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The Metropolitan Cathedral of Mexico Cit?, has undergone alarmingly large differential 
settlings. An extensive geotechnical investigation programme was performed in its subsoil, as 
part of the studies required in an ongoing salvage project. The results of many of the 
soundings performed can be interpreted from the viewpoint of the archaeologist. This paper 
shows, based upon the framework provided by previous archaeological research performed in 
the cathedral, that the geotechnical investigations allow the unique opportunity of establish- 
ing hypotheses regarding the extent and distribution of some of the structures that existed in 

the ritual precinct of Tenochtitlan, as well as of its foundation. 
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INTRODUCTION 

The Metropolitan Cathedral in Mexico City, built within the ritual precinct of the prehispanic 
city of Mexico-Tenochtitlan has undergone exceedingly large differential settlements due to the 
high deformability of its subsoil. This settling reached a maximum of 2.4 m in 1991 and could 
cause the collapse of the cathedral within the next 30 years if it continues. A project for salvaging 
the cathedral has been in progress since 1989. 

The origins of the problem are geotechnical and, as a consequence, a very detailed soil 
investigation programme was a necessary first step before attempting to implement any remedial 
measures. From the archaeological point of view, geotechnical investigations provide a unique 
opportunity to increase existing knowledge about a portion of the Aztec ritual precinct. The 
archaeological interpretation of geotechnical soundings requires the interdisciplinary partici- 
pation of geotechnical engineers and archaeologists. This paper is the result of the joint effort 
between specialists from these two disciplines. Analysis of the results of geotechnical soundings 
in the Metropolitan Cathedral provides the basis for establishing hypotheses about deep buried 
structures, about their distribution and probable use, about the presence of water sources and 
even about the foundation of Mexico-Tenochtitlan. 

PREVIOUS ARCHAEOLOGICAL RESEARCH A T  THE CATHEDRAL 

Through research on early sixteenth-century historical sources, Marquina (1960) published a 
book on the reconstruction of the main precinct of Mexico-Tenochtitlan, the Aztec capital. Other 
data were obtained afterwards (Matos Moctezuma 1990). 
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From 1968 to 1976 archaeological research was undertaken in  the cathedral and neighbouring 
areas due to the construction of the underground transportation system and the underpinning of 
the cathedral and its chapel (Vega Sosa 1979a; Vega Sosa 1990). Through ceramic analyses and 
obsidian hydration dating, Vega Sosa (1990) proposed two occupation episodes: one around AD 
1080 and the other in AD 1480. Very little has been written about the first, whose importance lies 
in the existence of occupation levels preceding the Aztec presence in the islet. 

Cabrera Castro (1979) published maps of the temples of Quetzalcoatl and Tonatiuh, as well as 
other structures underneath the cathedral. Villalobos PCrez (1985) also provided a modified 
version of the location of the Aztec structures in front of the Great Temple and under the actual 
cathedral. The difference with Marquina’s (1960) map is the orientation of the ball game court, 
as well as the existence of a structure around the water spring called Tozpulurl immediately to the 
south of the cathedral. 

In 1969, Castillo Garcia and Urrutia Fucugauchi (1974) made magnetometry, gravimetry and 
seismic refraction surveys in the south of the cathedral to locate the ‘Painted stone’, one of 
the famous Aztec sculptures cited in the historical sources, but the archaeological work did 
not find it. 

THE FOUNDATION OF MEXICO-TENOCHTITLAN 

Different historical sources agree that the foundation of the Aztec capital took place in a reedbed 
where fresh water emerged. Some cite the fact that the water from the springs flowed from caves 
or rocks. It was the site where the heart of Copil (the god Huitzilopochtli’s nephew) had been 
thrown (Dahlgren et al. 1982). 

