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Abstract.- In this work we present a new, alternative methodology for performing isostatic studies by means of 
geoid undulations, excluding the use of measured gravity anomalies. An example on Bolivian Andes is 
presented as case study. Considering a digital elevation model as input data, a theoretical perfectly isostatically 
balanced Airy crustal model was constructed for Bolivia. The free-air and the Bouguer anomalies, and the 
geoid undulations produced by this theoretical model, were directly evaluated by means of three-dimensional 
integration. The “real” geoid undulations were computed from the EGM96 global geopotential model, and 
were filtered from long wavelengths by means of a sparse Fourier transform method. The residual “real” geoid 
undulations were compared with the theoretical geoid undulations for Bolivian Andes, showing a global 
tendency towards isostatic balance, agreeing with previous results obtained using traditional gravimetry.

The free-air and the Bouguer anomalies from the EGM96 residual geoid undulations were also 
evaluated and then compared with the anomalies produced by the theoretical model. The Bouguer anomalies  
support definitely the results obtained using the geoid undulations while the free-air anomalies, although less 
consistently, showed the same global tendency.

Key-words: Geoid; Gravity anomalies; Isostasy; New methodology; Bolivian Andes.

Resumen.- Método gravimétrico alternativo para análisis isostáticos. Ejemplo sobre los Andes Bolivianos. 
En este trabajo presentamos una nueva metodología alternativa para realizar estudios isostáticos empleando 
ondulaciones del geoide, sin utilizar anomalías de gravedad observadas. Un ejemplo sobre los Andes 
Bolivianos se presenta como caso de estudio. Considerando un modelo digital de elevación como dato de 
entrada, se construyó un modelo cortical teórico perfectamente balanceado siguiendo la hipótesis de Airy para 
Bolivia. Las anomalías de aire libre y de Bouguer, y las ondulaciones del geoide producidas por dicho modelo 
teórico se evaluaron directamente mediante integraciones en tres dimensiones. Las ondulaciones del geoide 
“reales” se obtuvieron a partir del modelo geopotencial global EGM96, de las cuales se filtraron las largas 
longitudes de onda mediante el empleo de una transformada de Fourier rala. Las ondulaciones del geoide 
“residuales” fueron comparadas con las ondulaciones teóricas en los Andes Bolivianos, mostrando una 
tendencia general al equilibrio isostático, en total acuerdo con los resultados gravimétricos previos.

Se evaluaron también las anomalías de aire libre y de Bouguer a partir de las ondulaciones del geoide 
residuales derivadas del EGM96, las cuales se compararon con las anomalías de gravedad generadas por el 
modelo teórico. Las anomalías de Bouguer certificaron definitivamente el resultado encontrado empleando el 
geoide, y las anomalías de aire libre, si bien resultaron menos consistentes, mostraron la misma tendencia 
global.
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INTRODUCTION

Isostasy studies the equilibrium of the crust and the 
lithosphere of the Earth. Isostatic balance is usually 
analysed employing isostatic anomalies, derived from 
measured gravity values. These anomalies are compared 
with those produced by a balanced model, assuming 
different isostatic hypothesis (Airy 1855, Pratt 1855, 
Vening Meinesz 1931).

In this work we propose a new alternative 
methodology to carry out the isostatic studies without 
using directly measured gravity values. We compare the 
real geoid undulations with the geoid undulations 
produced by a theoretical balanced model. The actual 
geoid undulations are extracted from a global geopotential 
model (EGM96 model) and the theoretical balanced model 
is constructed using a digital elevation model (GLOBE) 
from which Airy's roots are assumed (Heiskanen & Moritz 
1967). Both data sources are freely-available, avoiding the 
necessity of field measurement. To perform further 
analyses the gravity anomalies are derived from the same 
global geopotential model EGM96 and compared with the 
gravity anomalies predicted by the same theoretical 
balanced model. Measured gravity anomalies are also 
employed for validation.

In order to test the new method, it is applied to the 
Bolivian Andes, which have been widely studied by 
different authors employing traditional gravimetry, and 
show a clear tendency to isostatic balance in Airy 
hypothesis (Lyon-Caen et al. 1985; Isacks 1988; Abriata & 
Introcaso 1990; Watts et al. 1995; Götze & Kirchner 1997; 
Lamb 2000; Introcaso et al. 2000a; Miranda & Introcaso 
2000a; Götze & Krause 2002). Present study is preceded 
by two recent papers in which the geoid undulations along 
profiles were studied. Introcaso & Introcaso (2004) carried 
out a crustal analysis from geoid undulations along a 
profile in the Bolivian Andes at 22ºS, and Miranda & 
Introcaso (2000b) analyzed geoid values along an East-
West section in the Bolivian Andes at 20ºS.

In spite of its application to Bolivian Andes, the 
methodology here presented is not restricted to high 
topographies. The authors and collaborators have also 
tested this methodology for the study of sedimentary 
basins (e.g., the Salado Basin, see Crovetto et al. 2007), 
with very promissory results.

METHODOLOGY

The traditional isostatic analysis involves the use of 
isostatic gravity anomalies. Following the notation of 
Heiskanen and Moritz (1967), isostatic anomalies are:

(Eq. 1)

where g  is measured gravity, F is free-air correction, A  is 0 B

Bouguer correction, A  is terrain correction, A  is isostatic t C

correction (which depends on the system considered), and 
g is normal gravity in the comparison system (for example 
WGS84 ellipsoid). We need to know g  to calculate Dg ; 0 I

that is to say, we need gravimeters to indirectly obtain 
isostatic anomalies.

The gravity field can be defined in outer space 
using gravity vectors as well as equipotential surfaces, as 
the geoid or Earth's physical surface. Geoid can be 

calculated from: i) gravity anomalies using Stokes' 
formula or equivalent sources, ii) astrogeodetic 
deflections of the vertical or differences between 
ellipsoidal and orthometric heights h-H, iii) satellite orbits' 
deformations, gravity anomalies, deflections of the 
vertical and general data combination. Geoid undulations 
computed by technique ii), especially h-H, avoid the use of 
gravimeters. Through technique iii), global geopotential 
models are constructed.

We will use as input data a digital elevation model 
and geoid undulations. We will show that it is possible to 
analyse the isostatic state of a geological structure using 
these data.

From the digital elevation model can be 
constructed an isostatically balanced model. The free-air 
anomaly Dg  for such model is:F

(Eq.  2)

where g  represents the attraction of the topography t

(visible masses) and g  is the attraction of the c

compensation root (hidden masses). g  is negative because c

of the density contrast.
From Eq. 2, the Bouguer anomaly is:

(Eq.  3)

We can also calculate the theoretical geoid undulations 
generated by our balanced model, through the computation 
of the gravity potentials produced by the topographic and 
the compensation masses. Applying the expression of 
Bruns (1878), N = T/g, geoid undulations N are:

(Eq.  4)

where g is normal gravity (980 mGal), T  is the topographic t

perturbing potential and T  is the compensation root c

perturbing potential. We adopt the anomalies given by Eq. 
2 and Eq. 3, and geoid undulations from Eq. 4 derived from 
this perfectly balanced model as comparison values.

On the other hand the free-air and Bouguer 
anomalies can be derived from the actual geoid 
undulations N' (real expression of the studied zone). 
Different methods can be applied to obtain the free-air 
anomaly Dǵ   (for example: the planar formula of Stokes, F

equivalent sources or numerical vertical derivation).
From the free-air anomaly Dǵ   and the digital F

elevation model, we can compute the Bouguer anomaly 
Dǵ :B

(Eq. 5)

where A  = 2pGHr is the classical correction of Bouguer B t

(r is the topographic density, G is the gravitational t

constant and H is the altitude). Comparing Dǵ   and Dǵ  F B

anomalies and the “real” geoid undulations N ´ with those 
derived from our balanced model [Dg   (Eq. 2), Dg  (Eq. 3), F B

N (Eq. 4)], the isostatic state and the crustal thickness of 
the studied area can be evaluated.

This methodology is applied to the study of the 
Bolivian Andes in the present paper. In the following, 
several planar approximations are used without taking into 
account the curvature of the Earth. In addition, the data 
used (digital elevation model, global geopotential model 
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Figure 1. A: Location of the studied area in Bolivia. B: Tectonomorphic units of the Andean chain.

for Bolivia and gravity charts) could be not enough 
accurate to allow the construction of reliable charts. 
Nevertheless, we consider that the obtained results permit 
to carry out the regional isostatic analysis within an 
acceptable accuracy. 

