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ABSTRACT

Major, trace and rare earth elements (REE) concentrations in limestone beds of the Canova and 
El Caloso members of the Mural Formation in the Cerro Caloso Pitaycachi area were measured to 
understand the depositional conditions and source of REE. Contents of SiO2 and Al2O3 and concentrations 
of Zr, Y and Th are higher in the Canova member than in El Caloso member, whereas the content of CaO 
is comparable in both members. The sum of REE content however is low in both the Canova (10.4 ± 2.6, 
n=12) and El Caloso (3.4 ± 2.1, n=2) members. These values indicate that carbonate sedimentation of the 
Canova and El Caloso possess seawater-like shale-normalized REE+Y patterns with 1) light REE depletion 
(NdN/YbN = 0.74 ± 0.08, n=12; 0.58 ± 0.2, n=2; respectively), 2) both negative and positive Ce anomalies 
(Ce/Ce* : 0.81–1.10, 0.94 ± 0.10, n=12; Ce/Ce* : 0.60 to 0.91, 0.76 ± 0.22, n=2; respectively), and 3) 
superchondritic Y/Ho ratio (33.5 ± 4.0, n=12; 40.4 ± 8, n=2; respectively). The observed variations in Ce 
contents and Ce anomalies in the studied samples resulted from detrital input and scavenging processes. 
The limestones show positive Mn* values (0.439 to 0.850) and low contents of U (~0.35–1.70 ppm) and 
authigenic U (0.31–1.57 ppm) suggesting that they were deposited under oxygen-rich environment. The 
REE+Y patterns of the Canova samples are identical to those of Late Devonian carbonate sediments 
whereas the El Caloso samples are comparable to Holocene reefal microbalite with slight light REE 
depletion. This suggests that the limestones from Canova and El Caloso members possibly retained their 
original seawater-like REE patterns. The observed variability in REE content and REE+Y pattern is due 
to the presence of minor amounts of detrital materials in some samples. The present study reveals that 
the limestones still retain their original seawater-like pattern, provided that shale contamination was 
least (<5%), and they serve as a seawater proxy.
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RESUMEN

Las concentraciones de elementos mayores, traza y tierras raras (REE) en las capas de calizas 
de los miembros Canova y El Caloso de la Formación Mural en el noreste de Sonora pueden ser usadas 
para interpretar las condiciones de ambiente de depósito y la fuente de tierras raras de esta secuencia 
sedimentaria marina. Los contenidos de SiO2 y Al2O3 y las concentraciones de Zr, Y y Th son mayores 
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en el miembro Canova que en El Caloso, el contenido de CaO es alto en ambos miembros, mientras que 
la ΣREE es baja en ambos miembros (Canova = 10.4 ± 2.6, n=12 y El Caloso = 3.4 ± 2.1, n=2). Estos 
valores indican que la sedimentación carbonatada en el Canova y El Caloso presenta patrones de REE+Y 
normalizados a lutita similares al del agua de mar, con 1) empobrecimiento de REE ligeras (NdN/YbN = 
0.74 ± 0.08, n=12;  0.58 ± 0.2,  n=2; respectivamente), 2) anomalías tanto negativas como positivas de 
Ce (Ce/Ce* : 0.81 a 1.10, promedio 0.94 ± 0.10, n=12; Ce/Ce* : 0.60 a 0.91, prom. 0.76 ± 0.22, n=2; 
respectivamente), y 3) y relación Y/Ho supercondrítica (33.5 ± 4.0, n=12; 40.4 ± 8, n=2; respectivamente). 
Las variaciones observadas en el contenido y anomalías de Ce en las muestras estudiadas resultan de 
la aportación detrítica y de procesos de retrabajamiento del sedimento en el fondo marino. Las calizas 
muestran valores positivos de Mn* (0.439 a 0.850), contenidos bajos de U (~0.35–1.70 ppm) y U autigénico 
(0.31–1.57 ppm) que sugieren fueron depositadas en un ambiente oxigenado. Los patrones de REE+Y en 
las muestras del miembro Canova son idénticos a los de los carbonatos del Devónico Tardío mientras 
que las muestras de El Caloso presentan patrones parecidos a los de las microbialitas arrecifales del 
Holoceno con leve empobrecimiento en REE ligeras. Esto sugiere que las calizas estudiadas posiblemente 
preservan los patrones de REE originales del agua de mar. La variabilidad observada en el contenido 
de REE y en el patrón de REE+Y se debe a la presencia de cantidades menores de material detrítico en 
algunas muestras. El presente estudio revela que las calizas de los miembros estudiados preservan un 
patrón original parecido al del agua de mar y considerando que la contaminación de arcillas fue baja 
(<5%) sirven como un indicador proxy del agua de mar. 

Palabras clave: geoquímica, elementos de las tierras raras, ambiente oxidante, Cretácico inferior, México.

