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Abstract
This dissertation uses multiple lines of ceramic evidence to examine continuity in the
economic organization of Eastern Pueblo communities along the Rio Grande from the late precontact period (ca. A.D. 1300-1598) into the early period of Spanish colonialism (A.D. 15981680). One of the major decorated ceramic traditions of the Eastern Pueblo region, Rio Grande
Glaze Ware, was in constant production from the early 14th century well into the Spanish
Colonial Period. Production only ceased sometime after the Pueblo Revolt of 1680. The
production and consumption of Rio Grande Glaze Ware vessels was heavily embedded in a
regional network of relationships among Pueblo villages. As such, continuity in the production
of Rio Grande Glaze Ware vessels under Spanish colonial rule suggests that the network of
relationships in which glaze ware production was embedded likely also persisted. Using a
combination of typological and archaeometric data, I employed social network analysis to both
evaluate the development of a regional network of interaction surrounding Rio Grande Glaze
Ware production and consumption and to evaluate the degree to which the structure of that
network persisted into the early Spanish Colonial Period.
The techniques of single layer network analysis were applied to evaluate change over
time in the structure of regional interactions in the greater Southwest and northern Mexico, as
revealed by patterns of ceramic consumption. From this analysis we identify the development of
distinct regional patterns of interaction in the Western and Eastern Pueblo regions over the
course of the 15th century. The results of new archaeometric testing—both petrographic analysis
of rock temper and isotopic analysis of lead glaze paint—are also presented, helping to further
refine existing understanding of material diversity within the broad category of Rio Grande
Glaze Ware vessels. These results are particularly relevant in identifying a distinct pattern of lead
ore use by potters at villages in the Lower Rio Grande region. Finally, I present a case-study
evaluating the utility of multilayer network techniques in better understanding of the complexity
of regional interaction in the project area and study period. Multilayer network techniques allow
for a synthesis of typological data with the two different lines of archaeometric data collected for
this project. Results of the multilayer analysis indicate that the structure of interaction among
Pueblo villages remained largely unchanged from the 15th century into the early Spanish
Colonial Period. Results indicate that Pueblo people found a way to maintain a regional system
of interaction despite the impact of Spanish colonial appropriation of Pueblo labor.
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Introduction
A major focus of recent archaeological research constructed around a post-colonial viewpoint
is to examine how variation in the social, historical, and environmental contexts of different
colonial encounters produced variability in the colonial encounter itself (e.g., Cameron et al.
2015; Jones 2015; Panich and Schneider 2014; Scheiber and Mitchell 2010). One facet of this
research is “the study of native political economies and understanding how they shaped the
direction, intensity, and kinds of colonial interactions that unfolded” (Lightfoot 2017:363).
Building upon this line of research, this dissertation uses pottery to examine the economic
organization of Pueblo communities during the late pre-contact and early Colonial period.
One of the major decorated ceramic traditions of the late pre-contact, or Pueblo IV, period
(ca. A.D. 1300-1598) is the Rio Grande Glaze Ware (RGGW) tradition, characteristic of
decorated ceramic production at a majority of Pueblo communities in the Eastern Pueblo region
of New Mexico (Figure 1). Notably, Pueblo potters continued production of this ware well into
the early period of Spanish colonialism in New Mexico, transitioning to production of historicperiod, matte-painted polychrome wares in the period after the Pueblo Revolt of 1680 and the
second Spanish conquest of New Mexico in 1692 (Harlow 1973; Liebmann 2014; Preucel 2002).
Given the complexity of RGGW production, which was embedded in a network of relationships
among Pueblo communities (Schleher 2017), the persistence of RGGW production throughout
the early Spanish colonial period also suggests the persistence—to a greater or lesser degree—of
the pre-colonial Puebloan political-economy as a whole.
The potential persistence of a Puebloan political-economy into the early Spanish colonial
period then suggests that early Spanish colonialism in New Mexico may have proceeded
significantly differently from later Spanish, Mexican, and American colonialism. This
supposition is supported by other lines of evidence. For instance, the nadir of Puebloan
population size in New Mexico probably did not coincide with the onset of Spanish colonialism
at the end of the 16th century, but rather is found in the mid-18th century after more than a
century of Spanish rule (Barrett 2012:22; Ramenofsky and Kulisheck 2014). Indeed, the major
transformation of Puebloan societies through ongoing coalescence in the 250 years prior to the
earliest Spanish colonial encounter may have created a socio-economic structure that was
resilient to the shocks of early Spanish colonialism. The thread running through all elements of
this dissertation is an interrogation of how much and in what ways the structure of the politicaleconomy of Puebloan New Mexico—as evaluated from the perspective of ceramic production—
remained intact under early Spanish colonialism. The consequences of this continuity for the
trajectory of early Spanish colonialism in New Mexico is left as the primary focus of future
research.
To test this proposition of continuity requires two things: first, a method for diachronic
evaluation of the structure of the Puebloan political-economy at the macro-regional scale, and
second, data on ceramic production that could capture the complex relationships embedded in
ceramic production and exchange at that macro-regional scale. Archaeological applications of
social network analysis have been used previously to great effect to evaluate the structure of
relationships at a large, regional scale, and is more generally an explicitly structural approach to
social relationship (see Wasserman and Faust 1994:3–27). The methods of social network
analysis therefore provide a means for understanding continuity and change in the Puebloan
political-economy. Archaeometric techniques naturally complement typological data on ceramics
to help understand the diverse relationships involved in ceramic production. This is especially
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true for the production of RGGW given the additional complexity of producing the distinctive
glaze paint of the ware.

1. Section Overview
In the following sections I present a short characterization of the time periods under
investigation, from the Pueblo IV period up to the 1680 Pueblo Revolt. This is followed by an
overview of research on RGGW, particularly the application of archaeometric techniques to
understanding the complex networks structuring production and exchange of the ware. Following
this, I present an overview of the ways that social network analysis has been applied to
archaeological data generally, and more specifically to study the structure of relationships at a
macro-regional scale. I also present an argument for the application of multi-layer network
analysis as an especially complementary approach when evaluating complex networks, like those
characterized by RGGW production and exchange. Following this summary of existing research,
I present three articles articulating different elements of the central question of this dissertation.
In Appendix A, my co-authors and I present a network analysis based on ceramic typological
data, examining changing network structure at a macro-regional scale. This analysis primarily
compares changes to network structure in Eastern and Western Pueblo regions, establishing the
structural trajectory of each region. Of particular importance is the conclusion that these
trajectories were established approximately 150 years before the beginning of Spanish
colonialism in New Mexico. This conclusion supports the goals of this dissertation, to articulate
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how the Eastern Puebloan political-economy (here evaluated through pottery production and
exchange) persisted into the early Spanish colonial period. While instructive, this analysis is
limited to typological ceramic data, which do not completely reflect the complexity of RGGW
production. This limitation is addressed through the addition of provenance data, discussed in
Appendices B and C.
In Appendix B, my co-authors and I present new archaeometric data, including a
petrographic analysis of rock temper and an isotopic analysis of lead in glaze paint. Collecting
these data serves two purposes. First, the isotopic data helps characterize lead glaze paint in
regions that are less well-studied by existing research, specifically the Lower and Middle Rio
Grande (Figure 1). This is particularly interesting for the Lower Rio Grande, as we confirm the
suspicion of many ceramic analysts and the results of minor sampling in an earlier project (see
Huntley et al. 2012) that potters in this region made use of a different source of lead ore than the
majority of RGGW potters. Second, this study reports data on several sites with existing
petrographic or isotopic studies, such as Kuaua and Abó pueblos. This is done both to provide a
point of comparison with existing research, and to produce data of this type that is quantified in a
way that makes it usable for the network analysis presented in Appendix C. For instance, while
Shepard (1942) included sherds from Kuaua in her famous study of RGGW temper, even
characterizing a temper local to the site, she did not report the number of sherds analyzed from
the site nor does she report the exact proportion of different temper groups at individual sites.
Instead, Shepard's report gives proportions for entire regions or for only the most common
temper groups at a site. Likewise, Warren's Cochiti Dam report (1979) gives exact proportions of
major temper groups for specific sites in the study area, but minor or trace temper groups are not
reported. As such, while these studies are highly informative about RGGW production in
general, they are of less utility for subsequent studies which require complete, quantified data,
such as the network analysis conducted in Appendix C.
In Appendix C I present a case-study illustrating the potential utility of multilayer
network analysis for understanding complex archaeological systems, particularly focusing on the
multi-valent relationships structuring RGGW ceramic production and consumption. While social
network analysis research in archaeology has undergone a fluorescence in recent years (see
Peeples 2019), multilayer network analysis has been conducted with archaeological data in only
one other study (Upton 2019). Multilayer network analysis allows for parallel analysis of
networks constructed from different types of data, making the technique ideal for evaluating
complex networks where multiple intersecting, nested, and overlapping types of relationships
form the structure of the network. In this study, I argue that the complexity of RGGW production
and exchange is better modeled as a multilayer network, rather than multi-mode and single layer
networks, allowing for better examination of structural continuity from the late pre-contact
period into the early Spanish colonial period.
2. The Pueblo IV and Early Spanish Colonial Periods
During the Pueblo IV period (A.D. 1300-1598), Pueblo people significantly reconfigured
the socio-political organization of their world through long-term coalescence of Puebloan
communities into denser, pluralistic villages and settlement clusters (Adams and Duff 2004:13–
15). Particularly in the early part of this period (before 1450), the settlements resulting from this
coalescence were commonly multi-ethnic, multi-linguistic communities (e.g., Brandt 1994; Clark
et al. 2013; Dozier 1970; Spielmann 2004) involved in the popularization of new religious
practices (e.g., Glowacki and Van Keuren 2011; Ware and Blinman 2000), such as katsina
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(Adams 1991; Schaafsma 1994) and Salado ceremonialism (Crown 1994). These aggregated
communities were typically grouped into settlement clusters, defined by high material similarity
within a cluster and spatial boundaries between clusters (Adams and Duff 2004:14–15).
Contrasting with this settlement pattern was a simultaneous growth of regionalism and
association with supra-household community identities (Habicht-Mauche 1993; Kohler 2004;
Mills 2007). This regionalism and process of large-scale identification coincided with the
development of an increasingly integrated supra-regional economy (Duff 2000:85–88; Nelson
and Habicht-Mauche 2006; Wilcox 1991), including circulation of several regionally distinctive
ceramic wares (e.g., Creamer 2000; Futrell 1998; Lyons and Clark 2012; Shepard 1942) and
expansion of interactions with non-Pueblo groups in the Plains and on the Colorado Plateau (e.g.,
Habicht-Mauche 1993, 2000, 2008; Leonard 2006; Spielmann 1991, 1994). The relative
influence of each of these factors varied, particularly between the Eastern and Western Pueblos
(e.g., Ware 2014; Whiteley 2004:144–145), and Appendix A further explores this distinction in
social organization between Eastern and Western Pueblo regions.
These same processes continued in part into the early Colonial Period (A.D. 1598–1680),
potentially providing advantages and disadvantages to Pueblo communities negotiating the
challenges of Spanish colonialism (Pavao-Zuckerman and Jenks 2017:240). During this period,
Pueblo populations further aggregated in response to population decline (e.g., Kulisheck 2010;
Ramenofsky and Kulisheck 2013; Schroeder 1992) and because of the Spanish practice of
congregación, both of which contributed to a 62% reduction in the number of Pueblos in New
Mexico during the 17th century (Barrett 2012:22). A similarly drastic decrease in both Pueblo
population and number of settlements occurred in the Pueblo IV period, during the 15th century.
This earlier period of population decline, and severe aggregation is reflected in the network
analysis presented in Appendix A (see Figure A2). Spanish colonialism also introduced to New
Mexico a host of new identities, based around distinctions between European and Pueblo
religious traditions, languages, and Spanish racial categories (e.g., Peninsulares, Criollos,
Mestizos, and Indios), further complicating an already diverse social landscape (see Liebmann
2002, 2013, 2015). Economic integration at a large regional scale persisted and even increased.
Colonial appropriation of Pueblo labor through the repartimiento led to cross-regional movement
of populations to work for colonists as miners, farmers, porters, and in constructing civic and
religious buildings (Barrett 2012:28–33). Plains-Pueblo interactions continued, while trade
between non-Pueblo groups and Spaniards flourished (Eiselt and Snow 2017; Snow 1997;
Spielmann 1991; Trigg 2003). Even situated at the periphery of the Early Modern Spanish
Empire, the colony of New Mexico was partially drawn into the economy of the Early Modern
world-system (see Trigg 2005).
While the processes structuring inter-regional interaction continued into the early Spanish
period, and were sometimes heightened by Spanish colonial rule, it is also important to note how
Spanish colonialism disrupted the operation of the Puebloan economy. Spanish appropriation of
labor often disturbed important relationships within some Indigenous communities in other parts
of Latin America (Cole 1985; Spielmann et al. 2009; Stavig 1988:242–243, 2000:86).
Individuals often permanently left their communities in order to avoid their labor obligations to
the colonial state when appropriation of Indigenous labor was especially exploitative, as was the
case with Pueblo refugees leaving the Rio Grande during the 17th century (Knaut 1995:74;
Kulisheck 2010:185–186; Schaafsma 2002; Wilshusen 2010:201–203). Labor drafts and Spanish
land grants in New Mexico likely reduced Puebloan mobility, which was a key strategy for
mitigating environmental and social stresses in the centuries prior to Spanish colonialism
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(Kulisheck 2010; Snow 1981:366–368). While each of these factors threatened community
reproduction at the local scale, they may have also threatened regional integration by
undermining the ability of Puebloan communities to allocate surplus labor to specialized
production (Barret 2012:68–71; Snow 1981:367–368; Spielmann et al. 2009). The creation of
economic niches through specialization was likely a key feature of regional coalescence along
the Rio Grande after A.D. 1300 (Ford 1972; Snow 1981; Spielmann 1994), predicated largely on
the value of exchange relationships to “…promote the stability and predictability of interactions
between competing ethnic groups in an increasingly complex social landscape” (HabichtMauche 1993:1). Examples of this niche creation include specialization in glaze paint and
RGGW production by Galisteo Basin pueblos and Tonque Pueblo (see discussion in Section 3
below), and cotton production at Hopi and the Pueblos of the Piro, Keres, and Southern Tiwa
regions (Barrett 2012:18; Ford 1972; Snow 1981).
Spanish threats to Indigenous political autonomy throughout colonial Latin America also
often had an impact on Indigenous economies (e.g., Haskett 1987; Zeitlin and Thomas 1991).
However, New Mexico’s position on the edge of empire meant that the impacts of Spanish
colonization on local economies was significantly different than in more central regions of the
Spanish empire, such as in Peru or central Mexico, where the colonial activities were centered
primarily around extraction of goods and labor. A better comparison to New Mexico may be
with Spanish colonial activities in other regions of North America, outside Mexico and the
Caribbean. These regions, including Florida, Texas, and California, all served primarily as geopolitical buffers and missionization efforts based on the triple foundation of presidio, pueblo, and
mission. Indigenous negotiation of labor demands and the impact of colonization on Indigenous
political organization is a central theme of considerable archaeological research in each of these
areas (e.g., Panich and Schneider 2014). The intensive agriculture practiced by Pueblo people in
New Mexico makes for an imperfect comparison with California, Texas, and Florida, where
local economies were not as strongly structured around agricultural activity. Yet, each of these
cases provides a reasonable analogy in the degree to which Spanish focus on missionization and
fortification limited structural reorganization of local economies, and the degree to which
distance from imperial centers afforded Indigenous people greater latitude in negotiation
colonialism. For example, in Florida, missionization was accompanied by appropriation of
Indigenous labor through the repartimiento, but large-scale and intensive appropriation never
occurred (Deagan 1985). Indeed, missionaries in Florida often made efforts to work through
existing political systems, respecting the authority of local caciques, though this was not always
the case. A Western Timucua revolt in 1656 may have been precipitated largely by a lack of
respect for Indigenous political institutions (Deagan 1985:299).
In colonial New Mexico, the religious basis for leadership in Puebloan society (see
Brandt 1994; Mills 2004; Saitta 2000) may have been undermined by the appointment of secular
alcaldes mayores as local administrators, alongside the general persecution of Pueblo religious
beliefs (Dozier 1970; Howell 1995). Principles of religious leadership were important in
structuring relationships between communities, with shared membership in religious societies
cross-cutting ethnic, linguistic, and geographic boundaries (Ortiz 1994:288–289; Ware and
Blinman 2000). Indeed, this network of ritual specialists and religious leaders has been proposed
as facilitating the organization of collective action by different Pueblos in the 1680 Pueblo
Revolt (Dozier 1970). Additionally, trade and surplus production may have been structured
largely by ritual calendars and the needs of embedded religious elites (McGuire and Saitta 1996;
Ortiz 2012). This interrelationship meant that “…economic oppression was simultaneously an
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assault upon Pueblo labor and subsistence as well as an attack upon Pueblo religion and
worldview” (Preucel 2002:5).
3. Rio Grande Glaze Ware
Vessels categorized by archaeologists as RGGW were produced throughout much of the Rio
Grande Valley and adjacent areas for a period of 400 years between approximately A.D. 1300 to
1700. Except for parts of the northern Rio Grande (see Figure 1) where white wares are most
common, RGGW was the dominant decorated ware in assemblages from Pueblos in the Rio
Grande Valley for nearly the entirety of its production period. RGGW vessels are defined by
decorations in dark glaze paint applied over red or 'white' (really varied yellow or off-white to
gray) slips, or a polychromatic combination of black paint with both slip colors. Designs are
generally geometric, though stylized figures (often birds or possible kachinas) are sometimes
incorporated. Vessels are produced with reddish-orange or light-firing clays which are
consistently tempered with either natural sands or crushed rock, though sherd temper is common
in early vessels from the Albuquerque area. Bowls are the most common—and most
diagnostic—form of RGGW vessels, but jars are not uncommon.
The shift from earlier black-on-white ceramics to RGGW production occurred rapidly, in the
early 14th century, with glaze technology and a canon of designs spreading from potters in the
Middle Rio Grande to most of the other Pueblo communities in the Rio Grande valley (Eckert
2006a). Despite the popularity of RGGW, black-on-white ceramic traditions persisted in several
regions of the Rio Grande, including Biscuit Ware and Jemez Black-on-white in the Northern
Rio Grande, and Chupadero Black-on-white in the Jornada region of south-central New Mexico.
In the Middle Rio Grande, black-on-white ceramics were in production alongside RGGW until
the mid-15th century. The earliest glaze-painted vessels produced in the Middle Rio Grande
(Figure 1) were copies of Western types—Heshotauthla Black-on-red or Polychrome—produced
contemporaneously in east-central Arizona and west-central New Mexico, especially the Zuni
area (Eckert 2006a:163; Habicht-Mauche and Eckert 2021). While the Western glaze-painted
ceramics of the late White Mountain Red Ware tradition (Pinedale Black-on-red and Pinedale
Polychrome) and the Early Zuni Glaze Ware tradition (such as Heshotauthla Black-on-red and
Heshotauthla Polychrome) are earlier than RGGW, the origins of glaze-paint technology in the
Western ceramic tradition precedes the Rio Grande tradition by only a single generation (see
Fenn et al. 2006). Glaze paint technology was likely transmitted to Rio Grande potters by
migrants from the Western Pueblos where the technology originated (Habicht-Mauche and
Eckert 2021; James et al. 2013). Early copies of Western, glaze-painted types were quickly
replaced by local variants (such as Agua Fria Black-on-red) that subsequently spread alongside
glaze-paint technology to other regions within the Rio Grande (Figure 1), forming a glazepainted pottery tradition distinct from the Western glaze-painted tradition. In the following
sections I present a brief history of research on RGGW, focusing particularly on studies
concerned with the organization of RGGW production and exchange.
3a. Foundational Research
The earliest analysis of RGGW, beyond establishing the general limits of a glaze-paint region,
was seriation of glaze-painted ceramics from early 20th century excavations of pueblos on the
Pajarito Plateau by Edgar Lee Hewett and excavations of pueblos in the Galisteo Basin,
including San Marcos, San Cristobal, and Galisteo pueblos, by Nels Nelson (1916). The scope of
this work was to define the chronological relationship between glaze-painted types and local
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white ware types, along with understanding the relationship of the ware to colonial period
deposits (Nelson 1916:162-163). These relationships were later refined through excavations at
Pecos Pueblo, with a seriation of ceramic types within the glaze-painted ware category proposed
by Madeleine and Alfred Kidder (1917) and later elaborated on in conjunction with Anna
Shepard (Kidder and Shepard 1937). This research established six glaze type —Glaze I through
Glaze VI—defined by a combination of bowl rim form, decorative scheme, and glaze paint
qualities (Kidder and Kidder 1917:332-337). Within these types was a general progression from
bichromatic designs through varied polychromatic designs up to a late, “degenerate” (i.e., runny
glaze paint) type. Seriation was based on stratigraphic relationships within excavated midden
contexts at Pecos Pueblo, and with reference to the stratigraphic relationships already established
by Nelson (1916). The work at Pecos not only established a seriation of different glaze-painted
types, but also the chronological relationship of glaze-painted ceramics with other wares
common to the northern Rio Grande, including Biscuit Ware, black utility ware, white wares,
and later historic period types (Kidder and Kidder 1917:344-345, Fig. 54 and Fig. 55).
The applicability of this Pecos typology for sites beyond Pecos itself, and the northern
Rio Grande at large, was tested by H. P. Mera through analysis of surface assemblages from
across the entire Rio Grande glaze region (Mera 1993, 1940). Mera found significant regional
variability in the types established by the Pecos project, finding that bowl rim forms were the
most spatially invariant attribute across the entire Rio Grande glaze paint region. As such, Mera
proposed a series of six types, Glaze A through F, which largely parallel the Glaze I through VI
types proposed by the Pecos project, with the key difference being a greater reliance on bowl rim
form as a diagnostic element compared with other vessel attributes. Mera consequently also
introduced several types within each lettered Glaze category, defined primarily based on
decorative scheme, and meant to capture variability across the RGGW region. These types
served as the basis for a refinement of the RGGW typology by the Eighth Southwest Ceramic
Seminar in 1966, which attempted to establish a canonical RGGW typology by clarifying type
descriptions and consolidating redundant types. The efforts of this seminar were reported on by
Honea (1966) and Warren (1976). The typology proposed by the Eighth Southwest Ceramic
Seminar remains the basis for most analyses of RGGW up to the present. Analysts often group
types into general periods—Early (Glaze A and B), Intermediate (Glaze C and D), and Late
(Glaze E and F)—based on overlap in the period of production for each rim form category and
general trends in production, such as changing decorative schemes (Eckert 2006b:49-52).
With a chronology established and a general sense for the distribution of the ware,
researchers began to examine more closely the production of RGGW. Most notable is the
petrographic examination of RGGW temper pioneered by Anna Shepard and later elaborated on
by Helene Warren. In a comprehensive study, Shepard (1942) examined RGGW temper in
assemblages from sites across the Rio Grande. This study had two important results: first, the
development of petrographic groups tied to different production loci and geological sources of
tempers, and second, creation of charts indicating the proportion of each petrographic group
within broad regions. Some petrographic groups were tied to individual sites and outcrops, such
as the vesicular/vitreous andesites characteristic of vessels from Kuaua Pueblo or the augite
diorite characteristic of vessels from San Marcos Pueblo, but other groups were tied to broader
regions, such as the vitrophyric basalt characteristic of RGGW production near Bernalillo and in
the Cochiti area. These petrographic groups form the basis of all modern petrographic studies of
RGGW. Based on the proportion of each group within a region, Shepard laid out the first model
of production and exchange for the entire Rio Grande glaze paint region, establishing that there
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were several major centers for production of RGGW, and that vessels from these centers were
widely exchanged along the length of the Rio Grande. Among these major contributions,
Shepard also argued for the potential derivation of Rio Grande glaze paint technology from the
glaze paint technology of the Little Colorado region (Shepard 1954), contrary to the argument of
earlier researchers that the Rio Grande was the source of the technology (e.g., Nelson 1916).
This argument has been well-supported in subsequent research (see Eckert 2008).
In three major studies, Helene Warren refined and confirmed the petrographic groups
established by Shepard. Warren’s studies were generally focused on specific regions, using
larger sample sizes than in Shepard’s study. Salvage work beginning in 1963 under the purview
of the National Park Service, in preparation for the construction of the Cochiti Dam, created the
context for Warren to analyze RGGW from a region (the “Upper Middle Rio Grande” in the
reports) only lightly touched on by earlier RGGW research. This analysis included sherds from
47 sites in the Cochiti area (Warren 1979:188) but had a particular emphasis on ceramics
recovered from excavations at the large PIV site, Pueblo del Encierro (LA 70). A final report of
the excavations, focusing on Pueblo del Encierro, included an initial petrographic report (Warren
1976), followed later by a regional summary of the RGGW of the Upper Middle Rio Grande
(Warren 1979). This analysis found evidence for both local production of RGGW within the
Cochiti region, and importation of vessels from producers in the Galisteo Basin, and to a lesser
extent in the Albuquerque area.
Like the Cochiti Dam project, excavations by the National Park Service between 19651967 of Mound 7 at the site of Gran Quivira, in the Jumanos region, provided the context for
petrographic analysis by Warren in yet another region only cursorily touched on by earlier
research (Hayes et al. 1981:63–104; Warren 1981). As with the Cochiti Dam reports, Warren’s
analysis for the Mound 7 publication focused on the ceramic assemblage of a single site — Gran
Quivira — but was ultimately a broadly regional analysis which included analysis of surface
collections from major nearby sites like Abó, Pueblo Blanco, and Pueblo Colorado, in addition to
analysis of over 30,000 sherds from the 1930’s excavations at the Pueblo of Quarai (Hayes,
Young, and Warren 1981:63). Likewise, Warren found evidence for local production of RGGW
alongside evidence for imported vessels, again primarily from producers in the Galisteo Basin.
Both the Cochiti Dam and Mound 7 projects were conducted in conversation with Warren’s
examination of Tonque Pueblo’s RGGW industry (Warren 1969). Warren argued for the
development of intensified, specialized production of RGGW at Tonque Pueblo, particularly
Glaze C ollas, which made up significant portions of the RGGW assemblages at many sites in
the Intermediate glaze period.
Taken together, the work of both Shepard and Warren demonstrates the complexity of
RGGW production. A primary conclusion of both works was the persistence of local RGGW
production throughout the glaze sequence, often with significant importation of non-local
vessels. However, both researchers nuanced this general pattern by noting the greater
predominance of exports from potentially specialized ceramic producing villages in the Galisteo
Basin, as well as Tonque Pueblo, in the latter half of the Early glaze period, and during the
Intermediate glaze period. Vessels from these specialized producers were not just characterized
by distinctive tempers, but also by the shift away from the red slip of Agua Fria Glaze-on-red,
characteristic of early glaze production in the Albuquerque area, towards a distinctive yellow or
off-white slip possibly produced with clays from near Tonque Pueblo (Eckert et al. 2018). The
identification of the distinctive rock temper categories used by glaze ware producers at
individual sites and in broader regions, in addition to the aforementioned conclusions about the
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organization of RGGW production and exchange, forms the basis for all contemporary
provenance research on RGGW.
3b. Recent Research
Beginning in the late 20th century and continuing to the present, researchers have
expanded on the foundational body of RGGW provenance research discussed above, in order to
address questions of regional interaction, migration, and social organization. This research has
broadly focused on two elements of RGGW production, applying archaeometric techniques to
either glaze paints or to glaze ware fabrics.
Analyses of Rio Grande glaze paint have consisted primarily of either chemical analyses
of glaze paint recipes or isotopic studies of the lead used as a flux in the paint. Studies of glaze
paint recipes have typically used electron microprobe analysis to evaluate the proportion of
different chemical elements in Rio Grande glaze paints, especially lead flux and colorants like
copper, iron, and manganese. These studies have increased our understanding of how
technological knowledge of glaze paint preparation (or glaze paints themselves) may have been
shared across the zone of production for RGGW and how recipes may have changed over time
(see Blinman et al. 2012; Bower et al. 1986; Herhahn 2006; Herhahn and Huntley 2017; Huntley
et al. 2007; Schleher et al. 2012). While earlier researchers also evaluated lead paint recipes—
Shepard (1942) established that the primary constituents of Rio Grande glaze paint were silica
and lead oxide, for instance—the preponderance of this compositional work has been conducted
more recently. In total, these studies paint a picture of relatively widespread and stable glaze
paint recipes across the Rio Grande Valley, established in the early period of glaze production
during the 14th century (see Herhahn and Huntley 2017; Schleher et al. 2012). An early and brief
period of diverse recipes transitioned into a longer period of limited diversity in glaze paint
recipes, suggesting that knowledge of glaze paint technology was spread through social networks
interlinking communities of potters across the Rio Grande Valley and which reinforced a shared
practice of glaze paint production.
This homogeneity of paint recipes is consistent with the use of a limited range of lead ore
sources by potters producing Rio Grande glaze paints. Comparison of lead isotope ratios in glaze
paints with those same ratios in galena ores from different mining districts across New Mexico
allows for relatively accurate assignment of specific glaze paint samples to a particular mining
district, especially when measured by MC-ICP-MS (Multi-Collector Inductively-Coupled
Plasma Mass Spectrometer) (see Thibodeau et al. 2013). Researchers have established a nearexclusive preference by RGGW-producing potters for galena ore from the Cerrillos mining
district, near San Marcos Pueblo in the Galisteo Basin (see Habicht-Mauche et al. 2002; Huntley
et al. 2012; Huntley et al. 2007; Nelson and Habicht-Mauche 2006). Paints produced with ore
from the Hansonburg and Magdalena mining districts have been identified in small quantities,
particularly on locally-produced vessels from some sites in the Salinas region and on some of the
earliest Glaze A vessels from the Middle Rio Grande (Huntley et al. 2012:11). Prior research has
suggested that sources other than the Cerrillos district may have also been used by potters in the
Lower Rio Grande, and Appendix B presents new isotopic data from two sites in this region
where the Hansonburg source was used preferentially over the Cerrillos source. Despite some
temporal and regional variance, both isotopic testing and chemical testing of Rio Grande glaze
paints indicate that Rio Grande potters participated in a relatively continuous community of
practice, or "knowledgescape" (Herhahn and Huntley 2017), that created stability in glaze paint
recipes over hundreds of years and across most of the Rio Grande valley. Originating with Lave
and Wengar (1991) and elaborated on by Wengar (1998), the communities of practice concept
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situates learning in a social context, most commonly the context of production for archaeological
examples. This framework posits that much of cultural transmission happens in the course of
daily practice as members of the community of practice share information and experience
(Wendrich 2012:6). The stability of RGGW glaze paint recipes over hundreds of years suggests
either a geographically widespread community of practice reproducing those recipes or a small
group of producers widely exchanging premade paints. Indeed, there may be even deeper time
precedent for preferential use of these lead ore sources: galena dated to at least 200 years prior to
the earliest RGGW, from the Chacoan site of Pueblo Bonito, has been sourced to the
Hansonburg mining district (Santarelli et al. 2019). The preferential use of Cerrillos ores even
extended to Spanish colonial exploitation of lead ores: lead isotopes from copper and lead
samples at the 17th century Pueblo village of Pa’ako are good matches for Cerrillos ore, despite
several other closer mining districts at New Placers and Placitas (Thomas 2018).
Examinations of RGGW fabrics, primarily building on the petrographic legacy of Shepard
and Warren, have been another prominent strain of research. The results of these studies have
complemented compositional studies of lead glaze paint. Recent petrographic studies of RGGW
temper have fallen generally into two categories, either (1) extending or deepening
understanding of temper use in regions only peripherally covered in prior research, or (2)
addressing novel topics related to RGGW production by revisiting or more deeply diving into,
the petrographic profile of well-researched sites. Studies of the first type have focused on
characterizing temper outside the northern Rio Grande and Salinas regions where prior research
has created the most detailed temper profiles. While Shepard's work did evaluate RGGW
production in the Middle and Lower Rio Grande, Warren's work focused primarily on RGGW
production in the Salinas region and the greater Northern Rio Grande, including the Galisteo
Basin and the Cochiti region.
More recent work has helped characterize RGGW temper from the lower Rio Puerco (Eckert
2008), the Albuquerque area (Garrett 1997; Hill 2004; James et al. 2013; Schleher 2010a), the
Socorro area (Bletzer 2009; Eckert and Snow 2015; Earls 1987; Ownby et al. 2017), and on the
southern Pajarito Plateau (Goff 2009). Work in the Lower Rio Puerco and Albuquerque areas in
particular has done much to improve scholarly understandings of RGGW production in the early
14th century, prior to the formation of a region-wide RGGW ‘knowledgescape’ (Herhahn and
Huntley 2017). Researchers have used petrographic identification of temper groups at sites in
these regions as an important line of evidence, alongside high-visibility and other low-visibility
traits, to articulate a clear argument for the timing and nature of the spread of glaze technology
from the Western Pueblo region to the middle Rio Grande in the early 14th century (see
especially Eckert 2008; Habicht-Mauche and Eckert 2021). Research in the second category has
largely revisited regions dealt with in greater depth in prior research, particularly in the work of
Helene Warren. This work includes further research on sites studied directly by Warren, such as
San Marcos pueblo (Schleher 2010b) and Gran Quivira (Graves 2004; Herhahn and Huntley
2017), as well as new petrographic studies of assemblages of sites in these regions that were not
dealt with in as much detail in prior work, such as Kuapa (Nelson and Habicht-Mauche 2006)
and Kotyiti (Capone and Preucel 2002).
One major conclusion of this research has been a reexamination of the position held by earlier
researchers about the centrality of village-level specialization in RGGW production, particularly
by Galisteo Basin communities in the Intermediate glaze period. The regional petrographic
studies discussed above have found considerable evidence for significant local production of
RGGW at many villages, even in the Intermediate period when earlier studies have indicated that
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Galisteo Basin production was at its peak. This is true even within the Galisteo Basin. For
instance, Nelson and Habicht-Mauche (2006) found that vessels produced at San Marcos pueblo
were common (between 40-50% of RGGW) at some sites in the Galisteo Basin, while others
received only a small percentage (~%5) from San Marcos. Several studies have contributed to
the question of specialization with reference to non-archaeometric data, particularly studies of
standardization in RGGW designs and forms (see Motsinger 1997; Schleher 2010b). While these
studies found increased standardization in the Intermediate glaze period, coinciding with the
peak of specialized production by Galisteo Basin villages, they also found considerable variation
in each glaze period congruent with household production. While none of these studies have
disputed the existence of specialized RGGW production, they have complicated earlier models
of craft specialization, and other forms of economic niche creation, as a cornerstone of a
regionally integrated Rio Grande economic system (e.g., Snow 1981). The research discussed
above best supports a model of economic interaction that is more highly contingent on individual
relationships among communities, rather than relationships among regional blocs of producers
and consumers. The current view of specialized RGGW production is best summarized by
Schleher (2017:109), that local production of RGGW was widespread even while “…certain
towns, including San Marcos, Tonque, and San Lázaro, seem to have produced and exchanged
more than others.”
While petrography of rock tempers has been the primary focus in studies of RGGW fabrics,
other archaeometric techniques have been applied in a more limited capacity. The application of
LA-ICP-MS (Laser Ablation Inductively Coupled Plasma Mass Spectrometry) to yellow slips of
RGGW produced at San Marcos and Tonque pueblos has helped identify the probable
provenance of the yellow clays used to produce the slip, sourced near Tonque Pueblo, though the
locus within this source used by potters at each pueblo differed (Eckert et al. 2018). The
techniques of INAA (Instrumental Neutron Activation Analysis) and TOF-LA-ICP-MS (Time of
Flight-Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry) have been applied to
slips and fabrics of Western glaze-painted ceramics, from east-central Arizona (see Duwe and
Neff 2007; Schachner et al. 2011) but have not yet been applied to RGGW samples.
Taken together, this body of recent archaeometric work has established the degree of
complexity in the system of RGGW production, contrasting relatively stable and widespread
elements of RGGW production—like glaze paint recipes and lead ore preferences—with high
variability in other elements, like temper choice. This work has also contrasted long-distance,
extra-local connections, like those that moved lead ores, glaze paints, and even certain slip clays,
with highly localized production of RGGW using locally available rock temper and clays. These
contrasts are found within individual site assemblages where vessels exchanged long distances,
particularly those produced at Galisteo Basin villages, are found in large quantities alongside
vessels produced locally: at the investigated site or at nearby sites.
4. Social Network Analysis in Archaeology
Social network analysis (SNA) encompasses a diverse body of methods and theory used to
abstract and evaluate the structure of social relationships. The diversity of network approaches
used in the social sciences were developed initially in the early- to mid-20th century by
researchers in fields including psychology, sociology, and social anthropology. Network
approaches were developed in the social sciences as a counterpoint to the prominence of social
models which gave primacy to attributes of individuals (such as education, age, or wealth) as
social movers, rather than the relationships connecting those individuals (Zhang 2010:3–4). In
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contrast to what can be described as 'individualist' or 'attribute-based' social science (Zhang
2010:4), SNA researchers argue for a structural approach in which networks of social
relationships, and the character of those relationships, have important consequences for the social
world. The structuralism of SNA approaches has been a factor in their broad popularity across
disciplines. This basal theoretical proposition—that the structure of social relationships is key to
understanding social phenomena—was joined by early researchers with a loose set of
quantitative tools used to measure network structure, forming the basis of the diverse SNA
approaches taken by researchers across the social sciences (Peeples 2019:456).
Applications of SNA in archaeology have a long history, but the majority of SNA research in
archaeology can be attributed to a fluorescence in the last decade. These applications of SNA
have been as diverse as the SNA approaches taken in other disciplines, and several excellent
overviews of archaeological network analysis have already been written (e.g., Collar et al. 2015;
Mills 2017; Peeples 2019). In the following sections I briefly cover social network methods and
theory, with a focus on the applications of SNA to archaeological data and questions. I give extra
emphasis to the uses of SNA which pertain to the application of SNA in Appendices A and C. I
also devote a section to discussing the methods of multilevel network analysis, and the potential
merit of these methods when applied to archaeological data. A case study demonstrating this
merit is presented in Appendix C.
4a. Social Network Methods
The methods of SNA are a suite of techniques for construction and analysis of networks.
Network construction involves the abstraction of social relationships into a network graph, or
matrix, where nodes (actors) are connected by ties (relationships, also known as edges).
Networks can be represented as a network graph, a matrix, or as a list, examples of which are
shown in Figure 2. Both nodes and edges may have attributes. For instance, the intensity of a
relationship (e.g., the degree of friendship between two people, "acquaintance", "close friend",
etc.) or the social characteristics of a network actor (e.g., place of work or level of education).
Edges may also be directed or reciprocal, with directed ties reflecting one-way relationships.
Directed ties are commonly used with survey data where one actor may not report a relationship,
or the same type of relationship, with a second actor as the second actor reports with the first.