The first foundation act was precisely the laying out of the ball game court, even before the 
construction of Huitzilopochtli’s sanctuary; following Marquina’s ( 1960) and Villalobos Perez’s 
(1985) maps, it lay under the north-western angle of the cathedral, to the south of which, and 
very near to it, lay a water spring. In fact, in shaft number ten of the cathedral there seems to have 
been a water spring, due to the strong flow of water that emerged during its construction and also 
due to the soft soils, of which we will speak further later: this sector is placed right up against the 
southern wall of the ball game court (Vega Sosa 1979b, map). 

Torquemada adds that the water springs were blocked up, and particularly Tozpalarl was 
rediscovered in 1582 in the MarquCs Square, and sealed again (L6pez Lujin 1993, 89). In 1890, 
Batres found one of these water springs at the back of the cathedral (ibid.); another was 
found in 1749 in the foundations of the Sagrario Church (Olvera Hernindez pers. comm. 
1992, source: Archivo de Indias de Sevilla, Espaiia); another may be located near shaft ten of the 
cathedral. We may conclude then that the sector where the second cathedral was constructed was 
an area of water springs, and in particular the one located in shaft ten (see Fig. I), very near the 
supposed location of the ball game court, may refer to the original place of the foundation of 
Tenochtitlan. 

In fact the second cathedral was planned with an east-west orientation, as was the ancient 
cathedral of Hernin CortCs, but in this former place the soils were so soft (maybe due to the 
existence of water springs) that it was decided to move it to a new location where the soil was 
more consolidated by the Aztec constructions and to rotate its axis to a north-south direction. 

Lastly, it is interesting to note that the location of the water springs could be related to the 
division line that Mazari and Alberro (1990, 99, Fig. 1 1) propose for the enormous earth fill in 
the central part of the Aztec sacred precinct. 
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Figure 1 
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THE CONSTRUCTION O F  THE CATHEDRAL 

The construction of the Metropolitan Cathedral in Mexico City began in 1573, within the cloister 
of the main Aztec ceremonial centre, over an area of approximately 80 by 140 m. Poor subsoil 
conditions induced differential settlement on the platform from the onset of its construction, as 
can be deduced from some of its geometrical features. For example, columns and walls have 
different heights, the maximum difference being 85 cm. As a consequence, it was necessary to 
insert wedged masonry layers to regain the horizontality in the peripheral walls and the first body 
of the western tower in 1642. 

The vaults and domes were closed in the 1670s and the two towers completed by 1792. The 
adjoining Sagrario Church was built between 1749 and 1768 over another mortar and masonry 
platform that overlaps the cathedral’s. The construction of the cathedral was completed in 1813. 

ORIGIN AND EVOLUTION O F  DIFFERENTIAL SETTLEMENT 

In order to analyse the evolution of the differential settling in the cathedral, there are two main 
components which must be distinguished and separated. The first one is the consolidation of the 
underlying soil brought about by the application of surficial overburden, that is, by the weight of 
the cathedral. It is estimated that up to the turn of the nineteenth century, the maximum 
difference in elevations was 1.50m, between the base of the western tower and the apse. Its 
rather large magnitude results from the extremely high compressibility of the underlying clay 
which may have originally contained as much as five parts, by weight, of water for every part of 
solid matter. 

The other component is due to regional subsidence induced by the extraction of water from the 
aquifers that underlie the soft compressible clay. This has become a regional major problem, 
especially over the last 100 years and it affects the larger part of Mexico City. Over this period 
the base of the cathedral’s western tower has subsided more than 7 m  with respect to fixed 
references located on the hills that surround the city, outside the old lake bed. As long as water is 
pumped from the deep aquifers, regional subsidence will continue to occur. More than 60% of 
the city’s supply of water is taken from these sources and it is very unlikely that the situation will 
change significantly in the future, given the present rate of urban and demographic expansion as 
well as the expected trends. Hence, regional subsidence will continue to occur for the foresee- 
able future. 