INTRODUCTION

The distribution of the rare earth elements (REE) in 
marine waters, sediments and carbonate rocks has been 
discussed by many workers (Piper, 1974; Klinkhammer 
et al., 1983; De Baar et al., 1988; Elderfield et al., 1990; 
Madhavaraju and Ramasamy, 1999; Armstrong-Altrin et 
al., 2003; Webb and Kamber, 2000; Nothdurft et al., 2004; 
Madhavaraju and Lee, 2009; Madhavaraju et al., 2010; 
Nagarajan et al., 2011). The concentrations of REE in sea-
water are principally influenced by different input sources 
(e.g., terrestrial input from continental weathering and 
hydrothermal) and scavenging processes related to depth, 
salinity and oxygen levels (Elderfield, 1988; Greaves et al., 
1999). The unique feature of the seawater REE pattern re-
veals the uniform trivalent behavior of the elements (except 
Ce and Eu that exhibit multiple valences) and estuarine and 
marine scavenging processes (Nothdurft et al., 2004). The 
studies on Ce anomalies in ancient marine authigenic sedi-
ments serve as a potential tool for establishing paleoredox 
conditions in ancient oceans (Wright et al., 1984, 1987; Liu 
et al., 1988). The typical features of the shale-normalised 
marine REE patterns are: uniform light REE depletion, 
negative Ce anomaly, positive La anomaly and high Y/Ho 
ratios (e.g., De Baar et al., 1991; Bau and Dulski, 1996) 
and they are differentiated from signatures of detrital input 
(flat pattern) and hydrothermal input (positive Eu anomaly, 
enriched LREE and MREE). 

The REE signatures in ancient marine environment 
provide information on secular variations in detrital ma-
terials and oxygenation conditions in the water column 
(e.g., Holser, 1997; Kamber and Webb, 2001). In ancient 
carbonate rocks, REE proxies provide valuable information 

regarding the paleoceanography (Liu, et al., 1988; Holser, 
1997; Shields and Webb, 2004), marine and estuarine re-
dox history (German and Elderfield, 1990; Bellanca et al., 
1997; Lawrence and Kamber, 2006) and issues relating to 
the biogenicity of marine precipitates (Webb and Kamber, 
2000; Van Kranendonk et al., 2003). In early studies, lime-
stones have been considered as a poor choice for marine 
REE proxies because of their high REE concentration when 
compared with modern skeletal carbonate (e.g., biominer-
als), which are interpreted as the result of diagenetic REE 
enrichment (e.g., Shaw and Wasserburg, 1985). Later, Webb 
and Kamber (2000) showed that non-skeletal carbonates 
(microbialites) commonly incorporate REE in equilibrium 
with seawater with partition coefficients higher than the 
co-occurring skeletal materials. Nothdurft et al. (2004) dis-
tinguished the paleogeographically controlled REE patterns 
in microbialites that are reliable with formation in estuarine 
fringing reefs versus offshore, more open marine settings. 
The aims of our study are to document the REE characters in 
the limestones from Canova and El Caloso members of the 
Aptian-Albian Mural Formation to determine the influence 
of terrigenous materials on REE distribution in carbonate 
rocks and also to test the usefulness of REE geochemistry 
for paleogeographic and paleoceanographic reconstruction. 

GEOLOGY AND STRATIGRAPHY

The sedimentary succession of the Lower Cretaceous 
Bisbee Group is exposed in the north-central part of Sonora, 
and shows similar stratigraphic characteristics and are cor-
relatable with similar rocks exposed in the southern Arizona 
and New Mexico in the United States of America (Ransome, 
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1904; Cantu-Chapa, 1976; Bilodeau and Lindberg, 1983; 
Mack et al., 1986; Dickinson et al., 1989; Jacques-Ayala, 
1995; Lawton et al., 2004). The Bisbee Group mainly 
comprises sedimentary rocks with subordinate amounts 
of volcanic rocks of Late Jurassic to Early Cretaceous age 
(Lawton et al., 2004), and its type area is located in south-
eastern Arizona. It has been divided into four distinct for-
mations from bottom to top, Glance Conglomerate, Morita 
Formation, Mural Formation and Cintura Formation. The 
Glance Conglomerate is composed of cobble- to boulder-
conglomerate interbedded with volcanic flows and tuffs, and 
represent syntectonic rift deposits (Bilodeau et al., 1987). 

The Morita and Cintura Formations consist of reddish 
brown siltstone and lenticular beds of arkose and feldspathic 
arenite (Dickinson et al., 1986; Klute, 1991), deposited in 
fluvial environments. These two formations are difficult to 
differentiate based only on their lithological characters, and 
therefore the marine sedimentary strata (Mural Formation) 
deposited between them are considered key to understand-
ing Lower Cretaceous stratigraphy and basin configuration 
in the area. The fossiliferous clastic and carbonate rocks of 
the Mural Formation represent a major marine transgression 
during Aptian-Albian (Scott, 1987) in the region of Sonora 
and Arizona. 

The clastic and carbonate sedimentary succession 
of the Mural Formation is well exposed in a 300 km long 
transect which extends from Sierra El Chanate (westernmost 

part) to Cerro El Caloso Pitaycachi (northeasternmost out-
crops) in northern Sonora (Figure 1) (González-León et al., 
2008). Studies of the Mural Formation recognized minor 
lateral facies changes from west to east which are depicted 
in its eight lithostratigraphic members (Lawton et al., 2004; 
González-León et al., 2008). Their facies characteristics 
suggest that the depositional environments varied from re-
stricted shelf with deltaic and fluvial influence to open shelf 
with coral rudist buildups and offshore shelf environments. 
The Mural members are from base upwards i) Fronteras, ii) 
Rancho Bufalo, iii) Cerro La Ceja, iv) Tuape Shale, v) Los 
Coyotes, vi) Cerro La Puerta, vii) Cerro La Espina, and viii) 
Mesa Quemada. In the northeasternmost Sonora, however, 
a lateral facies change occurs among these members with 
members of the Mural Formation recognized by Warzeski 
(1983, 1987) in the locality of Sierra Anibacachi-Cerro 
Caloso Cabullona. Warzeski (1983, 1987) recognized the 
lower and upper Mural Formation of Ransome (1904) based 
on the correlation with southeastern Arizona. At the Cerro 
Caloso locality, he identified from base upwards the lower 
Mural Formation, and the upper Mural Formation composed 
by the Canova, El Caloso, La Aguja and Agua Prieta mem-
bers. González-León et al. (2008) recognized that the Cerro 
La Ceja and Tuape Shale members represent lateral, shallow 
marine facies changes with the lower Mural Formation at 
the Cerro Caloso Cabullona locality, while the Fronteras 
and Rancho Bufalo are not exposed or wedge. Similarly, 