Figure 2. Three examples of methods for representing the same network: a. network represented as a sociogram;
b. network represented as a matrix; c. network represented as an edge list.

One of the primary hurdles in applying SNA to archaeological data has been the definition of
nodes and ties in network construction. Applications of SNA in other social sciences most often
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define nodes as individuals, with ties representing a type of relationship between those
individuals (friendship, kinship, etc.), though definition of nodes as social units of some variety
(families, organizations, etc.) is also common. Nearly all archaeological applications of SNA
define nodes as archaeological sites, though a few projects have developed intra-site networks
with nodes defined as spatial units at a subsite level (see Giomi and Peeples 2019; Mazzucato
2019; Pailes 2014). In contrast, ties have been defined more variably, though a few more popular
approaches have emerged in the recent fluorescence of archaeological network research.
Three broad families of archaeological networks are defined by Mills (2017:384–389) on the
basis of the type of data used to construct network ties: historical, spatial, and material culture
networks. Use of documentary evidence for archaeological network construction has been most
common in Mediterranean contexts. One example among many projects is Graham's (2006)
analysis of Roman roads as recorded in the 4th century Antonine itinerary. Written evidence
about elite interactions in the Maya area has also been used in network construction (see Munson
et al. 2014; Scholnick et al. 2013), as has documentary evidence of relationships among Spanish
mission settlements in Nuevo México and the Pimería Alta (see Mathwich and Giomi 2021).
Spatial networks are typically based on different geospatial metrics (such as least-cost-paths) and
are commonly used as models against which other archaeological data can be compared. For
instance, the accessibility of sites in a spatial network has often been used to compare against the
similarity of ceramic assemblages at sites in the network (e.g. Hart 2012; Hill et al. 2015; Mills
et al. 2013). Each of these studies found that access in a spatial network does not correlate
strongly with increased ceramic similarity. Other spatial networks make use of visibility or
viewshed analyses to create connections among sites, rather than distances, to help evaluate the
importance of site placement in connecting communities. For instance, Brughmans et al. (2015)
demonstrate continuity in a network of intervisibility between hilltop sites from Iron Age and
Roman Spain.
In contrast to historical and spatial networks, material culture networks require a different
approach to network construction. Unlike historical and spatial data, which directly link together
different nodes, the nature of material culture data means that archaeological applications of
SNA to that data often require the use of proxy measures for social relationships (see Collar et al.
2015). Applications of SNA to material culture data consequently rely on the assumption that
material culture can be used as such a proxy measure, with the understanding that these measures
are not proxies for individual relationships among communities or other social units, but instead
measure either probabilities of interaction or a general pattern of interaction resulting from many
individual interactions and relationships (see Collar et al. 2015; Mills 2017). One of the most
common approaches has been to use a similarity measure as a proxy for the likelihood and
intensity of interaction between sites, often using the typological similarity of the assemblages
from two sites to create the similarity measure. Researchers have used diverse kinds of data to
create measurements of similarity between sites, including ceramic typological data, shell gorget
design classification, and viewshed overlap (see Bernardini and Peeples 2015; Lulewicz and
Coker 2018; Mills et al. 2018). This approach has a basis in SNA research outside archaeology
where affiliation networks are commonly employed. Ties between actors in an affiliation
network are based on shared membership in different social groups. For instance, Davis and
colleagues (1941) found that joint participation in (i.e., affiliation with) various society events by
women in the U.S. South acts as a reasonable proxy measure for the individual social circle of
each woman.
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Of particular relevance to this dissertation is the application of provenance data to network
construction. While formal network analysis of archaeological provenance data has been
relatively rare, the nature of the data is highly compatible with network approaches (Peeples
2019:475–76). Provenance data inherently encode information, about the relationships between
production loci and raw material sources and about the relationships between producers and
consumers, and so provenance data are easily converted into a network graph. Examples of this
application include considerable use of obsidian XRF (X-Ray Fluorescence) sourcing to
reconstruct interaction networks in the U.S. Southwest (Mills et al. 2013), Mesoamerica (Golitko
and Feinman 2015), and the islands of the Russian far east (Gjesfjeld and Phillips 2013). Neutron
Activation Analysis (NAA) of ceramic fabrics has been used to create networks of pottery
producing villages in both the Hopi (Bernardini 2007) and Zuni (Peeples 2018) areas. In addition
to data from archaeometric techniques, maker’s marks have been a useful type of provenance
data for constructing networks linking together producers and consumers. For example, in
studies of stamped pottery from northern Florida (Wallis et al. 2016) and brick production in the
Tiber valley (Graham 2006).
One consideration for network construction dealt with frequently in archaeological
applications of SNA, but less commonly in applications of SNA in other disciplines, is the
construction of diachronic networks. By far the most common method for diachronic network
construction in archaeological work has generally been to create a series of networks where each
network represents a snapshot of the archaeological record during an arbitrary temporal interval
or archaeological phase. The series of networks are then evaluated for change in network
structure from interval to interval. This slideshow approach is normally accomplished by
apportioning or binning data across the intervals being examined, and creating networks from the
apportioned data (e.g., Roberts et al. 2012). While this approach has been effective in adapting
the short-term and synchronic network methods of other disciplines to the diachronic and longterm archaeological viewpoint, this is an area with considerable potential for growth and
development of methods tailored to archaeological data. In particular, the question of resolution
is an important consideration for future research, evaluating how the size of the time slices used
in the slideshow approach impact the conclusions drawn by the network analysis (Peeples
2019:484).
A final consideration for network construction is the boundary specification problem, or the
determination of which actors to include in a network. In network analysis, two approaches to
this problem are often defined as 'realist' or 'nominalist' (see Laumann et al. 1992). Network
analyses in the social sciences often take a realist approach, defining the boundaries of a network
as a social boundary recognized by study participants, such as a family unit or a business. The
nature of material culture data makes realist approaches to archaeological network creation
uncommon, except in historical networks, given that realist approaches require a mostly
complete population (in the statistical sense). As such, nominalist approaches to boundary
definition are far more common in archaeological network analyses, and this is the approach
used throughout this dissertation. Nominalist boundaries of archaeological networks are defined
entirely by the researcher, often on the basis of data availability, based on spatial units such as
hydrological drainages or climate zones, or based on etic, archaeological categories like culturegroups. As such, archaeological applications of SNA are typically limited by the sampling
problem faced by most other archaeological research, though some argue that archaeological
network approaches are an important tool for defining communities that cross-cut culturalhistorical zones and region (e.g., Feinman and Neitzel 2020).
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Following network construction, network graphs are analyzed both through visual inspection
of graphs and through descriptive measures of network properties. Network measures can be
characterized as graph-level or node- or edge-level measurements. Graph-level measurements
describe the overall topology of a network. For example, density is a proportional measure of the
ties in a network compared to the maximum possible ties in a network, which vary based on the
size of the network (the number of nodes included in the network). Like most graph-level
measurements, density helps describe the accessibility of nodes in the network, or the ability of
an individual actor in the network to reach any other actor in that network (Wasserman and Faust
1994:101–102). Node- and edge-level measurements are calculated for each node or edge in a
network and describe the position of that node or edge in the topology of the network. These
measurements are often evaluated as an average in order to understand the overall topology of
the network. For example, various centrality measures attempt to calculate how much access a
node (the ego) has to other nodes in the network. Degree centrality is calculated from the number
of direct ties shared by the ego with alters in the network, while betweenness centrality calculates
the degree to which the ego sits on paths between other pairs of nodes (Wasserman and Faust
1994:169–219).
Both graph-level and node-level measurements are commonly used in archaeological
applications of SNA, though in slightly different ways. Graph-level measurements are common
in evaluations of overall network structure, particularly in evaluating network cohesion: the
overall tendency of the network towards connectedness and group formation. Evaluations of
network cohesion often incorporate some node-level measurements, but rely primarily on graphlevel measurements (e.g., Birch and Hart 2018), as is the case in the network analysis presented
in Appendix A. In contrast, node-level measurements are often compared with other
archaeological measures. For instance, centrality measures—as measures of an actor's
importance in the network—have been compared with archaeological measures of site
importance, such as site size or longevity (Bork et al. 2015; Giomi et al. 2021).
4b. Social Network Theory
Social network theory is a broad set of models which posit a relationship between different
aspects of network structure and a variety of social processes, social outcomes, or other aspects
of network structure. Network theory works in two directions, either describing how network
structure constrains or empowers network actors, and results in certain social outcomes, or
describing how elements of network structure are the consequence of different social processes.
Models which move in the first direction are often concerned with describing particularly
advantaged positions within a given network, and what kind of advantage those positions offer to
individuals or to the group. For instance, individuals may take on the role of a broker, or middleman, by occupying gaps or holes within the structure of a particular network, thereby securing an
advantage for themselves as a necessary conduit for interaction between different groups within
the network (Burt 1992). Models of this kind are also often concerned with the consequences of
network structure for mediating interaction within and across groups. For instance, research
suggests that the relative density or sparseness of ties in a network may strongly structure
interaction within and between organizations or other groups. Theoretical models suggest that
dense networks, where actors are strongly embedded in the network structure, may allow for
more rapid diffusion of complex ideas within a social group or organization, though too great a
degree of embeddedness may shield actors from novel information from distant parts of the
network (e.g., Centola 2018; Uzzi 1997). A high density of ties in a network may also act as an
inducement towards collective action by individuals in a network (e.g., Gould 1993; Granovetter
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1978). In contrast, research suggests that sparse networks may more effectively foster innovation
through a greater ability to access distant members of the network, who are more likely to have
novel information (e.g., Granovetter 1973).
Models moving in the second direction, which explain what impact social processes have on
networks, often explore how social processes governing the formation and maintenance of
relationships have consequences for network structure. For instance, the human tendency
towards homophily—or relationships with others who have similar attributes—means that actual
social networks often have a strong tendency towards closure (see McPherson et al. 2001).
Closure occurs when the alters of an actor (those individuals connected to an actor) are also
connected to each other, creating significant overlap in the social circles of each actor.
Homophily and closure are social processes that result in a dense network structure, which in
turn has consequences for subsequent social interaction (as already discussed). As this example
demonstrates, many models within network theory work in both directions to explain how
network structure both constrains actors and is in turn constructed by those same actors.
In contrast to the robust application of SNA methods to archaeological data, network theory
has much less frequently been the guiding force in archaeological applications of SNA, with
researchers generally relying more on established archaeological theory for framing research
questions. When archaeological applications of SNA have seriously addressed social network
theory it has often been to challenge the axioms underlying those theories by using the greater
time depth and cross-cultural nature of archaeological data, though this has not always been the
case (see Hart et al. 2019). As one example, examinations of the brokerage concept through
analysis of late pre-contact networks in the U.S. Southwest has established that sites occupying
brokerage positions did not necessarily have any long-term advantages over sites outside of
brokerage positions (Bork et al. 2015; Peeples and Haas 2013; Peeples and Mills 2018),
contrasting with the sociological literature which typically frames brokerage as advantageous for
network actors on the basis of data collected in 20th and 21st century Western business contexts.
One important strain of network theory that has been applied more and more frequently to
archaeological networks is a concept borrowed from non-network social science research which
distinguishes between two modes of social identification: categorical and relational (see Peeples
2018:8-10). Categorical identification originates with the perception of commonalities shared by
members of a social unit, such as a polity or religious organization. In contrast, relational
identification originates in sustained or continually reactivated relationships with other
individuals, such as through ties of kinship or exchange. While often treated separately, many
social scientists have recognized the gradient between these two modes of identification, treating
them less as binary categories and more as two ends on a scale. The term "catnet", or categorical
network, was coined by Tilly (1978) as a descriptor for societies that are highly connected
through both categorical and relational identities. The catnet concept has been previously applied
in the U.S. Southwest, specifically to part of the time period evaluated in this dissertation
(Peeples 2018), and the concept can be further explored as a model for the late pre-contact and
early Spanish Colonial periods. I propose multilevel network analysis as one method for
evaluating archaeological catnets, specifically in the U.S. Southwest, following from the
application of multilevel analysis by Upton (2019) to a Mississippian archaeological context
framed as a catnet. This network method, and this previous application to archaeological network
analysis, is discussed further in the following section.
4c. Multilayer Network Analysis
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A methodology for network construction, multilayer network analysis (also known as
multilevel or multiplex network analysis) has received increasing attention by researchers across
disciplines in recent years as a way to analyze complex network structures. Multilayer networks
are a means for evaluating a multiplicity of relationships among the same set of network actors
(see Dickison et al. 2016 for an overview of multilayer network methods). In a multilayer
network, nodes belong to multiple levels or layers at the same time, with each layer representing
a different type of relationship. Nodes may have distinct social neighborhoods in each layer of a
multilayer network, and connections between these neighborhoods can be found in a multilayer
network that might be lost by using the same data to construct a series of single-layer networks
or by collapsing the complexity of the social situation into a single network. For instance,
Cardillo and colleagues (2013) construct a multi-layer network of European air travel in which
airports (nodes) are present in multiple levels each representing an airline, with the goal of
evaluating the resilience of the air travel network to flight cancellations. Resilience, or
robustness, in network terms reflects how many ties need to be removed from a network before
some subset of nodes become completely disconnected from each other. In the air travel study
the authors find that the multiplexity of the air travel network significantly increased the
resilience of the network to flight cancellations when compared to a single-level model of the air
travel network (Cardillo et al. 2013:9–10).
This capacity for more accurately modeling complex networks has made multilevel network
analysis increasingly popular in fields like information science, biology, and economics, but this
method has gone almost entirely unexplored in archaeological applications of SNA. Some
archaeologists have used two-mode networks to evaluate complex social networks in ways that
are similar to multilevel analysis (e.g., Blair 2015; Lulewicz and Coker 2018; Mills et al. 2013).
The two modes of a two-mode network are reflected in network construction through two types
of nodes, each representing a different kind of network actor. Two-mode networks are most often
affiliation networks, with one mode of the network being individual actors and the second mode
being the social groups with which those actors are affiliated. Two-mode networks are often
constructed as bi-partite networks where ties exist only between the different modes, and never
between nodes of the same mode. This type of network is often used to evaluate different scales
of interaction: among individuals, among social groups, and the interrelation of the two (see
Breiger 1974). The greater complexity modeled by two-mode networks has been appealing to
archaeologists. For instance, the study by Mills and colleagues (2013) models networks of
obsidian procurement in southern Arizona with a two-mode network that reflects the relationship
between archaeological sites and obsidian sources. While by no means common, the use of twomode networks in archaeological applications of SNA far outnumber the singular application of
multi-level network methods to archaeological data in a dissertation by Upton (2019). Upton
uses a multi-level network to model interaction in the multi-ethnic landscape of Mississippian
Illinois, where interaction among groups was mediated through different aspects of material
culture. This project focused on understanding processes of identification and co-existence in the
context of culture-contact and multiculturalism, using both ceramic stylistic and compositional
data from more than a dozen sites as the basis for tie creation in each level of the multilevel
network (Upton 2019:36–46, 86–99).
While not currently popular, I contend that multilevel analysis is a potentially useful method
to further develop for use in archaeological applications of SNA, particularly as a way to explore
complex regional systems—including the Rio Grande in the Pueblo IV and early Spanish
colonial periods. As Peeples (2019:485–486) argues, network analysis is attractive and useful to
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archaeologists in large part because it provides a way to potentially escape the specter of culturearea thinking, which treats societies, cultures, communities, etc. as discrete entities outside the
individual relationships that form those groups. Multilevel network analysis only further delivers
on this promise by more fully modeling the complexity of social interaction in the past. In
particular, as already demonstrated by Upton (2019), multilevel network analysis is a potentially
useful method for evaluating so-called catnets, or networks constructed as both categorical and
relational systems. I argue that the political-economy of the Eastern Pueblo area in the late precontact and early Spanish colonial periods is also best modeled as a catnet. For instance, the Rio
Grande Glazeware "knowledgescape" described by Herhan and Huntley (2017) is a clear
example of a categorical network at a large, regional scale, with the geographic and social
embeddedness of RGGW production and exchange serving as a key categorical marker
distinguishing Eastern Pueblo consumers from the Western Pueblo originators of glaze-painted
ceramics. At the same time, the role of knowledge transfer through a community of practice
introduces an element of relational identification to the knowledgescape concept, and the
consistency of technological attributes of RGGW through time suggests a continuity in the
learning networks (relational networks) in which ceramic production was embedded (see
Schleher 2017). Likewise, the interactions among individual potters and communities of potters
in smaller communities of practice likely structured certain stylistic choices in RGGW
production, including temper choice and some types of rim form variation. These interactions are
a clear example of a catnet, with distinct relational and categorical modes of identification
interacting to structure the organization of RGGW production and consumption. Multilevel
network analysis therefore presents a useful way to understand the complexity of the Puebloan
political-economy, or at least the structure of Rio Grande Glazeware production, when
conceptualized as a catnet.
Despite this potential for multilevel network analysis, some of the challenges faced in the
application of single-level network analyses are even greater challenges to multilevel network
analysis. Of these challenges, the most relevant for archaeological applications of multilevel
network analysis is the problem of missing data. Missing data are relevant to all archaeological
applications of SNA due to the nature of the archaeological record as partial or incomplete (see
Peeples 2019:481–482). However, a core assumption of multilevel network analysis is that nodes
are present in all levels of the network in which the node has relationships. The absence of a
node from a level in a multilevel network indicates that the node does not maintain any
relationships with other nodes on that level (see Sharma et al. 2016). The consequence of this, in
practical terms, is a severe limitation on the size of an archaeological, multilevel network, with
the size of the network constrained by the smallest overlap in the datasets used to construct each
level of the network. This constraint plays a major role in the study presented in Appendix C,
where the availability of ceramic typological data from the RGGW region far outstrips the
availability of provenance data for the same ceramics and sites, at least in a form that can be used
for network analysis. The data collection reported in Appendix B aims to redress this imbalance,
at least enough for a small but still descriptive network to be constructed from the available data.
5. Summary
The regional structure of the Rio Grande economy in the Pueblo IV and early Spanish
Colonial Periods was not the result of a single organizational system, but rather the emergent
result of a network of relationships among individual Pueblo villages. This network was
organized across different scales and through multiple kinds of relationships. This kind of
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integrative, economic structure is common to coalescent societies worldwide, not just the
Puebloan Rio Grande of the Pueblo IV and early Spanish Colonial Periods. The techniques of
social network analysis are in some ways ideal for exploring this kind of social structure because
the theoretical foundation of network analysis rejects the primacy of social and geographic units
as the primary force structuring society, instead emphasizing how relationships among
individuals (or archaeological sites) create an emergent structure. This dissertation contributes to
existing, archaeological applications of network analysis by testing the utility of multilayer
networks for better describing the complexity of social networks in coalescent societies.
This dissertation also approaches the complexity of the Rio Grande economy in the
Pueblo IV and early Spanish Colonial Periods from the viewpoint that RGGW in many ways
embodies that social complexity. RGGW vessels embody a variety of relationships at different
scales, from the larger scale social value of RGGW vessels in a landscape of shared religious
practice and identification down to the smaller scale relationships embodied in the material
components of lead glaze paint and ceramic pastes. As such, this dissertation also relies heavily
on the extensive history of archaeometric work which has been done to characterize material
variation within the larger typological category of RGGW. This dissertation both makes use of
this existing research and contributes new data to that tradition. The research presented in
Appendix A explores the structure of the Rio Grande economy through network analysis while
Appendix B contributes to the archaeometric literature on RGGW. Both strains of work are then
synthesized in Appendix C, which explores the technique of multilayer network analysis as a
way to both capture the complexity of the Rio Grande economy and to join multiple lines of
archaeometric and ceramic type data into a single structural analysis.
References
Barrett, Elinore M. (2012). The Spanish Colonial Settlement Landscapes of New Mexico, 1598–
1680. University of New Mexico Press, Albuquerque.
Bernardini, Wes, and Peeples, Matthew A. (2015). Sight Communities: The Social Significance
of Shared Visual Landmarks. American Antiquity, 80:215–235.
Birch, Jennifer, and John P. Hart. (2018). Social Networks and Northern Iroquoian Network
Dynamics. American Antiquity, 83(1):13–33.
Blair, Elliot H. (2015). Making Mission Communities: Population Aggregation, Social Networks,
and Communities of Practice at 17th Century Mission Santa Catalina de Guale. Ph.D.
dissertation, Department of Anthropology, University of California, Berkeley.
Bletzer, Michael. (2009). "Pueblos Without Names": A Case Study of Piro Settlement in Early
Colonial New Mexico. Unpublished Ph.D. dissertation, Southern Methodist University.
Blinman, Eric, Kari L. Schleher, Tom Dickerson, Cynthia L. Herhahn, and Ibrahim Gundiler.
(2012). Making a Glaze: Multiple Approaches to Understanding Rio Grande Glaze Paint
Technology. In Potters and Communities of Practice: Glaze Paint and Polychrome Pottery in
the American Southwest, A.D. 1250–1700, edited by Linda S. Cordell and Judith A. Habicht–
Mauche, pp.107–116. Anthropological Papers of the University of Arizona No. 75. University of
Arizona Press, Tucson.

28

Borck, Lewis, Barbara J. Mills, Matthew A. Peeples, and Jeffery J. Clark. (2015). Are Social
Networks Survival Networks? An Example from the Late Prehispanic Southwest. Journal of
Archaeological Method and Theory, 22(1):33–57.
Bower, Nathan W., Steve Faciszewski, Stephen Renwick, and Steward Peckham. (1986). A
Preliminary Analysis of Rio Grande Glazes of the Classic Period Using Scanning Electron
Microscopy with X-Ray Fluorescence. Journal of Field Archaeology, 13(3):307–315.
Breiger, Ronald L. (1974). The Duality of Persons and Groups. Social Forces, 53(2):181–190.
Brughmans, Tom, Simon Keay, and Graeme Earl. (2015). Understanding Inter-settlement
Visibility in Iron Age and Roman Southern Spain with Exponential Random Graph Models for
Visibility Networks. Journal of Archaeological Method and Theory, 22:58–143.
Burt, Ronald S. (1992). Structural Holes: The Social Structure of Competition. Harvard
University Press, Cambridge, MA.
Cameron, Catherine M., Paul Kelton, and Alan C. Swedlund (editors). (2015). Beyond Germs:
Native Depopulation in North America. Amerind Studies in Anthropology. University of
Arizona Press, Tucson.
Capone, Patricia W., and Robert W. Preucel. (2002). Ceramic Semiotics: Women, Pottery, and
Social Meanings at Kotyiti Pueblo. In Archaeologies of the Pueblo Revolt: Identity, Meaning,
and Renewal in the Pueblo World, edited by Robert W. Preucel, pp. 99–113. University of New
Mexico Press, Albuquerque.
Cardillo, Alessio, Massimiliano Zanin, Jesus Gómez-Gardeñes, Miguel Romance, Alejandro J.
Garcia del Amo, and Stefano Boccaletti. (2013). Modeling the Multi-layer Nature of the
European Air Transport Network: Resilience and Passengers Re-scheduling Under Random
Failures. The European Physical Journal Special Topics, 215(1):23–33.
Centola, Damon. (2018). How Behavior Spreads: The Science of Complex Contagions. Volume
3, Princeton Analytical Sociology Series. Princeton University Press.
Collar, Anna, Fiona Coward, Tom Brughmans, and Barbara J. Mills. (2015). Networks in
Archaeology: Phenomena, Abstraction, Representation. Journal of Archaeological Method and
Theory, 22:1–32.
Davis, Allison, Burleigh Bradford Gardner, and Mary R. Gardner. (1941). Deep South: A Social
Anthropological Study of Caste and Class. University of South Carolina Press, Columbia, South
Carolina.
Deagan, Kathleen A. (1985). Spanish-Indian interaction in sixteenth-century Florida and
Hispaniola. In Cultures in Contact, edited by William W. Fitzhugh, pp. 281-318. Smithsonian
Institution Press and the Anthropological Society of Washington. Washington, D.C.