A rigorous scientific explanation of the problem of regional subsidence has been available for 
nearly 50 years (Carrillo 1947). Succinctly, extraction of water induces a drop in the piezometric 
levels within the permeable aquifers which, in turn, produces a gradual, deferred reduction in the 
pore water pressure within the overlying, practically impervious clay; as a consequence, the 
stresses that effectively act upon the solids in the clay also increase gradually. A hydraulic 
gradient between the clay and the aquifer at its base develops and a slow flow of water from the 
clay and into the aquifer is established; the volume of water displaced from within the clay is for 
all practical purposes the same as the reduction of volume experienced by the clay and it is 
proportional to the settlement of the clay mass, provided the soil cannot deform laterally. 

The rate and magnitude of the settling induced in this manner depend on the compressibility 
of the clay. Should the compressibility of the clay be the same or should it be uniformly 
distributed horizontally, the ensuing surficial settlement would be uniform. However, compress- 
ibility is a stress dependent parameter. If the clay is subjected to surficial loads, stresses within 
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the soil mass will increase and, apart from the settlement brought about by these stresses, the 
compressibility of the clay mass will experience a reduction. 

When surficial loads are distributed non-uniformly. the changes in compressibility will also be 
non-uniform, both vertically and horizontally. When a fairly uniform reduction in pore water 
pressures is imposed in the clay, say by the exploitation of the deep aquifers on such a soil, the 
resulting settlements will not be uniform. The zones having smaller compressibilities will settle 
less than those that are more compressible. Such is the case at the Metropolitan Cathedral. Some 
parts of its subsoil were first loaded by successive ancient Aztec pyramidal structures super- 
imposed one of top of the other. These structures were razed after the fall of Tenochtitlan but 
some parts of them were literally swallowed by the soil and left under the cathedral after its 
construction. The additional differential settlements brought about in the cathedral over the last 
100 years by regional subsidence-about 1.20 m-are explained by the presence of these 
structures which overlie the less compressible clays. 

CORRECTIVE PROJECTS 

Damage induced by differential settlement caused by regional subsidence led to major 
interventions, to reinforce its foundations in 1929 (Ortiz-Monasterio 1929) and to underpin it 
with piles in 1972. These attempts reduced the settlement rates initially but in the long term were 
unsuccessful. 

The level of damage became intolerable by 1989 when cracks in the main vault became 
alarmingly large. A series of studies was then started prior to the design of a project to reverse 
the trends and restore an adequate structural margin of safety to the cathedral. To this end a vast 
programme of geotechnical exploration was undertaken, 2 1 static cone penetration tests (CPT) 
and two undisturbed sampling borings were performed; also laboratory tests were undertaken to 
determine mechanical properties (strength, compressibility, etc.). 

Piezometres as well as surficial and deep bench marks were also installed. Further 
geotechnical explorations took place during the construction of the 30 shafts necessitated by 
the project to correct the geometry of the cathedral, as will be explained later. The stratification 
in the shafts was logged down to depths ranging from 14 to 22m and 27 additional CPT 
soundings were performed at the bottom of them. 

The information gathered during this stage, together with an appraisal of the conditions in the 
structure, was used to assess the various alternatives for relevelling the cathedral. After a 
thorough critical analysis, it was decided that the method of underexcavation would best meet 
the requirements of the project. The method of underexcavation was devised by an Italian 
engineer, Fernando Terracina, as a means for levelling the tower of Pisa, although he never had 
the chance of applying it. In Mexico City, the method has been applied successfully to correct 
excessive inclinations in several buildings. Before applying the method in the cathedral a large- 
scale experiment was devised in order to develop the required methodology (Ovando-Shelley 
et al. 1994). 

