top 

surfaces of parapet capstones about 5 cm from the facade edge. 
They span the second and third blocks (Figure 11; compare with 
figure 17 in Grissom and Charola, this volume) and the twelfth 
and thirteenth blocks, numbered from the junction of the para-
pet with an adjacent north wall (see figure 7 in Grissom and 
 Charola, this volume) These blocks were selected because they 

FIGURE 10. Area to the left of the south entrance. Top: before clean-
ing and installation of zinc strips on roughback blocks indicated by 
arrows (March 2011). Photo by Katherine Fogden, Smithsonian In-
stitution. Middle: 20 months after cleaning and 10 months after in-
stallation of zinc strips (November 2012). Bottom: three years after 
cleaning and more than two years after installation of strips (April 
2014). Middle and right photos by Carol A. Grissom, Smithsonian 
Institution.
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were immediately above what had been the most badly streaked 
areas on the north facade and their recessed joints channeled 
water down onto these areas. Biocolonization had not been 
cleaned from the top surfaces of the capstones in 2011, and at 
the time the zinc strips were installed in early 2012, it almost 
completely covered these surfaces. By 2014, biocolonization was 
reduced as clean areas appeared between the zinc strips and the 
facade and on facade faces of the capstones. Any reduction in the 
dark streaking on facade stones below them, however, was not 
yet visible (Figure 12; compare with Figure 8).

Although zinc strips may successfully reduce darkening in 
many areas, such as on roughback stones and terrace parapets, 
the occasional stone that protrudes from the facade presents a 
more difficult and probably insoluble problem because strips 
cannot be attached inconspicuously above them. Since protrud-
ing stones contribute substantially to the building’s natural ap-
pearance, those that are darkened by biocolonization may have 
to be accepted as they are—a natural phenomenon.

CONCLUSION

The darkening of the stone surface of the building due to 
biocolonization can be reduced by the periodic application of 
biocides and appropriate cleaning. Since biocolonization is part 
of the natural weathering of porous stone, other approaches are 
needed to reduce the frequency required to maintain clean sur-
faces with the use of biocides. The installation of zinc strips has 
shown that the dark staining due to biocolonization can be re-
duced, but the unusual design of the NMAI building requires an 
innovative approach for their installation to be effective. Alter-
native solutions also need to be explored since no single solution 
can be found for this distinctive building. 

FIGURE 11. Second and third blocks on the Inouye Terrace, to which zinc strips have been attached, shown 18 months after installation on 
August 14, 2013; see figure 15 of Grissom and Charola (this volume). Photo by Carol A. Grissom, Smithsonian Institution.
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FIGURE 12. Detail of the facade below capstones on which zinc strips shown in Figure 11 were installed (location indicated by the red bar), 
eight months later (two years and two months after installation). Note that front faces of the blocks were cleaner than surrounding blocks in 
April 2014. Photo by Carol A. Grissom, Smithsonian Institution.
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NOTES

 1. D/2 Biological Solution, formerly distributed by Cathedral Stone Products, 
Inc., was the product tested and used in 2011. Currently, several companies 
distribute D/2, including Limeworks .us, Telford, Pennsylvania.

 2. Hydroclean HT- 626 brick, granite, sandstone, and terra- cotta cleaner is 
based on a mixture of a solvent (2- butoxyethanol) and dilute phosphoric 
and hydrofluoric acids; see http:// www .hydroclean .com /data _sheets /ht -  626 
.htm (accessed July 22, 2016). The solvent serves both as a surfactant to 
improve surface wetting and as a biocide. On the Kasota limestone, the acids 
would attack the surface layer of the stone, which might eliminate surface 
biocolonization in the process. They would also react with released calcium 
and magnesium ions to form compounds more insoluble than the original 
stone, such as calcium and magnesium fluoride or calcium and magnesium 
phosphate. Such acid- based cleaners are unacceptable for limestone, not only 
because they dissolve the stone surface but also because new compounds that 
form might trap existing biocolonization and provide nutrients such as phos-
phates for their further development.

 3. In the late nineteenth century, the Bordeaux mixture was developed by P. M. 
A. Millardet, University of Bordeaux, and tested on Chateau Dauzac vine-
yards in collaboration with Ernest David, technical director of the Dauzac 
vineyards.