29

Duwe, Samuel, and Hector Neff. (2007). Glaze and Slip Pigment Analyses of Pueblo IV Period
Ceramics from East-Central Arizona Using Time of Flight-Laser Ablation-Inductively Coupled
Plasma-Mass Spectrometry (TOF-LA-ICP-MS). Journal of Archaeological Science, 34(3):403–
414.
Dickison, Mark E., Matteo Magnani, and Luca Rossi. (2016). Multilayer Social Networks.
Cambridge University Press, Cambridge.
Earls, Amy C. (1987). An Archaeological Assessment of “Las Huertas” Socorro, New Mexico.
Papers of the Maxwell Museum of Anthropology, No. 3. Albuquerque, New Mexico.
Eckert, Suzanne L. (2006a). Black-on-White to Glaze-on-Red: The Adoption of Glaze
Technology in the Central Rio Grande Valley. In The Social Life of Pots: Glaze Wares and
Cultural Dynamics in the Southwest, A.D. 1250-1680, edited by Judith A. Habicht-Mauche,
Suzanne L. Eckert, and Deborah L. Huntley, pp. 163–178. University of Arizona Press, Tucson,
Arizona.
Eckert, Suzanne L. (2006b). The Production and Distribution of Glaze-Painted Pottery in the
Pueblo Southwest: A Synthesis. In The Social Life of Pots: Glaze Wares and Cultural Dynamics
in the Southwest, AD 1250–1680, edited by Judith A. Habicht–Mauche, Suzanne L. Eckert, and
Deborah L. Huntley, pp. 34–59. University of Arizona Press, Tucson.
Eckert, Suzanne L. (2008). Pottery and Practice: The Expression of Identity at Pottery Mound
and Hummingbird Pueblo. University of New Mexico Press, Albuquerque.
Eckert, Suzanne L., and David H. Snow. (2015). The ‘Piro Province’ as Viewed from Abeytas
Pueblo (LA 780). Papers of the Archaeological Society of New Mexico, 41:69–82.
Eckert, Suzanne L., Kari L. Schleher, David H. Snow. (2018). Following the Yellow Brick Road:
Yellow Slip Clays and the Production of Rio Grande Glaze Ware in North Central New Mexico.
Journal of Archaeological Science: Reports, 21:565–574.
Feinman, Gary M., and Jill E. Neitzel. (2020). Excising Culture History from Contemporary
Archaeology. Journal of Anthropological Archaeology, 60:101230.
Fenn, Thomas R., Barbara J. Mills, and Maren Hopkins. (2006). The Social Contexts of Glaze
Paint Ceramic Production and Consumption in the Silver Creek Area. In The Social Life of Pots:
Glaze Wares and Cultural Dynamics in the Southwest, AD 1250–1680, edited by Judith A.
Habicht–Mauche, Suzanne L. Eckert, and Deborah L. Huntley, pp. 60–85. University of Arizona
Press, Tucson.
Garrett, Betty (1997). Appendix C. In Excavations at Valencia Pueblo (LA 953) and a Nearby
Hispanic Settlement (LA 67321), Valencia County, New Mexico, edited by Kenneth L. Brown
and Bradley J. Vierra. Prepared for the Office of Archaeological Studies, Museum of New

30
Mexico, and the New Mexico State Highway and Transportation Department, OCA/UNM
Report No. 185-400D.
Giomi, Evan, and Matthew A. Peeples. (2019). Network Analysis of Intrasite Material Networks
and Ritual Practice at Pueblo Bonito. Journal of Anthropological Archaeology, 53:22–31.
Giomi, Evan, Barbara J. Mills, Leslie D. Aragon, Benjamin A. Bellorado, and Matthew A.
Peeples. (2021). Reading Between the Lines: The Social Value of Dogoszhi Style in the Chaco
World. American Antiquity, 1–24. doi:10.1017/aaq.2021.50
Gjesfjeld, Erik, and S. Colby Phillips. (2013). Evaluating Adaptive Network Strategies with
Geochemical Sourcing Data: A Case Study from the Kuril Islands. In Network Analysis in
Archaeology: New Approaches to Regional Interaction, edited by Carl Knappett, pp. 281–306.
Oxford University Press, Oxford.
Goff, Sheila. (2009). Pajarito Plateau Glaze Paint Ware Production: Earlier and More
Widespread than Previously Thought. Kiva, 74(4):371–392.
Golitko, Mark, and Gary M. Feinman. (2015). Procurement and Distribution of Pre-Hispanic
Mesoamerican Obsidian 900 BC–AD 1520: A Social Network Analysis. Journal of
Archaeological Method and Theory, 22:206–247.
Gould, Roger V. (1993). Collective Action and Network Structure. American Sociological
Review, 58(2):182–196.
Graham, Shawn. (2006). EX FIGLINIS, the Network Dynamics of the Tiber Valley Brick Industry
in the Hinterland of Rome. BAR International Series 1486. Oxford.
Granovetter, Mark S. (1973). The Strength of Weak Ties. American Journal of Sociology,
78(6):1360–1380.
Granovetter, Mark. (1978). Threshold Models of Collective Behavior. The American Journal of
Sociology, 83(6):1420–1443.
Graves, William M. (2004). Social Identity and the Internal Organization of the Jumanos Pueblos
Settlement Cluster in the Salinas District, Central New Mexico. In The Protohistoric Pueblo
World, A.D. 1275-1600, edited by E. Charles Adams and Andrew I. Duff, pp. 43–52. University
of Arizona Press, Tucson.
Habicht-Mauche, Judith A. (1993). The Pottery from Arroyo Hondo Pueblo, New Mexico.
Arroyo Hondo Archeological Series, Volume 8. School of American Research Press, Santa Fe,
New Mexico.
Habicht-Mauche, Judith A., Stephen T. Glenn, Mike P. Schmidt, Rob Franks, Homer Milford, A.
Russel Flegal. (2002). Stable Lead Isotope Analysis of Rio Grande Glaze Paints and Ores Using

31
ICP-MS: A Comparison of Acid Dissolution and Laser Ablation Techniques. Journal of
Archaeological Science, 29:1043–1053.
Habicht-Mauche, Judith A., and Suzanne L. Eckert. (2021). Coalescence and the Spread of
Glaze-Painted Pottery in the Central Rio Grande: The View from Tijeras Pueblo (LA581), New
Mexico. American Antiquity, First View, pp. 1-21.
Harlow, Frank H. (1973). Matte-paint Pottery of the Tewa, Keres and Zuni Pueblos. Museum of
New Mexico, Santa Fe, New Mexico.
Hart, John P. (2012). The Effects of Geographical Distances on Pottery Assemblage Similarities:
A Case Study from Northern Iroquoia. Journal of Archaeological Science, 39:128–34.
Hart, John P., Susan Winchell-Sweeney, and Jennifer Birch. (2019). An Analysis of Network
Brokerage and Geographic Location in Fifteenth-Century AD Northern Iroquoia. PLoS ONE,
14(1).
Hayes, Alden C., Jon Nathan Young, and A. Helene Warren. (1980). Excavations at Mound 7,
Gran Quivira National Monument, New Mexico. National Park Service, Publications in
Archeology 16, U.S. Department of the Interior.
Herhahn, Cynthia. (2006). Inferring Social Interactions from Pottery Recipes: Rio Grande Glaze
Paint Composition and Cultural Transmission. In The Social Life of Pots: Glaze Wares and
Cultural Dynamics in the Southwest, AD 1250-1680, edited by Judith A. Habicht–Mauche,
Suzanne L. Eckert, and Deborah L. Huntley, pp.179–196. University of Arizona Press, Tucson.
Herhahn, Cynthia, and Deborah Huntley. (2017). Dynamic Knowledgescapes: Rio Grande and
Salinas Glaze Ware Production and Exchange. In Landscapes of Social Transformation in the
Salinas Province and the Eastern Pueblo World, edited by Katherine A. Spielmann, pp. 203–
224. University of Arizona Press, Tucson.
Hill, David V. (2004). Chapter 7: Petrographic Analysis. In Excavations at San Antonio de
Padua (LA 24), NM 14, Bernalillo County, New Mexico, edited by Nancy J. Akins. Archaeology
Notes 293, Office of Archaeological Studies, Museum of New Mexico, Santa Fe.
Hill, J. Brett, Matthew A. Peeples, Deborah L. Huntley, and H. Jane Carmack. (2015).
Spatializing Social Network Analysis in the Late Precontact U.S. Southwest. Advances in
Archaeological Practice, 3(1):63 –77.
Honea, Kenneth (compiler). (1966). Rio Grande Glaze Wares. Prepared for the Eighth
Southwestern Ceramic Seminar, Museum of New Mexico, September 23–24. Santa Fe.
Huntley, Deborah L., Katherine A. Spielmann, Judith A. Habicht–Mauche, Cynthia L. Herhan,
and A. Russel Flegal. (2007). Local Recipes or Distant Commodities? Lead Isotope and
Chemical Compositional Analysis of Glaze Paints from the Salinas Pueblos, New Mexico.
Journal of Archaeological Science, 34:1135–1147.

32

Huntley, Deborah L., Thomas Fenn, Judith A. Habicht-Mauche, and Barbara J. Mills. (2012).
Embedded Networks? Pigments and Long-Distance Procurement Strategies in the Late
Prehispanic Southwest. In Potters and Communities of Practice: Glaze Paint and Polychrome
Pottery in the American Southwest, AD 1250 to 1700, edited by Linda S. Cordell and Judith A
Habicht-Mauche, pp.8–18. University of Arizona Press, Tucson, Arizona.
James, William D., Suzanne L. Eckert, and Judith A. Habicht-Mauche. (2013). Interaction
Between Puebloan Villages from the West-Central to the Rio Grande Regions of New Mexico.
Transactions, 109(1):100–101.
Jones, Emily Lena. (2015). The 'Columbian Exchange' and Landscapes of the Middle Rio
Grande Valley, USA, AD 1300-1900. The Holocene, 25(10):1698–1706.
Kidder, Madeleine A., and Alfred V. Kidder. (1917). Notes on the Pottery of Pecos. American
Anthropologist, New Series, 19(3):325-360.
Kidder, Alfred V., and Anna O. Shepard. (1936). The Pottery of Pecos, Volume II: The Glazepaint, Culinary, and Other Wares. Papers of the Southwestern Expedition, Number Seven. Yale
University Press, New Haven.
Laumann, Edward O., David Prensky, and Peter V. Marsden. (1992). The Boundary
Specification Problem in Network Analysis. In Research Methods in Social Network Analysis,
edited by Linton C. Freeman, Douglas R. White, and Antone Kimball Romney, pp. 61–79.
Transaction Publishers, New Brunswick.
Lave, Jean, and Ètienne Wengar. (1991). Situated Learning: Legitimate Peripheral
Participation. Cambridge University Press, Cambridge.
Liebmann, Matthew J. (2012). Revolt: An Archaeological History of Pueblo Resistance and
Revitalization in 17th Century New Mexico. The Archaeology of Colonialism in Native North
America Series. University of Arizona Press, Tucson.
Lightfoot, Kent G. (2017). The Archaeology of Colonialism in the American Southwest and Alta
California: Some Observations and Comments. In New Mexico and the Pimeria Alta: The
Colonial Period in the American Southwest, edited by John G. Douglass and William M. Graves,
pp. 355–378. University Press of Colorado, Boulder.
Lulewicz, Jacob, and Adam B. Coker. (2018). The Structure of the Mississippian World: A
Social Network Approach to the Organization of Sociopolitical Interactions. Journal of
Anthropological Archaeology, 50:113–127.
Mathwich, Nicole M., and Evan Giomi. (2021). Order on the Edge of Empire: Social Network
Analysis of Colonial Mission Landscapes in Nuevo México and the Pimería Alta. International
Journal of Historical Archaeology, https://doi.org/10.1007/s10761-021-00611-w.

33
Mazzucato, Camilla. (2019). Socio-Material Archaeological Networks at Çatalhöyük a
Community Detection Approach. Frontiers in Digital Humanities, 6:8.
McPherson, Miller, Lynn Smith-Lovin, and James M. Cook. (2001). Birds of a Feather:
Homophily in Social Networks. Annual Review of Sociology, 27:415–444.
Mera, H. P. (1933). A Proposed Revision of the Rio Grande Glaze Paint Sequence. Laboratory of
Anthropology, Technical Series Bulletin No. 5. Santa Fe, NM.
Mera, H. P. (1940). Population Changes in the Rio Grande Glaze Paint Area. Laboratory of
Anthropology, Technical Series Bulletin No. 9. Santa Fe, NM.
Mills, Barbara J. (2017). Social Network Analysis in Archaeology. Annual Review of
Anthropology, 46:379–397.
Mills, Barbara J., Jeffery J. Clark, Matthew A. Peeples, W. R. Haas, Jr., John M. Roberts, J. Brett
Hill, Deborah L. Huntley, Lewis Borck, Ronald L. Breiger, Aaron Clauset, and Steven Shackley.
(2013). Transformation of Social Networks in the Late Pre-Hispanic US Southwest. Proceedings
of the National Academy of Sciences, 1–6. doi:10.1073/pnas.1219966110
Mills, Barbara J., Matthew A. Peeples, Leslie D. Aragon, Benjamin A. Bellorado, Jeffery J.
Clark, Evan Giomi, and Thomas C. Windes. (2018). Evaluating Chaco Migration Scenarios
Using Dynamic Social Network Analysis. Antiquity, 92(364):922 –939.
Motsinger, Thomas N. (1997). Tracking Protohistoric Glazeware Specialization in the Upper Rio
Grande Valley, New Mexico. Kiva, 63:102–116.
Munson, Jessica, Viviana Amati, Mark Collard, and Martha J. Macri. (2014). Classic Maya
Bloodletting and the Cultural Evolution of Religious Rituals: Quantifying Patterns of Variation
in Hieroglyphic Texts. PLoS ONE, 9(9): e107982.
Nelson, Kit, and Judith A. Habicht-Mauche. (2006). Lead, Paint, and Pots: Rio Grande
Intercommunity Dynamics from a Glaze Ware Perspective. In The Social Life of Pots: Glaze
Wares and Cultural Dynamics in the Southwest, AD 1250-1680, edited by Judith A. HabichtMauche, Suzanne L. Eckert, and Deborah L. Huntley, pp. 197–215. University of Arizona Press,
Tucson.
Nelson, Nels C. (1916). Chronology of the Tano Ruins, New Mexico. American Anthropologist,
New Series, 18(2):159–180.
Ownby, Mary F., Evan Giomi, and Gregory Williams. (2017). Glazed Ware from Here and
There: Petrographic Analysis of the Technological Transfer of Glazing Knowledge. Journal of
Archaeological Science: Reports, 16:616–626.
Pailes, Matthew. (2014). Social Network Analysis of Early Classic Hohokam Corporate Group
Inequality. American Antiquity, 79:465–486.

34

Panich, Lee M., and Tsim D. Schneider. (2014). Indigenous Landscapes and Spanish Missions:
New Perspectives from Archaeology and Ethnohistory. University of Arizona Press, Tucson.
Peeples, Matthew A. (2018). Connected Communities: Networks, Identity, and Social Change in
the Ancient Cibola World. University of Arizona Press, Tucson, AZ.
Peeples, Matthew A. (2019). Finding a Place for Networks in Archaeology. Journal of
Archaeological Research, 27:451–499.
Peeples, Matthew A., and W. Randall Haas, Jr. (2013). Brokerage and Social Capital in the
Prehispanic U.S. Southwest. American Anthropologist, 115(2):232–246.
Peeples, Matthew A., and Barbara J. Mills. (2018). Frontiers of Marginality and Mediation in the
North American Southwest: A Social Networks Perspective. In Life beyond the Boundaries:
Constructing Identity in Edge Regions of the North American Southwest, edited by Karen G.
Harry and Sarah A. Herr, pp. 25–56. University Press of Colorado, Boulder, CO.
Preucel, Robert W., editor. (2002). Archaeologies of the Pueblo Revolt: Identity, Meaning, and
Renewal in the Pueblo World. University of New Mexico Press, Albuquerque.
Ramenofsky, Ann F., and Jeremy Kulisheck. (2014). Regarding Sixteenth-Century Native
Population Change in the Northern Southwest. In Native and Spanish New Worlds: Sixteenth
Century Entradas in the American Southwest and Southeast, edited by Clay Mathers, Jeffrey M.
Mitchem, and Charles M. Haecker, pp. 123–139. University of Arizona Press, Tucson.
Roberts, John M., Jr., Barbara J. Mills, Jeffery J. Clark, W. Randall Haas Jr., Deborah L.
Huntley, Meaghan A. Trowbridge. (2012). A Method for Chronological Apportioning of
Ceramic Assemblages. Journal of Archaeological Science, 39:1513–1520.
Santarelli, Brunella, Sheila Goff, David Killick, Kari Schleher, and David Gonzales. (2019).
Lead Isotope Ratios of Pueblo I Lead-glazed Ceramics and Galena from Colorado and Pueblo II
Galena from Chaco Canyon, New Mexico. Journal of Archaeological Science: Reports, 23:634–
645.
Schachner, Gregson, Deborah L. Huntley, and Andrew Duff. (2011). Changes in Regional
Organization and Mobility in the Zuni Region of the American Southwest During the Pueblo III
and IV Periods: Insights from INAA Studies. Journal of Archaeological Science, 38(9):2261–
2273.
Scheiber, Laura L., and Mark D. Mitchell (editors). (2010). Across a Great Divide: Continuity
and Change in Native North American Societies, 1400–1900. University of Arizona Press,
Tucson.
Schleher, Kari L. (2010a). Chapter 6: Petrographic Analysis of Ceramics from the Montano Site
Complex, LA 33223. In Report of 1988 Data Recovery at the Montano Site Complex, LA 33223,

35
City of Albuquerque, New Mexico and Subsequent Analysis of Collections, edited by Gerry
Raymond. Submitted to Wilson & Company, Inc., Criterion Report No. CEC-2009-12.
Schleher, Kari. (2010b). The Role of Standardization in Specialization of Ceramic Production at
San Marcos Pueblo, New Mexico. Ph.D. dissertation, Department of Anthropology, University of
New Mexico.
Schleher, Kari L. (2017). Learning and Production: The Rio Grande Glaze Ware Community of
Practice at San Marcos Pueblo. In The Archaeology and History of Pueblo San Marcos: Change
and Stability, edited by Ann F. Ramenofsky and Kari L. Schleher, pp.107–128. University of
New Mexico Press, Albuquerque, New Mexico.
Schleher, Kari L., Deborah L. Huntley, and Cynthia L. Herhahn. (2012). Glazed Over:
Composition of Northern Rio Grande Glaze Ware Paints from San Marcos Pueblo. In Potters
and Communities of Practice: Glaze Paint and Polychrome Pottery in the American Southwest,
A.D. 1250-1700, edited by Linda S. Cordell and Judith A. Habicht-Mauche, pp. 97–183.
University of Arizona Press, Tucson, Arizona.
Scholnick, Jonathan B., Jessica L. Munson, Martha J. Macri. (2013). Positioning Power in a
Multi-Relational Framework: A Social Network Analysis of Classic Maya Political Rhetoric. In
Network Analysis in Archaeology: New Approaches to Regional Interaction, edited by Carl
Knappett, pp. 95–124. Oxford University Press, Oxford, UK.
Sharma, Rajesh, Matteo Magnani, and Danilo Montesi. (2016). Effects of Missing Data in
Multilayer Networks. Social Network Analysis and Mining, 6:69.
Shepard, Anna O. (1942). Rio Grande Glaze Paint Ware: A Study Illustrating the Place of
Ceramic Technological Analysis in Archaeological Research. In Contributions to American
Anthropology and History, No. 39. Carnegie Institute of Washington, Publication No. 528.
Washington, D.C.
Snow, David H. (1981). Protohistoric Rio Grande Pueblo Economics: A Review of Trends. In
The Protohistoric Period in the North American Southwest, AD 1450– 1700, edited by David R.
Wilcox and W. Bruce Masse, pp. 354–377. Anthropological Research Papers 24. Arizona State
University, Tempe.
Thibodeau, Alyson M., Judith A. Habicht-Mauche, Deborah L. Huntley, John T. Chesley, and
Joaquin Ruiz. (2013). High Precision Isotopic Analyses of Lead Ores from New Mexico by MCICP-MS: Implications for Tracing the Production and Exchange of Pueblo IV Glaze-decorated
Pottery. Journal of Archaeological Science, 40:3067–3075.
Tilly, Charles. (1978). From Mobilization to Revolution. Addison-Wesley, Reading, MA.
Thomas, Noah H. (2018). Seventeenth-Century Metallurgy on the Spanish Colonial Frontier:
Pueblo and Spanish Interactions. University of Arizona Press, Tucson, AZ.

36
Upton, Andrew James. (2019). Multilayer Network Relationships and Culture contact in
Mississippian West-Central Illinois, A.D. 1200–1450. Unpublished Ph.D. Dissertation, Michigan
State University, East Lansing.
Uzzi, Brian. (1997). Social Structure and Competition in Interfirm Networks: The Paradox of
Embeddedness. Administrative Science Quarterly, 42(1):35–67.
Wallis, Neill J., Thomas J. Pluckhahn, and Michael D. Glascock. (2016). Sourcing Interaction
Networks of the American Southeast: Neutron Activation Analysis of Swift Creek Complicated
Stamped Pottery. American Antiquity, 81(4):717–736.
Warren, A. Helene. (1969). Tonque: One Pueblo's Glaze Pottery Industry Dominated Middle Rio
Grande Commerce. El Palacio, 76(2):36–42.
Warren, Helene A., and David H. Snow. (1976). Archaeological Excavations at Pueblo del
Encierro: LA 70, Cochiti Dam Salvage Project, Cochiti, New Mexico, Final Report, 1964-1965
Field Seasons. Laboratory of Anthropology Notes, No. 78. Santa Fe, NM.
Warren, A. Helene. (1979). Chapter 10: The Glaze Paint Wares of the Upper Middle Rio Grande.
In Archeological Investigations in Cochiti Reservoir, New Mexico, Volume 4: Adaptive Change
in the Northern Rio Grande Valley, edited by Jan V. Biella and Richard C. Chapman, pp. 187–
216. Office of Contract Archeology, University of New Mexico, Albuquerque, NM.
Warren, A. Helene (1980). Appendix 1: Description of Pottery Tempering Materials of Gran
Quivira. In Excavations at Mound 7, Gran Quivira National Monument, New Mexico, by Alden
C. Hayes, Jon Nathan Young, and A. Helene Warren, pp. 179–182. National Park Service,
Publications in Archeology 16, U.S. Department of the Interior.
Warren, A. Helene. (1981). A Petrographic Study of the Pottery. In Contributions to Gran
Quivira Archaeology, edited by Alden C. Hayes, pp.67–73. National Park Service, Publications
in Archeology 17, U.S. Department of the Interior.
Wasserman, Stanley, and Katherine Faust. (1994). Social Network Analysis: Methods and
Applications. Cambridge University Press, Cambridge, United Kingdom.
Wendrich, Willeke, editor. (2012). Archaeology and Apprenticeship: Body Knowledge, Identity,
and Communities of Practice. University of Arizona Press, Tucson, Arizona.
Wengar, Ètienne. (1998). Communities of Practice: Learning, Meaning, and Identity. Cambridge
University Press, Cambridge.
Zhang, Minxin. (2010). Social Network Analysis: History, Concepts, and Research. In
Handbook of Social Network Technologies and Applications, edited by Borko Furht, pp. 3–21.
Springer, Boston, MA.

37
APPENDIX A: Network Structure and Socio-Economic Transformations in the U.S.
Southwest and Northern Mexico, A.D. 1200–1700
Evan Giomia, Barbara J. Millsa, Scott G. Ortmanb, Matthew A. Peeplesc, Leslie Aragona,d,
Kendall Ballerc, Kate Barvicka, Robert J. Bischoffc, Jeffery J. Clarke, Zachary Cooperb, Faiz
Currimf, Kaitlyn Davisb, Fan Dongf, Kelsey E. Hansona, Rebecca J. Harknessa, Yuanxia Lif,
Sudha Ramf, Andre Takagif, Joshua Wattse, and Zhengchao Yangf
a

School of Anthropology, University of Arizona, Tucson, AZ 85721. bDepartment of
Anthropology, University of Colorado Boulder, Boulder, CO 80309. cSchool of Human
Evolution and Social Change, Arizona State University, Tempe, AZ 85281. dDesert
Archaeology, Inc., Tucson, AZ 85716. eArchaeology Southwest, Tucson, AZ 85701.
f
Department of Management Information Systems, University of Arizona, Tucson, AZ 85721.
Author Contributions
E.G, B.J.M, S.G.O, and M.A.P designed research; S.G.O and M.A.P contributed new analytic
tools; E.G analyzed data; E.G, B.J.M, and M.A.P wrote the paper; all authors contributed to
developing the cyberSW database.
Abstract: Our development of the cyberSW database, containing extensive records for
archaeological sites and ceramic assemblages from across the U.S. Southwest and Northern
Mexico, facilitates exploration of archaeological questions at the macro-regional scale. We apply
social network analysis to this database to evaluate changes in the structure of regional
interaction across a broad geographic area over a 500-year period between A.D. 1200 to 1700.
We focus on understanding structural differences in the Eastern and Western Pueblo modes of
social organization, both within each region and as parts of a broader social network connecting
the entire U.S. Southwest and Northern Mexico. The distinct social organization of Pueblo
communities in each region has been a perennial topic in Southwestern archaeology and
ethnology, and we bring to bear a large-scale dataset to address the topic anew. Using ceramic
data from cyberSW we evaluate network cohesion across 50-year intervals over the period
between A.D. 1200 to 1700, showing how major demographic changes in the 15th century
coincide with major changes to network structure. We also demonstrate that Western and Eastern
Pueblo modes of participation in regional interaction diverge suddenly and dramatically in this
same period. We argue that the structures observed in each region are consistent with the
development of a market system among the Eastern Pueblos and intensification of local
production alongside greater investment in short-distance relationships among the Western
Pueblos, providing a more robust interpretation of the results of the social network analysis.
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A1. Introduction
In a period of about 300 years between the late 13th century and the end of the 16th century,
Indigenous societies in the U.S. Southwest made significant organizational changes at all scales,
from individual households and villages to entire regional systems. Ongoing demographic
processes like population decline, migration, and coalescence, alongside changes to religious and
community practices, and the reorganization of local and regional economies, are all elements of
social transformation during this period. These elements have been the subject of intense
archaeological research for decades (e.g., Adams and Duff 2004; Adler 1996), but the increasing
availability of large, regional datasets has expanded both the scope of this research and the types
of research questions investigated. In this article we make use of one such dataset to identify
structural changes to social networks and economic organization in the period between A.D.
1200–1700. In particular, we explore one of the key historical transformations of this period: the
development of separate Eastern and Western Pueblo modes of social organization. By the early
Spanish colonial period (A.D. 1598–1680), the Eastern Pueblos (along the Rio Grande in New
Mexico) and Western Pueblos (of Zuni and Hopi) had developed distinctive social institutions
and systems of regional interaction, and these differences have persisted in some respects up to
the present (Ware 2014; Whiteley 2004). However, the antiquity of this distinction and the
factors contributing to it are still a matter of debate. In this paper, we both weigh in on the timing
of this East-West divergence and evaluate how the topologies of social networks contributed to
and reflect this divergence.
To do this, we expand on the results of the Southwest Social Networks (SWSN) project (see
Mills et al. 2013a; Mills et al. 2015). The primary goal of the SWSN project was to examine the
transformation of social networks at a large, regional scale across the western U.S. Southwest
during the period between A.D. 1200–1500. The SWSN project was particularly interested in
exploring the network consequences of intensive coalescence of Southwest populations and
episodes of long-distance migration, which are especially characteristic of the century from A.D.
1250–1350 (Adams and Duff 2004:13–15).
In the last decade, archaeologists have made increasing use of the methods of social network
analysis to investigate episodes of coalescence and migration (e.g., Birch 2012; Hart et al. 2016;
Mills et al. 2018; Mills et al. 2016), and more generally to analyze the structure and topology of
large-scale, regional interactions among archaeologically documented settlements (e.g., Birch
and Hart 2018; Lulewicz and Coker 2018). The SWSN project made use of network methods and
models towards these ends, developing an approach for network creation based on similarities in
ceramic consumption among archaeological sites. The SWSN project found that a pattern of
long-distance interaction among large clusters of sites in the earlier part of the study period was
eventually replaced by a pattern of shorter-distance interaction among smaller clusters of sites by
A.D. 1500 (Mills et al. 2013:5787–88). The project also found distinct trajectories for networks
on the Colorado Plateau compared with networks in the riverine settings of the southern U.S.
Southwest. Early contraction of networks in the north contrasted with increasing connectivity in
the south, followed by dissolution of the southern networks after A.D. 1450 (Mills et al.
2013a:5786–87). Both these changes in network structure correspond to time periods of welldocumented migration.
In the present project, we make use of a large-scale database (cyberSW) that extends the
geographic and temporal scope of the dataset used in the SWSN project to compare the structure
of Eastern and Western Pueblo social networks. We extend the temporal scope of the project to
A.D. 1700, while also widening the geographic scope of the project to include the entire U.S.
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Southwest and parts of northern Mexico. While the SWSN project already established the
network trajectory taken by the Western Pueblo region, with the Hopi mesas and Zuni becoming
both increasingly separate from each other and increasingly isolated from the wider network
(Mills et al. 2013a:5789), the geographic limits of that project excluded the Eastern Pueblos
(Figure A1). As such, the increased geographic scope allows us to now evaluate the difference in
network structure between Eastern and Western Pueblo regions. We also seek to establish the
timing of the East-West divergence, which is further aided by the greater temporal span covered
by the cyberSW database relative to the SWSN dataset.

Figure A1. Geographic extent of the SWSN and cyberSW databases. Eastern and Western Pueblo regions are
approximations. The extent of these regions changes over the time period covered by this study. Other sites included
in this study are outside these regions, but which are also covered by the cyberSW database.
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A2. Methods
The network analyses are based on 828 sites from across the U.S. Southwest and
Northern Mexico which were occupied in whole or in part between A.D. 1200 to 1700. Each of
these sites has 10 or more rooms and a recorded ceramic assemblage of 30 or more painted
ceramics identifiable to type. To establish chronological control of this data, we borrowed
methods previously used for network analysis by the Chaco Social Networks project (Mills et al.
2018), some of which were also used by the SWSN project. The first method is the application of
uniform probability density analysis (UPDA) to the ceramic assemblage of every site in the
dataset. Through this analysis, a probabilistic occupation curve was created for each site (see
Ortman 2016). The analysis attempts to maximize overlap in the date ranges of types in a site’s
ceramic assemblage, assigning a probability of occupation to each year based on this overlap and
the relative proportion of each type in the assemblage. The first and last year with greater than
0.025 probability of occupation mark the start and end dates of occupation for a site. This
method creates ranges of occupation that generally match absolute dates, but which allow for
systematic dating of every site in the cyberSW database regardless of the availability of absolute
dates.
With date ranges established for each site, we divided assemblages into 50-year intervals
and applied an apportioning method developed in previous network research (Roberts et al.
2012) to assign sherds from a site’s assemblage to each interval. This apportioning method relies
on a popularity curve (a normal distribution) and the date range assigned to each ceramic type to
subset each ceramic assemblage to a 50-year interval of the site’s occupation. Of note, while 50year intervals are the standard we used for the majority of the data, we created a single 100-year
interval for the period from A.D. 1600–1700. This aggregation of two intervals was necessary
given the low number of sites dated to this period, so that the resulting network would consist of
enough nodes for a valid network analysis. The number of sites included in the network for each
interval is shown in Figure A2.