The geotechnical design of the project for underexcavating the cathedral was developed by 
Tamez, Santoyo and Ovando-Shelley and is described in full elsewhere (Tamez et al. 1995a and 
1995b; Tamez forthcoming). The structural aspects were left in charge of a team headed by 
L6pez-Carmona and Meli (L6pez-Carmona 1995; Meli and Sinchez 1995). Underexcavation in 
the cathedral is carried out from the bottom of 30 concrete shafts 3 m in diameter and between 12 
and 24 m deep, depending on the thickness of the archaeological fills, as illustrated in Figure 2. 
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Figure 2 Distribution of shafs under the Metropolirun Curhedral for underextuvuring irs subsoil. 
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The distribution of shafts under the cathedral and the Sagrario Church is indicated in Figure 1. 
Underexcavation began in August 1993 and is still in progress at present. Initial evaluations up 
to October 1994 are highly encouraging and are reported in detail by Tamez et al. (1995a). 

TECHNIQUES FOR GEOTECHNICAL EXPLORATION 

Archaeological remains-Aztec structures, frescoes, pavements, pottery, caches, and so forth- 
were found by archaeological teams during the excavation of several of the shafts. Detailed 
analysis of the archaeological data is still in progress. Needless to say, the excavation of the 
shafts provided an invaluable opportunity for logging the extent and distribution of the 
archaeological fills. Moreover, a broader picture in this respect can be obtained from the 
geotechnical soundings performed in the cathedral. Cone penetration tests (CPT tests) are, inter 
alia, particularly well suited for this purpose. 

Penetration tests have been a common tool for geotechnical exploration since the 1930s. The 
device used in this project was built following de Ruiter’s ( 197 1 )  design. It consists of a conical 
tip to which a load cell instrumented with strain gauges is attached (Fig. 3). The cell measures 
the resistance opposed by the soil as an instrumented conical tip is forced to penetrate into it at a 
constant speed, usually I to 2 c d s .  Conventional perforation rods are attached to the 
instrumented tip and driven into the soil with a perforation rig (Fig. 4). There are versions of 
this apparatus that include a sleeve to measure frictional forces along the length of casing 
containing the load cell, which can be useful in identifying soils. 

Penetration resistance has been correlated to basic soil parameters like strength and 

Figure 3 
displav unit for reading it). 

Instrumented conical tip containing a loud cell ,fbr memuring soil penetration resistance (the box contains a 
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compressibility. In the case of the Mexico City clay, soil strength has been found to be 
proportional to penetration resistance (Santoyo et ul. 1989); on the other hand, it can be shown 
that compressibility varies with a logarithmic function of it. Readings from the load cell are 
usually logged at 10 cm intervals but automated versions of cone penetrometers can reduce 
logging distances to obtain almost continuous profiles. Since penetration resistance vanes with 
soil type, the profiles obtained during a CPT test can also be used to define stratigraphical 
contacts with great precision. However, identification of soils based exclusively on the results of 
cone penetration tests may lead to ambiguous or even erroneous results. It is therefore very 
important to retrieve samples in order to calibrate CPT tests for identifying soils. Despite the fact 
that CPT tests have been performed in Mexico City for several decades and it is now a fairly 
simple matter to interpret their results within the framework of local stratigraphic conditions, 
two continuous soundings down to 45 m for this purpose and also for obtaining soil properties in 
the laboratory were performed. 

The graph in Figure 5 shows the results of two typical CPT tests performed in the cathedral. 
Lacustrine clays generally have smaller tip strengths than coarser materials like sand, silty sands 
or silts. The tip resistance of soft, clayey soils located below the water table generally increases 
in direct proportion to depth whereas the presence of sands is indicated by sharp peaks of a 
considerably higher strength. Artificial fills like those forming the ancient prehispanic structures 
as well as the original natural dessicated crust also display high strengths; a thin layer of weaker 

Figure 4 Perforation rig during a cone penetration test performed in the cathedrd at the level of the C I ~ [ J I S .  
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material is generally found between them. The relevant strata in the subsoil under the cathedral 
can be readily identified, as illustrated in Figure 5. Stratigraphic cross-sections can also be 
obtained from the results of CPT soundings. 
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ARCHAEOLOGICAL INTERPRETATION OF GEOTECHNICAL SOUNDINGS 

The stratification along a cross-section inside the Sagrario Church reveals that the clays which 
underlie thicker fills have been compressed more than those located beneath thinner fills, that is, 
the ancient Aztec structures have indented the soft clay deposits, printing their mark in them 
(Fig. 6). The fills under the Sagrario Church are actually the remains of the temple of Tonatiuh 
and have been explored and described previously (Vega Sosa 1979a). 