 4. Designs for the test project (OFEO Project 11112101), developed by Archi-
trave P.C., Architects. 
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T
he National Museum of the American Indian (NMAI) building is distinctive, 
not only in the concept that prompted it but in its unusual design. The build-
ing’s soft curves, along with the surrounding gardens and wilderness, which 
incorporate running water, make the NMAI building distinctive, increasing its 

total heritage value and significance. 
Weathering of buildings is a natural phenomenon, and soiling or staining is inevi-

table in urban environments and proportional to the pollution present in the air. Both 
industrial and natural pollution, such as dust, seeds, spores, and microorganisms, can 
cause aesthetic and even deterioration problems. The issue of the deterioration induced 
by air pollution became a critical one more than 50 years ago, and during the past half 
century people became so accustomed to the resultant soiling patterns that they were 
accepted as normal. 

This type of deterioration is not the case for the staining observed on the NMAI 
building. First, the building was completed at the time air pollution abatement had signif-
icantly reduced this problem. Second, the structure’s distinctive design results in a totally 
different soiling pattern than expected, one that is more noticeable and objectionable. 
This uncommon pattern has been found to be essentially the result of biocolonization on 
areas where water flow is increased by design features. It is important to consider that 
the most unaesthetic staining is concentrated in relatively few areas (Grissom and Cha-
rola, “Survey and Documentation of Darkening and Streaking on the National Museum 
of the American Indian Building,” this volume) while the rest of the building is slowly 
weathering naturally. Therefore, for the preservation and conservation of this building it 
is important to find a way to limit the staining to that of natural weathering because if 
biocolonization is not kept at a low level, deterioration of the stone will occur (DePriest 
and Charola, this volume).

Preliminary solutions to address these problems were proposed and implemented: 
biocide application and subsequent cleaning of the most soiled areas of the building, 
followed by installation—in a few test areas—of zinc strips that serve as an inhibitor of 
biocolonization (Grissom and Charola, “Keeping the National Museum of the American 
Indian Building Clean,” this volume). Testing of the installation method is critical be-
cause of the unusual design of the building.

In the first 11 years of the building’s life it has already undergone three localized 
cleaning interventions. Frequent washing can be counterproductive for two reasons. 
First, since limestone is slightly soluble in water, increased contact with water, especially 
if brushing or pressure washing is used, may induce both a surface and an inner cohesion 
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loss in the stone. Second, although water is rapidly absorbed into 
the stone, it takes far longer to leave it (Charola et al., this vol-
ume), providing an ideal environment for biocolonization since 
the translucent dolomite and calcite crystals allow sufficient light 
for microorganism growth down to at least a 1- mm depth (De-
Priest and Charola, this volume). Both of these issues are almost 
impossible to halt.

Therefore, the best policy for the NMAI building is pre-
vention, which can only be achieved by a regular maintenance 
program. The three previous cleaning interventions were not 
“regular” maintenance but rather “extraordinary” maintenance, 
and the ideal would be for these to be carried out as infrequently 
as possible, perhaps every 10 or 20 years, the average time frame 
for other buildings. Since NMAI is not a typical building because 
of its flowing curved surfaces, a unique approach for regular 
maintenance is needed. It is important to note that a single ap-
proach may not solve all problems and that it is likely that dif-
ferent areas of the building may require dissimilar approaches. 

To develop an appropriate regular maintenance plan for this 
building, a testing program of selected products was developed 
and will be implemented on the horizontal capstones on one of 
the roof terraces. These products can be divided into two groups, 
those that can be applied directly on the biocolonized surface 
and those that require the surface to be “clean” before the appli-
cation. Within each of these groups, two subgroups can be differ-
entiated as a function of the distinct mechanisms for controlling 
or preventing biocolonization. 