Figure A2. Network size (number of nodes/sites) by interval.
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Having established chronological control of the data, we then created ceramic similarity
networks for each 50-year interval between A.D. 1200 to 1700. The method used, taken from
prior work (see Mills et al. 2013a; Mills et al. 2018; Peeples and Roberts 2013), assigns a
ceramic similarity value (the Brainerd-Robinson coefficient) to each pair of sites in a particular
50-year interval. This city-block similarity metric is calculated only for painted ceramics and
using only ceramic wares—a higher level of the ceramic classification used in the U.S.
Southwest than the ceramic types recorded in the cyberSW database. Use of exclusively
decorated wares in calculating ceramic similarity follows from the same methodology used
successfully in prior network analyses. Ceramic similarity scores for each 50-year interval are
used to create a network matrix, one per interval.
Ceramic similarity scores are used as weights for the ties connecting the nodes (sites) in
the network matrices. Similarity in the ceramic assemblage of two sites indicates similar
behaviors of ceramic consumption, which we take as a proxy for the general frequency and
intensity of interaction between the two sites. We treat this matrix of similarities as a weighted
network where the degree of similarity is seen as an indication of the strength or probability of
interaction between every pair of sites for each time period. This approach to archaeological
network creation has been widely adopted (see Golitko and Feinman 2015:213; Mills 2017),
given the difficulty of measuring direct interaction between sites. We argue that the topology of
the ceramic similarity networks reflects the overall likelihood of relationships between sites in
the study area, though we also acknowledge that other types or scales of interaction are not
necessarily reflected in a ceramic similarity network.
From the ceramic similarity network of each interval, we calculated a variety of cohesion
measures to help evaluate the structure of each network. In network analysis, network structure is
the patterning of relationships among nodes (sites) in the network (Wasserman and Faust
1994:4). Structure both reflects existing patterns of interaction among nodes and conditions
future interaction among the nodes (Borgatti et al. 2009). In network terms, “cohesion” is
measured by the connectedness of nodes with each other and by the tendency for grouping or
clustering within a network. Measures of network cohesion are one way to describe network
structure, and in this case we use cohesion measures as one way to evaluate the impact of
coalescence on archaeological networks, following from the use of cohesion metrics in other
projects towards similar ends (see Birch 2012; Birch and Hart 2018; Mills et al. 2013). The
specific cohesion measures calculated for this project (and their definition) are presented in
Table A1.
In addition to calculating cohesion metrics, we applied a community detection method to
each 50-year network. Among the varied definitions of a community in network analysis, all
definitions include the central concept that nodes within a network community are more highly
connected among themselves than they are to nodes outside the community (Loc Dao et al.
2020). Methods of community detection differ primarily in how they identify this connectedness
within a community. In this project, we applied a walktrap community detection method (Pons
and Latapy 2005) to the networks which defines partitions by repeatedly defining short random
walks across weighted paths in the network and determining which sets of nodes are consistently
in overlapping sets of paths. This community detection method has been previously used to
analyze other archaeological networks (Mills et al. 2018). Importantly, the number of clusters
generated by the community detection method is not directly correlated with the number of
nodes in the network (Loc Dao et al. 2020). The highly variable number of nodes in each 50-year
interval (see Figure A2) makes this a desirable property.
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Table A1. Definitions of cohesion metrics
Cohesion Metric
Density

Distance

Compactness

Transitivity

Eigenvector
Centrality

Description
Density is the fraction of actual ties in the network relative to the possible
number of ties in the network. This value ranges from 0 to 1, with 1 indicating a
network in which all possible ties exist.
Distance, or path length, is the number of edges along a given path connecting
two nodes. Average distance calculated here is the mean length of all paths in
the network. Distance has a minimum value of 1, representing a direction
connection between two neighboring nodes.
Compactness is a measure of distance, equal to the harmonic mean of all
geodesic (shortest) distances between nodes in the network. This value ranges
from 0 to 1, with a 0 indicating a completely disconnected network and a 1
indicating a network where every node is a direct neighbor (distance of 1) to
every other node.
Transitivity, or closure, is a measure of the tendency towards closure of triads in
the network. A triad, in network terms, is any set of three nodes, and the triad is
considered closed if all three of the nodes are connected to each other.
Transitivity is calculated as the fraction of closed triads in the network relative to
the total number of triads in the network. The value ranges from 0 to 1, with 1
indicating a network in which all triads are closed triads.
Centrality is a measure of the importance of a single node in a network.
Eigenvector centrality calculates the importance of a particular node (the ego)
based on the importance of that node's alters (the nodes connected to the ego).
Connections to more central alters has a greater contribution to a node's
centrality than connections to less central alters.

Two cohesion measures (density and average similarity) were calculated from the
community detection analysis, both for ties within clusters and for ties between clusters. The
result is a comparison of cohesion within the clusters as a whole (for each interval) with the
cohesion of all connecting ties among clusters. Because the definition of a network cluster is
based on greater cohesion within a cluster than between clusters, the calculated cohesion metrics
will always be greater within clusters than between. However, by separating the two, we can
compare the relative difference between internal and external cohesion over time, which may be
informative about changing patterns of interaction between clusters.
One advantage of community detection methods applied to the ceramic similarity
networks is that the resulting clusters are composed of sites irrespective of their geographic
proximity. Although geography is encoded in the ceramic similarity networks to a degree, as
much as the ware categories which are the basis for ceramic similarity are distributed
geographically, sites do not cluster together strictly because of geography. While some of the
clusters generated by the walktrap analysis are composed of sites from only one region (for
instance, sites in northern Mexico forming a single cluster between A.D. 1200 and 1450), sites in
other regions do not cluster as tightly based on geography. For example, sites along or near the
Mogollon Rim do not tend to cluster with each other very consistently in any of the 50-year
intervals. Likewise, while sites in the Jemez Valley of New Mexico tend to cluster together
consistently after A.D. 1450, some Jemez sites can also be found clustering with sites in the
Middle Rio Grande and Salinas regions of New Mexico during some intervals. Overall, while the
clusters generated by the walktrap analysis have a geographic basis, they cannot be read strictly
as spatial units.
.
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A3. Results
As expected, given the high degree of spatial and social coalescence in our study period,
we find a strong trend over time for greater cohesion in our networks. As can be seen in Figure
A3, every metric indicates a major increase in network cohesion after A.D. 1450. There is a
slight decrease in cohesion in the A.D. 1300-1350 and 1600-1700 intervals, but the strongest
change in the cohesion metrics is from the A.D. 1400–1450 to 1450–1500 intervals. Cohesion
metrics based on the community detection analysis indicate a similar trajectory, with density and
average similarity increasing dramatically after A.D. 1450 both within and between community
clusters (Figure A4). While an increase in cohesion is expected, the observed pattern is not a
generally linear increase in cohesion from the beginning to the end of the study period, but rather
a sudden upwards shift in cohesion at A.D. 1450.

Figure A3. Cohesion metrics by interval.

We also note that the overall increase in network cohesion is driven largely by an
increase in cohesion between clusters, rather than increasing internal cohesion of each cluster.
The increase in average similarity and density between clusters is proportionally much larger
than the increase in these same measures within clusters. Average similarity between clusters
increases by approximately 100% from the 1400 interval to its peak in the 1550 interval, while
similarity within clusters increases by a maximum of 60%. Density of ties between clusters
increases by more than 200% in the intervals after 1450, while density within clusters increases
by approximately ~10%. Greater network cohesion after 1450 is therefore driven in large part by
increasing strength and frequency of connection among clusters, rather than increasing strength
or frequency of ties within clusters. However, we do note that average similarity and density
within clusters was already quite high prior to 1450 (>90% density and ~60% similarity), and so
any increase in cohesion was by necessity between the clusters, rather than within them.
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While the overall trend of the network is towards greater cohesion between clusters, our
community detection analysis shows that the underlying pattern is more complicated than just an
across-the-board increase in cohesion after A.D. 1450. By examining clusters individually, it is
apparent that one of the clusters in the post-1450 networks does not conform to the overall trend
of the network. This cluster is well-connected internally, but poorly connected to other clusters.
This cluster—stable in size and composition from 1450 until 1700—is composed entirely of sites
in the Zuni area. The Zuni cluster is distinctly an outlier, with all other clusters following the
general trend of both greater internal and external cohesion after 1450. These other clusters are
composed of sites located geographically along the Rio Grande and in adjacent areas, like the
Jemez and Salinas regions. Cohesion between these clusters is high for all intervals after A.D.
1450 (see Figure A5).

Figure A4. Internal and external cohesion, for clusters identified through community detection analysis. Internal
cohesion metrics are based only on ties within a cluster, while external cohesion metrics are based only on ties
between clusters.

Because the size of our networks (in terms of nodes) drops sharply in the 1450–1500
interval (see Figure A2), one interpretation of the major structural changes to the networks after
1450 is that the greater number of sites in the western Southwest prior to A.D. 1450 may have
obscured the underlying pattern in the Zuni and Rio Grande regions. The contraction of the
overall network after A.D. 1450 may have then simply revealed this underlying pattern.
Examining the pre-1450 networks more closely demonstrates that this is not the case, and that
the pattern observed after 1450 is distinct from the network pattern prior to 1450. The external
cohesion of clusters containing Zuni sites and Hopi sites track closely with the external cohesion
of clusters containing Rio Grande sites prior to the 1450 interval (see Figure A5). It is only in the
1450 interval and afterwards that the external cohesion of clusters containing Rio Grande and
Zuni sites diverge. Visual comparison of the clusters containing Zuni sites in the 1400-1450 and
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1450-1500 intervals confirms this conclusion, showing the relative isolation of Zuni sites after
1450 (Figure A6). The previous work of the SWSN project reached a similar conclusion, that
both Zuni and Hopi become more isolated from the larger network after A.D. 1450 as longer
distance ties are replaced with shorter distance, local ties (Mills et al. 2013a:5786–87).
Importantly, while we know that the Western Keresan region (geographically
intermediate to Zuni and the Rio Grande regions) and the Hopi mesas were still occupied in the
intervals after A.D. 1450 (and indeed, up to the present), because our dataset lacks information
on these regions in these intervals we cannot make a full comparison of Western and Eastern
Pueblo structure. The lack of data on Western Keresan sites may contribute to the isolation of
Zuni in the post-1450 networks, given that these sites might have acted as a spatial and social
“bridge” linking the Rio Grande to the Western Pueblos (Eggan 1950; Fox 1962; Ware 2004).
However, even if the addition of Western Keresan sites to our networks would help connect the
Zuni cluster with the various clusters in the Eastern Pueblo area, the overall pattern would
remain the same: the Zuni cluster has few and weak direct connections to the Eastern Pueblos
after 1450, though some bridging of the gap may have been accomplished through shared
connections with Western Keresan sites. Likewise, while the lack of data for the Hopi mesas
after 1450 means we cannot directly establish what the structure of a ceramic similarity network
for that region would look like, we can surmise that it may look closer to what is seen at Zuni
than along the Rio Grande given that the two Western Pueblo groups have been generally more
similar to each other, in terms of social organization, than either is to any of the Eastern Pueblos
(Whiteley 2004:144–145).The previous analysis by the SWSN project also indicates similar
patterns of aggregation at both Zuni and Hopi prior to 1450, and increased isolation of both
regions after 1450, further supporting a suggestion of similar trajectories for the two regions.

Figure A5. Comparison of external cohesion of clusters containing Zuni, Hopi, and Rio Grande sites. Cohesion here
is measured by network density. External cohesion (density) is based only on ties between clusters identified through
community detection analysis.
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Figure A6. Comparison of Zuni sites pre- and post-1450.

A4. Conclusion
We find commonalities in the network structure of Eastern and Western Pueblo regions,
with sudden and drastic change to that structure around A.D. 1450, a century before Spanish
exploration into the Southwest. While the structure of both regions changes from a pre-1450
baseline, the structure of each network changes in a unique way for each region. In the west,
cohesion within the Zuni cluster increases while external cohesion drops below the already low
external cohesion values seen in the pre-1450 networks. By contrast, while already high internal
cohesion of clusters along the Rio Grande increases after 1450, cohesion between these clusters
increases to an even greater degree, by more than 200% in the 1550 interval compared with the
1300 interval.
What do these distinct structures mean for the economic organization of each region? In
the Rio Grande, we can interpret the major increase in cohesion among clusters as a flattening of
ceramic consumption across the region, or as integration of previously distinct elements into a
larger economic system. This contrasts with a Western, or Zuni, organization based around shortdistance, local connections to other Zuni sites, as determined by ceramic similarity. This
interpretation of our results is congruent with previous research which has long noted the
development of a system of ritual and economic interdependence among the Pueblos of the Rio
Grande, attested to historically and archaeologically, but which may have been less relevant to
the organization of the Western Pueblos. This integration of disparate economic elements in the
Rio Grande region has often been interpreted as an essential factor reducing competition in an
increasingly complex social landscape produced by ongoing coalescence (e.g., Habicht-Mauche
1993; Spielmann 1994). Features of this economic system include heightening of cooperation
among Eastern Pueblo communities through ritual sodalities that cross-cut ethnic and linguistic
affiliation (Ortiz 1994:288–289; Ware and Blinman 2000), and exchange of a variety of goods,
including finished ceramic vessels and some of the materials used in ceramic production (Snow
1981; Spielmann 1994). Economic niche creation, particularly community specialization in
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pottery production or other exports like cotton, may have further increased the economic
interdependency of Eastern Pueblo communities (Ford 1972; Ortman 2019; Snow 1981). This
increasing economic integration also involved a heightening of exchange between Pueblo
communities and non-Pueblo groups on the southern Great Plains (Spielmann 1991). This
system of macro-regional economic integration was likely less well-developed in the Western
Pueblo region, with generally much shorter distance movement of goods like ceramic vessels,
though to what degree is debated (see Whiteley 2018).
Our network analysis indicates that the economic structure of the Eastern Pueblo region
may have shifted suddenly and drastically towards this integrative model around A.D. 1450.
While this economic system may have worked to reduce competition in the complex social
landscape produced by coalescence of Pueblo communities, Pueblo communities had undergone
coalescence since the end of the 13th century. Why then the sudden structural shift at A.D. 1450,
and not earlier? We argue that the twin demographic processes of population decline and
aggregation are the most likely factors contributing to these structural changes around A.D.
1450, rather than earlier. While aggregation of Pueblo populations into fewer and larger sites did
increase after A.D. 1275, this aggregation accelerated in the period after A.D. 1450 (Adams and
Duff 2004:14–15), and even more so in the early period of Spanish colonialism (after A.D. 1598)
thanks to the Spanish practice of congregación that concentrated Pueblo populations at mission
settlements (Barrett 2012:22). Alongside aggregation, the population of sedentary Southwest
agriculturalists dropped significantly after A.D. 1450 (Hill et al. 2004; Schroeder 1992). The
result was a significant decrease in the number of settlements across the Southwest, and a
concurrent increase in the size of these settlements resulting in high population densities. These
demographic processes can be seen in our networks, in the decrease of network size (measured
by number of sites) after A.D.1300, and an especially drastic decrease after A.D. 1450 (see
Figure 2). While this decrease, from over 300 sites to fewer than 50, is exacerbated by the
limitations of our dataset in the intervals after A.D. 1450 (most notably by the lack of data on
sites in the Hopi region), the decrease in network size is genuinely reflective of the demographic
trends of the period.
Given these factors, we argue that the network structure which we observe in the Eastern
Pueblo region after A.D. 1450 can be explained in part through the development of a more robust
market system of exchange. This contrasts with the structure of the Western Pueblos, which is
best explained by intensified local production and short-distance exchange. A market system is
congruent with our observations on post-1450 network structure, conclusions about economic
integration made in prior research, and the possible contribution of demographic factors towards
the structural changes we observe around A.D. 1450. The growth of nucleated settlements, or
"central places," often precedes and induces the development of markets (Kohler et al. 2000;
Smith 1976:45–46). The growth of central places often corresponds with an increasing diversity
of goods or services available in those places, which consequently reduces transportation costs
by spreading that cost out among many types of goods (Smith 1976:12–13). Moreover, as Kohler
and colleagues (2000) argue, increased population densities in aggregated sites make transactions
more costly when limited to reciprocity. The result is a flattened distribution of goods throughout
the market system, as transportation costs decrease and transactions move from close social
relationships to those that crosscut kinship or other social groups, which is seen in our network
analysis in the increased external cohesion among Rio Grande clusters after A.D. 1450. In other
words, a market system would increase the availability of ceramics throughout the system and
therefore increase network cohesion. This flattening of distribution may also have encouraged
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community specialization, as seen in some parts of the Rio Grande during our study period. For
example, the specialization of several Galisteo basin communities in the production of certain
types of Rio Grande Glaze Ware pottery (Nelson and Habicht-Mauche 2006; Schleher 2017).
The noted increase in public plaza space during our study period (Ortman and Coffey 2019) is
potentially further evidence for the development of a broader market system, as plaza
ceremonialism could have attracted residents from other settlements for exchange. Such a market
system has precedents in the Southwest, with some scholars proposing a similar system of
marketing in the Hohokam region during the 12th century A.D. (Abbott et al. 2007; Watts and
Ossa 2016). Enumerating the exact dimensions of this market system in the Eastern Pueblo
region would be a fruitful area for further research.
Our analysis not only helps to further define the structural difference between Western
and Eastern Pueblo organization at a macro-scale but may also be informative about the timing
of the divergence between the two systems. The timing of this divergence is a point of contention
in the literature, with some arguing for a deep antiquity to some of these systems from before the
earliest dates of this analysis (Ware 2004), while others have argued for a more recent
divergence, as late as the Spanish colonial period (Eggan 1950; Whiteley 2018). If our network
analysis results are reflective of this distinction in social organization more broadly (given that
they reflect differences in economic organization), then the timing of the drastic structural
changes we identify (ca. A.D. 1450) would support the argument of those who favor a later
divergence, but not as late as the colonial period. This major structural change was 100 years
before the first Spanish entrada into the Southwest, and approximately 150 years before Spanish
colonization of New Mexico.
Our analysis of ceramic similarity networks indicates that while societies across the
Southwest made significant changes to their organization in the period between A.D. 1200 and
1700, the mid-15th century was the point of maximum structural change, coinciding with and
influenced by major demographic changes. While the coalescence and migration of the early 14th
century and the inception of Spanish colonialism in New Mexico in the 17th century certainly had
important social consequences, we find no evidence that these historical moments had a
significant impact on the structure of Puebloan economies and interaction at the macro-scale. We
find that A.D. 1450 was not only a point of structural transformation, but also the point at which
Eastern and Western Pueblo regional organization became distinct from each other. The sudden
structural shift we identify suggests that other elements of the distinction between Eastern and
Western Pueblo societies may date to this same time period and developed just as quickly. We
also suggest that the network structure we observe for the Eastern Pueblo region after A.D. 1450
may be best explained by the development of a market system. A market system may have been
precipitated by the growth of central places following increased aggregation after A.D. 1450,
while an incipient market system may have reciprocally encouraged further aggregation. These
same demographic processes in Western Pueblo regions may have influenced a disconnect from
a larger scale economic system and prompted intensification of production at a local scale. While
we examine this historical differentiation of Eastern and Western Pueblo economic organization
from a macro-regional scale and using the methods of network analysis, future research
attempting to better characterize the differences between the two systems would be best served
by examining a variety of smaller scales of organization.
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cyberSW Database and Dataset
The 828 sites used in this analysis are derived from the cyberSW database (cybersw.org). This
database includes over 20,000 sites from across the Southwest, and data on over 13 million
ceramic artifacts. The 828 sites used in this analysis met three criteria: (1) the occupational
history of each site must be included, in part or in whole, in the range from A.D. 1200 to 1700;
(2) each site must have at least 10 rooms; and (3) each site must have a recorded ceramic
assemblage of 30 or more ceramics identifiable to type. The assemblage size minimum is taken
from prior work that established this criterion as statistically robust for the purposes of similarity
analysis (Mills et al. 2013b). The analyses that this research expands on (Mills et al. 2013a; Mills
et al. 2015) made use of 590 sites dating between A.D. 1250–1450, from the areas of Arizona
and New Mexico west of the Continental Divide. These 590 sites are included in the present
analysis, while an additional 238 sites expand the temporal scope of the analysis to a range of
A.D. 1200–1700, and expand the spatial extent of the analysis to include northern Mexico, New
Mexico east of the Continental Divide, and southern Utah and Colorado. Importantly, there are
three major geographic gaps in the data that should be noted. Sites in the Gallina region of
northern New Mexico, in the Hopi region after A.D. 1450, and in the western Keresan region
after A.D. 1450, are all largely missing from this dataset. This lack is especially impactful on
network analyses in the period after A.D. 1450, as discussed in our conclusions.
Network Cohesion
In network analysis, a cohesive network is one with high connectivity among actors (nodes) in
the network. Connectivity is high when there is a greater frequency of ties connecting nodes
together, greater strength of ties connecting nodes, and when nodes are more accessible to other
nodes in the network. In our network analysis we calculated six measures of network cohesion,
described in Table 1. This is not an exhaustive list of cohesion metrics calculated by network
researchers, but these six do reflect all three aspects of network cohesion, and so are a good
summary of our network’s cohesion. Of these metrics, both density and transitivity reflect the
frequency of ties in the network, while mean ceramic similarity reflects the strength of ties in the
network. Both compactness and mean distance reflect the accessibility of nodes in the network.
Accessibility (and therefore cohesion) is high when the social distance between nodes is low. A
direct connection between nodes is the highest level of accessibility, with every intermediate
connection between two nodes decreasing accessibility. Finally, mean eigenvector centrality is a
measure reflective of all three elements of cohesion. Greater eigenvector centrality reflects both
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the number and strength of ties connecting a node to the network, but also factors in the
centrality of that node’s alters (the nodes connected to it). Greater eigenvector centrality
therefore also reflects greater accessibility (through highly central alters), alongside greater
frequency and strength of ties. Mean eigenvector centrality reflects these properties at the
network level, rather than describing them for individual nodes.
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Abstract: The large spatial distribution and long period of production of Rio Grande Glaze Ware
vessels hides considerable material diversity within the typological grouping as a ware. This has
long made archaeometric techniques attractive options for understanding variability within the
Rio Grande Glaze Ware category. We present the results of new petrographic analysis of Rio
Grande Glaze Ware pastes and new isotopic analysis of Rio Grande Glaze Ware glaze paint. The
results of these new analyses complement extensive earlier work characterizing both Rio Grande
Glaze Ware pastes and paint. Especially relevant is the identification of glaze paints made
primarily with lead ores from the Hansonburg district or made by mixing Hansonburg ore with
the more commonly used Cerrillos district ores. The near exclusive use of Cerrillos ore in the
production of lead glaze paint identified in prior work is nuanced through the additional data
presented here, which suggests a division in networks of lead ore and/or glaze paint procurement
between a larger, northern network making use of Cerrillos ores, and a smaller, southern network
relying on Hansonburg ores for glaze paint production.
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B1. Introduction
The pre-Colombian ceramic tradition of Pueblo people in the U.S. Southwest is unique in
the Americas for the independent invention of ceramic glazes. Pueblo glazes are distinct from
Old World glazes because of their use as decorative paint on unglazed vessels (Figure B1). The
invention of glaze paint occurred twice, with an early and late glaze tradition separated by about
350 years during which no glaze-painted ceramics were produced. The early glaze-painted
ceramic tradition dates to the Pueblo I period (A.D. 750–850) in southwestern Colorado
(Santarelli et al. 2019). The later, and more prolific, glaze tradition began in east-central Arizona
in the late 13th and early 14th centuries, A.D., and quickly spread east to the Rio Grande pueblos
of New Mexico. The Western branch of this glaze tradition lasted only until the end of the 15th
century, with a brief revival at Zuni in the 17th century, but the Eastern glaze tradition lasted as
the dominant decorated ceramic tradition for much of the Puebloan Rio Grande until the end of
the 17th century1. This Eastern branch, known by archaeologists as Rio Grande Glaze Ware
(RGGW), had a broad geographic distribution (Figure B2) and the greatest longevity
(approximately 400 years) of all Puebloan glaze-painted ceramic traditions.
This wide temporal and spatial distribution of RGGW has often been a source of
difficulty for ceramic analysts. In Southwest ceramic typology, wares (like RGGW) are defined
primarily through high visibility technological attributes, such as decorative scheme and ceramic
fabric. In the case of RGGW, the defining attributes of the ware serve primarily to contrast the
Eastern glaze tradition with the contemporary and distinct Western glaze traditions of eastcentral Arizona (Eckert 2006a:35). The consequence of this broad definition, and therefore the
equally broad geographic and temporal distribution of the ware, is that considerable material and
formal variability is not captured by the standard ceramic typology. This typological problem has
long encouraged researchers to make use of compositional analyses to better understand intraware variability. To contribute to this history of research, we present in this paper new
archaeometric analyses of RGGW, focusing particularly on characterizing attributes of glaze
ware in regions of the RGGW zone of production that have not been as comprehensively studied
in prior research. The analyses we present include both isotopic analysis of lead used as a flux in
RGGW glaze paint, and petrographic characterization of ceramic paste in a subset of the same
sample.

1

Glaze-painted ceramics in the Western Keresan region never underwent a hiatus of production like those in Pueblo
regions further to the west, though several aspects of their design are more similar to Western Glaze Ware than Rio
Grande Glaze Ware.
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Figure B1. Example of a glaze-painted vessel. Agua Fria Glaze-on-red Bowl (Glaze A). Vessel from MIAC
Collections (35751). Photograph by Daisy Levine and Dennis Brandt.

Figure B2. Distribution of Pueblo IV glaze-painted wares and other contemporaneous wares, as major components
of ceramic assemblages. Based on distribution data from cyberSW.org.

B2. Rio Grande Glaze Ware Variability
The considerable material and formal diversity within the RGGW category is largely a
product of the distinctive organization of RGGW production and consumption. The earliest
glaze-painted vessels along the Rio Grande were produced in the Middle Rio Grande region,
along the lower Rio Puerco and near Albuquerque (Figure B3) (Eckert 2006b). These vessels
were near copies of the glaze-painted ceramics of the Western glaze tradition that were produced
in east-central Arizona and near Zuni. Some archaeologists have suggested that these early
vessels were produced by Zuni migrants who had moved into the Middle Rio Grande around
A.D. 1300, while others attribute the spread of glaze technology to a concurrent, westward,
spread of new rituals and ideologies (Eckert 2006b:163; Habicht-Mauche and Eckert 2021).
Regardless, potters in the Middle Rio Grande soon elaborated on these copies of Western glaze
wares to produce the earliest RGGW vessels. This nascent RGGW tradition spread quickly to
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most Rio Grande pueblos over the course of the early 14th century. In some cases, the spread of
RGGW replaced existing white ware ceramic traditions while in others it was incorporated
alongside local white ware traditions (see Figure B2) (Eckert 2006b).

Figure B3. Location of regions, archaeological sites, and mining districts mentioned in the text.