STUDY  AREA

The study area is located in Bolivia and extends between 
14º and 22º South latitude, and 69º and 62º West longitude 
(Fig. 1A). It comprises the Andean orogen and part of the 
Chaco Plain (Fig. 1B). The Central Bolivian Andes reach 
altitudes of 6000 m; the deformation zone extends from the 
Pacific trench axis to approximately 1000 km into the 
continent. The Bolivian Andes are divided into parallel 
tectonomorphic units (Fig. 1B); from west to east: 1) the 
Western Cordillera is the actual volcanic arc with 
mountains which locally reach 6000 m altitude; 2) the 
Altiplano is a high plateau with 3800 m average elevation; 
3) the Eastern Cordillera, with mountains reaching 5000 
m; 4) the Sub-Andean belt, with mean altitudes of 1500 m 
and 5) the Chaco Plain. A more detailed description of the 
tectonomorphic units can be found in Kennan et al. (1995).

Previous geophysical studies (Lyon-Caen et al. 
1985; Abriata & Introcaso 1990; Watts et al. 1995; Götze & 
Kirchner 1997; Miranda & Introcaso 2000a; Götze & 
Krause 2002) reveal that the Western Cordillera, the 
Altiplano and the Eastern Cordillera are in isostatic 
balance considering Airy system, while the Sub-Andes and 
the Chaco Plain respond to a flexural system. This fact has 
been interpreted as the result of the flexure of the Brazilian 
Shield under the load of the Sub-Andes and part of the 
Eastern Cordillera (Lyon-Caen et al. 1985; Watts et al. 
1995; Tassara 2005). Since the aim of the present study is 
to evaluate the use of geoid undulations to make isostatic 
studies but not to make a detailed model of the study area, 

we have considered local equilibrium for the whole area to 
simplify the theoretical model and to test the proposed 
methodology.  

THEORETICAL  ISOSTATIC  MODEL

As indicated above the digital elevation model GLOBE 
(GLOBE Task Team 1999) is used as input signal. 
Topographic contours for the study area are shown in Fig. 
2A. GLOBE is an internationally developed and 
independently peer-reviewed global digital elevation 
model (DEM) with 30 arc-seconds latitude-longitude grid 
spacing. Horizontal precision is in general less than 1 km 
and vertical precision for South America has a mean 
square error of 152 m (Hastings & Dunbar 1999). 
Considering an average elevation of about 3-3.5 km for the 
studied area, this precision leads to mean altitude errors of 
about 4-5%. The uncertainty in the computation of the 
geoid undulations introduced by this error can be easily 
es t imated  by  employ ing  the  one-d imens iona l  
approximation from Turcotte & Schubert (1982) as 
developed below. The uncertainty of 152 m in the 
topography of an isostatically balanced structure of 3 km 
mean elevation, introduces an uncertainty of 1 m in the 
geoid undulations produced by such structure. 
Considering that the approximation developed by Turcotte 
& Schubert (1982) over-estimates the geoid undulations in 
about 10-20% for structures like the one studied here 
(Crovetto et al. 2006), the average error in the geoid 
undulations introduced by the error in the digital elevation 
model is about 0.8-0.9 m, which represents less than 10% 
of the total undulation, and is considered appropriate for a 
regional isostatic study.

We assume perfect Airy isostatic balance (Airy 
-31855) and consider a topographic density  r = 2.67 g cm , t

a normal crustal thickness T  = 33 km, and a density N

3Boletín del Instituto de Fisiografía y Geología 78(1-2), 2008.
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Figure 2. A: Topographic contours for Bolivia from GLOBE digital elevation model (contour interval 1000 m). B: free-air anomalies (Dg , contour interval F

50 mGal). C: Bouguer anomalies (Dg , contour interval 50 mGal). D: geoid undulations (N, contour interval 2 m) calculated from our isostatic balanced B

model. E: One-dimensional geoid undulations computed from topography using the planar expression from Turcotte & Schubert (1982) (N, contour 
interval 2 m).
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Figure 3. A: Geoid undulations derived from EGM96 geopotential model (contour interval 5 m). B: Regional geoid undulations obtained applying the 
sparse Fourier transform method to the undulations shown in Figure 3A (contour interval 5 m). C: Residual geoid undulations (contour interval 2 m). D: 
Profile along 18º S showing EGM96 (solid line), regional (dash and dot line) and residual (dashed line) geoid undulations.
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Figure 4. A: Residual geoid undulations for the studied area obtained through the sparse Fourier transform method (contour interval 2 m). B: Free-air 
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contrast between the lower crust and the upper mantle Dr = 
-3-0.4 g cm  (Introcaso et al. 2000b). Although the study area 

is large, planar approximations are used. Dipoles 
contribution to gravity and geoid undulations, produced by 
a balanced model, decay faster with distance than single-
masses contribution because of the compensation between 

positive and negative masses. Using a simple model, we 
estimated that the geoid undulations produced by a 
massive dipole are negligible beyond 150 km. Within such 
area, differences between spherical formulae and planar 
approximations are smaller than 4% for close 
contributions (< 100 km), and smaller than 9% for distant 
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ones (< 150 km). Gravity attractions g  (x,y,z) of z

topographic masses and buried compensation masses were 
computed dividing the corresponding structures in right 
parallelepipeds. The vertical attraction of a single 
parallelepiped can be analytically integrated (Introcaso & 
Huerta 1976; Nagy, 1966) as:

(Eq. 6)

where r is the density of the parallelepiped, (x, y, z) are the 
coordinates of the computation point, x , x , y , y , z , z  are 1 2 1 2 1 2

the coordinates of the vertices of the parallelepiped and r = 
2 2 2 1/2 [(Dx )  + (Dy ) + (Dz ) ] is the distance between the i i i

computation point and the parallelepiped vertices with Dx  i
= x – x , Dy  = y – y , Dz  = z – z , i = 1, 2.i i i i i

Free-air anomalies were calculated adding the 
attractions of the topographic and compensation masses 
with their signs using Eq. 2, while buried (i.e. 
compensation) masses' attractions (placed below the geoid 
height) were directly interpreted as Bouguer anomalies 
(Eq. 3). Topographic and compensation masses' gravity 
potentials T(x,y,z) were also computed dividing the 
corresponding structures in right parallelepipeds. Using 
the same notation as in Eq. 6, the potential of a single 
parallelepiped becomes (Guspí 1999):

(Eq. 7)

From the anomalous total potential T generated by the 
topographic and compensation structures, geoid 
undulations were calculated using the expression N = T/g  
(Bruns 1878).

Fig. 2A shows the topography (input data) while 
Fig. 2B-D show the gravity anomalies and the geoid 
undulations computed for our predictive isostatically 
balanced model. There is good correlation between the 
topography and the free-air anomalies, the Bouguer 
anomalies and the geoid undulations.

In order to evaluate the accuracy of the geoid 
undulations obtained (Fig. 2D), we also derived them from 
the digital elevation model, applying the one-dimensional 
planar formula proposed by Turcotte & Schubert (1982) 
for continental zones. This expression involves only the 
topography as input signal, obtaining the geoid 
undulations through an approximation similar to the slab 
concept of Bouguer. The geoid undulation produced by an 
isostatically balanced topography considering this one-
dimensional approximation is:

(Eq. 8)

where r is upper crust density, r is lower crust density, uc lc

r is upper mantle density, T  is normal crustal thickness, um N

and H is orthometric height.
The geoid undulations computed using Eq. 8 (Fig. 

2E) are in average 10% higher than those calculated 
previously (Fig. 2D). Such difference can be attributed to 
the over-estimation of the structure's mass because of its 
replacement by an infinite slab, and it is consistent with 
predicted differences found for one-dimensional 
approximations (Crovetto et al. 2006). The geoid 
undulations so obtained validate the geoid undulations 
obtained by the parallelepiped technique, and show the 
limitations of these widely employed one-dimensional 
approximations (Crovetto et al. 2006).

A B
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Figure 6. Geoid undulations, free-air and Bouguer anomalies showing observed real values (solid line) and theoretical values (dash and dot line) along 
profiles at 16º, 18º and 19.5º S approximately.

“REAL” GEOID UNDULATIONS

“Real” geoid undulations were derived from the global 
geopotential model EGM96 (Lemoine et al. 1998). The 
poor resolution of this model, with errors of  ±1 m in 
continents (Sideris 1996), introduces an error smaller than 
10% in the geoid undulations within our study area. This 
error, which is compatible with the error of the digital 
elevation model, is acceptable for a regional isostatic 
study, and thus we considered the EGM96 model as 
appropriated for this study.