Figure 1. Location map of the studied sections of the Mural Formation.
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González-León et al. (2008) correlated the Cerro La Puerta 
and Cerro La Espina members with the Canova, El Caloso, 
La Aguja and Agua Prieta members of that locality. 

The stratigraphic section of the Mural Formation 
that crops out at Cerro Caloso Pitaycahi is located 30 km 
east of the Cerro Caloso Cabullona. The Canova member 
is 190 m thick and is composed of dark to light gray, thin 
to thick, massive to nodular beds of mudstone-wackestone 
forming shallowing- and thinning-up cycles. Mesorbitolina 
texana and other benthic foraminifera occur in its lower part, 
whereas pelagic foraminifera are present in its middle and 
upper parts, including Colomiella tunisiana, C. Mexicana 
Bonet, Hedbergella delrioensis (Carsey) and Favusella 
washitensis (González-León et al., 2008). The El Caloso 
member is 26 m thick in this locality and represents only the 
lowermost part of this member. The maximum thickness of 
this member in Cerro Caloso Cabullona is 80 m (Warzeski, 
1983). In the study section, this member is composed of 
medium-bedded bioclastic packstone, nodular, bioclastic 
packstone, medium to very thick bedded oolitic-oncolitic 
grainstone at the base. The upper part consists of medium 
to very thick beds of rudstone to calcarenite packstone-
grainstone, and beds up to 2 m thick of coral boundstone. 
The Canova member in this locality represent deeper marine 
environments of deposition than their lateral correlative the 
Cerro La Puerta shale, whereas the El Caloso member that 
is correlative with the Cerro La Espina member represents 
a higher energy depositional environment with development 
of local coral reefs in a shallowing marine setting following 
deposition of the Canova member.

MATERIAL AND METHODS

The limestones from the Cerro El Caloso Pitaycachi 
section were selected for the present study (Figure 2). 
Fourteen samples were selected from the Cerro El Caloso 
Pitaycachi section for geochemical analyses and subse-
quently powdered in an agate mortar. 

Major element composition was obtained by X-ray 
fluorescence in fused LiBO2/Li2B4O7 disks using a Siemens 
SRS-3000 X-ray fluorescence spectrometer with an Rh-
anode X-ray tube as a radiation source. X-ray absorption/
enhancement effects were corrected using the Lachance and 
Traill (1966) method, included in the SRS-3000 software. 
One gram of sample was heated to 1,000 ºC in porcelain 
crucibles for 1 hour to measure the loss on ignition (LOI). 
The geochemical standard JGB1 (GSJ) was used to de-
termine data quality (Table 1). The analytical accuracy 
errors were better than ±2% for SiO2, Fe2O3, CaO and TiO2 

(1.1%, 0.7%, 1.4%, 0.6, respectively) and better than ±5% 
for Al2O3, MgO, Na2O and K2O (3.3%, 3.6%, 4.2%, 4.2%, 
respectively). The accuracy errors of MnO and P2O5 were 
more than ±5% (5.3%, 7.1%, respectively). 

Trace and rare earth elements were determined by 
an Agilent 7500 ce Inductively Coupled Plasma Mass 

Spectrometer (ICP-MS) according to standard analytical 
procedures suggested by Eggins et al. (1997). The geo-
chemical standards IGLa-1, GSR2 and OU8 were used 
to monitor the analytical reproducibility (Table 2). The 
analytical results for the IGLa-1, GSR2 and OU8 obtained 
in the present study are compared with the published 
values (Table 2) reported by Govindaraju (1994) that al-
low to improve the quality and accuracy of the analysis. 
The analytical precision errors for Ba, Sc, Y, and Sr were 

Figure 2. Lithostratigraphic section of the Mural Formation at Cerro El 
Caloso Pitaycachi (modified after González-León et al. 2008). 
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better than ±2%, for Cr, Zn, V, Zr, Nb and Rb were better 
than ±4%, while for Zn and Pb were better than ±6%. The 
analytical accuracy errors of certain trace elements (Cu, Ni, 
Th and U) were better than ±10%. The accuracy errors for 
rare earth elements such as Ce, Nd, Sm, Eu, Dy, Ho, Er and 
Yb were better than ±4%, and La and Pr were better than 
±6%. The accuracies of Gd, Tb, Tm and Lu were better than 
±10%. The detection limits for the instrument used in this 
study are given in Table 2. They generally obey the find-
ings suggested by Verma et al. (2002), Santoyo and Verma 
(2003), and Verma and Santoyo (2005). Post-Archaean 
Australian Shale (PAAS) values (Taylor and McLennan, 
1985) were used for REE-normalized diagrams. The anoma-
lies in the PAAS-normalized REE patterns are expressed 
as Ce/Ce* = Ce/(2Pr-1Nd), Pr/Pr* = Pr/(0.5Ce+0.5Nd) 
and La/La* = La/(3Pr – 2Nd) (Bau and Dulski, 1996; 
Bolhar et al., 2004). 