By the end of the 14th century, RGGW production and exchange had undergone a shift
away from the Western Glaze tradition from which it derived towards having unique social
significance within Eastern Puebloan society (Herhan and Huntley 2017:204–205). A major
factor in this shift was increasingly specialized production of RGGW by villages in and around
the Galisteo Basin (Figure B3). The sites of Tonque and San Marcos were particularly prolific
(see Schleher 2017; Warren 1969), and RGGW vessels produced by specialized Galisteo Basin
potters began to circulate widely among Rio Grande pueblos. Household production of RGGW
vessels continued in other regions of the Rio Grande alongside import of vessels produced by
Galisteo Basin potters. The integration of both specialized and non-specialized RGGW
production is a major contributor to the considerable formal and compositional diversity of
RGGW vessels. Indeed, while specialization typically reduces stylistic, formal, and
compositional diversity within a craft, the high degree of diversity observed within the RGGW
category, despite specialization by Galisteo Basin potters, "...[implies] a substantial amount of
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autonomy and a lack of regional control in the production of Rio Grande Glaze Ware" (MobleyTanaka 2017:196).
RGGW vessels made by Galisteo Basin producers are characterized by a set of highly
distinctive stylistic and compositional attributes that were rarely copied by potters outside the
Galisteo Basin. These attributes include a distinctive 'yellow' (more accurately 'light') slip
procured from clay sources near Tonque pueblo (Eckert et al. 2018), distinctive rock inclusions
local to the Galisteo Basin (Warren 1981), and a greater preponderance of polychrome designs
where red paint and black glaze paint are contrasted against the distinctive Galisteo light slip
(Mobley-Tanaka 2017:194–195). In the late glaze period, some potters in the Salinas region
made vessels that exhibit some of these distinctive attributes, suggesting that technical skill was
not the limiting factor in reproducing these specialized vessels (Mobley-Tanaka 2017:193–196).
Rather, RGGW potters outside the Galisteo Basin were either reluctant to copy these distinctive
attributes or did not have access to the necessary raw materials to reproduce them exactly.
Vessels made by Galisteo potters may have had social significance tied to place or may have
been part of an artificial economic niche, limiting the desire of non-Galisteo potters to make
copies (Herhahn and Huntley 2017:223–224). Villages in the Galisteo Basin may have also
controlled access to specific sources of socially valuable raw materials, including lead ore and
slip clays, thereby limiting the ability of potters in other regions to accurately reproduce the
attributes characteristic of RGGW made by Galisteo potters (Eckert et al. 2018:572; Huntley et
al. 2012:17).
Bowl rim forms may also be a significant marker of Galisteo Basin production. A
chronological sequence of six bowl rim forms (Rims A through F) was developed by the
ceramicists who initially defined RGGW (see Kidder and Kidder 1917; Mera 1933), and this
sequence is still used as the best method for chronologically sorting RGGW sherds. These rim
forms are often grouped into three periods: early (A and B rims), intermediate (C and D rims),
and late (E and F rims). However, despite the utility of this sequence for chronology, researchers
have noted some regional variance in the distribution of the six rim forms. In particular, several
researchers have argued that vessels with a Glaze B or intermediate rim form (Glazes C and D)
were developed, and produced in greatest abundance, by potters in the Galisteo Basin. This
regional association of these rim forms suggests that while they may act as a temporal marker
when present in an assemblage, their absence from an assemblage does not indicate a hiatus in
occupation during the intermediate glaze period (Eckert 2006a:53–55). This is especially the
case for villages in the Lower Rio Grande (Figure B3), where assemblages are dominated by
Glaze A, E, and F rim forms despite evidence for continuous occupation (see Marshall and Walt
1984). Production of vessels with Glaze A rim forms may have continued into the Glaze B
through D periods.
B2a. Prior Archaeometric Work
The regional variance in RGGW described in the previous section has been studied
extensively for nearly a century, primarily through archaeometric analyses describing different
aspects of glaze paint, slips, temper, and paste. As early as the 1930s, Ana Shepard (1942)
employed petrography to investigate variation in RGGW rock inclusions: one of the primary
traits distinguishing the Eastern glaze-painted tradition from the sherd-tempered Western glaze
tradition. This work was the first analysis of regional variation in the low-visibility traits of
RGGW, establishing a number of petrogroups associated with production at individual sites and
in broader regions. Petrographic analysis of RGGW temper has been a fruitful avenue of
research ever since, including work by Helene Warren describing distinctive tempers used by
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potters at individual Galisteo villages, which served as a key element in understanding
specialized RGGW production in the Galisteo Basin and the extent to which vessels produced by
Galisteo potters were exchanged outside the region (see Warren 1969, 1981). These foundational
studies, alongside more recent projects (e.g., Habicht-Mauche and Eckert 2021; Herhahn and
Huntley 2017), have demonstrated high variability in RGGW pastes, reflecting a strong
preference for use of locally available materials. Paste components range from the augite
monzonite rock fragments characteristic of San Marcos vessels (Schleher 2010) to the
hornblende diorite indicative of production at Abó and Tenabo (Herhahn and Huntley
2017:228). However, these studies have also demonstrated a diversity of pastes within individual
site assemblages, reflecting the high degree of movement among RGGW vessels even in cases
with substantial local production of RGGW. In the present study we make use of this existing
work, fitting new samples into the petrogroups identified by researchers going all the way back
to Shepard (see B4b. Petrographic Analysis).
Chemical and isotopic analyses of glaze paints have been another significant avenue in
the study of RGGW diversity. These analyses include both microprobe characterization of
elements in the glaze paint as a way to evaluate variability in glaze recipes (e.g. Herhahn and
Huntley 2017; Schleher et al. 2012) and isotopic analysis of the lead flux used in producing the
glaze paint to identify sources of lead ore (e.g., Habicht-Mauche et al. 2002; Huntley et al. 2012).
Through comparison to a number of lead ore sources along the Rio Grande (see Figure B3),
analyses to date have revealed a strong preference by RGGW potters for a limited range of lead
sources without regard for proximity of the lead source to the production locus. The strongest
preference was for lead from the Cerrillos mining district in the Galisteo Basin, with a minor or
secondary preference for ore from the Hansonburg and Magdalena mining districts (Nelson and
Habicht-Mauche 2006:207). Vessels produced with Hansonburg ore are most common in
assemblages from the Salinas region, nearest the Hansonburg mining district, though glaze paint
produced with Cerrillos ore are also common in these assemblages. Use of both Hansonburg and
Cerrillos ores have also been identified for early Glaze A vessels from the Middle Rio Grande
(copies of Western glaze wares), though Cerrillos seems to be favored during the late Glaze A
period and later (Huntley et al. 2012:11). Producers of RGGW vessels made almost exclusive
use of Cerrillos lead ore in glaze paints, with minor exceptions in the Salinas region, some early
Glaze A vessels from the Middle Rio Grande, and a small number of samples from the Lower
Rio Grande. In addition to Hansonburg and Cerrillos lead, some vessels produced with
Magdalena ores have been noted in assemblages from the Lower Rio Grande (see Huntley et al.
2012:11). However, the Magdalena source was employed more commonly by potters in the
Western glaze tradition than by RGGW potters.
The demonstrated preference of RGGW potters for a narrow range of ore sources is in
sharp contrast to the already discussed diversity of RGGW pastes. Researchers have
consequently argued that specific lead ore sources may have had a social significance not held by
any particular sources of clay and inclusions which are frequently procured cross-culturally at a
local level (Arnold 1988). The significance of lead ore from Cerrillos, and perhaps the
Hansonburg and Magdalena sources, may have been as an embodiment of a social relationship
between potters and the communities in the vicinity of the ore sources or as a connection to an
important location (Huntley et al. 2012:15–17; Mobley-Tanaka 2017:196–198). Both the
Cerrillos and Hansonburg districts have a long history of use even outside their significance to
glaze paint production, suggesting their potential social significance. The Cerrillos district was
an important source of archaeological turquoise, at least since the 10th century A.D., and
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especially in the Pueblo IV period (Mathien 1998; Thibodeau et al. 2015). Likewise, galena from
Hansonburg has been identified in cached assemblages at the site of Pueblo Bonito, in Chaco
Canyon, New Mexico, from at least 200 years prior to the production of the earliest RGGW
(Santarelli et al. 2019).
Despite extensive work characterizing RGGW paste recipes and lead paint, some regions
have been less well studied than others. RGGW produced in the Galisteo Basin has been
especially well-characterized (e.g. Eckert et al. 2018; Habicht-Mauche et al. 2002; Schleher et al.
2012; Warren 1969), given the interest of archaeologists in the specialized potting communities
of the region. Decades of relatively intensive archaeological work in the Salinas region has also
produced a number of chemical and isotopic studies of RGGW in that area (e.g., Capone 1995;
Herhahn and Huntley 2017; Huntley et al. 2007; Mobley-Tanaka 2017; Warren 1981).
Production on the southern Pajarito Plateau and Cochiti region has also been heavily
characterized (Goff 2009; Warren 1979; Warren and Snow 1976). There has been considerable
work characterizing Glaze A RGGW production in the Middle Rio Grande (particularly the
lower Rio Puerco and Albuquerque areas) because of interest in the earliest RGGW found in this
region (Eckert 2008; Habicht-Mauche and Eckert 2021; Garret 1997; Hill 2004; James et al.
2013). There has been less work characterizing the intermediate (C-D) and especially late (E-F)
glaze periods in this region beyond Shepard’s initial characterization of that region (1942). In
addition to a focus on early RGGW production, archaeometric studies of RGGW in the Middle
Rio Grande have also tended to favor petrographic analysis and Neutron Activation Analysis
(NAA) of ceramic pastes over isotopic analysis of lead glaze paint (though see Huntley et al.
2012).
The region with perhaps the least work characterizing RGGW is the lower Rio Grande
(Figure B3). Petrographic analysis of pastes of RGGW sherds from the lower Rio Grande has
been conducted on small assemblages from the sites of Las Huertas (Earls 1987), Qualacu
(Ownby et al. 2017), Abeytas (Eckert and Snow 2015), and Plaza Montoya (Bletzer 2009), in
addition to characterization of the region as a whole by Shepard (1942). These studies indicate a
high diversity of rock inclusions both within and between sites, consistent with petrographic
analyses of pastes from RGGW produced in other regions. In contrast to this small but extant
body of petrographic work, analysis of glaze paint from the Lower Rio Grande consists of only
five sherds submitted for isotopic testing (Huntley et al. 2012:15). Patterns of lead ore use in the
region are effectively unknown at this point, though the proximity of the Hansonburg source to
the villages in the Lower Rio Grande (relative to the more distant Cerrillos mines) and the known
use of this source by potters in the Salinas region means that some degree of use of Hansonburg
ore by Lower Rio Grande potters is a reasonable expectation.
We present here petrographic analysis of pastes and isotope analysis of lead glaze paint
from RGGW sherds in order to improve our understanding of technological variation within the
RGGW category. The analyzed samples include sherds from the entire RGGW sequence, Rims
A through F, to help understand temporal differences. This will particularly add to understanding
of late RGGW production in the Middle Rio Grande.
B3. Samples and Materials
Seven sites were selected for inclusion in this study primarily on the basis of their
location in less-characterized regions of the RGGW zone of production, and secondarily for both
the longevity of the site (with preference for sites with occupation spanning the entire RGGW
sequence) and the availability of a large, excavated ceramic assemblage. Five of the sites
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selected for testing are located in the Lower Rio Grande or Middle Rio Grande regions (Figure
B3), and the remaining two sites are large sites on the periphery of the Lower and Middle Rio
Grande, which were included as points of comparison with prior petrographic and isotopic
studies.
Samples were taken from collections at the Maxwell Museum of Anthropology at the
University of New Mexico and from the Center for New Mexico Archaeology, Museum of New
Mexico. All sampled collections are the results of systematic excavations. Sherds were selected,
as much as possible, to be representative of the full range of variability of ceramic pastes and
decoration among the RGGW in a site assemblage. This was accomplished through visual and
binocular inspection of surface decoration and ceramic fabric, as a qualitative assessment of
variability within each assemblage. Furthermore, only rim sherds were selected for testing. The
entire RGGW rim sequence (A through F) is represented in the sample from each site, with two
exceptions.
First, as already discussed, Glaze B and intermediate (C-D) rim forms are rare or nearly
entirely absent in assemblages from the Lower Rio Grande region. As such, the complete rim
sequence for the two sampled sites in this region includes only glaze A and glaze D-F rim
forms. Second, excavations at Valencia Pueblo returned only 36 sherds dating conclusively to
the late (E-F) glaze sequence, out of over 70,000 excavated sherds (Franklin 1997:150). This
likely reflects a discontinuity between the earlier glaze occupation of the site and a later, 18th
century reoccupation. None of the 36 late glaze sherds were located while selecting samples
from the museum assemblage for the site, and so the tested sherds include only glaze rim forms
A through D. Despite this, Valencia Pueblo is an important inclusion in this study because of its
geographic position at the southern end of the Middle Rio Grande region, in the area of modern
Belen and Los Lunas (see Figure B3). The majority of large, long-lived sites with excavated
ceramic assemblages from the Middle Rio Grande are located at the northern end of the region,
near or to the north of Albuquerque. This includes the other two Middle Rio Grande sites in this
study, Kuaua and Alameda. Valencia Pueblo is one of the few extensively excavated sites in the
southern Middle Rio Grande with an occupation spanning much (if not all) of the RGGW
sequence. As such, the inclusion of samples from Valencia Pueblo is important for capturing
variability among sites within the Middle Rio Grande region.
Finally, while the primary goal of this project was to better characterize sites and regions
that have not been as well characterized in prior studies, two sites were included in the analysis
for which exist petrographic and isotopic data from earlier studies. This was done to provide a
point of comparison between the present study and previous work. Sherds from both Tonque and
Abó have been previously characterized, both through petrographic analysis of ceramic pastes
and through isotopic analysis of lead glaze paint (see Herhahn and Huntley 2017; Huntley et al.
2007:1140; Warren 1969). Similarly, Ana Shepard’s comprehensive petrographic analysis of
RGGW pastes (1942) included a number of sites also included in the present study, such as
Kuaua and Alameda Pueblos. However, Shepard only reports the proportion of different
petrogroups by region, and the proportion of the most common petrogroups at individual sites.
And so a sample from both Kuaua and Alameda Pueblos were subjected to petrographic analysis
in addition to the lead isotope analysis. As such, we selected a sample of sherds from both
Kuaua and Alameda Pueblos for petrographic analysis in order to complement Shepard’s earlier
work with data on individual sherds.
From the seven sites, we selected a sample of 95 RGGW sherds for testing. From this
sample, 40 sherds from Kuaua and Alameda Pueblos were selected for petrographic analysis in

62
order to complement Shepard’s (1942) earlier petrographic work on RGGW from those sites.
This work is a useful complement by providing published petrographic data on individual sherds
from each of these sites. The work presented here is therefore a more fine-grained complement to
Shepard’s larger-scale characterization of regions and sites. Fifteen of these 40 sherds from
Kuaua and Alameda Pueblos were also sampled for lead isotopic analysis. Creation of
petrographic thin sections from the other 25 sherds did not leave enough intact glaze paint for
successful extraction of lead. In addition to the samples from these two sites we selected 54
sherds from the remaining five sites to subject to lead isotopic analysis, for a total of 69 glaze
paint samples. Table B1 summarizes the sampling conducted for this project.
Table B1. Summary of sampling.
Site

LA Number

Petrographic
Sample Count

Lead Sample
Count

Collection Location

Alameda School
Site

421

20

8

New Mexico Center for Archaeology

Kuaua

187

20

7

Maxwell Museum of Anthropology

Qualacu

757

-

11

Maxwell Museum of Anthropology

Valencia

953

-

8

New Mexico Center for Archaeology

Abó

97

-

12

New Mexico Center for Archaeology

Tonque

240

-

11

Maxwell Museum of Anthropology

Las Huertas

282

-

12

Maxwell Museum of Anthropology

B4. Methods
B4a. Lead Isotopic Analysis
Lead was collected from all sampled sherds through a minimally destructive swabbing
method used successfully in several prior projects (Santarelli 2015; Santarelli et al. 2019;
Thibodeau et al. 2013), and following protocols established at the University of Arizona (Fenn et
al. 2010). The area of glaze paint to be sampled was first cleaned with twice-distilled, 2% nitric
acid applied with a polyester swab. A second swab dipped in the same acid was rubbed on the
cleaned area to collect lead. The swabs were subsequently soaked in twice-distilled 2% nitric
acid to remove the lead. This solution was evaporated and refluxed with twice-distilled 8M
HNO3 before separation through anion exchange columns using Eichrom Sr Spec resin. The
approximate lead concentration of each sample solution was determined on the IsoProbe multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS) in the Department of
Geosciences at the University of Arizona, and sample solutions containing greater than 5000ng
of lead were subsampled to a target of 2000-3000ng of lead. Samples were subsequently
evaporated for transportation to the University of Missouri Research Reactor (MURR) for
analysis.
Prior to analysis, the lead residues were re-digested in 0.5 ml 14N HNO3, evaporated at
90°C, and re-digested in 0.05 N HNO3. The lead isotope analyses were then conducted on the Nu
Plasma II (Nu Instruments) MC-ICP-MS in operation at MURR. The instrument was optimized to
obtain a maximum intensity at mass 208, corresponding to an intensity of about 150 mV at mass
204. The sample solutions and the isotopic standard SRM981 were prepared to obtain a lead
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concentration of about 200 ppb and were spiked with the Tl standard reference material SRM997
to obtain a Pb/Tl of ~ 4 (about 50 ppb Tl). Sample and standard measurements were corrected for
mass fractionation using the NIST value for Tl ratio (205Tl/203Tl = 2.38714) and isobaric
interference of mercury at mass 204 using the value of 0.229883 for 204Hg/ 202Hg natural ratio. The
standard was run multiple times at the beginning of each analytical day and after every two
samples. The data were acquired over three analytical sessions and average values obtained for the
SRM981 were: 16.937 ± 0.002 (2SD) for 206Pb/204Pb (n = 148), 15.490 ± 0.003 (2SD) for
207
Pb/204Pb, and 36.693 ± 0.009 (2SD) for 208Pb/204Pb. These values are in agreement with longterm values obtained on the Nu Plasma II at MURR. Samples values were additionally corrected
by standard bracketing (see Weis et al. 2006; White et al. 2000) using values recommended by
Galer and Abouchami (1998). Four replicates (i.e., second analysis of the same solutions) were
measured to evaluate the reproducibility of the analyses (Table B2).
B4b. Petrographic Analysis
The 40 samples analyzed petrographically were prepared by taking two cross-sections
and mounting them on a single slide. The cross-sections provided a view of the surfaces of the
sherds and the nature of the paints and slips. The sections were stained for feldspar identification.
For each sample, a set of qualitative criteria were recorded along with notes on the clay, general
appearance, inclusions, and similarities to previously examined samples (see Reedy 2008). The
color of the sections in both plane and cross polarized light were described followed by an
indication of the optical activity of the matrix, i.e., fired clay and inclusions. This information is
important for a general estimate of firing temperature, as typically above 850°C the matrix will
become vitrified and be optically inactive (Rice 1987:431). The percentage of inclusions, their
sorting, size range, and shape range was noted for both added and natural inclusions. Sorting was
based on visual charts found in Matthew et al. (1991), size range is based on the Wentworth
(1922) scale, and shape range utilizes Powers’ (1953) scale of roundness. For the identified
mineral grains and rock fragments their presence was noted and a frequency was assigned based
on four categories: very rare (1-5 grains), rare (approx. 10 percent), sparse (approx. 10-25
percent), frequent (approx. 25-50 percent), abundant (approx. 50-75 percent), and highly
abundant (approx. greater than 75 percent). This information is important for characterizing the
types of grains present and those that are dominant (see Ownby 2019). Several steps were taken
in order to correlate the petrogroups identified in the present work with the petrogroups already
established in the literature. First, written descriptions of petrogroups from the existing literature
were compared against the groups in this analysis to find the best concordances. A summary of
this concordance is presented in Table B3. Second, the thin sectioned samples from Kuaua and
Alameda were compared to those from San Marcos Pueblo, loaned from the Maxwell Museum
of Anthropology (see Schleher 2010 for full petrographic analysis of these samples). This
comparison helped bolster confidence that our concordance with the written petrogroup
descriptions was reasonably accurate. Examples of three primary petrogroups identified in this
analysis can be seen in Figure B4.
B5. Results
B5a. Lead Glaze Paint
A majority of the analyzed glaze paints separate into two distinct clusters based on a
comparison of Pb isotopic ratios (Figure B5). The common lead cluster has a tight range of
values, between 18.505-18.741 for 206Pb/204Pb, 15.583-15.608 for 207Pb/204Pb, and 38.385-38.573

64
Table B2. Lead isotope results and sample list.
207Pb/204P

±2σ

Ma

µ

κ

Rim
Form

Ceramic Type

Site

LA
Number1

Proposed Source

38.429

0.0022

62.479

9.538

3.803

E

Glaze polychrome

Alameda

421

Cerrillos

0.0006

38.421

0.0015

62.792

9.532

3.802

E

Glaze-on-red

Alameda

421

Cerrillos

0.0004

38.573

0.0013

62.792

9.768

3.787

F

Glaze-on-red

Alameda

421

Cerrillos

Alameda

421

Cerrillos

Sample

206Pb/204Pb

±2σ

A1

18.559

0.0013

15.589

0.0009

A3

18.554

0.0007

15.587

A5

18.741

0.0006

15.607

b

±2σ

208Pb/204

Pb

A7

18.624

0.0008

15.591

0.0006

38.445

0.0017

17.310

9.535

3.772

A

Arenal Glaze
Polychrome

A9

18.560

0.0011

15.588

0.0010

38.431

0.0031

58.385

9.532

3.803

D

Glaze polychrome

Alameda

421

Cerrillos

A18

18.528

0.0017

15.585

0.0014

38.388

0.0041

77.755

9.527

3.801

A

Glaze polychrome

Alameda

421

Magdalena/Cerrillos

Alameda

421

Cerrillos

Alameda

421

Mixed
Cerrillos/Hansonburg

18.165

A19

18.627

0.0011

15.593

0.0010

38.449

0.0028

3.772

A

A21

20.938

0.0009

15.808

0.0007

39.655

0.0020 -1310.281 10.077 3.172

A

AB1

18.697

0.0011

15.601

0.0008

38.497

0.0021

3.756

A

Glaze-on-red

Abó

97

Cerrillos

AB2

21.697

0.0014

15.877

0.0011

39.914

0.0030 -1751.674 10.283 2.978

A

Glaze polychrome

Abó

97

Likely Hansonburg

AB3

18.539

0.0007

15.584

0.0009

38.407

0.0016

68.023

9.523

3.803

B

Glaze-on-white

Abó

97

Cerrillos

AB4

19.988

0.0009

15.720

0.0008

39.095

0.0020

-763.416

9.834

3.359

B

Glaze-on-red

Abó

97

Mixed
Cerrillos/Hansonburg

AB5

18.618

0.0009

15.595

0.0008

38.469

0.0022

29.921

9.551

3.789

C

Glaze polychrome

Abó

97

Cerrillos

AB6

18.556

0.0007

15.588

0.0007

38.427

0.0018

61.676

9.533

3.804

C

Glaze polychrome

Abó

97

Cerrillos

AB7

18.585

0.0008

15.589

0.0008

38.437

0.0018

43.272

9.534

3.791

D

Glaze polychrome

Abó

97

Cerrillos

AB8

18.593

0.0009

15.592

0.0007

38.450

0.0019

41.741

9.541

3.794

D

Glaze polychrome

Abó

97

Cerrillos

AB9

18.572

0.0007

15.588

0.0007

38.426

0.0018

50.651

9.532

3.794

E

Glaze polychrome

Abó

97

Cerrillos

AB10

19.293

0.0010

15.656

0.0009

38.806

0.0023

-361.927

9.678

3.574

E

Glaze-on-red

Abó

97

AB11

21.066

0.0008

15.819

0.0006

39.752

0.0017 -1384.395 10.111 3.157

F

Glaze-on-red

Abó

97

AB12

21.583

0.0011

15.865

0.0009

39.881

0.0022 -1692.065 10.243 3.007

F

Glaze polychrome

Abó

97

K1

18.553

0.0008

15.586

0.0008

38.410

0.0018

61.033

9.527

3.797

A

Glaze polychrome

Kuaua

187

Cerrillos

K2

18.596

0.0008

15.593

0.0007

38.449

0.0020

41.132

9.545

3.792

F

Glaze-on-white

Kuaua

187

Cerrillos

K3

18.602

0.0007

15.596

0.0007

38.461

0.0019

43.174

9.555

3.795

B

Glaze-on-yellow

Kuaua

187

Cerrillos

K6

18.505

0.0010

15.584

0.0007

38.385

0.0024

93.499

9.528

3.814

F

Glaze polychrome

Kuaua

187

Magdalena/Cerrillos

K7

18.565

0.0010

15.588

0.0010

38.422

0.0030

56.606

9.534

3.796

E

Glaze-on-white

Kuaua

187

Cerrillos

K9

18.589

0.0009

15.591

0.0009

38.442

0.0023

42.952

9.539

3.792

C

Glaze-on-white

Kuaua

187

Cerrillos

K21

18.543

0.0008

15.586

0.0007

38.408

0.0015

67.433

9.527

3.802

A

Glaze-on-white

Kuaua

187

Cerrillos

LH1

21.636

0.0011

15.872

0.0008

40.223

0.0024 -1715.749 10.266 3.104

A

Glaze-on-red

Las Huertas

282

Likely Hansonburg

LH2

21.784

0.0011

15.884

0.0008

39.967

0.0026 -1806.871 10.303 2.964

A

Glaze polychrome Las Huertas

282

Likely Hansonburg

LH3

22.414

0.0012

15.939

0.0009

40.701

0.0027 -2190.923 10.467 2.982

D/E

Glaze polychrome Las Huertas

282

Likely Hansonburg

LH4

22.611

0.0012

15.957

0.0009

40.875

0.0024 -2307.146 10.525 2.970

D

Glaze polychrome Las Huertas

282

Likely Hansonburg

LH5

23.587

0.0012

16.041

0.0008

41.609

0.0025 -2922.671 10.787 2.870

D

Glaze polychrome Las Huertas

282

Unassigned

LH6

19.782

0.0008

15.701

0.0008

39.059

0.0023

3.441

D

Glaze polychrome Las Huertas

282

Mixed
Cerrillos/Hansonburg

LH7

22.464

0.0009

15.947

0.0008

40.340

0.0022 -2208.295 10.494 2.856

E

Glaze polychrome Las Huertas

282

Likely Hansonburg

LH8

18.557

0.0008

15.589

0.0009

38.422

0.0024

3.801

E

Glaze polychrome Las Huertas

282

Cerrillos

LH9

22.383

0.0013

15.933

0.0010

41.008

0.0026 -2180.535 10.450 3.087

F

Glaze polychrome Las Huertas

282

Likely Hansonburg

LH10

21.650

0.0011

15.871

0.0009

39.929

0.0022 -1730.883 10.262 2.999

F

282

Likely Hansonburg

-19.291

-645.266

63.172

9.540

Arenal Glaze
Polychrome
Arenal Glaze
Polychrome

9.558

9.784

9.536

Glaze-on-red

Las Huertas

Mixed
Cerrillos/Hansonburg
Mixed
Cerrillos/Hansonburg
Mixed
Cerrillos/Hansonburg
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LH11

22.211

0.0011

15.927

0.0008

40.268

0.0022 -2046.842 10.434 2.918

F

282

Hansonburg

LH12

18.541

0.0009

15.587

0.0008

38.413

0.0021

3.806

F

Glaze-on-red

Las Huertas

282

Cerrillos

Q1

22.137

0.0011

15.918

0.0009

40.210

0.0027 -2012.165 10.404 2.923

A

Glaze-on-red

Qualacu

757

Hansonburg

Q2

21.946

0.0009

15.903

0.0006

40.523

0.0015 -1891.984 10.359 3.091

A

Glaze-on-red

Qualacu

757

Likely Hansonburg

Q4

21.758

0.0009

15.884

0.0007

39.964

0.0019 -1784.980 10.302 2.974

A

Glaze-on-red

Qualacu

757

Likely Hansonburg

Q5

21.793

0.0010

15.889

0.0008

39.955

0.0021 -1801.198 10.318 2.959

C

Glaze polychrome

Qualacu

757

Likely Hansonburg

Q6

22.143

0.0009

15.920

0.0007

40.210

0.0019 -2009.330 10.413 2.922

C

Glaze-on-red

Qualacu

757

Hansonburg

Q7

22.036

0.0010

15.910

0.0008

40.353

0.0024 -1948.041 10.381 3.004

D

Glaze polychrome

Qualacu

757

Likely Hansonburg

Q8

21.970

0.0009

15.902

0.0007

40.139

0.0020 -1912.926 10.358 2.957

D

Glaze polychrome

Qualacu

757

Likely Hansonburg

Q9

21.296

0.0008

15.836

0.0007

40.234

0.0023 -1530.361 10.158 3.236

E

Glaze polychrome

Qualacu

757

Q10

21.650

0.0009

15.874

0.0007

40.378

0.0021 -1723.223 10.271 3.151

E

Glaze polychrome

Qualacu

757

Q11

22.609

0.0012

15.956

0.0010

40.942

0.0029 -2309.730 10.521 2.990

F

Glaze polychrome

Qualacu

757

Likely Hansonburg

Q12

21.881

0.0013

15.893

0.0009

40.416

0.0026 -1864.032 10.329 3.079

F

Glaze-on-red

Qualacu

757

Likely Hansonburg

T1

18.595

0.0007

15.591

0.0005

38.447

0.0019

38.150

9.538

3.791

A

Glaze-on-yellow

Tonque

240

Cerrillos

T2

18.555

0.0012

15.587

0.0010

38.422

0.0023

62.333

9.532

3.802

A

Glaze polychrome

Tonque

240

Cerrillos

T3

18.550

0.0008

15.590

0.0009

38.422

0.0026

71.506

9.543

3.806

B

Glaze-on-yellow

Tonque

240

Cerrillos

T4

18.539

0.0010

15.586

0.0010

38.406

0.0023

71.958

9.531

3.803

B

Glaze polychrome

Tonque

240

Cerrillos

T5

18.594

0.0013

15.594

0.0012

38.457

0.0021

45.837

9.551

3.798

C

Glaze polychrome

Tonque

240

Cerrillos

T6

18.579

0.0008

15.591

0.0007

38.441

0.0022

51.027

9.542

3.798

C

Glaze polychrome

Tonque

240

Cerrillos

T7

18.560

0.0008

15.588

0.0007

38.421

0.0019

59.600

9.534

3.798

D

Glaze polychrome

Tonque

240

Cerrillos

T9

18.554

0.0011

15.588

0.0009

38.421

0.0026

64.234

9.535

3.802

E

Glaze polychrome

Tonque

240

Cerrillos

T10

18.613

0.0008

15.596

0.0008

38.469

0.0021

35.910

9.555

3.793

E

Glaze polychrome

Tonque

240

Cerrillos

T11

18.527

0.0011

15.587

0.0012

38.407

0.0037

82.552

9.536

3.812

F

Glaze polychrome

Tonque

240

Cerrillos

T12

18.587

0.0008

15.591

0.0008

38.448

0.0021

44.922

9.540

3.796

F

Glaze polychrome

Tonque

240

Cerrillos

Valencia

953

72.290

9.534

Glaze polychrome Las Huertas

Mixed
Cerrillos/Hansonburg
Mixed Joyita
Hills/Hansonburg (?)

V1

20.510

0.0008

15.765

0.0007

39.423

0.0017 -1070.597

9.955

3.260

A

Arenal Glaze
Polychrome

V2

19.089

0.0010

15.636

0.0009

38.679

0.0019

-248.521

9.628

3.623

A

Glaze-on-red

Valencia

953

V3

18.717

0.0009

15.605

0.0011

38.497

0.0020

-27.566

9.569

3.744

B

Glaze polychrome

Valencia

953

Cerrillos

V4

18.596

0.0008

15.591

0.0008

38.446

0.0026

38.414

9.540

3.789

D

Glaze polychrome

Valencia

953

Cerrillos

V5

18.619

0.0010

15.592

0.0010

38.460

0.0025

22.767

9.539

3.782

D

Glaze polychrome

Valencia

953

Cerrillos

V6

19.850

0.0013

15.705

0.0010

38.997

0.0025

-689.049

9.793

3.381

C

Glaze-on-red

Valencia

953

Mixed
Cerrillos/Hansonburg

V7

18.510

0.0008

15.583

0.0007

38.386

0.0023

87.885

9.524

3.811

B

Glaze polychrome

Valencia

953

Magdalena/Cerrillos

V8

18.583

0.0009

15.589

0.0008

38.437

0.0021

44.317

9.534

3.793

C

Glaze-on-yellow

Valencia

953

Cerrillos

19.293

0.0008

15.656

0.0008

38.806

0.0021

-361.800

9.678

3.574

E

Glaze-on-red

Abó

97

-

18.559

0.0007

15.588

0.0006

38.427

0.0016

61.319

9.535

3.802

F

Glaze-on-red

Alameda

421

-

18.560

0.0007

15.589

0.0006

38.431

0.0013

62.702

9.539

3.805

F

Glaze-on-red

Alameda

421

-

18.561

0.0008

15.590

0.0008

38.432

0.0021

63.101

9.541

3.805

F

Glaze-on-red

Alameda

421

-

AB10
Replicate
A1
Replicate
A1
Replicate 2
A1
Replicate 3
1The

state of New Mexico uses a system of numerical identifiers for archaeological sites, known as Laboratory of Anthropology (LA) numbers.

Mixed
Cerrillos/Hansonburg
Mixed
Cerrillos/Hansonburg
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Table B3. Concordance of petrogroups from prior work with groups identified in present analysis.
Habicht-Mauche
(1993), Nelson and
Habicht-Mauche
(2006)

Eckert (2008)

Schleher (2009,
2010)

Shepard (1942,1965)

Warren (1976,
1981)

Herhahn and
Huntley (2017),
Herhahn (1995,
1996)

syenite

-

-

soda diorite

hornblende
syenite

hornblende diorite

Abo/Tenabo

-

sherd

-

-

sherd

crushed sherds

sherd

Albuquerque (Glaze
A)

grog + schist

vitrophyric basalt

-

vitrophyric basalt

vitrophyric basalt

scoria & basalt

-

Bernalillo/Cochiti

vitrophyric
basalt

augite and/or
hornblende latite
porphyries

-

augite/hornblende
latite

andesite

augite latite

-

Galisteo Basin

-

-

porphyritic latite

Gallinas
Mountains/Pueblo
Colorado

-

biotite
diorite/biotite
felsite

Gran Quivira

-

-

-

-

-

Provenance

-

-

-

-

biotite felsite

-

-

-

vesicular/vitreous andesite

-

vesicular andesite

Kuaua

-

-

-

-

-

pyroxene andesite

Kuaua (?)