The first group of products to be applied to biocolonized 
surfaces includes biocides. One product, based on a quaternary 
ammonium formulation, has already been used successfully in 
the two most recent cleaning interventions and will be retested 
to compare with other formulations (even though they are not 
as yet registered for use on architecture in the United States), 
such as Algalwash, also called mélange d’Angkor, (Warscheid, 
2010; Warscheid and Leisen, 2011), and a zinc citrate solution. 
The latter might replace the installation of zinc strips in areas 
where they would be visible. An alternative approach is based 
on the periodic application of limewater. Limewater, a saturated 
solution of calcium hydroxide, has been used since historic 
times as a disinfectant. It may also serve to consolidate the stone 
by taking up carbon dioxide from the air and forming new cal-
cium carbonate compatible with the dolomitic limestone—the 
so- called lime method traditionally used in the United Kingdom 
for consolidation and in Mediterranean countries to avoid mold 
development. Repeated application of limewater may result in 
whitening because of the deposition of calcium carbonate but 
a yellow iron oxide pigment could be added to mitigate this ef-
fect and achieve a color similar to that of the Kasota limestone. 
Testing these formulations on site, however, will require time 
to evaluate their effectiveness. On the positive side, their cost 
is minimal.

The second group includes products that should be ap-
plied to cleaned stone surfaces, such as water repellents as 
well as formulations conferring superhydrophobicity by use of 

nanotechnology. Their action is based on preventing the stone 
surfaces, especially horizontal ones, from absorbing liquid water, 
thus reducing the biocolonization rate by controlling one of the 
most important factors required for their growth. Although in 
principle these products will reduce biocolonization on these sur-
faces, depending on how water is shed from them, these products 
might inadvertently enhance colonization on the vertical surfaces 
below. Furthermore, their long- term behavior may not be satis-
factory. As an alternative approach, self- cleaning products based 
on nanomaterials that are photocatalytically activated, for exam-
ple, titanium dioxide (TiO

2), may be effective. The preparation 
of the nanoparticles is critical for their action; therefore, it would 
be desirable to test different formulations. Since their perfor-
mance requires sufficient sunlight for activation, their effective-
ness will be location dependent as the building does not receive 
the same amount of light on all sides. Other alternatives to test 
could be silver or zinc oxide nanoparticle biocidal formulations.

To evaluate the effectiveness of these treatments, it is im-
portant to develop a practical monitoring method that takes into 
account that some of the products may require six months to a 
year to reach maximum effect (Charola et al., 2007). Zinc solu-
tions will probably require even longer for the cleaning effects to 
become apparent. The effectiveness of photocatalytic titanium 
dioxide, silver, or zinc oxide nanoparticle formulations, as well 
as water repellents, is based on the speed of recolonization, and 
that cannot be determined a priori.

Although regular monitoring should include normal pho-
tography to identify the onset of the changes, it is not a reliable 
method for quantifying the results. A more sophisticated, but 
labor- intensive, method was developed (Charola et al., 2012), 
but a more practical approach, such as colorimetric evaluation, 
could also be used (Prieto et al., 2004; Pinna et al., 2012). Col-
orimetric evaluation is already being implemented to monitor 
changes undergone by the capstones on the Senator Daniel K. 
 Inouye Terrace from pre-  to postcleaning and beyond until rein-
fection. Other methods, such as appropriate hyperspectral imag-
ing techniques (Burud et al., 2014) or fluorometric measurements 
(Delgado Rodrigues et al., 2004), could also be tested. Further-
more, it would be desirable to evaluate the microorganisms 
present prior to the application of the various products and to 
periodically evaluate any changes in the microbial composition.  

The maintenance measure(s) eventually selected will need 
to take into account both the implementation requirements and 
the desired appearance of the building. It is likely to take a few 
years to develop appropriate maintenance measures to address 
the specific issues found in the different areas of the building, but 
the effort is worthwhile to preserve this unique building. 
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National Museum of Natural History, 18
National Museum of the American Indian 

(NMAI). see also biocolonization; 
cleaning the NMAI building; darkening 
and streaking; future maintenance plan; 
Kasota limestone

 building representation, 3
 cascade and fountains, 8f
 Congressional authorization, 5
 entrance, 6f, 8f, 12f
 founding director, 6
 general plan, 9f
 inauguration, 46
 introduction, 1–4

 landscape design, 7
 mission, 6
 plan of building, 32f
Native Americans, design of NMAI, 5
New, Lloyd Kiva, 7
NMAI. see National Museum of the Ameri-

can Indian
north facade
 cataract and pool, 6f
 cleaning, 52f, 53f
 cleaning map, 47f
 darkening and streaking, 1
 NMAI inauguration, 8f
 zinc strips, 55