EGM96 geoid model considers the whole planet 

masses, involving different wavelengths which must be 
separated to identify the local effect of the orogen studied 
here. For discriminating  the different components and 
isolating the Andean effect, EGM96 geoid undulations 
were calculated for a broader zone including the studied 
area. The geoid anomaly caused by the Andes can be 
clearly identified (Fig. 3A). The existence of such anomaly 
has already been pointed out by Froideveaux & Isacks 
(1984) and by Introcaso et al. (2000a). For filtering geoid 
undulations we applied a sparse Fourier transform method 
(Guspí & Introcaso 2000), which is based on the estimation 
of a high resolution discrete Fourier transform (DFT). The 
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incorporation of a priori information allows obtaining a 
sparse estimate of the DFT, thus the potential field can be 
defined through a combination of few simple functions. At 
the same time, low and high frequency components are 
easily distinguished, allowing us to isolate low 
frequencies and obtain long wavelengths, which 
correspond to the regional geoid (Fig. 3B).

The residual geoid undulations (Fig. 3C) were 
obtained by removing the regional undulations (Fig. 3B) 
from EGM96 (Fig. 3A). Fig. 3D shows the corresponding 
total, regional and residual geoid undulations in a profile 
along 18°S. There is an important similitude between our 
Fig. 3D and the fig. 3 in Froideveaux & Isacks (1984), 
where geoid undulations along a section at 20ºS were 
studied. Fig. 4A shows a more detailed residual geoid 
undulations map for the studied area.

GRAVITY ANOMALIES FROM RESIDUAL 
GEOID UNDULATIONS

Using the residual “real” geoid undulations obtained 
above as input data (Fig. 4A), two different methods were 
applied to compute the “real” free-air anomaly (Introcaso 
et al. 2007). In a first approach, the equivalent sources 
technique was used (Cordell 1992; Guspí et al. 2004). 
Once the anomalous potential was derived from the 
residual geoid undulations through the expression of 
Bruns (1878), a set of punctual masses is obtained, which 
reproduces the potential field. Then, the gravity attraction 
corresponding to such masses is computed, and directly 
interpreted as free-air anomalies (Fig. 4B). In a second 
approach it was applied the planar formula of Stokes 
(1849). For obtaining the geoid undulations corresponding 
to a plain surface, the integral of Stokes (1849) yields:

(Eq. 9)

where N(x,y) represents the undulation at any point P(x,y) 
and Dg  (x´ y´,0) is the free-air anomaly at other point on F

the geoid. If we assume Helmert condensation method 
(Heiskanen & Moritz 1967), the indirect effect produced 
by a topography with a height of 3 km can be easily 
estimated (Rapp & Wichiencharoen 1984) yielding 0.52 
m, while its direct effect on gravity anomalies is 3 mGal. 
This change from co-geoid to geoid is negligible for our 
purposes (it represents less than 5 % of total undulation), 
so we have not considered further corrections. Eq. 9 can be 
solved dividing the integration surface in rectangular cells, 
and considering constant gravity within each cell 
(Introcaso & Crovetto 2005):

(Eq. 10)

The function

can be integrated analytically (Chapman 1979) and is 
proportional to the gravity potential produced by the ij-cell 
at the point P(x,y); Dg  (x  y ,0) is the free-air anomaly at the F i j

central point of the ij-cell. Considering Eq. 10 as a linear 
system of equations, free-air anomalies can be obtained 
from geoid undulations. This free-air anomalies chart (Fig. 
4C) show very good correlation with that obtained 
previously (equivalent sources technique, Fig. 4B), 
validating our results. From the free-air anomalies (Fig. 
4C), the Bouguer anomalies (Fig. 4D) were calculated 
using the classical correction of Bouguer (Eq. 5), 

-3considering a topographic density r = 2.67 g cm  and the t

digital elevation model GLOBE.

MEASURED GRAVITY ANOMALIES

Free-air and Bouguer anomalies charts (Fig. 5), 
constructed by the Military Geographic Institute of 
Bolivia in cooperation with the Geophysical Institute of 
Bolivia (Instituto Geográfico Militar Boliviano 1971, 
1972) were also employed. Although these charts are not 
up to date, they were used for validating the anomalies 
derived from the global geopotential model EGM96. 

DISCUSSION

For the analysis of the isostatic behaviour of the Bolivian 
Andes, theoretical and “real” geoid undulations and 
anomalies were compared.

We  c o m p u t e d  t h e  g e o i d  u n d u l a t i o n s  
corresponding to a perfectly balanced isostatic model 
considering the system of Airy. To calculate such 
undulations, we used two different techniques: the 
decomposition of the structure in right parallelepipeds 
(Fig. 2D) and the planar expression from Turcotte & 
Schubert (1982), see Fig. 2E. The expression of Turcotte & 
Schubert (1982) is just an approximation to the real 
undulations caused by balanced structures, and over-
estimates geoid undulations values. The parallelepiped 
technique is more accurate and also involves x and y 
dimensions. In the following analyses, we considered the 
results obtained applying this last technique.

The residual “real” geoid undulations (Fig. 4A) 
show qualitative and quantitative correlation with the 
theoretical geoid undulations (Fig. 2D). The determination 
coefficient (Hildebrand & Lyman 1997) between “real” 
and theoretical undulations is 0.76. The main difference 
between both maps is a negative undulations' zone in the 
“real” geoid undulations (Fig. 4A), which does not exist in 
the theoretical ones (Fig. 2D). This zone, located at 16ºS, 
64ºW, would correspond to an anomalous zone having no 
relation with the topography. If we do not consider this 
anomalous area, the determination's coefficient rises to 
0.77. We can also compare “real” and theoretical geoid 
undulations along the profiles shown in Fig. 6. Along the 
first profile (16º 05' 13” S), there is poor correlation. This 
fact could be explained considering that this profile 
crosses the above mentioned anomalous area. Along the 
two other profiles (18º 10' 26”S and 19º 33' 55”S) there is 
very good correlation. The comparison between “real” and 
theoretical geoid undulations suggests that the Bolivian 
Andes would show a tendency to isostatic balance in Airy 
system.

“Real” (Fig. 2B) and theoretical (Fig. 4B and Fig. 
4C) free-air anomalies maps show poor correlation. A 
large area with anomalous values (50-100 mGal) and a 
well-defined line of 0 mGal crossing the zone from NW to 
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SE can be seen in both maps. Again, there is an anomalous 
zone with negative free-air anomalies located at 16ºS, 
64ºW. Within that zone, “real” negative anomalies are 
higher in absolute values (-200 mGal) than those predicted 
by the theoretical model (-50 mGal), a behaviour 
uncorrelated with topography. The determination 
coefficient between the “real” and theoretical free-air 
anomalies is 0.6 (without considering the anomalous area), 
indicating poor correlation. The comparison along the 
profiles in Fig. 6 confirms this behaviour, with a very poor 
correlation between “real” and theoretical free-air 
anomalies in the first profile (that which crosses the 
anomalous area), and a moderate correlation in the other 
two profiles. This poor correlation between “real” and 
theoretical free-air anomalies may be attributed to the 
important oscillation of these anomalies, due to the 
significant influence of topography (Fig. 2A). This 
oscillation is not present in Bouguer anomalies, which are 
more regular (Woollard 1969). The Bouguer anomalies 
corresponding to the balanced model (Fig. 2C) agree with 
those derived from EGM96 model (Fig. 4D); both of them 
show maximum amplitudes of -350 mGal and similar 
morphology. The “real” Bouguer anomalies present a local 
minimum (-200 mGal) in the mentioned anomalous area of 
negative free-air anomalies and geoid undulations located 
at 16ºS, 64ºW. The determination coefficient between the 
“real” and the theoretical Bouguer anomalies is 0.84, 
considering the anomalous area. The comparison between 
“real” and theoretical Bouguer anomalies along the 
profiles in Fig. 6 confirms the good correlation.

The anomalous behaviour of “real” free-air and 
Bouguer anomalies and geoid undulations within the area 
placed at 16ºS, 64ºW, would suggest that some local 
isostatic unbalance could exist. The anomalous values 
found (negative free-air anomalies, negative geoid 
undulations and negative Bouguer anomalies) deserve 
further local studies.

Finally we observe that the measured gravity 
anomalies obtained by the Military Geographic Institute of 
Bolivia (Fig. 5) are similar to the “real” anomalies derived 
from the global geopotential model EGM96 (Fig.s 4C-D). 
This similitude supports the filtering procedure applied to 
geoid undulations and the methods applied to the 
computation of gravity anomalies from geoid undulations.