-

Hidden Mountain
igneous rock

vitrophyric basalt

vitric basalt

vesicular basalt

vitric basalt

Lower Rio Puerco

-

-

-

-

hornblende
gneiss
rhyolite
tuff/hornblende
tuff

Mountainair (Quarai,
hornblende gneiss
Chilili, Tajique)

andesite (px)
andesite (px)
(?)
vitrophyric
basalt
-

Pajarito
Plateau/Cochiti

-

rhyolite tuff

weathered tuff

-

devitrified tuff

sandstone

-

-

sandstone

Pecos sandstone

-

Pecos

-

-

-

-

-

sandstone,
miscellanous

sandstone

Quarai

-

intergranular basalt

-

-

intergranular
basalt/crystalline basalt

san felipe basalt

intergranular
basalt

San Felipe/Santo
Domingo

intergranular
basalt

augite latite/augite
monzonite

augite monzonite

weathered augite
monzonite

andesite (augite diorite)

San Marcos
augite
latite/augite latite diorite/augite latite

-

quartz-mica schist

quartz-mica schist

-

-

-

-

sherd and schist

mica with sherd

-

-

-

hornblende latite ash

hornblende latite &
Tonque ash

Tonque hornblende
latite ash

andesite

Tonque latite

hornblende
andesite

San Marcos
Pueblo/Galisteo
Sandia
Mountains/Tijeras
Pueblo
Sandia
Mountains/Tijeras
Pueblo
Tonque
Pueblo/Galisteo

-

ophitic basalt

Zia basalt

ophitic basalt

Zia

-

olivine diabase

1

devitrified tuff

Ownby (2019)

latite
mixed lithic
mixed lithic +
grog
andesite (hb)
gabbro

1

Similar temper
local to Lower Rio
Puerco

for 208Pb/204Pb. The radiogenic cluster has a relatively greater spread of values, between 21.58322.611 for 206Pb/204Pb, 15.865-15.957 for 207Pb/204Pb, and 39.881-41.008 for 208Pb/204Pb. The
samples that make up this second cluster have a linear relationship on the bivariate plot of
206
Pb/204Pb vs. 207Pb/204Pb, but scatter in the plot of 206Pb/204Pb vs. 208Pb/204Pb. In contrast, the
common lead cluster maintains a tight, linear relationship in both plots. Of the 69 tested glaze
paints, 39 fall within the common lead cluster, while 20 fall within the radiogenic cluster. Of the
10 remaining paints, nine have values in the range between the two clusters. One paint sample
from Las Huertas (LH5) is an outlier with the most radiogenic values of all tested samples,
falling far outside the range of values for the radiogenic cluster at 23.587 for 206Pb/204Pb, 16.041
for 207Pb/204Pb, and 41.609 for 208Pb/204Pb.
Isotopic ratios of the tested glaze paints were compared with ratios for 88 lead ore
samples from nine mining districts along the Rio Grande rift in New Mexico (see Figure B3) and
which have been used for comparison in prior research (see Habicht-Mauche et al. 2002; Huntley
et al. 2007; Huntley et al. 2012; Thibodeau et al. 2013). Isotopic ratios for all paints located in
the common lead cluster fall almost entirely within the range of values for the samples taken
from the Cerrillos mining district, for the 206Pb/204Pb and 208Pb/204Pb ratios. The same is true for
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Figure B4. Photomicrographs of thin sections, all taken
at 100x magnification. Note that glaze paint is also
visible at the bottom of the image. a.) Kuaua andesite in
PPL; b.) Kuaua andesite in XPL; c.) Alameda grog and
schist in PPL; d.) Alameda grog and schist in XPL; e.)
Tonque hornblende andesite/latite in PPL; f.) Tonque
hornblende andesite/latite in XPL. PPl=plane polarized
light. XPL=cross-polarized light.

the 207Pb/204Pb ratio, except for a slight tail to
either end of the distribution. These samples are
therefore a strong match to this ore source. One
caveat is that the high end of the range of
isotopic ratios for the Magdalena ore samples
overlaps slightly with the lower end of the
range of ratios for the Cerrillos ores. Three
archaeological samples (A18, K6, and V7) fall
within this overlap for the 206Pb/204Pb and
208
Pb/204Pb ratios, and all samples in the
common lead cluster fall within the 207Pb/204Pb
range of values for both the Magdalena and
Cerrillos sources (Figure B6). While these three
samples are an ambiguous match to both the
Magdalena and Cerrillos sources, we argue that the extensive use of Cerrillos lead ore
documented in other RGGW assemblages makes a match to the Cerrillos source the most likely
possibility. These three samples are noted as "Magdalena/Cerrillos" in Table B2.
For the radiogenic cluster, the closest match of the archaeological samples to a lead
source is to the ore samples from the Hansonburg mining district (Figure B3). All other ore
samples fall entirely outside the range of values for the three isotope ratios of the archaeological
samples in the radiogenic cluster. However, the match between Hansonburg ores and the
archaeological samples is not a close one, with a much greater spread of values for the
archaeological samples in the radiogenic cluster than the spread of values for the Hansonburg ore
samples. Only three paint samples have isotopic signatures which exactly match the Hansonburg
ore samples, while the remaining 16 paint samples in the radiogenic cluster only partially match
with the Hansonburg ore signature. This loose match between archaeological samples and ore
samples is likely due to insufficient sampling of the Hansonburg mining district. Only nine
samples from the Hansonburg district are included in this analysis, five of which are from a
single mine (Thibodeau et al. 2013:3071). Additional sampling may therefore be necessary to
fully characterize the Hansonburg source, and additional sampling may resolve the loose fit
between ore samples and archaeological samples.
An alternative possibility is that the reference population of lead ores we use in this
analysis is missing one or more sources that might more closely match the proposed Hansonburg
cluster of samples. The nine mining districts used in this analysis represent all of the most
proximate lead sources to the Rio Grande pueblos, but it is conceivable that a more distant
source of lead ore—perhaps in southern New Mexico or eastern Arizona—which is not
represented in our reference population may have been used by Rio Grande potters. However, we
do not believe this is likely given that samples from archaeologically significant turquoise
sources in southeastern Arizona and southwestern New Mexico have 206Pb/204Pb ratios which
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Figure B5. Comparison of three lead isotope ratios, including lead ores and glaze paint samples.
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Figure B6. Comparison of three lead isotope ratios, for values in the range of Cerrillos ores.

almost uniformly fall within the range of values between 17.3-19.4, which should correlate with
values for lead ores from those sources (Thibodeau et al. 2015:Table 1). These values are well
below the values for the archaeological samples we propose as linked to the Hansonburg source.
Higher values are documented for the Sleeping Beauty mine and Canyon Creek district, but these
sources lack galena ore and so would not have been a source of flux for glaze paints.
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Table B4. Petrographic results and sample list.
Sample

Main
Inclusions

K1

Andesite (hb)

K2

Andesite (hb)

K3

Latite

K4

Andesite (hb)

K5
K6

Color PPL1

Optical
Activity

Temper
Type

%
Inclusions3

Sorting

Gray

Slight

None

30

Brown

Brown

Inactive

None

30

Fair

Brownish
gray

Brownish
gray

Inactive

None

40

Good

Brown

Brown

Inactive

None

40

Good

Andesite (px)

Brown

Brown

Slight

None

40

Good

Latite

Gray

Gray

Slight

None

30

Good

K7

Andesite (px)

Brown

Brown

Slight

None

40

Fair

K8

Andesite (px)

Red

Red

Active

None

40

Fair

K9

Latite

Reddish
brown

Reddish
brown

Active

None

40

Good

K10

Andesite (px)

Brown

Brown

Inactive

None

40

Fair

K11

Andesite (px)

Reddish
brown

Reddish
brown

Active

None

40

Fair

K12

Andesite (hb)

Gray

Gray

Active

None

40

Fair

K13

Gabbro

Reddish
brown

Reddish
brown

Slight

None

40

Fair

K14

Andesite (hb)

K15

Andesite (px)

K16

Andesite (px)

K17

Andesite (hb)

K18

Andesite (px)

K19

Mixed lithic

K20

Andesite (px)

A1

Andesite (px)

A2

Gabbro

A3

Gabbro
Vitrophyric
Basalt
Vitrophyric
Basalt

A4
A5
A6

Grog+schist

A7

Grog+schist
Vitrophyric
Basalt
Intergranular
Basalt

A8
A9

Gray

Color XPL2

Yellow gray

Yellow gray

Reddish
brown
Reddish
brown

Reddish
brown
Reddish
brown

Brown

Brown

Brownish
gray
Brownish
gray
Reddish
brown

Brownish
gray
Brownish
gray
Reddish
brown

Brown

Brown

Reddish
brown
Reddish
brown
Reddish
brown

Reddish
brown
Reddish
brown
Reddish
brown

Red
Tan
Reddish
brown
Reddish
brown

Reddish
brown
Reddish
brown

Brown

Good

Active

None

40

Fair

Slight

None

40

Fair

Slight

None

40

Fair

Slight

None

40

Fair

Inactive

None

40

Fair

Inactive

None

40

Fair

Slight

None

40

Good

Inactive

None

40

Fair

Slight

None

40

Fair

Slight

None

40

Poor

Slight

None

30

Fair

Red

Active

None

30

Good

Tan

Active

Grog

40

Fair

Slight

Grog

40

Fair

Slight

Grog

40

Fair

Brown

Inactive

None

40

Poor

A10

Andesite (hb)

Tan

Tan

Active

None

40

Good

A11

Andesite (hb)

Brown

Brownish
gray

Active

None

40

Fair

A12

Andesite (hb)

Yellow

Yellow gray

Active

None

40

Fair

A13

Andesite (hb)

Yellow

Yellow gray

Slight

None

40

Good

Reddish
brown
Brownish
gray

Reddish
brown
Brownish
gray

Slight

None

40

Fair

Active

None

30

Fair

Gray

Gray

Slight

None

40

Good

A14

Andesite (hb)

A15

Latite

A16

Andesite (hb)

A17

Grog+schist

Tan

Tan

Active

Grog

30

Fair

A18

Mixed
lithic+grog

Brownish
gray

Brownish
gray

Inactive

Grog

40

Fair

A19

Grog+schist

Gray

Gray

Slight

Grog

40

Fair

Grog+schist

Brownish
gray

Brownish
gray

Inactive

Grog

40

Fair

A20
1PPL:

plane polarized light

2XPL:

cross polarized light

3Percentage

of inclusions, sorting and size range includes natural inclusions, sand and grog.

Size Range

Shape Range

v. fine to
medium
v. fine to v.
coarse
v. fine to
coarse
v. fine to
medium
v. fine to
medium
v. fine to
medium
v. fine to
coarse
v. fine to
coarse
v. fine to
medium
v. fine to
coarse
v. fine to
coarse
v. fine to
coarse
v. fine to
coarse
v. fine to
coarse
v. fine to
coarse
v. fine to
coarse
v. fine to
coarse
v. fine to
coarse
v. fine to v.
coarse
v. fine to
coarse
v. fine to
coarse
v. fine to
coarse
v. fine to v.
coarse
v. fine to
coarse
v. fine to
medium
v. fine to
coarse
v. fine to v.
coarse
v. fine to
coarse
v. fine to v.
coarse
v. fine to
medium
v. fine to
coarse
v. fine to
coarse
v. fine to
medium
v. fine to
coarse
v. fine to
coarse
v. fine to
medium
v. fine to
coarse
v. fine to
coarse
v. fine to
coarse
v. fine to
coarse

Angular to
subrounded
Angular to
rounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Subangular to
rounded
Angular to
subrounded
Angular to
subrounded
v. angular to
subrounded
v. angular to
subrounded
Angular to
subrounded
Subangular to
rounded
Angular to
subrounded
Angular to
subrounded
Angular to
rounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded
Subangular to
rounded
Angular to
subrounded
Angular to
subrounded
Angular to
subrounded

Rim
Form
A
F
B
E
B
F
E
A
C
A
C
C
D
D
D
B
E
F
A
B
E
E

Ceramic
Type
Glaze
polychrome
Glaze-onwhite
Glaze-onyellow
Glaze
polychrome
Glaze-on-red
Glaze
polychrome
Glaze-onwhite
Glaze-on-red
Glaze-onwhite
Glaze-onyellow
Glaze
polychrome
Glaze-onyellow
Glaze-on-red
Glaze
polychrome
Glaze
polychrome
Glaze
polychrome
Glaze-onwhite
Glaze-onwhite
Glaze
polychrome
Glaze-onwhite
Glaze
polychrome
Glaze
polychrome

Site
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Kuaua
Alameda
Alameda

E

Glaze-on-red

Alameda

C

Glaze-on-red

Alameda

F

Glaze-on-red

Alameda

B

Glaze-on-red

Alameda

A
F
D
C
C
B
D
E
B
D
A
A
A
A

Arenal Glaze
Polychrome
Glaze
polychrome
Glaze
polychrome
Glaze-onwhite
Glaze
polychrome
Glaze
polychrome
Glaze
polychrome
Glaze
polychrome
Glaze-onwhite
Glaze
polychrome
Glaze-on-red
Glaze
polychrome
Arenal Glaze
Polychrome
Glaze-on-red

Alameda
Alameda
Alameda
Alameda
Alameda
Alameda
Alameda
Alameda
Alameda
Alameda
Alameda
Alameda
Alameda
Alameda
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given their distance to the Rio Grande. Samples with a poor fit to the Hansonburg ore data are
indicated in Table B2 as ‘Likely Hansonburg’ to distinguish from the three samples which
closely match the Hansonburg ore samples.
Finally, we propose that the nine archaeological samples that fall in the space between
the Cerrillos and Hansonburg clusters are likely glaze paint recipes made by mixing ores from
those two sources. In the plot of 206Pb/204Pb vs. 207Pb/204Pb ratios, these nine samples fall along
the line of linear regression between the Cerrillos and Hansonburg samples, alongside ore
samples from the Placitas, Tijeras, Joyita Hills, and New Placers sources (see Figure B5).
However, in the plot of 206Pb/204Pb vs. 208Pb/204Pb ratios, ore samples from those four sources
scatter away from the line of linear regression, while the archaeological samples largely remain
along the regression line. This indicates that the lead glaze on these sherds is likely made with a
mix of lead ores from the Hansonburg and Cerrillos sources, rather than with ore from a different
source or combination of sources. The near exclusive use of Cerrillos and Hansonburg ores for
glaze paint production, as identified in both the present work and in prior research, also suggests
that any glaze paint recipes that are produced by mixing lead ores from multiple sources would
likely be a mix of those two sources. The only exception is a single sample (Q10) which falls
along a line of linear regression between the Hansonburg ore samples and the ore samples from
the Joyita Hills mining district. Without better characterization of ores from the Hansonburg
district we have only tentatively identified this sample as the result of a recipe mixing Joyita
Hills and Hansonburg ores.
B5b. Paste Characteristics
The petrographic analysis focused principally on the samples from Kuaua and Alameda.
The results identified three major categories of paste recipes, along with several minor groups,
all of which were reasonable matches to petrogroups reported in prior work (see Ownby 2019 for
full petrographic details; see Table B3 for petrogroup concordance). Results are summarized in
Table B4. Ten sherds, all but one from Kuaua, contained porphyritic andesite inclusions with a
fine mostly plagioclase and lesser glass matrix, and phenocrysts of plagioclase (some zoned),
pyroxene, and opaques. They appeared natural to an iron-rich secondary clay deposit. This may
represent local production, as the site is located southeast of Pliocene alkali olivine basalt and
tuff comprising the Santa Ana Mesa on the north side of the Jemez River (Personius 2002;
Williams and Cole 2007). This groups matches the ‘vesicular andesite’ petrogroup reported by
Shepard (1942) as characteristic of local production at Kuaua and subsequently confirmed by
other researchers (see Table B3).
Five of the samples from Alameda contained grog (broken sherds) and fragments of very
fine-grained schist of quartz, muscovite, biotite/chlorite and opaques. The fabric of the grog
could vary and likely contributed rare inclusions of volcanic rock fragments, quartzite, and chert.
The use of grog temper has previously been associated with early Glaze A manufacture in
Albuquerque (Table B3), while Lower Proterozoic schist is available northeast of the site in the
Sandia Mountains (Herhahn and Huntley 2017:229–230; Read et al. 2000; Williams and Cole
2007). Indeed, four of the five samples are Glaze A rims, with the fifth being an early (Glaze B)
rim, conforming to the expectation of grog use in early RGGW production from the Albuquerque
area (see also Habicht-Mauche and Eckert 2021).
The third major group included six sherds from Kuaua and six from Alameda with
natural inclusions of andesite. These were porphyritic with a fine matrix and phenocrysts of
plagioclase; some zoned, amphibole; lesser pyroxene; and opaques. Although there was some
variability, especially with later rim forms, most samples had a similar clay. This material has
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previously been described as hornblende andesite (Herhan and Huntley 2017:227), hornblende
latite (Schleher 2010:Table 6.1), and hornblende latite ash (Schleher and Boyd 2005:Table 15.4).
However, all authors assign such rock fragments to production of RGGW at Tonque Pueblo or
the general Ortiz Mountains. These mountains are located 15 kms east of the site and comprise
both hornblende latite and hornblende andesite (Maynard 2002). Both Arroyo Coyote that runs
besides Tonque Pueblo and Arroyo Tonque just north would drain these deposits.
Of the remaining 13 sherds, four (three from Kuaua and one from Alameda) had natural
inclusions of latite composed of a fine matrix with phenocrysts of weathered plagioclase (some
zoned), pyroxene, and opaques. Such material has been identified as augite latite and connected
to production at San Marcos Pueblo (Schleher 2010; Schleher and Boyd 2005:Table 15.4). This
was confirmed through comparison to RGGW samples from San Marcos Pueblo provided by the
Maxwell Museum of Anthropology. Three samples (one from Kuaua and two from Alameda)
contain natural inclusions of possible gabbro consisting of plagioclase, pyroxene, opaques, and
olivine (with red rind showing alteration to iddingsite). These appear to relate to a petrogroup
associated with RGGW from the vicinity of Zia Pueblo, described as ophitic basalt by Shepard
(Table B3). Three sherds from Alameda had natural inclusions of basalt with a vesicular texture
and phenocrysts of plagioclase, pyroxene, and opaques. Some have a fine dark matrix and others
have a reddish matrix with the same components. These are a good match for the ‘vitrophyric
basalt’ described in prior work as characteristic of the Bernalillo area and/or Cochiti area (see
Table B3). However, other sites in the Lower Rio Puerco used basalt as well for RGGW
production (Eckert 2006a, 2008), making for an uncertain assignment to an existing petrogroup
based only on written descriptions. A single sherd from Kuaua contained fine-grained quartzmica schist (quartz, muscovite, with lesser biotite, opaques, and sillimanite) and minor andesite
(very-fine matrix with plagioclase, pyroxene, and opaque phenocrysts). These inclusions are
similar to a sherd from Alameda, but that also contained grog. Quartz-mica schist has been
associated with glaze ware production in the Sandia Mountains and possibly at Tijeras Pueblo,
located at the southern end of this range (see Table B3). Finally, one sample from Alameda had
basalt with a holocrystalline texture of plagioclase, pyroxene, opaques, and clay as a matrix for
phenocrysts of plagioclase, pyroxene, and olivine. Such volcanic rock fragments are a good
match for the ‘intergranular basalt’ identified in vessels likely made in the vicinity of San Felipe
or Santo Domingo pueblos (see Table B3).
B6. Discussion
B6a. Paste and Glaze Paint Variability
Prior provenance studies of the lead ore used as flux in the glaze paint of RGGW have
demonstrated a strong preference of RGGW potters for a restricted set of lead ore sources,
irrespective of the distance of potters to those lead sources. These provenance studies have
determined that a majority of lead ore used in RGGW glaze paint production can be sourced to
the Cerrillos mining district, with only a small proportion of vessels from pueblos in the Salinas
region and the southern end of the Middle Rio Grande being produced with ores from the
Hansonburg district (see Nelson and Habicht-Mauche 2006; Huntley et al. 2012; Herhan and
Huntley 2017). The lead isotopic analysis results of 69 RGGW sherds presented here further
support this observation, but also adds a dimension by establishing sites and regions where use of
Hansonburg lead was more common than use of Cerrillos lead. We find that the glaze paint
sample from two sites in the Lower Rio Grande (Las Huertas and Qualacu) consist almost
entirely of glaze-painted sherds produced with lead ore from the Hansonburg district, with a
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Figure B7. Proportion of lead sources in samples from each site, by period. Height
of each band represents the proportion of that source in the sample from a site.
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smaller proportion of sherds likely produced with a mixed glaze paint recipe (see Figure B7). In
contrast, the assemblages of the three northernmost sites tested here (Tonque, Kuaua, and
Alameda) are dominated by glaze-painted sherds produced with Cerrillos ore (Figure B7),
matching the expectation established by prior research. These results also align with prior testing
of sherds from Tonque, indicating exclusive use of Cerrillos ore in vessels produced at the site
(Herhan and Huntley 2017:223). The results of the present study also indicate that the use of
Cerrillos lead in the early glaze period of the Middle Rio Grande, as identified in previous
research (Huntley et al. 2012), likely continued into the intermediate and late glaze periods.
Petrographic analysis of RGGW pastes from two sites in the Middle Rio Grande also
largely conform to expectation based on prior work but help affirm that those expectations apply
to assemblages in the Middle Rio Grande throughout the entire glaze sequence. A summary of
petrographic provenance is presented in Table B5, based on concordance between the
petrogroups identified in this analysis with those identified in prior work (Table B3). On the
basis of the petrographic analysis presented here, it seems likely that RGGW was made at Kuaua
Pueblo throughout the sequence. In addition to this local production, we identify many RGGW
vessels that probably came to Kuaua from Tonque and San Marcos pueblos, among several other
production loci. In contrast, the analyzed sample from Alameda Pueblo seems to include only
locally produced or acquired RGGW dating to the Glaze A period. Subsequently, the site was
likely supplied by Tonque, San Marcos, and at least three other pueblos or production regions.
Despite differences in the exact composition of the assemblages, both sites conform to the
pattern established in prior petrographic work of assemblages from the Northern Rio Grande and
Salinas regions, of diverse consumption of both local and extra-local RGGW.
Table B5. Summary of petrographic provenance.
Count
Alameda

Kuaua

Represented
Rim Forms

Tonque

6

6

A to F

Andesite (px)

Kuaua

1

9

A to F

Gabbro

Zia region

2

1

D, E

Grog+schist

Albuquerque/Sandia Mountains

5

0

A, B

Intergranular Basalt

San Felipe/Santo Domingo region

1

0

D

Latite

San Marcos

1

3

B, C, F

Mixed lithic

Tijeras/Sandia Mountains

0

1

A

Mixed lithic+grog

Tijeras/Sandia Mountains

1

0

A

Vitrophyric Basalt

Bernalillo/Cochiti or Lower Rio Puerco

3

0

C, F

Primary Inclusion

Provenance

Andesite (hb)