The fourteen limestone samples were prepared for 
whole rock mineralogy following standard X-ray diffrac-
tion procedures (Biscaye, 1965; Muller, 1967; Grim, 1968; 

Oxide This study* Literature value LOD**

SiO2 43.16 43.66 0.050

Al2O3 16.91 17.49 0.018

Fe2O3 15.16 15.06 0.006

CaO 11.73 11.90 0.040

MgO 7.57 7.85 0.015

K2O 0.23 0.24 0.030

Na2O 1.15 1.20 0.050

MnO 0.18 0.19 0.004

TiO2 1.59 1.60 0.004

P2O5 0.06 0.056 0.004

LOI - - -

Table 1. Comparison of major oxide data for GSJ reference sample JBG1 
with GSJ certificate of analysis data (Imai et al., 1995) as well as limits 
of detection (LOD) data for XRF analyses.

Oxide/
Elements

IGLa-1 GSR2 OU8 This study* LOD **
IGLa-1 GSR2 OU8

Ba 918.51 1020 528 917.57 1012.49 546.95 2.9712
Co 11.29 13.20 - 11.19 12.26 5.21 0.0213
Cr 29.21 33.40 21.50 28.63 32.16 22.17 2.4233
Cu 15.49 - 8.36 14.29 52.66 7.38 0.0290
Zn 78.75 71 - 75.90 66.24 8.08- 1.4882
Sc 12.19 9.50 3.63 11.99 9.63 29.61 0.0472
V 97.97 95.50 29.80 102.02 96.62 16.68 1.3595
Y 27.25 9.30 16 27.85 9.37 265.44 0.1902
Sr 574.75 790 264.40 562 803.60 - 6.0714
Zr 241.93 99 182.70 248.53 94.36 4.56 4.3175
Nb 18.96 6.80 4.46 19.5 6.03 10.66 0.0102
Ni 8.38 17 - 7.21 18.47 9.98 0.5802
Pb 10.24 11.30 9.64 19.90 10.70 68.14 0.3249
Rb 32.77 37.60 64.60 32.23 38.13 8.62 0.4833
Th 2.97 2.90 9.50 2.96 2.42 0.58 0.0151
U 0.99 0.90 0.74 1.01 0.83 13.80 0.0217

La 28.96 21.80 13.80 29.15 21.65 41.80 0.0136
Ce 56.73 40.00 41.80 58.31 40.58 3.12 0.0351
Pr 7.13 4.90 3.12 7.29 4.66 12.40 0.0088
Nd 28.65 19.00 12.40 29.59 18.26 2.42 0.0107
Sm 6.13 3.40 2.42 6.05 3.34 0.67 0.0918
Eu 1.85 1.02 0.67 1.79 1.10 2.32 0.0435
Gd 5.96 2.70 2.32 5.67 3.03 0.36 0.0028
Tb 0.88 0.41 0.36 0.89 0.38 2.26 0.0535
Dy 4.87 1.80 2.25 4.77 1.78 0.54 0.1087
Ho 0.99 0.34 0.51 1.04 0.33 1.57 0.0070
Er 2.76 0.85 1.59 2.69 0.84 0.26 0.0360
Tm 0.39 0.15 0.24 0.40 0.13 1.62 0.0071
Yb 2.60 0.89 1.66 2.55 0.77 0.24 0.0605
Lu 0.41 0.12 0.26 0.38 0.11 546.95 0.0077

Table 2. Comparison of trace and rare earth elements data for IGLa-1, GSR2 and OU8 reference samples.

* Trace and rare earth elements in ppm by ICP-MS. b ** LOD (limit of detection) in ppb. - not determined or not reported.

* Major elements in wt. % are by XRF; ** LOD (limit of detection) in 
wt. %; - : not determined or not reported.
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stones of Canova and El Caloso members show low contents 
of Co, Sc and U. Large variations in Ba, V and Rb contents 
are found in the Canova samples whereas least variations 
are observed in the El Caloso samples. The Canova and El 
Caloso members exhibit least variations in Cu, Zn and Pb 
contents. Sr content of Canova and El Caloso members 
(449 – 677 ppm; 345 – 637 ppm; respectively) are slightly 
lower than the average value given for lithosphere carbon-
ates (Sr = 610 ppm; Turekian and Wedepohl, 1961). 

Concentrations of REE are generally lower in lime-
stones than in shales, which suggest that the marine carbon-
ate phases contain significantly less REE than terrigenous 
materials (Piper, 1974). Seawater contributes lower concen-
tration of REE whereas the terrigenous sediments contain 
relatively high REE concentrations with non-seawater-like 
REE patterns (Nothdurft et al., 2004). PAAS-normalized 
seawater-like REE patterns exhibit the following features: 
(1) significant light REE depletion, (2) negative Ce anomaly, 
and (3) slight positive La anomaly (e.g., de Baar et al., 1991; 
Bau and Dulski, 1996) and superchondritic Y/Ho ratios (e.g., 
Bau, 1996). Total REE content is low in both Canova and 
El Caloso members (6.960 – 13.753 ppm, 10.4 ± 2.6, n=12; 
1.929 – 4.954 ppm, 3.4 ± 2.1, n=2; respectively, Table 5). 
All limestones show shale-normalised seawater-like REE+Y 
patterns with (1) LREE depletion (NdN/YbN = 0.62 – 0.90, 
0.74 ± 0.08, n=12; 0.45 – 0.71, 0.58 ± 0.18, n=2; respec-
tively; Figures 3a-3c; Table 6), (2) both negative and posi-
tive Ce anomalies (Ce/Ce* : 0.63 – 0.98, 0.80 ± 0.11, n=12; 
0.63 – 0.88, 0.76 ± 0.13, n=2; respectively; Figure 4; Table 
6), (3) positive La anomalies (La/La*: 1.21 – 1.77, 1.46 
± 0.17, n=12; 0.95 – 1.10, 1.03 ± 0.11, n=2; respectively, 
Figure 4; Table 6), and (4). higher Y/Ho ratio (28.0 – 41.9, 
33.5 ± 4.0, n=12; 34.5 – 46.3, 40.4 ± 8, n=2; respectively; 
Table 6). 