CONCLUSIONS

Crustal and isostatic studies are usually carried out 
through the comparison of observed gravity anomalies 
(calculated from gravity values determined by means of 
gravimeters) with those derived from theoretical 
isostatically balanced models. Thus, measured gravity 
values are indispensable for conducting these studies. 
Different global geopotential models exist today, which 
are constructed combining satellite and terrain data. For 
example, the EGM96 model employed here (Lemoine et 
al. 1998), and some recently appeared models like the 
EIGEN-CG01C (Reigber et al. 2004) and the EIGEN-
CG03C (Förste et al. 2005). In this work we have shown 
that comparing the geoid undulations from these global 
geopotential models with the geoid undulations computed 
for a perfectly isostatically balanced model, it is possible 
to carry out isostatic studies without the use of measured 
gravity values. The results of such comparison could be 
validated by employing for example h-H geoid 

undulations values, which are independent of the global 
geopotential models. From these global geopotential 
models, it is also possible to derive the free-air and 
Bouguer gravity anomalies. The comparison between such 
anomalies and those calculated for the perfectly 
isostatically balanced model allows an alternative 
comparison to be done.

The new methodology proposed in this paper was 
employed to make an isostatic analysis of Bolivia as case 
study. Results suggests that Bolivian Andes are in local 
isostatic balance (Airy 1855), with the exception of an 
anomalous zone located at 16ºS, 64ºW in the Chaco Plain. 
These results are in very good agreement with previous 
studies conducted with traditional gravimetry for that area 
(Lyon-Caen et al. 1985; Isacks 1988; Abriata & Introcaso 
1990; Watts et al. 1995; Götze & Kirchner 1997; Miranda 
& Introcaso 2000a; Götze & Krause 2002), showing the 
good performance of the new methodology.   
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Abstract.- In this work we show that it is possible to define the isostatic state of a geological structure using a 
geoid undulations chart. We have built: (1) a detailed geoid undulations chart of the San Luis range area using 
(a) the global geopotential model EIGEN CG03C for long wavelength free-air gravity anomalies and geoid 
undulations, and (b) observed residual free-air gravity anomalies and the equivalent sources method for short 
wavelength geoid undulations, and (2) a theoretical undulations chart of San Luis range area, involving effects 
from an isostatically compensated model. By comparing charts (1) and (2) we have found agreement between 
them, thus indicating the San Luis range is rather well isostatically balanced.

Key-words: Geological structure; Geoid; Isostasy.

Resumen.- Carta de ondulaciones del geoide de la Sierra de San Luis (Argentina). Aplicación geofísica. Nuestro 
propósito es demostrar que desde una carta de ondulaciones del geoide de buena resolución es posible inferir las 
características corticales de una estructura geológica. Para ello construimos: (1) una carta de ondulaciones del geoide 
sobre la sierra de San Luis con adecuado detalle empleando (a) anomalías de aire libre y ondulaciones del geoide de 
largas longitudes de onda provenientes del modelo global geopotencial EIGEN CG03C y (b) anomalías de aire libre 
residuales observadas y el método de fuentes equivalentes para calcular las ondulaciones del geoide de cortas 
longitudes de onda, y (2) una carta de ondulaciones del geoide que contiene los efectos isostáticos de un modelo 
perfectamente compensado. Comparando ambas cartas (1) y (2) encontramos una muy aceptable coincidencia entre 
ambas, indicando un buen balance isostático para la sierra de San Luis.
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INTRODUCTION
 
The San Luis range is located NE of the homonymous 
Province, west-central Argentina. The range boundaries 
are: 32º00'- 33º30' S and 65º00'- 66º30' W. The range 

2extends over 23000 km along an imaginary axis 150 km  

long and NE strike. The range is 80 km wide. Altitudes 
are less than 2000 m. Three sedimentary basins are 
located arround the San Luis range: Las Salinas in the 
Northwest, Beazley in the South, Mercedes in the 
Southeast and Conlara Valley apart from the San Luis 
range of Comechingones range (Fig. 1).

Cornaglia & Introcaso (2004), working on a 
profile, have preliminarily pointed out a crustal 
thickness excess in the area; Crovetto & Introcaso (2004) 
have proposed short wavelength isostatic geoidic 
indicators to make a preliminary isostatic analysis of the 
San Luis range, concluding that geoid undulations allow 
validating classic gravimetry; Introcaso & Crovetto 
(2005) have presented different methods for building a 
geoid chart, in particular a chart for the San Luis range. 
All previous works on the San Luis range have presented 
preliminary conclusions because of the lack of consistent 
geoid undulations charts.

In this work we present a high resolution geoid 
undulations chart built using an equivalent sources 
method and observed free-air gravity anomalies (Fig. 2), 
practically Faye anomalies in view of the maturity of the 
topography. We have first obtained long wavelength 
geoid undulations (N ) using adequate cuts in the LWL

spherical harmonic expansions. We have used the global 
geopotential models EGM96 (Lemoine et al. 1998) and 
EIGEN GL03C (Förste et al. 2005). Then, from residual 
free-air gravity anomalies and equivalent sources 
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methods, we have obtained short wavelength geoid 
undulations N . Total geoid undulations are: N  = N  + SWL T LWL

N . This expression was adjusted in eleven geoid height SWL

stations N = h – H (see Fig. 3). Finally, from San Luis 
range topographic altitudes, we have built an 
isostatically balanced model defined using T  (standard N

crustal thickness): 33 km and R (crustal root bellow T ) = N

6.675 H , being H  the topographic altitude. From direct T T

calculat ion and using r ight  and homogeneous 
parallelepipeds we have obtained theoretical residual 
free-air gravity anomalies corresponding to the 
isostatically compensated model. Then, using the 
equivalent sources method, we have obtained the 
disturbing potential T and the isostatic geoid undulations 
N . Total isostatic geoid undulations are N  = N  + iSWL iT LWL

N . By comparing N  and N  we have found that the San iSWL T iT

Luis range is isostatically rather well balanced.

BRIEF DESCRIPTION OF THE SAN LUIS 
RANGE

Jordan & Allmendinger (1986) have pointed out that the 
Pampeanas Ranges geological province of Argentina is a 
region of large mountains. It is located on the western 
side of the thin skinned thrust belt of the Andean 
Mountains, coincident with a region where the subducted 
Nazca plate is sub-horizontal. Mountain ranges have 
been uplifted by reverse faulting and local folding. There 
are evidences of compressional earthquakes. The nearest 
shortening is estimated to be about 2%. Many of the 
faults are listric in the subsurface and flatten at mid to 
lower crustal depths. In opinion of Sato et al. (2003),  the 

B

Figure 1. A: Geographic location of the San Luis range. B: Location of the sedimentary basins nearby the San Luis range (Modified from Criado-Roqué et 
al. 1981). 

A
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Figure 3. Geographic location of the geoid height stations N = h – H of the 
San Luis Provincial Geodetic Network. Values N = h – H were used as the 
control of N  obtained in this work.T

Figure 2. Observed free-air anomalies chart. Equidistance 15 mGal.

San Luis range basement is igneous-metamorphic. The 
main phase of the Famatinian orogenic cycle was 
responsable for delineating the most important features 
of the San Luis range basement. The Famatinian 
magmatic arc was active since Mid-Cambrian times (513 
– 501 Ma) and the Ordovician was the climax of the 
magmatism, tectonism and metamorphism. From the 
regional point of view, the Ordovician deformation in 
Pampeanas Ranges was associated with terrane collision. 
The San Luis range is located at the proto-Andean 
margin on the Gondwana autochthon where the 
magmatic arc was emplaced.

DATA BASE

In this work we use gravity data and levelling heights. 
Both of them were obtained from IFIR (Instituto de 
Física Rosario) and IGM (Instituto Geográfico Militar) 
data bases. IFIR gravity measurements before 1997 have 
standard deviations of ± 0.3 mGal (Introcaso et al. 1992); 
1997 IGM and IFIR gravity measurements present 
standard deviations of ± 0.1 mGal (Geophysics Group, 
IFIR). Values from Argentine Gravity Chart (Guspí et al. 
1995) were incorporated to the calculations in order to 
avoid Gibbs phenomena.