The size of the indentation, quantified as a difference in elevation, gives an idea of the 
magnitude of the structure that existed there. The fills-in this case, any structure-apply 
overburden pressures on the soil mass which in turn suffers changes in volume, mainly in the 
vertical direction. Compression of the clays due to the presence of these external loads is a 
process that depends on the local stratigraphic conditions and the mechanical characteristics of 
the clay; it may also span relatively large periods of time (e.g., several decades). 

Clay strata underlying archaeological fills have suffered more compression than other zones 
where no constructions were present or where only small structures were erected. A very tall and 
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Figure 6 Stratigraphic profile under the Sagrurio Church. 
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heavy structure produces a deeper indentation than a smaller, less massive one. Furthermore, the 
presence of a structure, or the existence of a previous structure, induces changes in the 
mechanical properties of the clay-a reduction in compressibility and an increase in strength, 
as explained previously-which are also detectable in CPT tests or with independent testing of 
soil samples. Hence, the overburden applied by structures produces stratigraphic variations as 
well as changes in the mechanical properties of the soil and these two effects can be assessed 
independently to corroborate the presence of Aztec buildings under the cathedral. 

Compression of the clay strata and changes in their properties are irreversible to a large 
degree, as has long been established in common geotechnical engineering practice. Assuming 
that a structure once existed in the surface and it was then removed or destroyed, for example 
after or during the Hispanic conquest, its effects would still be revealed with the geotechnical 
soundings. In this sense, the ‘memory’ of the soft clay deposits retains the effects of that 
structure on it. 

The information gathered with the CPT tests was put together in a single data base containing 
the elevations of the contact points between different strata at each of the locations in which a 
CPT test was made as well as the relative coordinates of each point. For archaeological purposes 
in the cathedral-Sagrario zone the plane that defines the contact between the base of the Aztec 
fills and the ancient surficial soil is the most relevant. Using adequate interpolation algorithms, 
contours of equal elevations of this plane were superimposed on a plan of the cathedral, as shown 
in Figure 7. The zone indicated by ‘A’ in this figure corresponds to the pyramid of Tonatiuh (the 
Sun God) and the gladiatorial sacrificial complex and shows the way in which this pyramid 

Figure 7 Relief of the contact plane heiween the riuiural soil and ihe archaeologicaljlls. 
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indented the soft clay: the elevations of the contact plane at the central part of the Sagrario 
Church are 5 m below those of its periphery. ‘B’ and ‘C’ are two much smaller structures: ‘B’ 
has been mapped previously by Villalobos PCrez ( 1  985); the latter is yet unidentified but the 
evidence shown in the figure suggests that it is aligned with the temple of Ehecatl-Quetzalcoatl 
which lies towards its eastern side, outside the cathedral. 

The depression indicated by ‘D’ is the most intriguing one. It suggests that a rather large 
structure, at least as tall as Tonatiuh’s temple but definitely smaller than the larger pyramids of 
the ritual precinct, existed under the northern portion of the cathedral. There are no references to 
it but it is situated near one of the extremes of the zone where Vega Sosa (1979a) locates a 
sunken court. The extent of the indentation may indicate that several structures, or a rather 
elongated one, existed in that area, perhaps forming part of the ball court complex. Should this 
be the case, it or they could be the remains of one of the side walls of the ball court or of one of its 
end structures. Vega Sosa also indicates that the ball court had a north-south orientation. 
Accepting this, the most likely hypothesis is that ‘D’ forms part of one of the lateral structures 
that enclosed the ball court. 