Hardy and Tucker, 1988). The powder samples were scanned 
from 2–70° (2θ) per minute. XRD was performed using 
a computer controlled Shimadzu Diffractometer system 
model 6000 with Cu kα radiation. The common minerals 
identified in these samples are quartz, feldspar and calcite. 
The clastic and carbonate percentages were calculated 
using the quartz, feldspar and calcite peaks in the X-ray 
diffractograms (Table 3). 

RESULTS

Elemental variations

The major oxides concentrations of Canova and El 
Caloso members are given in Table 3. Contents of SiO2 
and Al2O3 are lower in the El Caloso samples (0.5 – 3.1%, 
1.63 ± 1.33, n=2; 0.25 – 0.46%, 0.36 ± 0.11; respectively) 
than in the Canova samples (3.0 – 5.6%, 4.19 ± 0.81, 
n=13; 0.46 – 1.66%, 1.02 ± 0.31; respectively). Both the 
Canova and El Caloso samples show little variation in CaO 
contents (50.4 – 52.5% and 52.9 – 54.8%, respectively). 
Large variations in MgO contents are observed in the El 
Caloso samples (0.66 – 1.94%), whereas small variations 
are observed in the Canova samples (0.74 –1.42%). Fe2O3 
content in all samples varies from 0.22 to 0.76%. The con-
tents of Na2O, K2O, MnO, TiO2 and P2O5 are very low in the 
limestone samples. 

Common mineral phases that host high field strength 
elements (HFSE) such as Zr, Y and Th, are resistant to 
weathering when compared with phases hosting other trace 
elements (Taylor and McLennan, 1985). The limestones 
from the Canova member have higher concentrations of Zr, 
Y and Th than the El Caloso member (Table 4). The lime-

Member/
Sample No.

Clastic
%

Carbonate
%

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 LOI Total

El Caloso member
4-21-05-28 1.6 98.4 0.5 0.25 0.22 54.8 0.66 0.06 0.03 0.02 0.03 43.3 99.87
4-21-05-27 3.9 96.1 1.3 0.37 0.37 52.9 1.94 0.02 0.06 0.01 0.02 42.7 99.69

Canova member
4-21-05-25 9.1 90.9 5.6 1.11 0.76 50.4 1.26 0.03 0.14 0.04 0.03 40.1 99.47
4-21-05-24 6.0 94.0 4.3 0.46 0.43 52.3 0.74 0.06 0.10 0.03 0.02 41.4 99.84
4-21-05-23 6.3 93.7 4.2 0.75 0.48 52.1 0.95 0.07 0.07 0.03 0.03 41.2 99.88
4-21-05-21 7.6 92.4 4.7 1.07 0.40 50.8 1.42 0.05 0.13 0.03 0.03 41.1 99.73
4-21-05-20 8.4 91.6 4.7 1.66 0.49 50.9 1.15 0.09 0.25 0.06 0.03 40.5 99.83
4-21-05-17 10.2 90.8 5.3 1.24 0.46 50.4 1.31 0.10 0.21 0.05 0.04 40.6 99.71
4-21-05-15 6.8 93.2 3.2 1.02 0.64 51.8 1.36 0.14 0.09 0.03 0.03 41.4 99.71
4-21-05-13 5.0 95.0 3.0 0.62 0.42 52.5 0.96 0.20 0.05 0.02 0.03 42.1 99.90
4-21-05-11 6.7 93.3 3.8 0.80 0.47 52.0 1.20 0.19 0.08 0.03 0.03 41.0 99.60
4-21-05-8 7.8 92.2 4.0 1.25 0.56 51.6 1.29 0.11 0.21 0.05 0.03 40.9 100.00
4-21-05-4 6.3 93.7 3.4 1.16 0.53 51.9 1.00 0.20 0.15 0.04 0.03 41.4 99.81
4-21-05-3 7.4 92.6 4.8 1.07 0.58 51.2 1.01 0.25 0.12 0.03 0.03 40.8 99.89

Table 3. Concentration of major oxides (wt%) in limestones of Canova and El Caloso members of the Mural Formation1.