Using the whole gravity values, free-air 
anomalies were calculated in IGSN 1971 system. On the 
other hand, long wavelength free-air anomalies obtained 
from both global geopotential EGM96 (Lemoine et al. 
1998) and EIGEN GL03C (Förste et al. 2005)  models 
were used in our calculations. Altimetry used here 
involves: (a) bench marks heights from IGM, (b) heights 
obtained from different gravity profiles on San Luis 
range from IFIR data base, and (c)  heights from digital 
elevation model (Gtopo30, U.S. Geological Survey 
EROS Data Center (EDC), 1996). Precision orders of 

½these altitudes are: in (a), 3mm(L[km])  and 

the 
,

±

±
±

±

±
± ±

½5mm(L[km])  for high precision lines and precision 
½lines respectively; 10cm(L[km])  for topographic lines 

with L: lenght measured line in km; in (b), 1.00m 
(Geophysics Group, IFIR) and in (c) by comparing 269 
heights on bench marks (high precision line and 
precision line) and altitudes in the same stations from the 
digital elevation model, we have obtained a relative 
porcentual error of 5 % (Cornaglia 2005). If we translate 
these values to gravity calculations, the maximum error 
on the observed anomalies is: (a) 0.03mGal; (b) 

0.30mGal and (c), 3.06mGal (only fitted values). 
These probability errors are adequated for our aims. So, 
different weights were assumed for building regular 
grids of observed free-air gravity anomalies.

We consider all values used here consistent 
enough to obtain a geoid undulations N chart to study the 
isostatic state of the San Luis range according to our 
purposes. 

Gravity anomaly. Observed gravity values g  used here Obs

were connected to the fundamental Miguelete station of 
B u e n o s  A i r e s  ( A rg e n t i n a ) :  9 7 9 6 9 0 . 0 3  m G a l  
corresponding to IGSN71 [International Gravity 
Standarization Network 1971]. Then, we have used the 
traditional expression:

AAL = g  - (g - c )            Obs AL

where AAL is the free-air gravity anomaly (in mGal) 
(Fig. 2), g is the normal gravity calculated with WGS84 
ellipsoid and c  is the free-air correction, with c  = AL AL

0.3086 H [mGal/m], being H: the altitude of the station. 
These free-air anomalies were assumed as Faye 
anomalies because, in view of the maturity of the relief, 
the terrain corrections are less than 4% (Cornaglia 2005). 
From Eq. 1 is possible to separate both free-air long 
wavelength and short wavelength anomalies.

(Eq. 1)
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Table 1. Amount of stations according to E = N  - N  for different truncated spherical harmonic expansions. Proportionality factor k = 1.4 was T C

assumed to define equivalent sources depth. In column (1) E= N  - N  intervals assumed, with N : total geoid undulations obtained  from Eq. T C T

3, N : geoid undulations from the geometric definition N  = h - H (order precision approx. ± 0.05 m, see Figure 3) and E: residual difference; in C C

column (2), the amount of stations for intervals E vs N  from the EIGEN CG03C spherical harmonic expansion model truncated at n = m = LWL

36, 40, 50 and 70 respectively, and on third column (3), EGM96 model results. Shaded cells point out that the largest amount of stations for the 
smallest E interval belongs to EIGEN CG03C model.

Table 2. Amount of stations according to E = N  - N  for different truncated spherical harmonic expansions. Proportionality factor k = 2.1 T C

was assumed to define equivalent sources depth. Columns (1) - (3) as in Table 1.

Table 3. Amount of stations according to E = N  - N  for different truncated spherical harmonic expansions. Proportionality factor k = 2.8 T C

was assumed to define equivalent sources depth. Columns (1) - (3) as in Table 1.
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GEOID UNDULATIONS CHART OF THE SAN 
LUIS RANGE

Although the well known ambigüity of potential field is a 
serious problem to obtain a consistent gravity model by 
inversion, it can be put into advantage to calculate geoid 
undulations (Introcaso 2004, 2006). From the equivalent 
sources method (fictitious, simple, rigurous), it is 
possible to define a model (ensemble of sources) that fits 
observed free-air anomalies removed from long 
wavelength effects. Then, from this fictitious model, we 
can directly calculate the disturbing potential (or 
anomalous potential) T, then obtain N from the formula 

2of Bruns:  N = T/g  (see Torge 2001) with g = 9.80 m/s  
(Guspí et al. 2004, Introcaso & Crovetto 2005, Introcaso 

2006). We have followed Guspí et al. (2004) who solved 
a linear equations system:

(Eq. 2)

for obtaining the intensities of equivalent sources c . G is j
-8 3 -1 -2the gravitational constant 6.67x10  cm g s , T  is the ji

disturbing potential at i station and l  is the distance from ji

the station i to the source c . In order to calculate different j

long wavelength geoid undulations, the following 
expression was assumed:

N  = N  + N      T LWL SWL (Eq. 3)
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Figure 6. Geoid undulations N  chart from EIGEN CG03C  model LWL

developed up to n = m = 40. Contours each 0.25 m.
Figure 5. Free-air gravity anomalies AAL  chart from EIGEN CG03C LWL

model developed up to n = m = 40. Contours each 1 mGal.
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Figure 4. Percentage of amount of stations in order to E = N  – N  differences corresponding to n = m = 40 EIGEN CG03C in relation to the different T C

proportionality factors used in calculation.

DEGREE AND ORDER OF TRUNCATION n = m = 40



with N : total geoid undulations; N : long wavelength T LWL

geoid undulations, and N : short wavelength geoid SWL

undulations. Very short wavelength geoid undulations 
are not necessary for our geophysical purposes. Geoid 
undulations N  calculated here must not be confused with T

N geoid undulations given by global geopotential models 
(EIGEN or EGM) with lower resolution power. An 
expression similar to Eq. 3 was used for free-air 
anomalies:

AAL = AAL  + AALLWL SWL                        

with AAL: total observed free-air anomaly, AAL : long LWL

wavelength free-air anomaly, and AAL : short SWL

wavelength free-air anomaly. It is well known that in Eq. 
3 and Eq. 4, N  and AAL  are very well defined from LWL LWL

global geopotential models (Torge 2001, Introcaso 2006, 
among others). For calculation of N , we have started LWL

from a spherical harmonic expansion of N obtained using 
both global geopotential models EGM96 and EIGEN 
CG03C, involving the scale factor N  = -53 cm (Lemoine 0

et al. 1998). Both global geopotential models (EGM96 
and EIGEN CG03C) are practically identical. Then, we 
have truncated this spherical harmonic expansion at the 
following low-degrees: 36, 40, 50 and 70.

Several authors (Doin et al. 1996, Mc Kenzie et 
al. 1980, Sandwell & Renkin 1988, among others.), have 
just filtered the spherical harmonic expansion in 
different empirical low-degrees. In order to calculate 
N  we have used short wavelength free-air anomalies. SWL

They were obtained from Eq. 4 with:

AAL  = AAL - AAL (Eq. 5)SWL LWL                        

Then, with this gravity anomaly and the equivalent 
sources method the N  chart was defined (Fig. 8); Fig. 5 SWL

shows AAL  EIGEN CG03C cut in n = m = 40 (the step LWL

(Eq. 4)

is 1 mGal); Fig. 6 shows N  chart from EIGEN CG03C LWL

model cut in n = m = 40 (the step is 0.25 m); Fig. 7 shows 
AAL  chart (the step is 15 mGal). Proportionality SWL

numbers for source depths were assumed following the 
criterion of Dampney (1969). Varying these numbers we 
have obtained the results shown in Tables 1-3. Each of 
them was combined with the spherical harmonic 
expansion geopotential model truncated at degree and 
order n = m = 36, 40, 50 and 70 for calculation of N . LWL

Tables 1-3 show: on the first column (N  – N ) = E  T C

intervals: [0-0.25] m; [0.25-0.50] m; [0.50-0.75] m and 
[0.75-1.00] m assumed, with N : total geoid undulations T

obtained from Eq. 3, N : geoid undulations from the C

geometric definition N  = h - H (order precision approx. C

±0.05 m, Fig. 3) and E: residual difference; on the second 
column the amount of stations for intervals E versus N  LWL

from the EIGEN CG03C spherical harmonic expansion 
model truncated at n = m = 36, 40, 50 and 70 respectively, 
and on third column, EGM96 model results.