Oneota dolomite, 17, 23, 23t
orange β-carotene, 46
Ottawa, Minnesota, 19t

Park, Sharon, 46
Paul E. Garber facility, 18, 46
Pentecost, A., 40
Philadelphia Museum of Art, 19, 23
photocatalytic materials, 3
photosynthetic algae, 39
pigments, 40f, 42, 46, 60
Polshek-SmithGroup, 9
polyacrylic acid, 46
polyallylamine hydrochloride, 46
porosity
 and biocolonization, 41
 dolomite, 23
 Kasota limestone, 21–25, 21f, 23t, 24f, 41
pressure washing, 46
Prosoco (company), 46, 47
protruding block
 darkening, 27, 30, 55
 difficulty of attaching zinc strips, 55
 wetting and darkening, 35, 35f, 39
 zinc strips, 55

quaternary ammonium salts, 45–46, 60

rainwater retention, 27–28, 30
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roofline, 27, 28f, 29f
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12f, 14f
 zinc strips, 54f

Sakiestewa, Ramona, 7
Salvadori, O., 2
sandstone, 40f, 46. see also specific sandstones
San Martín de Fuentidueña, 42, 42f
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37f, 38, 38f, 41f
scytonemins, 42, 46

Segovia, Spain, 42
Senator Daniel K. Inouye Terrace
 cleaning nearby stones, 51, 52f, 53f
 cleaning of, 51
 colorimetric evaluation, 60
 darkening of nearby stones, 36, 36f, 37f
 dedication of, 51
 on NMAI building plan, 32f
 zinc strips, 54–55, 55f
Seneca sandstone, 9
silica nanoparticles, 3, 46
silicone sealants, 28, 28f, 29–30
silver, biocidal action, 51, 54
Sledge, Jane, 46
Smithsonian Castle, 9
sodium chloride, 45
sodium hypochlorite, 45
south entrance, 54, 54f
south facade, 31f, 49f
splitface stones, 10–11, 12, 13f, 25
streaking. see darkening and streaking
superhydrophobicity, 60

Table Mountain Rancheria Enterprises, 9
tapestry finish stone, 11, 12
Thiel, G. A., 19t, 23t
Tintenstrich. see darkening and streaking
titanium dioxide (TiO2), 3, 60
Twin City Testing (TCT), 18, 19t

UNI 10859 procedure, 23
U.S. Custom House, New York City, 5
UV radiation, protection from, 42

vegetation, and darkening, 35
Venturi, Scott Brown (architectural firm), 

5–6
Vetter Stone quarry, Minnesota, 10f
 acid attack analysis, 19t
 atomic spectroscopy, 18, 19t
 as NMAI supplier, 7, 10–11
 petrographic analyses, 19
 saw, 11f
void tortuosity, 24

Warscheid, T., 39
Washington, D.C., hardness of tap water, 46
water elements of NMAI, 7
water flow, and darkening and streaking
 Angkor Wat, 40f
 balconies, 30
 biocolonization, 39
 capstones, 27–28, 28f, 30, 33f
 Inouye Terrace, 36, 36f, 37f
 survey, 27–28, 38
water repellents, 2, 3, 60
“The Way of the People” (programming 

document), 6, 7
weathering, 41
Wessel, David, 54
West, W. Richard, Jr., 6
west facade, 50f
Widell quarry, Minnesota, 19t
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wind, and drying time, 25
Wiss, Janney, Elstner Associates, 19, 19t, 

23, 23t

X-ray powder diffraction (XRD), 19, 20f, 
20t

zinc and other metal strips
 biocidal action, 51, 54
 cleaning the NMAI building, 51, 54–55
 discoloration of stonework, 54
 effectiveness, 54, 54f, 56f
 installation, 54–55, 55f, 59

 introduction, 2–3
 nanoparticles, 3
 as preventive, 54
 recolonization control, 2–3
zinc citrate solution, 60
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