1 Reporting of significant figures follows the method of Verma (2005).
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DISCUSSION

Variations in Ce anomaly and depositional conditions

The Ce anomalies in marine carbonate rocks have 
been considered as suitable indicator for understanding 
contemporaneous paleo-redox conditions (Liu et al., 1988). 
Many studies have been undertaken on Ce behaviour in 
marine phases to unravel paleoceanographic conditions 
(Grandjean et al., 1987, 1988; Liu et al., 1988; German and 
Elderfield, 1990; Nath et al., 1997). As marine water shows 
negative Ce anomaly, similar Ce anomaly in limestones 
reveals the inclusion of REE directly from seawater or pore 
water under oxic condition. The deficiency of Ce relative 

to neighbouring rare earth elements is an important feature 
of modern seawater. This can be explained by oxidation of 
trivalent Ce to less soluble tetravalent Ce and successive 
removal by suspended particles through scavenging process 
(Sholkovitz et al., 1994). However, Ce is remobilized and 
released into the water column in the suboxic environ-
ment resulting in a less negative to positive anomaly in 
seawater (De Baar 1991). But, the precise measurements 
of Ce anomalies in marine sediments may constrain redox 
conditions at the time and place of deposition (MacLeod 
and Irving, 1996).

La and Ce anomalies were calculated using the Ce/
Ce* and Pr/Pr* ratios following the technique of Bau and 
Dulski (1996) (modified by Webb and Kamber, 2000). Most 

Member/Sample No. Mn Ba Co Cu Zn Sc V Y Sr Zr Ni Pb Rb Th U

El Caloso member
4-21-05-28 155 0.04 1.12 2.08 14.5 0.12 4.9 1.11 637 2.53 6.60 1.29 0.52 0.09 0.63
4-21-05-27 248 1.5 1.28 2.10 13.7 0.31 3.4 1.55 345 3.04 6.50 1.95 2.23 0.12 0.35

Canova Member
4-21-05-25 519 34 1.33 2.62 10.8 1.06 11.0 3.33 677 11.42 7.09 3.41 5.65 0.42 1.09
4-21-05-24 178 2.9 1.30 3.00 8.9 0.56 8.4 2.21 532 6.17 8.12 4.37 3.14 0.26 1.35
4-21-05-23 124 2.8 1.11 2.28 11.1 0.48 11.8 2.09 450 5.69 6.09 2.15 2.85 0.23 0.79
4-21-05-21 170 16.3 1.20 2.37 4.9 0.81 8.5 2.66 488 5.58 7.06 0.93 5.29 0.28 0.96
4-21-05-20 256 8.4 1.34 2.75 6.9 1.27 9.5 2.89 526 9.62 7.29 1.21 12.19 0.45 0.82
4-21-05-17 170 4.1 1.39 3.11 7.1 1.11 9.5 4.07 513 10.56 7.28 0.94 9.93 0.42 0.97
4-21-05-15 201 8.8 1.76 4.98 18.8 0.74 9.0 4.35 661 8.12 10.92 2.50 4.89 0.32 0.91
4-21-05-13 170 3.2 1.32 2.75 8.8 0.31 5.9 3.50 482 4.80 7.26 1.85 2.05 0.20 1.00
4-21-05-11 178 18 1.24 2.56 12.9 0.39 5.3 2.98 625 5.65 6.67 1.94 3.56 0.23 0.81
4-21-05-8 139 6 1.57 3.34 6.5 1.03 8.1 4.70 452 12.55 7.72 1.33 9.73 0.51 0.77
4-21-05-4 186 79 1.27 2.97 6.7 0.73 11.1 4.44 521 8.63 8.09 0.87 6.44 0.39 1.70
4-21-05-3 194 55 1.00 2.39 5.8 0.59 7.6 3.93 449 7.32 5.69 0.69 3.76 0.27 1.18

Table 4. Concentration of trace elements (ppm) in limestones of Canova and El Caloso members of the Mural Formation1

1Reporting of significant figures follows the method of Verma (2005).

Member/Sample No La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREE

El Caloso member
4-21-05-28 0.36 0.52 0.11 0.43 0.09 0.019 0.09 0.02 0.10 0.02 0.07 0.01 0.08 0.01 1.929
4-21-05-27 0.89 1.75 0.24 1.03 0.23 0.044 0.20 0.04 0.20 0.05 0.12 0.02 0.12 0.02 4.954

Canova Member
4-21-05-25 2.53 5.25 0.61 2.65 0.57 0.113 0.53 0.10 0.52 0.12 0.31 0.04 0.24 0.04 13.623
4-21-05-24 1.43 2.48 0.35 1.47 0.31 0.063 0.29 0.06 0.29 0.07 0.18 0.03 0.17 0.03 7.223
4-21-05-23 1.48 2.84 0.36 1.62 0.35 0.064 0.31 0.06 0.31 0.07 0.19 0.03 0.17 0.03 7.854
4-21-05-21 1.62 3.00 0.40 1.75 0.40 0.075 0.38 0.08 0.41 0.09 0.26 0.04 0.22 0.03 8.755
4-21-05-20 2.08 4.10 0.51 2.23 0.48 0.091 0.45 0.09 0.46 0.10 0.28 0.04 0.24 0.04 11.191
4-21-05-17 2.65 4.01 0.58 2.48 0.51 0.103 0.51 0.10 0.51 0.12 0.33 0.05 0.27 0.04 12.261
4-21-05-15 2.51 3.74 0.57 2.47 0.53 0.105 0.51 0.10 0.53 0.12 0.32 0.04 0.27 0.04 11.855
4-21-05-13 1.69 2.07 0.34 1.56 0.33 0.070 0.35 0.07 0.38 0.09 0.24 0.04 0.21 0.03 7.470
4-21-05-11 1.64 2.09 0.32 1.40 0.28 0.060 0.30 0.06 0.30 0.07 0.20 0.03 0.18 0.03 6.960
4-21-05-8 2.75 4.53 0.64 2.85 0.60 0.123 0.60 0.12 0.61 0.14 0.38 0.05 0.31 0.05 13.753
4-21-05-4 2.69 3.74 0.56 2.49 0.54 0.110 0.54 0.11 0.57 0.13 0.36 0.05 0.30 0.04 12.230
4-21-05-3 2.25 3.94 0.53 2.38 0.53 0.110 0.54 0.10 0.55 0.12 0.33 0.04 0.25 0.04 11.710