Tables 1-3 correspond to proportionality 
factors: 1.4, 2.1 and 2.8 respectively. We have chosen 
N  at n = m = 40 from EIGEN CG03C. Fig. 4 shows that LWL

results are practically the same thus we have decided to 
use k = 1.4 following Cordell (1992). Fig. 8 shows the 
geoid undulations chart corresponding to short 
wavelengths. It was obtained using free air anomalies 
(Fig. 7) and the equivalent sources method (step: 0.25 
m). Fig. 9 shows the chart of total geoid undulations N  T

obtained by adding short wavelength undulations values 
(Fig. 8) and values obtained using EIGEN CG03C model 
(Fig. 6) adjusted with eleven N  = h - H values (step: 0.25 C

m). The chart of geoid undulations obtained from the 
global geopotential model EIGEN CG03C is shown in 
Fig. 10. After comparison of the total geoid undulations 
chart obtained herein with geoid undulations chart in Fig. 
10 (step: 0.25 m) we have found that this later has very 
poor resolution and different morphology.
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Figure 7.  Short wavelength free-air anomalies chart obtained from Eq. 4. 
Contours each 15 mGal.
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Figure 8. Short wavelenght geoid undulations chart calculated from 
values in Fig. 7 and equivalent sources method. Contours each 0.25 mGal.
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THEORETICAL COMPARISON MODEL

Ramé & Introcaso (1997) suggested that the San Luis 
range is apparently compensated in Airy system. In order 
to analyze the isostatic balance in Airy hypothesis we 
have prepared an isostatically compensated structural 
model for the San Luis range, starting with topography as 
tectonic imput signal (Isacks 1988). We have assumed: a 
crustal thickness T  = 33 km (Bullen 1963, Woollard N

1969, Introcaso et al. 1992); R (crustal root) = 6.675 H  T

with H : topographic altitude obtained from altimetry T

detailed in the data base. This isostatically balanced 
model (see Fig. 11) was obtained with H  + T  + 6.675 H  T N T

= T  + 7.675 H . In order to calculate the free-air N T

anomalies we have assimilated the topography (Fig. 12) 
and the corresponding crustal roots as right and 
homogeneous parallelepipeds. The following equation 
(Okabe 1979) was employed:

(Eq. 6)

being g : gravity anomaly (positive effect for H  and z T

negative effect for R) on stations E(x, y, z). Dx , Dy , Dz : i i i

distances between E and the vertices x , x ; y , y  and z , z  1 2 1 2 1 2
2 2 2 ½of parallelepiped i, with r = [(Dx ) + (Dy )  + (Dz ) ] , G: i i i
-8 3 -1 -2gravitational constant (6.67 x 10  cm  g  s ) and s': 

density of the parallelepiped. Theoretical free-air 
anomalies were obtained from

AAL  = g  + g (Eq. 7)(Theoretical) z(Topography) z(Crustal root)                        

Fig. 13 exhibits free-air theoretical anomalies obtained 
from Eq. 7. There are different methods which can be 
employed for calculation of the disturbing isostatic 
potential T from free-air anomalies. For example: Stokes 
(in Torge 2001, among others), equivalent sources 
method, or the direct calculation of T (and N) from 
topography and crustal roots. We have used the 
equivalent sources method in order to show its 
versatility. Total geoid undulations involving isostatic 
effects were calculated using:

N  = N  + Ni T LWL i LWL                     

with N : total isostatic geoid undulations (Fig. 14) iT

involving N : local isostatic geoid undulations iLWL

obtained from theoretical free-air anomalies (Fig. 13) 
and N : long wavelength geoid undulations (Fig. 6).LWL

Fig. 14 exhibits the total isostatic geoid 
undulations chart. Fig. 15A shows the location of profile 
AA' crossing NW-SE the San Luis range and Fig. 15B 
shows both results on AA' profile: real geoid undulations 
N  and geoid undulations involving isostatic balance in T

Airy hyphotesis N  which are in good agreement.i T

CONCLUSIONS

Two geoid undulations charts, N   and N , for the San T iT

Luis range were built. Both of them involve long 
wavelength geoid undulations N  obtained by limiting LWL

the spherical harmonic expansion to degree and order 40 
in the global geopotential model EIGEN CG03C. From 
observed residual free-air gravity anomalies and using 
the equivalent sources method we have obtained the 
geoid undulations chart N  that was added to N  for SWL LWL

defining N . The second chart N was built from local T iT 

(Eq. 8)
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Figure 9. Chart of total geoid undulations N  of the San Luis range T

obtained from Fig. 6 chart added to Fig. 8 chart using control stations N  = C

h – H in Fig. 3. Contours each 0.25 mGal.
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Figure 10. Total geoid undulations chart on the San Luis range obtained  
from the global geopotential model EIGEN CG03C. Contours each 0.25 
mGal.

-66.5º -66.0º -65.5º -65.0º

-33.5º

-33.0º

-32.5º

-32.0º



Figure 12. Smoothed topography of the San Luis range and surrounding 
area. Contours each 250 m.

isostatic geoid undulations N  (short wavelenght) iLWL

obtained from crustal theoretical model in Airy isostatic 
equilibrium. Thus,  N  = N  + N .  By comparing both iT LWL iLWL

N  and N  charts and a cross section on the range, we T i T

conclude that exists a good consistency between N  and T

N . Thus, there is a razonable isostatic balance in Airy iT

hyphotesis. We show an alternative method for the 
analysis of the structural characteristics of the crust.
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Figure 14. Geoid undulation chart that involves a perfect isostatic balance 
on the San Luis range. Contours each 0.5 m.

Figure 11. Schematic representation of the Airy isostatic system assumed 
for the San Luis range.
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Figure 13. Theoretical free-air gravity anomalies chart (calculated from 
Eq. 7). Contours each 10 mGal. 
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Abstract.- Extensive sampling in recent years of the Tithonian ammonite fauna of the Neuquén-Mendoza 
Basin has yielded samples of a new oppeliid genus which is herein described under the name Pasottia n. gen. 
with Pasottia andina n. sp. as the type-species. The holotype comes from the Middle Tithonian Zitteli Zone of 
La Amarga, southern Neuquén-Mendoza Basin. P. andina n. sp. is recorded from La Amarga and Cerro Lotena, 
confined to a single horizon of the Zitteli Zone. Pasottia n. gen. is classified in the Subfamily 
Taramelliceratinae based on (1) the characteristic microconch with a well marked sulcus with a row of 
linguiform structures on middle flank of last whorl of phragmocone and bodychamber, which is geniculate and 
(2) the unkeeled, narow rounded venter of both sexual dimorphs. Based on the ammonite assemblage of the 
type horizon is dated in the Semiforme Zone of the Primary International Standard.

Key-words: Ammonoidea; Oppeliidae; Pasottia andina n.gen. et n. sp.; Middle Tithonian; Andes; Argentina.

Resumen.- Pasottia, un nuevo género de amonites tithonianos de la famlia Oppeliidae (Jurásico Tardío, 
Ammonoidea: Haploceratoidea). Extensos muestreos de la fauna de amonites tithonianos de la Cuenca 
Neuquén-Mendoza realizados en los últimos años han puesto en evidencia la ocurrencia de un nuevo género 
descripto como Pasottia n. gen., con Pasottia andina n. sp. como su especie tipo. El holotipo proviene de la 
Zona Zitteli del Tithoniano Medio de La Amarga, localidad del extremo sur de la cuenca. P. andina n. sp. ha 
sido registrada en su localidad tipo y en Cerro Lotena, confinada en un horizonte de la parte media de la Zona 
Zitteli. Pasottia n. gen. es incluído en la subfamilia Taramelliceratinae sobre la base de: (1) la característica 
microconcha que posee un marcado surco con una fila de estructuras linguiformes en la mitad del flanco de la 
última vuelta del fragmócono y la cámara habitacional, la cual es geniculada, y (2) ambos dimorfos sexuales 
poseen un vientre estrecho y redondeado, sin quilla. Sobre la base del conjunto de amonites asociados en el 
horizonte tipo se concluye que éste es de edad Zona Semiforme del estándar primario interenacional. 

Palabras clave: Ammonoidea; Oppeliidae; Pasottia andina n. gen. et n. sp.; Tithoniano Medio; Andes; 
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Figure 1. Map showing the localities cited in the text.

INTRODUCTION

The Tithonian ammonoid fauna of the Neuquén-Mendoza 
Basin (NMB) has been studied for a long time (see Leanza 
1981 and Parent 2003 for references). Nevertheless 
publication has been slow and does not clearly reflect the 
true diversity of the ammonoids that are present. The 
descriptions of the Haploceratoidea are particularly 
sparse. Among recent papers the most comprehensive 
description (Leanza 1980) includes five species: 
Pseudolissoceras zit teli  (Burckhardt,  1903),  P. 
pseudool i thicum  (Haupt ,  1907) ,  Parastrebl i tes  
comahuensis Leanza, 1980, Glochiceras steueri Leanza, 
1980 and Hildoglochiceras wiedmanni Leanza, 1980. 
Extensive sampling in recent years of the Tithonian of the 
southern and central NMB has revealed a higher diversity. 
There are several new forms, some of which, if in small 
samples or poorly preserved adult specimens, are hard to 
distinguish from P. zitteli. In the Zitteli Zone of Cerro 
Lotena and La Amarga, two localities in the southern NMB 
(Fig. 1), an oppeliid genus occurs rather abundantly that 
has not been previously described.