It is not very informative to directly compare diversity within these two attributes of
RGGW—lead glaze paint and ceramic pastes—given how much the relative availability of
different resources impacts the diversity of each attribute. The scarcity of lead ore sources along
the Rio Grande Rift in New Mexico, in comparison to the widespread availability of usable clay
and temper, is consistent with our observation of more homogenous lead ore usage relative to our
observation of more diverse ceramic pastes. However, the availability of lead ore relative to
clays and temper does not completely explain the variability we observe in lead glaze paints and
ceramic pastes. In the case of glaze paints, the nearly exclusive use of Cerrillos and Hansonburg
ores is often at the expense of closer ore sources, like the Magdalena, Tijeras, and Placitas
sources (see Figure B3). Herhan and Huntley (2017:220) argue for the Salinas region that:
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"potters from Abo/Tenabo and Quarai appear to have had access to the same range of ore
sources, although they may have utilized different sources preferentially at different time
periods." As already discussed, this preferential use of ore sources without regard to proximity or
availability suggests the potential social significance of specific ore sources. This fact also
suggests transmission of glaze paint technology by means of a glaze paint recipe using specific
ore sources, perhaps pioneered by Galisteo Basin potters near the Cerrillos Hills (see Herhahn
and Huntley 2017; Huntley et al. 2007:1136). However, oral histories suggest direct procurement
of turquoise from the Cerrillos district (Hedquist 2017:274–277) by Zuni ancestors, complicating
any interpretation of direct control by Galisteo Basin villages of the turquoise and lead resources
in the Cerrillos deposit.
Similarly, the high diversity of ceramic pastes in assemblages from the Middle and
Northern Rio Grande, and the Salinas region, demonstrates the social value of ceramic exchange
even for sites (like Kuaua and Alameda) with evidence for considerable local production of
RGGW. For instance, imports of RGGW vessels from Galisteo Basin producers made up the
majority of RGGW in Salinas region assemblages during the early (Glaze A-B) period (Herhan
and Huntley 2017:216–218). However, this reliance on imports was not due to a lack of
resources for local RGGW production, as attested to by the gradual replacement of Galisteo
Basin imports with locally produced RGGW starting in the Glaze C period. In other words, local
production of ceramics using widely available clays and temper does not appear to have
diminished the social value of ceramic exchange among RGGW consuming pueblos. Given that
the variability we have observed among ceramic pastes and lead ore use is reflective of the social
context in which RGGW vessels were produced, and is not just a consequence of resource
availability, we argue that the data we present here is valuable for understanding social
interaction at a macro-regional scale and evaluating social distinctions within the RGGW zone of
production.
B6b. Networks of Exchange and Learning
The new archaeometric evidence presented here helps further develop an argument that
the RGGW zone of production can be sub-divided into a larger, northern network of potters and
consumers, and a smaller, southern network of potters largely contained in the Lower Rio
Grande. This conclusion is perhaps unsurprising given prior research on other aspects of formal
and compositional diversity within the RGGW category. In particular, researchers have
identified a total or near lack of Glaze B and Glaze C rim forms in assemblages from the Lower
Rio Grande, and a generally lower occurrence of Glaze D rim forms (see Marshall and Walt
1984). As already discussed, these rim forms have been associated with innovations by Galisteo
Basin potters (Eckert 2006a:53). Even though vessels of these forms were not exclusively
produced by Galisteo potters, their absence from assemblages in the Lower Rio Grande suggests
that Lower Rio Grande villages were not strongly involved with the exchange networks centered
on the specialized RGGW producing villages in the Galisteo Basin. This also suggests that
Lower Rio Grande potters were not part of the broader community of practice through which
these rim forms were replicated by local potters outside the Galisteo Basin. Given the position of
the Cerrillos mining district within the Galisteo Basin, and the possibility that Galisteo Basin
pueblos may have controlled access to that source (Eckert et al. 2018:572; Huntley et al.
2012:17), greater social distance between Lower Rio Grande villages and the networks of
exchange and learning centered on the Galisteo Basin could have decreased their access to
Cerrillos ore and lead paint recipes made with that ore. Likewise, the lower diversity of ceramic
pastes evidenced in Lower Rio Grande assemblages could be a direct outcome of greater social
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distance from diverse producers in the rest of the RGGW zone of production, and a greater
reliance on local production using a lower diversity of available materials.
Another point of considerable interest is the common use of Hansonburg and Magdalena
ores for glaze paint production by potters in the Zuni region of west-central New Mexico and
east-central Arizona during the late 13th through early 15th centuries (see Huntley et al. 2012).
This use of southern ore sources, in lieu of Cerrillos ores, suggests potentially greater interaction
between Lower Rio Grande communities and Western Pueblo communities, with glaze paint
recipes using Hansonburg and Magdalena ores circulating in a Lower Rio Grande-Zuni network
of learners alongside the ores themselves. However, Western Glaze Wares of all varieties appear
in only trace quantities in assemblages from the Lower Rio Grande (see Marshall and Walt
1984), precluding extensive exchange of vessels. Likewise, while forms and material attributes
of RGGW produced by Lower Rio Grande potters may be distinct from the forms and material
attributes of RGGW produced at other Rio Grande pueblos, vessels in both regions are distinctly
RGGW, from similar rim forms to similar decorative schemes. The southern Rio Grande
network of potters may therefore have had weak social connections to both the Zuni region and
the rest of the Rio Grande pueblos, socially positioned peripherally to both regions. Further
elaboration on the dimensions of ceramic production in the Lower Rio Grande will be necessary
to fully understand the social position of communities in that region relative to other Rio Grande
pueblos and those in the Zuni region.
In addition to establishing some of the distinct attributes of Lower Rio Grande RGGW,
the data we present here is also informative about the zone of interaction between the Lower and
Middle Rio Grande regions. While five of the seven sites tested in this project have highly
homogenous assemblages dominated by lead ores from one of the two primary ore sources, the
remaining two sites (Valencia and Abó) have more diverse assemblages (see Figure B7). A large
proportion of sherds we identify as having a likely mixed lead glaze recipe (six out of nine, or
66%), come from the Valencia and Abó samples. The assemblage from Abó is even more
diverse than the assemblage from Valencia, with a combination of both Hansonburg and
Cerrillos sources identified in the assemblage alongside the mixed glaze paints (Figure B7). Prior
analysis of lead glazes from Abó have also identified this simultaneous use of both Hansonburg
and Cerrillos ore, particularly identifying an intermediate and late glaze period trend towards
greater use of Hansonburg ores that may relate to increasing local production of RGGW
following declining imports of vessels from Galisteo Basin communities (Mobley-Tanaka
2017:193–196). The analysis presented here similarly identifies a greater diversity of lead
sources used at Abó in the late (Glaze E-F) period. Unlike earlier studies, we find a greater
diversity of lead sources in the early (Glaze A-B) period, compared to the exclusive use of
Cerrillos ore in the intermediate (Glaze C-D) period. This may be a consequence of sampling,
given that the small samples in this and prior studies may not be completely representative of
RGGW at a site in a particular period. Regardless, both the present study and prior work at Abó
indicates that the site consumed vessels produced with southern ores at a greater rate than other
sites in the same region, and potters at the site were likely also responsible for producing those
vessels.
Importantly, both Valencia and Abó are located on the periphery of the Lower Rio
Grande region, at the southern edge of the Middle Rio Grande region and southwestern edge of
the Salinas region, respectively (see Figure B3). Consumption of vessels produced both with
primary lead ore sources and mixing of those two sources in glaze recipes might therefore be
expected given the position of these two sites intermediate to regions of primary Hansonburg use
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and primary Cerrillos use. This zone of mixed consumption along the border between the Lower
Rio Grande and other RGGW-producing regions appears to be relatively narrow, geographically.
While we identify mixed use of both Hansonburg and Cerrillos ores at Abó, this same pattern has
not been documented for other sites in the Salinas region. Other glaze-producing villages in the
region generally made use of Cerrillos ores for glaze paint production, even in periods when
vessels produced with Hansonburg ore were imported in large quantities from Abó and nearby
Tenabo (Herhan and Huntley 2017:216–218). Likewise, mixed use of ores at Valencia is not a
pattern found at sites in the Albuquerque area or further north in the Middle Rio Grande region
(including Kuaua and Alameda). While testing at more sites may clarify the pattern, both
existing data and the data presented here suggest that only sites located at or near the boundary
of the southern and northern RGGW networks may have tapped into multiple networks of lead
procurement or benefited from transmission of different glaze paint recipes. This characterization
of the social boundary between northern and southern networks, as relatively sharp or narrow,
suggests that there was limited interaction across that boundary. Future research could help better
characterize this boundary by establishing if vessels produced with a mixed glaze paint recipe
were made locally by potters at communities in this border region, reflecting their social position
intermediate to the southern and northern zones of lead use. Local and semi-local production of
RGGW has been previously documented for both Abó (Warren 1981) and Valencia (Franklin
1997) pueblos, and so local production of RGGW vessels with a mixed glaze paint recipe is a
possibility for both sites.
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APPENDIX C: Structural Continuity from Coalescence into Colonialism: Multilayer
Network Analysis of Ceramic Production and Consumption on the Rio Grande, A.D. 12001700
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Abstract: The process of coalescence reconfigured systems of regional interaction across the
U.S. Southwest over the 14th and 15th centuries, ultimately resulting in a highly integrated
Eastern Puebloan economic system. This system may have persisted well into the 17th century,
during the first century of Spanish colonial rule in New Mexico, despite the destructive impact of
Spanish colonialism on Pueblo production. While this regional system has been a topic of study
by archaeologists for decades, recent research has increasingly complicated our understanding of
this system by underscoring how much regional integration was not the product of any single
mechanism or structure, but rather emerged from the complexity of individual relationships
between Pueblo villages. The techniques of social network analysis are used increasingly in
archaeology to study regional systems, but I argue in this paper that multilayer network analysis
is a better choice for modeling the complexity of the Rio Grande economy than are the single
layer network methods most commonly used in archaeological applications of network analysis.
Creation of a multilayer network from three lines of ceramic evidence provides evidence for
continuity in the structure of regional interaction along the Rio Grande from the 14th through 17th
centuries. However, this analysis also suggests that the ceramic data used in network creation
represent relatively similar modes of interaction, if at different scales. Subsequent multilayer
analyses may benefit from increasing the variety of data types used in network construction. Full
evaluation of structural continuity will also be greatly aided by extending analysis into the period
following the 1680 Pueblo Revolt, from 1692 through the 18th century.
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C1. Introduction
While the methods of single layer network analysis have been widely and successfully
employed to model systems of regional interaction using archaeological data, the complexity of
some regional systems may be better modeled by the less commonly used methods of multilayer
network analysis. In contrast to single layer networks, multilayer networks can be constructed
from multiple lines of evidence, reflecting the complexity of nested and intersecting social
relationships. This is an especially good choice for modeling the complexity of regional
interaction in the Eastern Pueblo region from the 14th through 17th centuries, and this region and
time period provide an excellent case study for the application of multilayer analysis to
archaeological data.
During the Pueblo IV period (A.D. 1300–1598), Eastern Pueblo villages in northern and
central New Mexico developed an increasingly integrated supra-regional economy as one way to
deal with the challenges posed by intense coalescence during this same period. Coalescence
often results in greater social complexity, in the form of more heterogeneity and social
inequality, which in turn posed challenges to maintaining social cohesion in coalescent societies
(Birch 2013:1–2). Archaeologists have long argued that greater economic integration among
Eastern Pueblo villages was one method for dealing with these challenges, with the creation of
economic niches through craft specialization fostering greater cooperation and stability of
interaction among diverse villages and community clusters (see Ford 1972a; Habicht-Mauche
1993; Habicht-Mauche and Eckert 2021; Snow 1981; Spielmann 1994). Archaeologists have
identified a number of industries subject to specialization in the Pueblo IV period, especially
regionally distinctive decorated pottery. Most notably is the widely distributed variety of Rio
Grande Glaze Ware (RGGW) vessels produced by specialized villages in the Galisteo Basin of
northern New Mexico (Nelson and Habicht-Mauche 2006; Shepard 1942; Warren 1969). Rare
and potentially ritually significant products like cotton and cotton textiles (Meehan 2019:59), and
salt (Ford 1972a) may have also been produced by specialists located in specific communities.
Some villages may have served as centers of exchange (Davis 2019; Ford 1972b). Non-Pueblo
groups in far northern New Mexico and on the Great Plains were also part of this integration
with some evidence for exchange of corn and pottery from Pueblo villages for imported bison
products, such as hides and meat (Habicht-Mauche 1993, 2000; Leonard 2006; Spielmann 1991).
Specialized production, and related exchange networks, may have been structured in large part
around the needs of embedded, Puebloan, religious elites (see McGuire and Saitta 1996; Ortiz
2012), whose shared membership in religious societies cross-cut ethnic, linguistic, and
geographic boundaries (Ortiz 1994:288–289; Ware and Blinman 2000). Many of the product’s
characteristic of the integrated economic system of the Pueblo IV period have potential ritual use
or significance, including decorated vessels, tobacco, cotton textiles, and bison hide (Ford 1972a;
McGuire and Saitta 1996). Systems of both socio-political and economic integration were
therefore mutually reinforcing and acted in tandem to create greater social cohesion in the
broader Eastern Pueblo world over the course of the Pueblo IV period (see also Appendix A).
While this picture of social cohesion among the Eastern Pueblos in the Pueblo IV period is
well supported in existing research, more recent studies have nuanced this understanding. In
particular, there has been a move away from a view of the macro-regional system as structured
around interaction among geographic and regional divisions, including the ethno-linguistic or
socio-political divisions embedded within these spatial units. Emphasis has instead been placed
on the importance of specific relationships among individual villages as the key structural feature
of the increasingly integrated, macro-regional economy of the Northern Rio Grande (see
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Schleher 2017:108–109). This approach to economic integration and macro-regional social
organization acknowledges that “…neither linguistic affiliation nor geographical proximity fully
determines the social relationships and interaction between individual pueblos” (Creamer and
Haas 1989:4), and also emphasizes the contingent or shifting nature of economic integration as a
consequence of the mutability of relationships between individual villages.
While Pueblo villages in the Northern Rio Grande may have become more integrated into an
over-arching regional system over the course of the Pueblo IV period (see Appendix A),
archaeologists now acknowledge that this integration did not result from the development of a
single organizational system. Rather, individual Pueblo villages were integrated into the wider
economy through networks of identification and exchange operating at different scales, and
which often overlapped or worked in parallel to each other. Based on the existence of two sets of
designs on RGGW vessels from assemblages in the Salinas region, one local and one
representing imports from the Galisteo Basin, Mobley-Tanaka (2017:199) argues that:
“[Puebloan people] were maintaining layered membership regimes at both the local and regional
levels”, and that use of RGGW vessels produced both locally and extra-locally helped maintain
this layered membership. In other words, Salinas potters were simultaneous participating in a
regional-scale system of economic integration and ritual practice while also “…deliberately
maintaining a level of uniqueness in the products of their own region” (Mobley-Tanaka
2017:199). That the Puebloan economy was structured in many ways around these layered
membership regimes complicates the earlier model of integration and cohesion through
specialized production.
One consequence of the move away from a more unitary and geographic view of integration
towards a more contingent and complex model of networked interactions among individual
villages has been to de-emphasize craft specialization as the major driving factor in integration.
Instead, researchers are now more interested in examining how both specialized and nonspecialized production worked in tandem to create a more integrated macro-regional economy in
the Northern Rio Grande. For instance, the proposed economic dominance or centrality of
specialized RGGW production at Galisteo Basin villages has been challenged by more recent
research, which has largely arrived at the conclusion that “…many villages manufactured pottery
for their own use and exchange, but certain towns, including San Marcos, Tonque, and San
Lázaro, seem to have produced and exchanged more than others” (Schleher 2017:109). Even
within the Galisteo Basin itself, the distribution of vessels produced at these major production
loci reflects varied relationships among individual pueblos. For instance, Nelson and HabichtMauche (2006) find that vessels produced at San Marcos pueblo (one of the most prolific
RGGW producing villages) appear in highly variable proportion in the assemblages of other
Galisteo Basin villages: Cieneguilla and Pueblo Blanco received ~50% of their RGGW from San
Marcos, while Kuapa received only about ~5% from San Marcos. The market reach of
specialized Galisteo Basin producers was not unlimited, with their vessels rarely making their
way into assemblages from villages in the Lower Rio Grande. In Lower Rio Grande villages, the
RGGW rim forms most associated with specialized producers in the Galisteo Basin (Glaze B
through D rims) are rare or nearly non-existent (see Marshall and Walt 1984). Furthermore,
isotopic evidence from glaze paints demonstrates only rare use by Lower Rio Grande potters of
lead ore from the Cerrillos mining district (Appendix B). Access to Cerrillos ore (near San
Marcos pueblo) may have been controlled in part by Galisteo Basin potters (Eckert et al.
2018:572; Huntley et al. 2012:17). On the other hand, Cerrillos ores were widely used in local,
household production of glaze-painted vessels outside the Galisteo Basin, indicating that the
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networks allowing for consumption and exchange of vessels produced by Galisteo Basin
specialists were not analogous to the networks distributing Cerrillos ores (see Huntley et al.
2012). Potters producing RGGW also typically made use of highly varied sources of rock
temper, generally relying on local or near-local sources, at the same time, consuming imported
vessels produced with non-local tempers and so creating mixed assemblages (e.g., Herhahn and
Huntley 2017; Nelson and Habicht-Mauche 2006).
In this way, both the production and consumption of RGGW vessels embodies the
complexity of the integrated economy of the Northern Rio Grande, reflecting different strategies
for identification and interrelation in a diverse social landscape created by coalescence of PIV
Puebloan communities. Given the complex economic system reflected in the physical
characteristics of RGGW vessels, their continued production for almost a century under Spanish
colonialism, until sometime after the Pueblo Revolt of 1680, suggests a degree of continuity in
the structure of the broader economic system despite the destructive impact of Spanish
colonialism on other aspects of Puebloan society. Spanish colonialism had well-documented
impacts on Indigenous societies throughout the Americas, including the dismantling or
disruption of Indigenous economic organization (e.g. Cole 1985; Stavig 1988:242–243), and this
is also documented in the U.S. Southwest where appropriation of Pueblo labor through mission
settlements and the encomienda system negatively impacted Puebloan villages (see Trigg 2005).
Indeed, the interrelation of Puebloan religious leadership with economic activities, from
agricultural activities to production of ritual items like decorated vessels, meant that Spanish
appropriation of Pueblo labor had a negative impact on non-economic elements of Puebloan
society (Preucel 2002:4–5). Likewise, Spanish persecution of non-Christian Pueblo religious
practices would have had a similarly negative impact on the Puebloan economy by undermining
the economic, managerial roles of Pueblo religious leaders. Indeed, both religious persecution
and economic hardship were likely primary motivating factors for the leaders of the 1680 Pueblo
Revolt (Liebmann 2014). Despite the negative consequences of Spanish colonialism for the
persistence of the Puebloan economy that had developed over the course of the Pueblo IV period,
there is evidence to suggest that this structure managed to weather the storm of Spanish
colonialism. As already discussed, the continued production of RGGW as a product embedded in
a complex system of relationships at different economic and social scales suggests some level of
continuity, and indeed the coordination of many disparate Pueblo villages (and even Apachean
allies) in collective action against Spanish colonialism during the 1680 Pueblo Revolt also
suggests persistence of systems fostering some level of trust and interaction among Pueblo
villages at the large, regional scale at which the Revolt took place.
The goal of this article is to examine this proposition, that the Eastern Puebloan economic
system that developed over the course of the Pueblo IV period persisted to some degree into the
early Spanish colonial period, despite damage done to that structure by Spanish colonial
practices. While prior work has used examples of continuity in social practices or material forms
(such as religious practice or RGGW vessels) as part of a larger narrative of Puebloan resistance
to Spanish colonialism (e.g., Knaut 1995; Liebmann 2014; Preucel 2002), these works have not
generally examined continuity of large-scale social structures, such as the network of
relationships among Pueblo villages which gave structure to the regional economy of the Rio
Grande in the Pueblo IV and early Spanish Colonial periods. As such, I propose to test the
possibility of structural continuity into the early Colonial period by using the methods of social
network analysis (SNA) to create a model of the Puebloan economy using several different lines
of ceramic evidence (see Data and Network Creation). I argue that the methods of multilayer
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network creation are particularly well-suited to modeling the layered complexity of Puebloan
economy. In this article I present a case study, comparing the ability of multilayer methods to
address the question presented here with the ability of existing single-layer network methods to
address that same question.
C2. Network Analysis in Archaeology
The understanding of the integrated Rio Grande economy as a complex structure of
relationships among individual villages held together through different networks of exchange,
consumption, and identification makes for an ideal scenario to employ network analysis, and
particularly multilayer social network analysis. Social network analysis (SNA) has been applied
extensively to archaeological data, particularly in understanding socio-political and economic
organization at a regional scale. Several excellent overviews of network analysis in archaeology
have been written (see Mills 2017; Peeples 2019). The core of SNA is an evaluation of structure,
which results from lasting patterns of interaction among actors in a network (Wasserman and
Faust 1994:4–5). Networks are constructed from a set of actors (also 'nodes') connected by a set
of relationships ('ties' or 'edges'). Both nodes and edges can be assigned attributes that further
create the structure of the network. For instance, edges can be assigned weights to reflect the
intensity of a relationship (frequency of interaction, for instance), while nodes can be assigned to
a priori groups within the network (such as membership in a social club), though other attributes
can be encoded in the network. The strength of SNA as a methodology is that it centers
relationships as a primary constituent of social structure, rather than treating the attributes of
actors (group membership, for instance) as the essential building block of social structure (Zhang
2010:3–4). This property of SNA has been praised as one method for moving away from culturearea approaches (see Mills 2017). This property is especially relevant for understanding regional
organization along the Rio Grande in the Pueblo IV and early Spanish colonial periods given the
shift discussed in the previous section, from archaeological models of integration based on
interaction among geographic and social units, to a more networked idea of the Puebloan
economy that results from individual relationships among Pueblo villages and interaction at
many different scales.
While SNA has already been used to understand elements of regional interaction in the
Eastern Pueblo region during the Pueblo IV period (see Appendix A), the method of network
creation used in that study, as is the case in almost all archaeological applications of SNA, relies
on a single proxy measure of interaction among sites (ceramic similarity in this case) to create
network ties. While ceramic similarity has been used commonly and effectively (see Mills et al.
2013; Mills et al. 2018), the use of a single proxy measure for interaction among sites does not
capture the diversity of relationships among Pueblo villages that structured the economic system
of the Rio Grande in the Pueblo IV and early Spanish colonial periods. Identification at a large,
regional level through common consumption of RGGW vessels was only one part of the
integrated economy of the Rio Grande. Other relationships that helped structure regional
integration include the relationships within different communities of practice that create
patterning in low-visibility attributes of vessels, including for lead glaze paint recipes and
ceramic paste compositions (see Appendix B). Beyond ceramic production and consumption,
villages were connected through different types of semi-specialized production, including
production of cotton, salt, pinon, and bison hides (see Ford 1972a; Snow 1981), as well as
through relationships between ritual specialists that belonged to ritual societies whose activities
cross-cut ethno-linguistic boundaries (see Ortiz 1994:288-289; Ware and Blinman 2000). As
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such, I argue that multilayer network methods may be a more productive method for modeling
this complexity. This proposition is evaluated through construction of both multilayer and singlelayer network models of interaction in the study period.
C3. Multilayer Network Methods
A multilayer network is an extension of the single-layer network concept commonly used in
archaeological applications of SNA. Where a single-layer network evaluates the relationships
among a set of network actors, a multilayer network evaluates a set of actors and their
relationships across several networks, with each network typically defined by a different type of
relationships. Network researchers have defined a variety of multilayer network models with an
equally varied suite of names, including 'multiplex', 'multirelational', 'multidimensional', or
'multilevel' networks, and 'networks-of-networks' (see Dickison et al. 2016:17–32). I use the
terminology 'multilayer' to refer to the methods and networks in the present analysis, following
from the use of 'multilayer' by Dickison and colleagues (2016:17–18) as a catch-all term for all
varieties of multilayer model. The multilayer network model used in this analysis differs from
the single-layer network models used in most archaeological applications of SNA in two primary
aspects. First, the multilayer analysis presented here makes a distinction between inter-layer and
intra-layer ties. Second, the multilayer analysis in this article constructs the intra-layer ties of
each layer from a different archaeological proxy measure for interaction.
In a single-layer network model, all ties are intra-layer ties representing the relationship
between network actors. Ties may represent, for example, friendship or mentorship. In the
multilayer analysis presented here, intra-layer ties represent a different type of relationships in
each layer of the network. For example, friendship in one layer, but mentorship in a second layer.
These intra-layer ties are distinguished in the present analysis from inter-layer ties which connect
network actors (i.e., nodes) across the layers of the multilayer network. In this analysis, interlayer ties serve only to connect a node in one layer with itself in a different layer of the network.
In some multilayer analyses, inter-layer ties are allowed to connect different nodes across layers
(Dickison et al. 2016:18–19). This may be to model a changing mode of communication or
transportation, such as an email forwarded from one person at an organizational email address
(represented as one layer) to another individual’s personal address (represented by a second
layer). Because there is no basis for this type of inter-layer tie in the archaeological network
presented here, inter-layer ties in the multilayer networks constructed for this project connect
only a node with itself on other layers.
These differences between single-layer and multilayer network construction can result in
structurally distinct networks, even when the same data are used for both single-layer and
multilayer construction. For example, a network of air travel might have different levels
representing different airlines, with nodes representing airports (see Cardillo et al. 2013). Two
airports might be connected in one layer but disconnected in another because the airline
represented by that layer does not conduct any flights between those airports. Indeed, in this air
travel network, a single-layer version of the network has significantly less resiliency to the
removal of ties (e.g., cancellation of flights) than the multilayer version of the same network.
While multilayer networks may have a different structure than comparable single-layer networks,
it is also true that similar multilayer and single-layer networks may have similar structures if
each layer of the multilayer network is structurally comparable to each other layer. Indeed, a
multilayer network in which all layers are identical has nearly the same structural properties as a
single-layer network. Multilayer analyses are therefore most useful and appropriate to
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investigating systems, like the economy of the Pueblo IV and early Spanish Colonial Rio
Grande, where a heterogeneity of relationships is thought to be an important factor structuring
interaction among actors in the network (Dickison et al. 2016:16)
To account for this, analysis of a multilayer network can include a comparison of the
layers in the network, typically comparing measures of network structure. Measures intended to
compare layers can also be calculated, typically evaluating the deviation of each layer from a
mean for the network as a whole or evaluating the redundancy of ties across layers. Higher
redundancy and lower deviation suggest similar activity by network actors across all levels of the
multilayer network, while lower redundancy and higher deviation suggest distinct usage of each
layer by network actors (Dickison et al. 2016:46–49). A comparison of the layers in the present
analysis was conducted both through comparison of structural metrics and measures specifically
meant for layer comparison (see Analysis).
The differences between single-layer and multilayer network creation also dictate that
measures of network structure developed for single-layer networks must be carefully adapted for
use on multi-layer networks. A key factor in adapting network metrics developed for single-level
networks to a multi-level context is the ontological acknowledgement that not all types of
relationships in a network are created equal. For instance, one method for calculating structural
metrics of multi-layer networks is to collapse together each layer of the network, effectively
'flattening' a multilevel network into a single-level network, and thereby allowing for the
calculation of the network metrics used in single-level analyses with only slight modifications.
For instance, degree centrality—a measure of an actor's importance in the network which is
equal to the number of ties that actor shares with others in the network—might be calculated on
such a flattened network by counting all unique ties connected to an actor across all layers of the
network. However, such a calculation fails to account for the potential value of redundant ties
with another actor in the network, on different layers. This assumption may hold true in some
cases but is demonstrably untrue in others.
For instance, we can imagine a network constructed from surveys where each respondent
(i.e., actor) reports the type of connection or connections they have with other respondents, with
each layer of the network representing a different type of reported relationship (e.g., friendship).
In such a network it is possible that a respondent reports multiple kinds of connections with one
individual. For instance, an alter who is both a friend and co-worker. If the respondent were to
change their job they might maintain their friendship with the alter while simultaneously
dropping the connection between them as work colleagues. Alternatively, despite a falling out as
friends the two network actors might remain work colleagues. As this example suggests, and as
is demonstrated in the air travel network previously discussed (Cardillo et al. 2013), redundancy
in a multilayer network can indicate especially strong relationships, or those relationships which
are not vulnerable to a cessation of activities related to one kind of relationships (Dickison et al.
2016:23–24). Redundancy may therefore help increase the resilience of a multilayer network:
network resilience is the threshold where the removal of ties from a network breaks that network
into smaller, disconnected components. As the primary goal of the present project is to examine
the resilience of the Puebloan economy in the face of adversity posed by Spanish colonial
practices, a multi-layer network perspective may better capture the resilience of the Rio Grande
political economy than would a single-layer network model.
Given that it is generally undesirable to evaluate the structure of a multilayer network by
applying single-layer metrics to a flattened network, measures of network structure and cohesion
should be developed specifically to work with an un-decomposed multilevel network. Several
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such measures are presented here (see Analysis), including weighted degree centrality, degree
deviation, centralization, and density. Degree centrality is one of many centrality measures, all of
which attempt to characterize the relative importance of an actor in a network. Degree centrality
is the simplest of these measures, calculated as a sum of all ties received by an actor (the
equivalent of an actor's immediate neighbors in a single-layer network). Prior archaeological
applications of SNA have instead relied more heavily on eigenvector centrality to help
characterize network structure (e.g., Mills et al. 2013). Eigenvector centrality differs from degree
centrality in that it also considers the centrality of a node’s alters, with connections to highly
central alters increasing the centrality of the node for which the measure is calculated. However,
degree centrality is often a comparable measure and, importantly, can be easily generalized for
multilayer networks, particularly as a weighted measure (Dickison et al. 2016). Weighted degree
centrality considers not only the number of ties received by an actor, but also the weight of those
ties, generally calculated as the sum of all received tie weights. While not a measure of
centrality, degree deviation is also a node-level metric. Degree deviation is a measurement
specific to multilayer networks which calculates the amount by which a node's degree centrality
on a specific layer deviates from the mean degree centrality of the entire multilayer network
(Dickison et al. 2016:45, Definition 3.2)
Unlike degree centrality and deviation, which are fundamentally node-level metrics,
centralization and density are only calculated for entire networks, and both are easily adapted for
multilayer networks. One variant of the centralization measure is based on the degree to which a
single node in the network monopolizes available ties, ranging in value from 0 when no actor in
the network receives more ties than any other to a value of 1 when a single actor receives all ties
in the network (Palak and Nguyen 2021). As such, centralization is a crude measure of how
hierarchical a network's structure is, and the relative accessibility of nodes in the network (with
higher centralization generally allowing greater movement through the network by way of more
central nodes acting as hubs). Density, likewise, is a measure of the relative cohesion of the
network, or the ease of movement through the network. Density is calculated as a ratio of the
number of ties in the network relative to the possible number of ties in the network, ranging from
0 when the network is completely disconnected, to 1 when every node is connected to every
other node.
C4. Archaeological Multilayer Networks
While well-developed by network analysts in other fields, to date multilayer network
methods have only been applied to archaeological data in a single Ph.D. dissertation (Upton
2019). In this dissertation, Upton applies multilayer network techniques to a period of time in
Mississippian Illinois of increasing social complexity resulting from immigration and the
subsequent co-habitation of extant populations with newly arrived populations. The focus of the
research was to understand identification and co-existence in a situation of culture contact and
multiculturalism, using a combination of stylistic and compositional data from pottery in the
assemblages of about a dozen sites (Upton 2019:36–46, 86–99). Four lines of ceramic evidence
were considered, some of which were framed as relating to the process of categorical
identification and others which were framed as indicative of relational identification (see Peeples
2018:8–10). Low-visibility attributes were used as proxies for relational identification through
networks of learning and knowledge transmission. These attributes included characterization of
ceramic pastes by LA-ICP-MS alongside measurement of different formal characteristics for
both jars and plates, such as the diameter of jar openings or thickness of plate lips (Upton
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2019:87–89; 287–303). Categorical identification was evaluated through stylistic comparison of
plate designs, which were considered as high visibility markers of group membership (Upton
2019:89–90). Each line of evidence is used in network construction, resulting in a multilayer
network with four layers, each representing different types of relationships and identification.
Through this multilayer network, Upton was able to evaluate the presence or absence of internal
social boundaries in two versions of the network corresponding to pre-migration and postmigration periods (2019:382–386).
Upton argues that multilayer analyses are most useful relative to single-layer analyses in
situations where social relationships are distributed highly heterogeneously and through different
kinds of interaction. As such, multilayer network approaches are particularly useful for
evaluating multicultural social contexts where it is desirable to define actors based on
relationships to other actors, rather than based on their taxonomic classification as part of a
single social group or socio-geographic unit (Upton 2019:31). While Upton focuses on the
process of identification, rather than regional cohesion and integration which are the core of the
research question explored in the present study, I argue that the economic system of the Pueblo
IV and early Colonial Rio Grande is an ideal archaeological context for the application of
multilayer relationships which he identifies. Following Upton's use of multilayer network
analysis (2019) and from applications of single-layer network methods to archaeological data
from the U.S. Southwest (e.g., Mills et al. 2018), I construct a multilayer network representation
of regional interaction in the RGGW zone of production between A.D. 1300 and 1700.
C5. Data and Network Creation
The data for network construction in this project comes from nine sites across the Rio
Grande region (Figure C1). Site selection for this analysis was limited primarily by the
constraints of multilayer network analysis. While some multilayer models allow for differential
participation (and therefore presence) of nodes across different layers, this is only justified in
cases where a network actor has no capacity to interact on that layer. For instance, an individual
who is not part of an organization may have limited ability to interact with other network actors
through that organization's official channels. Outside of such an instance, nodes must be included
in each layer of the multilayer network, regardless of their participation on that layer, because
their non-participation contributes to the structure of the network and impacts the calculation of
different network metrics such as density. Because of this, only sites with sufficient samples of
all three data types used in this analysis (ceramic types, lead isotopes, and petrogroups) were
included in the multilayer network. The consequence of this constraint is a severe reduction in
network size compared with a single-layer network based on any of the three data types used in
network construction. For instance, for the early interval, a network based on only ceramic
typological data from the cyberSW database2 could be constructed from 146 sites, compared
with the 10 used in this analysis. The primary limitation on network size is the availability of
both petrographic and lead isotope analyses of RGGW sherds from the same site. This was
partially remedied through data collection from four of the nine sites in the network (see
Appendix B): Alameda, Kuaua, Las Huertas, and Qualacu. A secondary limitation on network
size was due to the apportioning procedure, which requires a sufficiently large sample size to
assign sherds to a particular interval. As such, a low sample size or skew of certain ceramic
samples means that sherds may not be successfully apportioned across all intervals in which the
2
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site was occupied. This was the case in this network for the sites of Alameda and Las Huertas,
both of which were occupied across all three intervals of the network (see Earls 1987; Kurota
2013), but which are only included in the Early network because of how much the reported
assemblages from each site skew towards earlier types. Data sources for each site and layer of
the multilayer network are presented in Table C1.
Each of the three types of data used in this study are proxies for a different kind or scale
of interaction related to RGGW production and consumption. The network constructed from
these three data types therefore consists of three layers. In archaeological applications of SNA,
sites are typically defined as nodes while ties between sites are usually defined using one type of
archaeological data as a proxy measure for the frequency, strength, or likelihood of interaction
between those two sites (see Collar et al. 2015; Mills 2017). These proxy measures frequently
take the form of a similarity measure, with the greater similarity of two assemblages indicating a
greater likelihood of interaction between individuals and groups from those two sites.

Figure C1. Locations mentioned in the text, including sites included in the multilayer network analysis.
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Table C1. Data sources for multilayer network construction.
Ceramic Type

Alameda

Sample
Size1
1661

Gran Quivira

98397

Kuaua

614

La Cieneguilla

1108

Las Huertas
Pueblo
Blanco
Qualacu

6663

San Marcos

8131

Site

Source

cyberSW.org

1016
206
Lead Glaze

Alameda

Sample
Size1
8

Appendix B

Gran Quivira

83

Habicht-Mauche Personal Communication 2021; Huntley et al. 2007

Kuaua

7

Appendix B

La Cieneguilla

42

Habicht-Mauche Personal Communication 2021; Nelson and Habicht-Mauche 2006

Las Huertas
Pueblo
Blanco
Qualacu

12

Appendix B

40

Habicht-Mauche Personal Communication 2021; Nelson and Habicht-Mauche 2006

11

Appendix B

San Marcos

61

Habicht-Mauche Personal Communication 2021; Nelson and Habicht-Mauche 2006

Site

Source

Petrogroup

Alameda

Sample
Size1
20

Appendix B; Ownby 2019

Gran Quivira

1082

Herhahn and Huntley 2017: 217, Fig. 9.7

Kuaua

20

Appendix B; Ownby 2019

La Cieneguilla

42

Nelson and Habicht-Mauche 2006

Las Huertas
Pueblo
Blanco
Qualacu

31

Earls 1987:68-69

40

Nelson and Habicht-Mauche 2006

23

Ownby 2014

San Marcos

303

Schleher Personal Communication 2020; Schleher 2010

Site

1Number

Source

of sherds analyzed

Following from previous applications of SNA to archaeological data from the U.S.
Southwest (see Appendix A; Mills et al. 2013; Mills et al. 2018), this project uses a measure of
ceramic similarity comparing decorated ceramic wares to create ties in the first layer of the
network. All ceramic ware and type data used in network construction comes from the cyberSW
database (see Table C1). This database includes ceramic type and ware data for over 20,000 sites
across the U.S. Southwest and northern Mexico, from both excavated and unexcavated contexts.
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Making use of assemblage data from every site in the target area and time period, two steps are
taken to create the ceramic similarity layer. First, the assemblage from each site is apportioned
through a probabilistic method that assigns each decorated sherd in the assemblage to an interval
based on the relative frequency of the type in the assemblage, the known period of production for
that type, and an assumed popularity curve for each type, while also weighing the overlap in
production periods of different types (Ortman 2016). Unlike in previous uses, where assemblages
were apportioned over 50-year intervals, larger units of time were required for this project, as
discussed further below. Second, a Brainerd-Robinson coefficient of similarity is calculated for
each pair of sites in the network (Peeples 2011), providing the value for a weighted tie between
each site in the ceramic similarity layer. This similarity coefficient was calculated on the basis of
different ceramic wares present in each assemblage, even though the chronological apportioning
is conducted on the basis of ceramic types.
The second layer of the network is constructed based on similarity in the lead ores used to
produce the glaze paint of RGGW. Lead ore, likely galena ore, was used as a flux in the
production of glaze paint on RGGWs, as well as for lead paints on Western glaze-painted
pottery, such as Late White Mountain Red Ware and early Zuni glaze wares. A flux reduces the
temperature at which the paint vitrifies, becoming a glaze paint, and lead ores were the preferred
flux for most Western and Rio Grande glaze paints (Eckert 2006). Five different lead isotope
ratios in this glaze paint can be characterized through analysis by ICP-MS and compared with
the same ratios in samples of lead ore to help identify the mining districts likely used to produce
the glaze paint. Considerable research has been conducted on RGGW paints to establish the
general pattern of lead use by potters, and this research has found that the preference of potters is
highly skewed towards a limited number of lead sources in New Mexico. Potters almost
uniformly made use of lead glaze paints made from ores mined in the Cerrillos mining district of
northern New Mexico (see Nelson and Habicht-Mauche 2006), with secondary preference for
ore from the Hansonburg district in southern New Mexico. Preferential use of Hansonburg ores
over Cerrillos ore is common only to sites in the Lower Rio Grande and in the Salinas region,
particularly Abó and Tenabo (see Appendix B and Huntley et al. 2012). A layer reflecting the
use of lead ores in RGGW production was once again constructed using the same BrainerdRobinson similarity coefficient to compare the proportion of different lead sources in glaze paint
samples from each site in the network.
The third and final layer in the network was constructed from data about the rock temper
used in the production of RGGW. Petrographic analysis of rock temper in RGGW has a long
history, beginning with Ana Shepard's broad-reaching study in the first half of the 20th century
(Shepard 1942). On the basis of this extensive history of research, a number of petrogroups have
been identified which sometimes correspond with production at a single site or locality, such as
the vesicular/vitreous andesite petrogroup defined by Shepard for Kuaua pueblo. These
petrogroups sometimes correspond with larger regions, such as the vitrophyric basalt petrogroup
defined by Shepard for production in the Bernalillo and Cochiti areas (Shepard 1942). The third
layer of the network was constructed again using the Brainerd-Robinson similarity coefficient to
compare the proportion of these different petrogroups in samples from each site in the network.
Because the petrogroups reported in the literature are not always exactly comparable, with some
researchers collapsing several petrogroups into single, larger categories, the finer-grained data
needed to be collapsed into the largest reported group in order to produce a similarity measure
between all sites in the network. While this conflation reduces some of the specificity available
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in the petrographic data, it does still allow for broad comparison of interaction between larger
regional groupings.
Two regions suffer from this issue in particular. Some reports conflate the several distinct
petrogroups characteristic of RGGW production in the Galisteo Basin because of an interest in
characterizing local and non-local production, thus rendering the distinctions between Galisteo
Basin petrogroups irrelevant for the project goals (e.g., Herhahn and Huntley 2017). Another
area to suffer from this issue is the Lower Rio Grande, where a lack of comparison with temper
sources from the area has made identification of petrogroups beyond a general 'Lower Rio
Grande' group unfeasible (see Earls 1987; Ownby 2014). Sherd is sometimes used to temper
RGGW and is harder to assign to specific production loci or regions than most rock tempers.
However, sherd temper is characteristic primarily of Western glaze-painted types, and sherd
temper in RGGW is largely limited to early, Glaze A vessels (Eckert 2006). Sherd temper in this
early RGGW is likely the result of both immigration of Western potters into the Rio Grande and
emulation by local potters (see Habicht-Mauche and Eckert 2021). The tight temporal and
geographic limits of this temper (generally found in Glaze A vessels from the Middle Rio
Grande near Albuquerque) means that sherd temper can be reasonably used as equivalent to rock
petrogroups when calculating similarity between assemblages.
The final element of network construction for this project involves the construction of
multiple networks, each corresponding to a period between A.D. 1300 to 1700. While this
'snapshot' approach to diachronic networks is simplistic, it has proven viable for evaluating
changing network structure in previous projects (e.g., Mills et al. 2018). As already discussed,
for the ceramic data used in the current project, I apply the apportioning technique employed in
prior network analyses of data from the U.S. Southwest (see Mills et al. 2018) but modify the use
of the technique slightly to fit the data used in this project. I have apportioned each of the three
types of data used in the current analysis across three larger intervals spanning the period
between A.D. 1300 to 1700. These intervals match periods used by RGGW analysts to describe
rough changes in RGGW production and consumption, from an Early period (A.D. 1300–1450),
through an Intermediate period (A.D. 1450–1550), ending with a Late period (A.D. 1550–1700)
and the end of RGGW production following the 1680 Pueblo Revolt (Eckert 2006). Larger
intervals were necessary given the nature of the lead isotope and petrographic data used in this
analysis. The apportioning method used for the ceramic type data makes use of all decorated
types, not just RGGW, and requires a large sample. Because the lead and petrographic samples
used for network construction consist exclusively of RGGW rim sherds and are relatively small
samples compared to entire decorated ceramic assemblages, intervals based on changes in the
RGGW sequence were a more suitable match. As such, sherds in both the lead isotope and
petrographic samples were assigned to one of these three intervals (Early, Intermediate, Late) on
the basis of their rim form. Glaze A and B rim forms correspond with the Early period, Glaze C
and D with the Intermediate period, and Glaze E and F with the Late period. While there is some
overlap in the production of each glaze rim form, these simplified periods capture the timespan
in which the majority of production occurred for the rim forms that define those periods. As
such, three multilayer networks were created, each corresponding with one of these periods and
each consisting of three layers corresponding to the three data types used in the analysis.
C6. Analysis
Measures of network structure and cohesion were calculated from the multilayer network
constructed for the three time periods under investigation here (Early through Late). These
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metrics include both node-level metrics, calculated for each site in the network, and wholenetwork metrics, calculated for the entire network. The mean of each node-level metric is also
presented as a whole-network metric. Node-level metrics are presented in Table C2, while a
comparison of the different layers of the network is presented in Table C3. Finally, wholenetwork metrics are presented in Table C4.
Table C2. Node-level metrics for the multilayer network, by interval.
Early
Weighted Degree
Degree
Centrality
Deviation