Table 5. Concentration of rare earth elements (ppm) in limestones of Canova and El Caloso members of the Mural Formation.
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Figure 3. a) PAAS-normalized REE patterns of limestones of the Canova 
Member. b) REE patterns of the El Caloso Member. c) PAAS normalized 
REE patterns of modern seawater (NPSW: North Pacific shallow water, 
Sagami trough (Alibio and Nozaki, 1999), Coral Sea: South Pacific shal-
low seawater (Zhang and Nozaki, 1996), South Fiji Basin: Station SA12 
(Zhang and Nozaki, 1996), Bay of Bengal: shallow water (Nozaki and 
Alibio, 2003) and Andaman Sea: shallow water (Nozaki and Alibio, 2003).

Figure 4. PAAS-normalized Ce/Ce* vs. Pr/Pr* plot to evaluate the La and 
Ce anomalies using the method of Bau and Dulski (1996) (as modified 
by Webb and Kamber, 2000) for limestones of Canova and El Caloso 
members of Mural Formation. 

of the samples show negative Ce and positive La anoma-
lies, whereas few samples exhibit absence of negative Ce 
anomalies (Figure 4). Ce/Ce* ratio is a function of the rela-
tive proportions of a pure seawater precipitate and clastic 
contamination, as well as REE concentrations of these two 
end members. With increasing clastic contamination the 
Ce/Ce* ratio approaches 1. The depletion of Ce relative 
to neighbouring REE is one of the characteristic features 
of seawater and marine carbonates deposited in the deep 
sea regions, and is due to the adsorption of Ce onto Fe-
Mn particle surfaces by oxidation of Ce(III) to Ce(IV). In 
seawater, Ce/Ce* values range from < 0.1 to 0.4 (Elderfield 
and Greaves, 1982; Piepgras and Jacobsen, 1992). Nine 

limestone samples show negative Ce anomalies (Figure 
4), whereas few limestones show positive Ce anomalies. 
Positive Ce anomalies mainly occur due to detrital input 
(Nath et al., 1997; Madhavaraju and Ramasamy, 1999; 
Madhavaraju and Lee, 2009; Madhavaraju et al., 2010), 
diagenesis (Armstrong-Altrin et al., 2003), scavenging 
process (Masuzawa and Koyama, 1989) and paleo-redox 
conditions (Liu et al., 1988). 

Deep marine environments with well developed oxic 
water columns, low sedimentation rates and active scaveng-
ing processes may favour coprecipitation of Ce(OH) on 
Fe-Mg coatings of sedimentary particles. The REE patterns 
having distinct positive Ce anomaly in settling particles 
strongly support the scavenging of Ce over remaining rare 
earth elements (Masuzawa and Koyama, 1989). In the 
present study, the Ce/Ce* values have positive correlation 
with scavenging-type particle reactive elements (e.g., Ce/
Ce* vs. Mn, r=0.55; Ce/Ce* vs. Fe, r=0.42). The Canova 
member represents moderately deep to deep shelf marine 
environments whereas the El Caloso member represents a 
higher energy shallowing marine depositional environment 
(Warzeski, 1983). In some cases, Ce distribution may be 
linked to the redox cycling of Mn and/or Fe. The observed 
variations in Ce anomalies whether influenced by scaveng-
ing processes or paleo-redox changes can be tested using 
other redox sensitive elements (e.g., Mn* values, contents 
of uranium and authigenic uranium). 

The variations in the solubility of Fe and Mn may lead 
to remarkable fractionation of these metals across the redox 
boundaries. Most of the iron are fixed in sulphide under 
low Eh conditions, whereas manganese is incorporated 
under oxygenated conditions above the redox boundary 
(Krauskopf, 1979; Bellanca et al., 1996). Machhour et al. 
(1994) and Bellanca et al. (1996) proposed the relationship 
Mn* using Fe and Mn concentrations [Mn* = log[(Mnsample/
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Mnshale)/(Fesample/Feshale)] to understand the redox potential of 
the depositional environment. The values used for Mnshale 
and Feshale to calculate Mn* are 600 ppm and 46,150 ppm, 
respectively (Wedepohl, 1978). The limestones of Canova 
and El Caloso members show significant positive Mn* 
values (0.439 – 0.850 and 0.795 – 0.845, respectively; 
Table 6). The significant positive Mn* values suggest 
that the limestones of this study were deposited under 
oxic condition.