The protuberance indicated by ‘E’ in Figure 7 marks a zone in which no structures were built 
as the contour lines slope from it towards the other points. Slopes are gentler towards the south 
and no structures have been found between it and ‘B’. Given the relative position of this 
structure-free zone with respect to the ball court, the Tozpa‘latl might have existed in that area. 

To support this hypothesis further, a plot of equal strength contours is presented in Figure 8. 
Values indicated there are average strengths obtained from the CPT tests in the upper clay (see 
Fig. 7). The hard zones indicated in Figure 8 roughly coincide with the depressions indicated in 
Figure 7. The soft zone near axes 5 and 6 is close to the large depression in the north of the 
cathedral, that is, near the ball court. Soft areas or zones of low strength are usually places in 
which the natural moisture content within the soil mass is larger, as would be the case of the 
presence of a water spring flowing through fissures in the clay. Other evidence is provided by 
the fact that the remains of a small aqueduct that traversed the zone diagonally, roughly from the 
zone under discussion towards the south-east, have been reported (Villalobos Perez 1985). 
Lastly, during the construction of shaft number ten, prior to the underexcavation works in the 
cathedral, a large inflow of water flooded the excavation, thus supporting the notion that the soils 
within that zone are, indeed, much wetter. 

CONCLUSIONS 

The results of the CPT soundings performed under the Metropolitan Cathedral and the Sagrario 
Church in Mexico City can be interpreted to reveal the presence of buried prehispanic structures. 
The archaeological interpretation presented here is based on previous knowledge about the 
Aztec ritual precinct, which allowed some of these structures to be identified. 

CPT soundings do not provide detailed archaeological information. Instead, the overall 
interpretation of the soundings performed in the area yields a global picture about the 
distribution of the structures found; they also give information about their dimensions, their 
volume and, in some cases, their orientation. Strength distributions within the upper clays 
indicate the presence of weak zones in which water springs may have existed. One of them could 
be Tozpdlatl, referred to in oral traditions about the foundation of Tenochtitlan. 

Geotechnical evidence shown in this paper generally agrees with prehispanic and colonial 
chronicles that make reference to sites where water springs existed. It is not possible to reconcile 
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Figure 8 
less thun ten burs. 

Contours oj'meun equal strength in the upper cluvs; shirded cireus indicate .soft zones where point resistunce i s  

geotechnical knowledge with allusions to caves and large rocks at the foundation site, also 
mentioned in the chronicles, as they are not consistent with the geological and geomorphological 
lacustrine environment of Tenochtitlan. 

The case described in the paper is unique. It is unlikely that a similar situation exists in which 
the results of such a detailed and extensive geotechnical exploration programme are available. 
The maps presented in Figures 7 and 8 are, consequently, exceptional. Nevertheless, CPT 
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soundings could prove to be useful as auxiliary tools to archaeologists in other sites within the 
lake zone in Mexico City. In those cases the depth of the soundings could be limited to 
detect the interface between the natural soil and the artificial fills, focusing their applicability 
to the planning of detailed in situ archaeological investigations. 

CPT tests were originally designed to explore soft cohesive soils but have also been used in 
medium dense or loose granular materials. Conceivably, they could be useful for archaeological 
explorations in which these types of materials are present, including underwater sites. Their use 
would of course be limited to estimating the depth and, possibly, the extent of the soils and 
sediments. Combined with other techniques like ground penetrating radar, electrical resistivity 
or magnetometry, CFT soundings can yield complementary information to ease the task of the 
archaeologist. In regard to its combined use with geophysical prospection methods, a CFT test 
could also be viewed as a relatively inexpensive calibration tool. 

One of the drawbacks of CFT testing has already been mentioned. Namely, that soil 
identification can seldom be performed solely on its basis, at least in versions of the apparatus 
that do not have lateral friction cells. Its use can also be impeded by the presence of boulders, 
masonry fragments or other hard materials as very often is the case in archaeological sites. 
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