The objective of this paper is to describe this new 
genus and the new species on which it is based.

STRATIGRAPHIC FRAMEWORK

All the material presented in this paper was collected at La 
Amarga and Cerro Lotena. The Tithonian of these two 
localities is represented by marine rocks of the Vaca 
Muerta Fm., conformably overlying the conspicuous 
conglomerates and coarse sandstones of the Tordillo Fm. 

At the base of the Lower Tithonian the lowermost 
Mendozanus Zone is represented mostly by fine to coarse 
sandstones that contain abundant, sometimes moderately 
well-preserved ammonites of the earliest Andean 
Tithonian faunal horizon, provisionally named “Fauna A” 
(Parent et al. 2006). Upwards, to the base of the Zitteli 
Zone, the base of the Middle Tithonian, there follow 
several meters of marls with a still undescribed fauna of 
perisphinctids. The Zitteli Zone consists mainly of a 
succession of shales and marls, partially covered, which 
can be subdivided into three parts (the faunal lists below 
are not exhaustive, only the most representative taxa are 
mentioned):

(1) the lower part (6-10 m): gray to yellowish shaly marls 
with abundant nodules containing Pseudolissoceras 
zitteli, and representatives of Choicensisphinctes Leanza, 
1980, “Lithacoceras” Hyatt, 1900, Catutosphinctes 
Leanza & Zeiss, 1992 and micro- and macroconch 
aspidoceratids.

(2) the middle part (about 1 m): gray shaly marls with large 
nodules and an abundant ammonite fauna: P. zitteli, 
Pasottia andina n. gen. et n. sp., G. steueri (microconch of 
an undescribed genus widely represented through the 
Lower  and  Midd le  Ti thon ian  o f  t he  bas in ) ,  
Choicensisphinctes, Catutosphinctes, and macro- and 
microconch aspidoceratids (including “H. wiedmanni”, 
see below).

(3) the upper part (3-10 m, best exposed at La Amarga): 
brown, hard limestones and marls with large nodules and 
an abundant ammonite fauna: P. zitteli, G. steueri, 
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Figure 2. Pasottia andina n. gen. et n. sp. A: holotype (LPB 853), , ventral (A ), 1

lateral (A ) and apertural (A ) views and last septum suture line (A ); La Amarga; Zitteli Zone. B: paratype (LPB 1090) complete adult macroconch 2 3 4

phragmocone, ventral (B ) and lateral views (B ) and whorl section (B ); Cerro Lotena; Zitteli Zone. C: paratype (LPB 1090/1), incomplete adult 1 2 3

macroconch phragmocone, ventral (C ) and lateral (C ) views; La Amarga; Zitteli Zone. All natural size excepted suture (A ) x3. - Asterisk at last septum.1 2 4

complete adult macroconch phragmocone with incipient bodychamber

A1 A2 A3

C1 C2B1 B2 B3

A4

E L
U2

10 mm

Choicensisphinctes, Catutosphinctes, Volanoceras 
krantzense Cantú-Chapa, 1990, Physodoceras cf. 
neoburgense (Oppel, 1863) and other macro- and 
microconch aspidoceratids (including “H. wiedmanni”). 
Most likely this part of the section includes the horizon 
from which the holotype of P. comahuensis was collected 
(Bed 5 in Leanza 1980: 9).

This upper part is followed by a succession of poorly 
fossiliferous, bluish to greenish shales, gray siltstones and 
mudstones, which in Cerro Lotena pass into marls and 
limestones containing, mainly in their upper part, an 
abundant fauna of the Proximus Zone, including oppeliids, 
Catutosphinctes, and aspidoceratids.

SYSTEMATIC PALEONTOLOGY

The studied material is housed in the Museo Olsacher 
(MOZP), Zapala, Neuquén and in the Laboratorio de 
Paleontología (LPB), Universidad Nacional de Rosario. 
Macroconch (female): [M]; microconch (male): [m]. 
Dimensions are as follows: diameter (D), diameter at last 
septum (D ), diameter at adult peristome (D ), umbilical ls p

width (U), width of whorl section (W), height of whorl 
section (H ), and ventral or apertural height of whorl 1

section (H ), all given in millimeters (mm); approximated 2
evalues denoted by ( ). OD: original designation; SD: 

subsequent designation; TS: type species.
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A1 A2

C1 C2

10 mm

E1 E2
F

D1 D2

B1 B2

Figure 3. Pasottia andina n. gen. et n. sp. A: paratype (LPB 1090/2), , ventral (A ) and lateral ( ) views; La Amarga; 1

Zitteli Zone. B: paratype (MOZP 6870/2) adult macroconch phragmocone, ventral (B ) and lateral views (B ); La Amarga; Zitteli Zone. C: paratype (LPB 1 2

936), inner whorls of a macroconch, ventral (C ) and lateral (C ) views; La Amarga; Zitteli Zone. D: paratype (MOZP 7535/2), adult microconch 1 2

phragmocone, lateral (D ) and ventral (D ) views; Cerro Lotena; Zitteli Zone. E: paratype (MOZP 7535/1), almost complete adult microconch,ventral (E ) 1 2 1

and (E ) lateral views; Cerro Lotena, Zitteli Zone. F: paratype (MOZP 6853), almost complete adult microconch, lateral view; La Amarga; Zitteli Zone.  - 1

All natural size. Asterisk at last septum.

adult macroconch phragmocone A2

Superfamily Haploceratoidea Zittel, 1884
Family Oppeliidae H. Douvillé, 1890

Subfamily Taramelliceratinae Spath, 1928
Genus Pasottia n. gen.

Type species.- Pasottia andina n. sp. (description below).

Derivatio nominis.- In honour of the late Pierina E. Pasotti 
who made important contributions in Geology and 
Paleontology, and encouraged and supported ammonite 
research when directing the Instituto de Fisiografía y 
Geología (FCEIA – UNR).

Diagnosis.- Macroconch smooth, compressed suboxycone 
with high ovate to subtriangular whorl section; 
phragmocone moderately involute with rounded umbilical 
shoulder passing to uncoiled with sharp umbilical shoulder 
and flat, sloping wall. Bodychamber becoming strongly 
contracted, the umbilical seam uncoiled. Microconch 
inner whorls like in the macroconch; bodychamber also 
strongly contracted, geniculate from a point at which the 
rounded umbilical shoulder of the phragmocone becomes 
sharp and the umbilical wall flat and sloping. Last whorl of 
phragmocone and bodychamber with a sulcus and a dense 
row of linguiform structures.

Remarks and comparisons.- Inclusion in the subfamily 
Taramelliceratinae rather than in Streblitinae Spath, 1925 
is indicated by (1) the microconch which has a lateral 
sulcus with a well marked row of linguiform structures, 
and (2) the venter which although narrow and smooth, 
lacks any kind of keel. It is worth remarking that some 
Streblitinae have a hollow floored keel which can be 
observed only in well preserved specimens. This is the 
case in Uhligites Kilian, 1913 (TS: Streblites kraffti Uhlig, 
1903; SD by Roman 1938) as noted by Uhlig (1903: 34, 
45) and confirmed with recently collected material from 
Southern Tibet (cf. Yin & Enay 2004).

Microconchs of the Haploceratidae Zittel, 1884 
have smooth flanks and rounded umbilical shoulders, and 
those of Haploceras Zittel, 1870 (TS: Ammonites elimatus 
Oppel, 1865; SD by Spath 1923) have ventral crenulation 
(see Enay & Cecca 1986 and Wright et al. 1996).

Among the haploceratids genera known in the 
NMB the most closely similar is Pseudolissoceras Spath, 
1925 (TS: Neumayria zitteli Burckhardt, 1903; OD). The 
macroconchs of Pasottia n. gen. can be easily 
distinguished from those of Pseudolissoceras spp. by the 
consistently smaller adult size and more compressed, 
suboxyconic shell shape. Moreover, the septal suture line 
of Pasottia n. gen. is significantly more incized, especially 
in its first lateral lobe which is trifurcated. The 
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microconchs are also very different: in Pasottia n. gen. 
they are somewhat stouter and their bodychamber is 
geniculate from a point of ontogeny at which the well 
rounded, indistinct umbilical shoulder becomes suddenly 
sharp and almost rectangular. Another important 
difference between the microconchs is the completely 
smooth shell in Pseudolissoceras (see Parent 2001: fig. 
7C-D), compared with a well-marked sulcus and a row of 
linguiform structures from the last whorl of the 
phragmocone in Pasottia n. gen.