Site

Intermediate
Weighted Degree
Degree
Centrality
Deviation

Late
Weighted Degree
Centrality

Degree
Deviation

Alameda

1.52

0.28

Gran Quivira

0.98

0.26

0.87

0.22

0.93

0.31

Kuaua

1.64

0.30

1.54

0.30

1.69

0.28

La Cieneguilla

1.75

0.23

Las Huertas

1.02

0.31

1.04

0.32

Pueblo Blanco

1.75

0.25

1.69

0.23

1.83

0.22

Qualacu

1.02

0.34

1.05

0.34

0.78

0.37

San Marcos

1.76

0.24

1.66

0.24

1.82

0.22

Mean

1.43

0.27

1.31

0.27

1.41

0.28

Min

0.98

0.23

0.87

0.22

0.78

0.22

Max

1.76

0.34

1.69

0.34

1.83

0.37

Table C3. Comparison of layers, by interval.
Layer

Type

Lead
Late Early

Temper

Interval

Early

Intermediate

Intermediate

Late Early

Centralization

0.14

0.17

0.22

0.20

0.25

0.25

Density

1.00

1.00

1.00

0.57

0.47

0.60

Average Tie Strength

0.72

0.71

0.64

0.53

0.43

0.60

Intermediate

Late

0.12

0.15

0.23

0.68

0.53

0.60

0.18

0.17

0.17

Table C4. Whole-network metrics for the multilayer network.
Multilayer Network
Measure

Early Intermediate Late Range

Average Weighted Degree 0.48

0.44

0.47

0.04

Centralization

0.15

0.19

0.23

0.09

Density

0.75

0.67

0.73

0.08

Average Tie Strength

0.48

0.44

0.47

0.04

Sites in Network

9

6

5

-

Both of the node-level metrics of weighted degree centrality and degree deviation are
quite consistent across all three intervals, and there is little variation in either metric across all
sites in the network. Degree deviation is highly consistent across all intervals, with mean degree
deviation between 0.27 and 0.28 for all three intervals, and with degree deviation of individual
nodes between 0.22 and 0.34 for all three intervals, with the exception of Qualacu in the late
network with a value of 0.37. This low variability in degree deviation indicates that each site is
making similar use of each layer in the network as all other sites, and across each interval. The
relatively low values of degree deviation also indicate that each site is making relatively similar
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use of each layer in the network. Degree centrality is similarly consistent within and across each
interval. However, there is a slight increase in variability in degree centrality over time, from a
range of 0.78 in the Early interval to a range of 1.05 in the late interval. This slight increase in
variability is likely due to the removal of Las Huertas from the Late network, leaving Qualacu
largely disconnected from the rest of the network in both the lead glaze and petrogroup layers.
This change can be seen in the visualization of the multilayer network presented in Figure C2. If
the apportioning issue previously discussed (see Data and Network Creation) were
ameliorated, and Las Huertas was therefore included in the Late network, it is likely that the
increased variability identified in the Late network would be more in line with the variability
identified in the Early and Intermediate networks.
While the consistency of the degree deviation metric, across site and between intervals,
suggests only modest differences in the structure of each layer of the network, a comparison of
the layers through other metrics suggests a higher degree of variability between layers. Both the
measures of density and average tie strength exhibit considerable variability across layers in all
intervals, with ranges between 0.40 and 0.53 for density and between 0.47 and 0.54 for average
tie similarity (Table C3). Both measures are consistently highest in the ceramic types layer, and
lowest in the petrogroups layer. The higher density and value of ties in the ceramic layer (and the
lead glaze layer to a lesser extent) is also clear from the visualization of the multilayer networks
(see Figure C2). This distribution aligns well with expectations for each type of data used in
network construction. Given the high proportion of RGGW in the assemblages of each site in the
network, a higher density and value of ties in the ceramic type layer should be expected.
Likewise, the higher number of categories (different petrogroups) used for comparison in the
petrogroup layer naturally results in lower similarity between site assemblages, particularly for
the set of sites included in this analysis which are drawn from a wide geographic area (which
means they represent access to considerably different local temper sources).
In contrast to this variability, the centralization measure is more in line with the measures
of degree centrality and degree deviation, with little variation between layers and over time.
While there is an increase in centralization over time in each of the three layers, the range for
each layer across the three intervals is only 0.08, 0.05, and 0.11 for the ceramic type, lead glaze,
and petrogroup layers respectively, suggesting that no site or set of sites is monopolizing
interaction in the network. Overall, the similarity of centralization, degree centrality, and degree
deviation scores across the three layers of the network in all intervals suggests that nodes have
similar strategies for interaction on all three networks, with a high number and diversity of
connections to other sites and without any central actors in the network. The greater variability in
density and tie strength across the layers suggests that the scale and intensity of this strategy may
differ across the layers, but the mode of interaction remains the same.
While a comparison of the layers in the network and evaluation of node-level metrics is
useful for understanding the value of the multilayer approach, evaluation of whole-network
metrics is the most useful for answering the central question of this project, about the degree of
resilience and continuity in network structure over time, and particularly into the Late interval
that corresponds with Spanish entradas into New Mexico and the period of early Spanish
colonialism. A comparison of whole-network metrics across three intervals is presented in Table
C4. We find only small changes in each of the four whole-network metrics calculated for this
study, with a general trend towards a small decrease in each metric during the Intermediate
interval, and a slight increase in the Late interval. This trend holds for average degree centrality,
density, and average tie strength, while centralization increases steadily across all three periods.
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While some trends are evident, the magnitude of change is quite small, with a range of less than
10 percent for each whole-network metric (see Table C4), indicating a high degree of continuity
in network structure across each of the three intervals.

Figure C2. Visual representation of three multilayer networks, by interval and layer type. Width of ties are scaled to
the weight of that tie.

Finally, to evaluate the value of multilayer analysis in describing the Rio Grande
economy compared with more established archaeological network methods, the results of the
multilayer analysis are compared against a single-layer analysis across the same intervals. A
single-layer network was generated from ceramic type data, using the same apportioning
methods and similarity scores previously described for multilayer network construction (see
Multilayer Network Methods). Because this single-layer network is free from the constraints of
multi-layer network construction, the size of the network is considerably larger (see Table C5),
because network construction can make use of all sites with sufficiently large ceramic samples
recorded in the cyberSW database. The four network-level metrics calculated for the multilayer
network vary only slightly when calculated from the single-layer network, with the exception of
the density metric (see Table C5). Indeed, the same metrics vary by less than eight percent for
each metric in every interval, with the exception of the density metric, and with the exception of
average degree centrality and average tie strength in the intermediate interval. The greater
difference in density is expected given that the ceramic type layer has considerably higher
density than the other two layers of the multilayer network. As such, the average density of the
entire multilayer network reflects the lower density of the lead glaze and petrogroup layers,
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while the density of the single-layer network is more comparable to the ceramic type layer in the
multilayer network.
Table C5. Whole-network metrics for the single-layer network.
Single-Layer Network
Measure

Early Intermediate

Late

Range

Average Weighted Degree

0.41

0.57

0.54

0.16

Centralization

0.13

0.17

0.17

0.04

Density

0.98

0.92

1.00

0.08

Average Tie Strength

0.42

0.59

0.54

0.17

Sites in Network

146

42

41

-

C7. Conclusion
Two important results follow from comparison of the single-layer and multilayer
networks constructed for this project. The highly similar structures of the multilayer and singlelayer networks indicates that the smaller, multi-layer network models network structure just as
well as the larger and more 'complete' single-layer network. The similarity of the two networks
also suggests that the multilayer analysis adds little value in describing structure in comparison
to a single-layer network. This interpretation follows from the comparison of the layers of the
multilayer network, and the relatively high structural similarity of the different layers of the
network. A multilayer network in which all layers are structurally identical will have the same
structural properties of a collapsed, single-layer version of the network. As such, as Upton
identifies (2019:31), multilayer analysis is best suited for situations in which social relationships
are distributed heterogeneously and exist in many different forms. There was good reason to
believe this was true of the Rio Grande in the study period, prior to the network analysis. As
previously discussed, varied behaviors related to the production and consumption of RGGW by
villages throughout the Rio Grande suggest participation in layered membership regimes at
different scales, in an integrated economy held together by varied interaction among many
individual Pueblo villages (see Mobley-Tanaka 2017:198-199; Schleher 2017:108-109). Indeed,
a comparison of the layers of the multilayer network constructed here somewhat supports this
diversity of interaction. Both the measures of density and average tie strength are highly variable
between layers in each interval, with a wide range of values (Table 3). However, these measures
only inform about the strength and frequency of interaction among sites, without capturing other
elements of network structure. As discussed under Analysis, measures of degree centrality,
degree deviation, and centralization, are all highly consistent between layers in each interval.
This contrast with the higher variability of density and average tie strength suggests that while
each site in the network may use each layer of the network differentially, in respect to the
number and strength of connections to other sites, the similarity of the other network measures
indicates that this difference is one of scale, and not of kind. Rather, each site pursues similar
strategies of attachment to other sites across each layer, preferring a high number of ties to
diverse alters. This is evident by examining density across each layer: even though density varies
considerably it is also consistently high across the network, over 47% in all intervals and layers
(see Table C3).
The results of the network analysis demonstrate a surprisingly high degree of structural
similarity across all three layers. Despite this similarity, the results of the multilayer analysis still
provide insights the primary research question guiding this project: the degree to which there is
continuity in the structure of the Rio Grande economy from the Pueblo IV period into the early
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Colonial period. The results of the analysis show a high degree of continuity in different
measures of network structure across all three intervals, indicating that the structure of the
network in the Early and Intermediate intervals persisted into the Late interval despite the
impacts of Spanish colonialism on the Puebloan economy. While I find only slight differences
between the single-layer and multilayer analysis of RGGW networks of production, there is an
argument to be made for expanding the multilayer analysis presented here and re-evaluating the
merits of single-layer and multilayer analyses. This expansion of the analysis could proceed on
two fronts. First, additional data collection to expand the size of the multilayer network, and,
second, the addition of more layers based on other types of archaeological data, particularly nonceramic data, in order to capture an even greater diversity of relationships. As already discussed
(see Data and Network Creation), the size of the multilayer networks created for this analysis
was severely impacted by the constraints of the multilayer network model underlying the
analysis. The requirement for every site included in the network to have available data relevant
to each layer of the network drastically reduces the size of the network compared with the singlelayer version of the network. While the comparability of the single-layer and multilayer network
metrics suggests that the multilayer network is an accurate model of network structure, despite
its size, it would be worthwhile to create a larger version of the multilayer network to further
evaluate the impact of size on network structure.
An enlarged network would require additional data collection on two fronts. First,
ceramic type data from several sites in the current network would need to be expanded to allow
for the ceramic apportioning method to accurately apportion sherds to each of the intervals in
which those sites were occupied. This would increase the size of the Intermediate and Late
interval networks by including the sites of Alameda, La Cieneguilla, and Las Huertas in the
networks for those intervals. Additional ceramic data would also help ameliorate issues of
sample size that precluded the inclusion of certain sites in the present analysis. For instance,
while Tonque Pueblo was an important center of RGGW production for most of the study period
of this analysis, it was not included in network creation because the only analyzed ceramic
assemblage (included in the cyberSW database) is too small to be correctly apportioned through
the apportioning method used in the creation of the ceramic type layer. Second, additional lead
isotope and petrographic analysis is required to expand the number of sites for which both types
of data are available. Both lead isotope and petrogroup data exists for a number of sites not
included in this study, and so the easiest expansion of the network would involve additional lead
isotope or petrographic testing at sites with existing testing for one, but not both, of these types
of data. Finally, network size could be bolstered through the inclusion of sites with shorter
periods of occupation. Sites with occupation across all three intervals were targeted for the initial
multilayer analysis presented here, in order to ensure there would be sufficient data for network
creation in each interval, but network structure could be further elaborated for one or two of
these intervals through the inclusion of sites with shorter occupations.
A future multilayer analysis would also be enriched by the inclusion of additional layers
reflecting other aspects of the Rio Grande economy not tied to RGGW production and
consumption. While the production and consumption of RGGW is in some ways a microcosm of
the larger structure of regional interaction during this time period, other lines of evidence could
enhance the complexity of the multilayer network. For instance, obsidian provenance data (see
Mills et al. 2013; Shackley 2005) and evidence for cotton production (see Meehan 2019) might
be valuable in expanding the multilayer network beyond only consideration of relationships
encoded in ceramic networks. An expansion of the network in this way may be the best way to
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differentiate a multilayer analysis from the comparable single-layer analysis based on ceramic
type data. If greater heterogeneity among the layers of the multilayer network is necessary for
multilayer analysis to be useful, relative to single-layer analyses, addition of layers based on nonceramic data is the most likely way to create more heterogeneity among the layers of the
network, though non-economic attributes of RGGW, such as stylistic comparison, may also
provide greater heterogeneity among layers. Expanding the network beyond ceramic data would
also help bolster the argument that the network reflects the structure of the Puebloan economy as
a whole, rather than just the organization of pottery production and consumption.
While there is significant potential in expanding the multilayer analysis presented in this
study, the present analysis still offers some useful insights into regional interaction from the
Pueblo IV into early Colonial Periods. First, the multilayer analysis suggests that different
networks related to RGGW production and consumption may have been structured similarly,
based on a mode of interaction prioritizing a large number of connections between a particular
Pueblo village and other villages. Understanding how this strategy of interaction intersected with
Spanish colonial policy and actions will be a key feature of future research and may be a key
element in the resilience of Puebloan systems under Spanish colonialism. The robustness of this
network structure may have meant that Pueblo people were able to maintain that structure of
interaction even as they needed to reorganize production to meet encomienda and mission
demands. Finally, the utility of multilayer analysis for modeling complex systems is well
demonstrated in this case study. The analysis presented here can be a model for future multilayer
analyses using archaeological data, and particularly highlights the need for combining different
lines of archaeological data in constructing plausible models of regional interaction in situations
of social complexity like the Rio Grande during the Pueblo IV and early Spanish Colonial
Periods.
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Concluding Statement
The origin of this dissertation project was a desire to evaluate how much the continued
production of Rio Grande Glaze Ware (RGGW) throughout the early Spanish Colonial period in
New Mexico reflects continuity in the structure of the economy of the Eastern Pueblo region. As
discussed in the introduction to this dissertation, production and consumption of RGGW was
embedded in the broader and highly-integrated system of regional interaction which developed
over the course of the Pueblo IV period (A.D. 1300–1698). Being so embedded in the wider
system, the continuity of RGGW production into the early Spanish Colonial period may be
indicative of continuity in the structure of the overall regional system. Spanish colonialism in
New Mexico was an assault on many aspects of Pueblo society, including production and
consumption of ceramics, particularly through religious persecution and appropriation of Pueblo
labor (see Preucel 2002; Trigg 2005). However, the work presented in this dissertation suggests
that this disruptive impact may have been primarily within individual communities or to certain
elements of ceramic production, leaving the regional-scale networks of interaction surrounding
RGGW production and consumption relatively undisrupted.
This continuity through time of the larger-scale structure of regional interaction along the
Rio Grande is explored from several different angles in the three appendices of this dissertation.
The perspective unifying these three projects is to use the large-scale structure of production,
exchange, and consumption of RGGW as an indicator of the regional economy as a whole. I
argue that a RGGW vessel embodies all facets of the Rio Grande economy: as an object with
potential ritual significance; as an object often exchanged long distances; as both a product of
specialized and small-scale producers; and as an indicator of group membership and shared
participation in the regional economic system. This complexity of RGGW production and
consumption has been well researched in prior work, particularly archaeometric studies, which
are the foundation upon which rests the work presented in this dissertation (see Introduction: 3b.
Recent Research).
Appendix A takes the broadest view, following from earlier research (e.g., Mills et al.
2013) by using consumption of decorated ceramics more generally (including RGGW) as a way
to understand the structure of relationships among sites in the U.S. Southwest and Northern
Mexico as a whole. While the study area for this project was the greater Southwest, because of
the need to model broad networks of interaction in the early parts of the study period (in the 15th
century and earlier), the focus was to understand the development of two distinct networks of
interaction over the course of the Pueblo IV period, in the Eastern and Western Pueblo regions.
The study also identifies the most significant structural changes as occurring over the course of
the 15th century, rather than in the earliest or latest parts of the study period. This is the most
critical result of the study in regard to the development and persistence of an integrated regional
economic system along the Rio Grande. While other research has made a very persuasive case
for significant social changes across the greater Southwest in the late 13th and early 14th
centuries, largely corresponding with a period of major migration episodes and greater
coalescence of societies (see Adams and Duff 2004; Adler 1996; Clark et al. 2013; Crown 1994;
Schaafsma 1994), my co-authors and I argue in Appendix A that the fundamental structure of
interaction among communities did not undergo as significant a change in this early period as
other elements of society (such as religious practice or pottery designs). Instead, we argue that
significant aggregation of Pueblo populations over the 14th and 15th century led to the
development of a system of marketplaces in the Eastern Pueblo region centered on large,
aggregated pueblos as 'central places', while the same aggregation led to intensification of local
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production and exchange in the Western Pueblo region. We argue that it was the major social
changes of the late 13th and early 14th centuries that eventually resulted in significant structural
changes to the regional economy, but those changes lagged behind these earlier social
transformations. Just as importantly, we also find a persistence of this new structure into the
early Spanish colonial period, with only minor structural changes around A.D. 1600, suggesting
that the system of regional interaction developed over the 15th century remained relatively
unchanged despite the socio-economic disruption brought on by Spanish colonization.
Appendices B and C make significant methodological and analytical contributions
towards the primary goal of this dissertation. Appendix B presents the results of petrographic
analysis of rock temper in RGGW sherds and isotopic analysis of lead in RGGW paint for a set
of six sites along the Rio Grande. The primary goal of this study was to expand the geographic
scope of existing lead isotope and petrographic data to include assemblages from the Middle Rio
Grande and Lower Rio Grande regions. The petrographic and lead isotope analyses presented in
Appendix B helps enrich our understanding of interaction in the wider Rio Grande, particularly
by identifying the preferential consumption of RGGW vessels made with lead ores from the
Hansonburg mining district by Piro Pueblos of the lower Rio Grande. Petrography also
established a general preference for local production of RGGW at Piro Pueblos, with minimal
imports from other parts of the Rio Grande. These data help support previous work which has
suggested that, while part of the larger community producing RGGW vessels, lower Rio Grande
communities were in other ways quite disconnected from RGGW producers in the rest of the Rio
Grande (see also Marshall and Walt 1984). Appendix B also presents compelling evidence for
lead paints produced by mixing both Hansonburg and Cerrillos ores, directly addressing
interaction among different producers.
Appendix C presents the results of a multilayer network analysis as a preliminary study
attempting to capture greater complexity of interaction among Pueblo villages than is modeled in
the more common single-layer network analyses. This multilayer network analysis presented in
Appendix C would not be possible without the data presented in Appendix B. Fully half the sites
of the multilayer network presented in Appendix C required additional data collection before
inclusion in the network, including Kuaua, Alameda Pueblo, Las Huertas, and Qualacu. This data
collection was vital for expanding the multilayer network to include the Middle and Lower Rio
Grande, in addition to existing lead isotope and petrographic data for sites in the Northern Rio
Grande and Salinas regions. Just as the analysis presented in Appendix B makes significant steps
in expanding the geographic extent of available lead isotope and petrographic data, particularly
for the Lower Rio Grande, the analysis presented in Appendix C is a significant test of a
potentially useful methodology for evaluating regional interaction along the Rio Grande. Even
though the application of multilayer network analysis to the question of continuity in the
structure of the network of regional interaction demonstrated only slightly different results in
comparison to a single-layer network based on ceramic similarity, the results of the analysis still
make several important contributions.
First, the analysis demonstrates that the structure of regional interaction identified in the
single-layer network can be replicated even in a much smaller network, suggesting that patterns
of interaction by individual sites are replicated for most sites in the network, creating redundancy
at all sizes of the network. This redundancy indicates that Pueblo villages (and the individuals
comprising them) chose to interact at a regional scale in similar ways, regardless of their social
positioning within the regional system. Second, the analysis demonstrates that the different lines
of evidence used in network construction, while seemingly representing distinct networks of
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interaction, represent networks with generally quite similar structures. Although the network of
ceramic types does differ in some ways from the network of petrogroups, for instance, these
differences are largely a matter of the intensity of interaction, rather than differences in the mode
of interaction.
6. Future Directions
While this dissertation contributes considerably towards answering the primary questions
raised at the beginning of the project, additional work is required to more thoroughly address the
possible structural continuity of the regional-scale Puebloan economy into the early Spanish
colonial period. The work presented here suggests two main avenues for further research.
Appendix A identifies the 15th century as a potentially pivotal moment in the transformation of
an earlier structure of regional interaction into a more well-integrated structure that may have
persisted into the early Colonial period. Appendix C identifies the need to expand network
analysis both beyond ceramic data and to include sites outside the RGGW zone of production
and consumption. The initial multilayer analysis presented in Appendix C identifies a need for
greater heterogeneity among the layers of the network to deliver a perspective unique from that
of single-layer network analysis. This expansion of the analysis can be addressed in several
ways.
First, network size can be increased to capture greater spatial variability. The network
presented in Appendix C manages to capture significant spatial variability in a relatively small
network (see Figure C1), but this aspect of the analysis can still be improved on. The spatial
variability captured by the network can be increased primarily by including sites outside the
primary zone of RGGW production and consumption. The inclusion of sites in the northern Rio
Grande, particularly in the Jemez valley and the Biscuit Ware areas of the far northern Rio
Grande, would create a more complete picture of the Eastern Pueblo economy in total, not just
the RGGW region. Sites from these regions could be incorporated directly into the multilayer
network presented in Appendix C, in the Ceramic Type and Petrofabric layers. Lead isotopes
could be taken from trace appearance of RGGW sherds in assemblages from these sites, but the
generally very minor participation of these sites in the consumption of RGGW vessels means
that they could be included without ties on the lead isotope layer without significantly impacting
the structure of the network. Data from RGGW sherds in assemblages from sites on the Plains, in
eastern New Mexico and even further east, would help incorporate relationships with non-Pueblo
groups on the Plains, which are a well-documented part of the integrated regional economy of
the period (see Eiselt and Snow 2017; Habicht-Mauche 2000; Snow 1997; Spielmann 1991).
Finally, increasing the number of sites from each region included in the analysis will serve to
increase the resolution of the analysis by capturing some of the variability within each region,
alongside variability between regions.
The second major tactic for increasing the heterogeneity of the multilayer analysis is an
expansion of the multilayer network to include additional data types, therefore increasing the
number of layers in the network. Inclusion of non-ceramic data will be especially helpful in this
regard. As already discussed (see Introduction), RGGW production and consumption were
embedded in larger networks of production and consumption of goods such as textiles and
cotton, tobacco, salt, turquoise, obsidian, and foodstuffs. The integration of the regional economy
relied on exchange of these varied materials among individual communities and between
regional clusters, often mediated by the needs of religious specialists (McGuire and Saitta 1996).
While the present research began from the viewpoint that different aspects of RGGW production
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and consumption reflected different network structures, the results presented in Appendix C
suggest that the mode of interaction represented by each of the three lines of evidence used in
network construction represent only different scales of interaction which are similar in kind.
Pueblo communities seem to have pursued similar strategies of interaction regarding lead ores
and paints, temper acquisition, and exchange and production of decorated vessels: many and
diverse connections are preferred in all cases, with little use for brokers or middlemen. It is
possible that this is the preferred strategy for the entire Eastern Puebloan economy during the
study period, across different networks and for different material classes, but establishing
whether that is or is not the case would be a vital step in determining the utility of an expanded
multilayer analysis. Preliminary single-layer network analysis of different datasets would be a
useful exploratory study before committing to significant data collection for a multilayer
analysis. Unfortunately, the archaeological visibility of many of these non-ceramic materials is
highly limited. The most visible, and therefore most viable for expansion of the multilayer
network analysis, are turquoise, obsidian, and possibly cotton. Sourcing techniques can be
applied to both turquoise (Thibodeau et al. 2015) and obsidian (Shackley 2005), and each can be
used in much the same way as the glaze paint data presented in Appendix B. In fact, existing
network analyses in the U.S. Southwest have been based on obsidian XRF data (Mills et al.
2013), though this may be less applicable to the Rio Grande were obsidian from several major
sources is abundant in secondary deposits in the Rio Grande itself. In contrast, prior work in the
Western Pueblo region suggests direct procurement of turquoise (see Hedquist 2017), and so
turquoise may be a valuable indicator of social relations. While cotton textiles are rarely
encountered in the U.S. Southwest, evidence for production of both cotton and cotton textiles is
archaeologically visible, including agricultural features associated with cotton growing, evidence
for looms, and palynological evidence of cotton (Meehan 2019). Whether or not the evidence
associated with any of these materials is sufficient for a network analysis is an open question that
would need to be addressed before their addition to an expanded multilayer analysis. For
instance, it is important to establish whether the distribution of obsidian along the Rio Grande is
structured primarily by the availability of secondary deposits in the Rio Grande itself, or if
Pueblo flintknappers were acquiring the material directly from primary deposits. Acquisition
primarily from widely available secondary deposits would render the data largely useless in
evaluating interaction among Pueblo communities.
A final area for future exploration is the addition of data on the 18th century, following
the 1680 Pueblo Revolt and the cessation of RGGW production. If continued RGGW production
into the early Spanish Colonial period indicates structural continuity of the Puebloan economy,
then the shift to production of historic matte-painted polychrome vessels following the 1680
Revolt and 1692 reconquest of New Mexico suggests a shift in the structure of the regional
economy. However, this is only a supposition given that the present analysis ends in the 17th
century. Extending the analysis into the 18th century would help identify any structural changes,
which would further support the supposition that the period of greatest discontinuity with earlier,
Eastern Puebloan social organization is in the early 18th century, rather than at the inception of
Spanish colonial rule in New Mexico. A multilayer analysis incorporating data from this late
period would be reduced to only two layers, given that lead glaze paints were no longer produced
by Pueblo potters by the end of the 17th century. While lead isotope data could be procured for
the 17th and 18th centuries from imported Mexican majolica, which was produced with a tinlead glaze (see Goggin 2010; Joel et al. 1989), these data would not necessarily be useful for
understanding interaction among Pueblo communities, but rather interaction between Spanish
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colonists who imported the majolica and the Puebloan communities where it was consumed. It is
also possible that matte paints from this period still contain lead, but that changes to firing
techniques resulted in non-glaze paints, but this proposition would need to be tested. Regardless,
the loss of data in the lead glaze layer in this late period could be compensated for with
expansion of the network to include additional data types, as discussed above.
7. Structural Continuity: Results
Although there are several directions to take future research, the results of the work
presented in this dissertation already offer some new insights into regional-scale Pueblo
organization in the Pueblo IV and early Colonial Spanish periods. The results are particularly in
line with more recent work on the Rio Grande economy that suggests considerable autonomy by
individual communities and consumers/producers as they participated in the regional system
(e.g., Nelson and Habicht-Mauche 2006; Ortman 2019; Schleher 2017). The network analysis
presented in Appendix C is particularly relevant in this regard, with the low centralization and
high density of the network across each period most likely reflecting the fact that individual
Pueblo communities participated directly in regional networks, perhaps through a system of
markets as the results presented in Appendix A suggest. These results suggest that integration at
a regional level was achieved through many and diverse connections among individual
communities, rather than distribution of goods through brokers or other restricted channels. If
this pre-colonial mode of interaction persisted into the early Spanish Colonial period, the market
system proposed in Appendix A likely also persisted in some form.
An important next step in interpreting these results will be to examine the historical
record with an eye towards how Spanish Colonial policy may have restricted interaction among
Pueblo communities and individuals, therefore impacting the continued functioning of this
regional system. We do know that Spanish colonial policies restricted the mobility of Pueblo
communities as discrete social units by encouraging sedentism at mission sites and in
increasingly aggregated Pueblo settlements accessible to administrators (see Kulisheck 2010),
but a more thorough literature search would be necessary to determine the impact of Spanish
colonialism on the free association of Pueblo individuals and interaction among these
increasingly sedentary communities. Indeed, the planning process necessary to undertake
collective action against Spanish colonialism during the 1680 Pueblo Revolt (Dozier 1970)
suggests a degree of continued association between individuals from different communities,
despite other deleterious effects of Spanish Colonial policy. While gathering for traditional
religious practices was limited under Spanish Colonial rule (see Knaut 1995), a literature search
is necessary to establish how much this impacted other types of gatherings like market events
where goods may have been exchanged. Prior studies have suggested that Spanish colonial
policy limited Pueblo mobility and therefore access to resources such as lead ore, consequently
inducing changes in glaze production (Spielmann et al. 2006), but the exact limitations placed on
Pueblo mobility by Spanish colonial policy have not been fully explored. Interaction among
Pueblo communities may have actually been increased and facilitated by Spanish colonial policy,
through joint service to encomenderos or at missions by individuals from different Pueblo
communities (see Trigg 2003).
Appropriation of Pueblo labor through mission service and the encomienda was another
serious consequence of Spanish colonialism, but this may have mostly impacted aspects of
production, leaving the network(s) of interaction among Pueblo communities largely intact. For
instance, Capone (2006:220–222) finds evidence from the Salinas province that production of

112
mission period RGGW may have been increasingly expedited and less standardized, with less
processing of temper, less compaction of coils, and greater variability in firing, though the core
techniques of RGGW production remained unchanged. Similarly expedited production may have
occurred in the Lower Rio Grande (Eckert and Huntley 2019). Expedited production and
decreased standardization may be related to increasing demands on Pueblo labor from Spanish
colonists, both missionaries and encomenderos. Neither increasing expediency nor decreasing
standardization would necessarily impact the networks connecting RGGW producers with
consumers, and indeed, expediting production rather than abandoning production entirely
suggests a commitment to maintaining the networks of exchange and knowledge transfer in
which RGGW production was embedded. Spanish appropriation of labor had an impact on other
kinds of economic production, including subsistence activities like hunting and farming
(Spielman et al. 2009), but the documented intensification of those activities also does not
necessarily imply changes to networks of interaction surrounding those activities. In addition to a
review of the documentary evidence, a detailed search of oral historical and ethnographic records
might produce insights on how and why economic networks were maintained under Spanish
colonial rule.
While an expansion of the multilayer analysis and an examination of the documentary
record are necessary additional steps in fully addressing the primary research question of this
dissertation, the results of the work presented here begin to address that question by suggesting
that the network of interaction among Rio Grande Pueblo communities was the key feature of
regional organization even into the early Colonial period. As such, the deleterious impact of
Spanish colonial policy on the production of RGGW, and perhaps Pueblo production more
generally, did not fundamentally threaten the regional system. Rather, threats to the system likely
came more from Spanish attempts to limit interaction among Pueblo communities and
individuals, including through limiting gathering for the practice of Pueblo religion. The results
of the three studies presented here all suggest that Pueblo people were able to maintain the
general structure of regional organization, despite the deleterious effects of Spanish colonialism,
by making adaptations in some elements of production (such as increasing expediency in
response to decreased availability of labor) Pueblo people were able to maintain the system of
large-scale, regional interaction established in the Pueblo IV period.
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