Pasottia andina n. sp.
Figs. 2-4; Table 1

Holotype.- The specimen LPB 853 (Fig. 2A), an adult 
macroconch phragmocone with beginning of the 
bodychamber preserved.

Paratypes.- Nine macroconchs (La Amarga: LPB 854-855, 
936, 1090/1-4, MOZP 6870/2; C. Lotena: LPB 1090) and 
three microconchs (La Amarga: MOZP 6853; C. Lotena: 
MOZP 7535/1-2). All specimens of La Amarga come from 
the type horizon; those of Cerro Lotena come from 
biostratigraphically equivalent beds.

Type locality and horizon.- La Amarga, southern Neuquén 
Province (Fig. 1). Zitteli Zone, Andean Middle Tithonian; 
Vaca Muerta Fm.

Derivatio nominis.- Trivial name is derived from the 
Andean Chain.

Description.- Holotype (Fig. 2A): smooth suboxyconic 
adult macroconch phragmocone retaining small portion of 
the bodychamber; D  = 74 mm. Inner whorls compressed ls

suboval, higher than wide with rounded umbilical 
shoulder. Umbilicus on last whorl of phragmocone widely 
uncoiled, whorl section subtriangular, very narrow venter, 
weakly convex flanks and sharp umbilical shoulder 
passing to a flat sloping wall. Remains of the umbilical 
seam indicate a final diameter at the terminal adult 
peristome (D ) of at least 100 mm, with a bodychamber of p

not less than a half whorl.
Macroconchs (Figs. 2A-C, 3A-C): All available 

material consists of phragmocones; the bodychamber is 
known only partially from poorly preserved, crushed, 
unfigured remains. The specimen LPB 936 (Fig. 3C) 
shows the distinctive inner whorls, very compressed with a 
small umbilicus. There is little variation in adults and 

Holotype, adult [M]

Macroconchs

Microconchs

0 10 20 30 40 50 60 70 80
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0.3
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D [mm]

W/D C

[M]

[m]phragmocone bodych.

phragmocone bodychamber

H /D1

0.3
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0.3
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B

Figure 4. Pasottia andina n. gen. et n. sp. [M&m]. Relative dimensions versus diameter, ontogenetic trajectories and indication of phragmocone and 
bodychamber lengths for both sexual dimorphs. A: H /D - D. B: U/D - D. C: W/D - D. Thin broken lines linking multiple observations from a single 1

specimen. Thick shaded curves illustrating the sexually dimorphic ontogenetic trajectories.
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subadults in comparison with the holotype (Fig. 4). Some 
specimens are slightly more inflated with a somewhat 
wider venter, especially the specimen MOZP 6870/2 (Fig. 
3B). The diameter of the siphuncule in the specimen LPB 
1090/1 (Fig. 2C) is 1.3 mm at D = 47 mm.

Microconchs (Fig. 3D-F): Innermost whorls (D < 
5 mm) depressed suboval and smooth. Subsequent whorls 
of phragmocone show a trend towards suboval higher than 
wide, with a rounded umbilical shoulder. The last whorl of 
the adult phragmocone, from about D = 10-15 mm, carries 
a sulcus, with a row of linguiform structures that are 
somewhat reinforced all along the bodychamber. Close to 
the beginning of the bodychamber (D = 25 mm) there 
occurs a sudden change to a subtrapezoidal whorl section 
with rounded venter, subplanar flanks and a sharp 
umbilical shoulder passing down into a steeply sloping 
wall. Bodychamber uncoiled.
 
Remarks and comparisons.- Fig. 4 illustrates the described 
ontogenetic changes of relative dimensions of the juvenil 
and adult stages of both sexual dimorphs.

Some specimens of P. zitteli associated with P. 
andina n. sp., both in Cerro Lotena and La Amarga, are 
somewhat similar in their sharp umbilical shoulders and 
sloping walls but their larger adult size and other 
differences - sutural degree of incision and oxyconic shape 
- discussed above at the generic level, make possible a 
rather clear separation.

Pseudolissoceras concorsi Donze & Enay, 1961 [M] 
and Pseudolissoceras bavaricum Barthel, 1962 [M] have 
flanks with a well marked periumbilical concavity or 
depression and very simple septal suture line, with ceratitic 
aspect (discussion in Parent 2001). These two traits strongly 
differentiate P. andina n. sp., which shows more complex 
septal suture and the maximum width of whorl section just on 
the umbilical shoulder.

P. comahuensis is known only by its holotype, a 

phragmocone from Cerro Lotena which differs from P. 
andina n. sp. in its larger adult size and more inflated last 
whorl with a much narrower umbilicus. “Neochetoceras” 
sp. from the Lower Tithonian Mendozanus Zone of the 
NMB (Parent et al. 2006) differs from Pasottia n. gen. by 
the occurrence of falcoid ribs, a rounded umbilical 
shoulder and a different cross-section.

Placenticeras fallax Castillo & Aguilera, 1895 
(holotype refigured by Verma & Westermann 1973: pl. 29: 
2) from Mexico, resembles P. andina n. sp. in its sharp 
umbilical shoulder, involution and adult size, but differs in 
the somewhat more inflated last preserved whorl. The 
species was assigned to Haploceras by Verma & 
Westermann (1973) but most likely belongs to Pasottia n. 
gen.

Glochiceras somalicum  Spath,  1925,  a  
microconchiate oppeliid from the ?Kimmeridgian of 
Somalia, has a lateral sulcus with a row of linguiform 
structures and a sharply defined steep umbilical edge, but 
differs in its wider umbilicus and the bodychamber 
uniformly uncoiled, not geniculate as in P. andina n. sp.

The holotype of “Hildoglochiceras” wiedmanni 
Leanza has tuberculate inner whorls (see Leanza 1980: pl. 
1: 4), and several complete specimens with lappets 
collected recently in Cerro Lotena and La Amarga indicate 
that this ammonite is in fact a microconch aspidoceratid, 
very close if not identical with “Glochiceras” 
parabolistriatum Krantz, 1926. “Hildoglochiceras” 
nudum Collignon, 1960, a microconchiate oppeliid from 
Madagascar known only by its holotype, said to come from 
the Kobelli Zone, is somewhat similar to microconch P. 
andina n. sp. in shell shape but differs in that the lateral 
sulcus is narrower and it shows some kind of weak ribs or 
growth lines in the outer half of the flanks.

Distribution.- Well represented in La Amarga and C. 
Lotena (southern NMB), with a few specimens collected in 

Table 1.  Pasottia andina n. gen. et n. sp. Dimensions of the holotype and paratypes. Bc: bodychamber; Ph: phragmocone; Ad: adut; Juv: juvenil.
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Picún Leufú (southern NMB), Pampa Tril (Fig. 1) and 
Arroyo Cieneguita (central NMB).

Age.- Middle part of the Zitteli Zone, Andean lower 
Middle Tithonian. In La Amarga, P. andina n. sp. occurs 
just below a recently collected well-horizoned fauna that 
includes P. zitteli, V. krantzense and P. cf. neoburgense. 
This association may be correlated with the Semiforme 
Zone of the Primary International Standard (see 
Schweigert et al. 2002). Thus, it may be assumed that the 
type horizon of P. andina n. sp. is Semiforme Zone in age 
(early Middle Tithonian) or older. The underlying horizon 
in the studied sections yields the first P. zitteli. This species 
and its total range biozone are commonly accepted as 
restricted to the Semiforme Zone (see Parent 2001). In this 
context it is concluded that the type horizon of P. andina is 
Semiforme Zone in age.

CONCLUSION

In the Zitteli Zone of Cerro Lotena and La Amarga 
(southern Neuqúen-Mendoza Basin) occurs rather 
abundantly Pasottia andina n. gen. et n. sp. The new 
oppeliid genus belongs to the Taramelliceratinae and is 
strongly sexually dimorphic. The new species is very 
similar to the co-occurrent, abundant Pseudolissoceras 
zitteli, from which can be clearly differentiated by the 
more incized septal suture line with the first lateral lobe 
trifurcated, the smaller adult size of the macroconchs and 
the different sexual dimorphism.

The consistent occurrence confined to a single 
horizon in C. Lotena and La Amarga, and some few records 
from biostratigraphically equivalent levels in Picún Leufú, 
Pampa Tril and Arroyo Cieneguita, suggests that P. andina 
n. sp. could be a good guide fossil.
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