Like Ce, Uranium is mainly fractionated from thorium 
in near surface environment (Whittaker and Kyser, 1993). 
Uranium is mobilized as U+6 in oxic environment and 
precipitated as U+4 in reducing environments (Anderson 
et al., 1983; Nozaki et al., 1981; Wright et al., 1984). The 
limestones of both Canova and El Caloso members show 
low content of U (0.77 – 1.70 ppm and 0.35 – 0.63 ppm, 
respectively). The sediments deposited in oxygenated 
marine environment generally show low contents of U 
(Somayajulu et al., 1994; Madhavaraju and Ramasamy, 
1999), whereas high U contents are generally found in 
sediments from the oxygen minimum zone (Barnes and 
Cochran, 1990; Klinkhammer and Palmer, 1991; Sarkar et 
al., 1993; Somayajulu et al.,1994; Nath et al., 1997). The 
low content of U in Canova and El Caloso members are due 
to the mobilization of U+6 from sediments to water column 
under oxic environments. In addition, the concentration of 
authigenic uranium (authigenic U = Total U - Th/3) has also 
been used to understand the redox changes in the marine 
environments (Wignall and Myers, 1988). The authigenic 
U concentration below 2 suggest oxic conditions of deposi-
tion, whereas values above 2 indicate dysoxic conditions 
(Wignall and Myer, 1988). The limestones of this study 
show low authigenic U content (0.60–1.57 ppm, 0.31–0.60 
ppm, respectively), which indicate that these limestones 
were deposited under an oxic environment. In addition, Ce/

Ce* values show no correlation with Mn* values (r=-0.06, 
which suggests that the variation in Ce anomalies were not 
induced by the redox conditions.

The Ce/Ce* values show positive correlation with 
Al2O3, Th and Zr (r=0.58; 0.51; 0.49; respectively), whereas 
Ce shows significant positive correlations with Al2O3, Th 
and Zr (r= 0.84; 0.90; 0.93; respectively). The positive 
correlation of Ce and Ce/Ce* ratios with Al2O3, Th and Zr 
suggest that the variation in Ce and Ce anomalies in these 
limestones have been controlled by the detrital input. 

Hence, the observed variations in Ce contents and 
Ce anomalies in the limestones of Canova and El Caloso 
members may be due to the influence of detrital materials. 
Furthermore, the Ce/Ce* values have positive correlation 
with scavenging-type particle reactive elements (Fe and Mn) 
which indicates that the variations in Ce anomalies might 
be related to scavenging processes. 

Source of REE in marine limestones

The Canova and El Caloso limestones possess sea-
water-like REE+Y patterns. However, some variation 
exists among the LREE depletion, ΣREE contents, Y/Ho 
ratios, size of the La and Ce anomalies (Table 6). For both 
the Canova and El Caloso samples, ΣREE contents show 
positive correlation with Al2O3 (r= 0.85, n=14). In addi-
tion, the samples show positive correlation between NdN/
YbN and Al2O3 (r= 0.59, n=14). These relationships suggest 
some detrital influence on sample REE contents. Seawater 
signatures in carbonate rocks may be effectively masked by 
detrital contaminations due to the higher REE concentration 
in detrital material and the generally flat REE pattern typical 
of common detrital materials (German and Elderfield, 1990; 
Bau and Dulski, 1996; Byrne et al., 1996; Madhavaraju and 

Member/Sample No Ce/Ce* La/La* Pr/Pr* LaN/YbN NdN/YbN DyN/YbN Y/Ho Mn* Authigenic U (ppm)

El Caloso member
4-21-05-28 0.63 0.95 1.250 0.31 0.45 0.73 46.3 0.845 0.60
4-21-05-27 0.88 1.10 1.050 0.55 0.71 1.03 34.5 0.795 0.31

Canova Member
4-21-05-25 0.98 1.30 0.960 0.76 0.90 1.29 28.9 0.850 0.95
4-21-05-24 0.82 1.21 1.070 0.61 0.70 1.02 34.0 0.554 1.26
4-21-05-23 0.90 1.40 0.980 0.63 0.80 1.11 30.8 0.506 0.71
4-21-05-21 0.87 1.37 1.000 0.53 0.66 1.09 29.2 0.585 0.87
4-21-05-20 0.92 1.40 0.980 0.64 0.77 1.15 28.0 0.673 0.67
4-21-05-17 0.75 1.33 1.080 0.71 0.75 1.13 34.5 0.524 0.83
4-21-05-15 0.72 1.34 1.080 0.70 0.78 1.20 35.5 0.557 0.81
4-21-05-13 0.63 1.77 1.080 0.59 0.62 1.10 38.4 0.564 0.93
4-21-05-11 0.66 1.65 1.080 0.69 0.66 1.03 41.9 0.515 0.73
4-21-05-8 0.79 1.50 1.030 0.66 0.77 1.20 33.3 0.439 0.60
4-21-05-4 0.70 1.60 1.050 0.67 0.70 1.16 34.7 0.463 1.57
4-21-05-3 0.84 1.59 0.992 0.67 0.80 1.34 32.2 0.600 1.09

Table 6. Elemental ratios and anomalies in limestones of Canova and El Caloso members of the Mural Formation.
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Ramasamy, 1999; Webb and Kamber, 2000; Madhavaraju 
and Lee, 2009; Madhavaraju et al., 2010). 

One limestone sample (4-21-05-28) from the El 
Caloso member has a comparatively low ΣREE content 
(1.929 ppm) and LREE depletion within the range of modern 
seawater (NdN/YbN = 0.45; modern shallow water = 0.205 
to 0.492 for 50 m water depth; Zhang and Nozaki, 1996; de 
Baar et al., 1985). The degree to which the detrital content 
affects the REE patterns in the Canova and El Caloso mem-
bers can be tested assuming conservative mixing of PAAS 
and the low ΣREE limestone sample (4-21-05-28). The 
limestone sample 4-21-05-28 can be considered as the least 
contaminated by clastic input and used as a seawater-like 
end-member because it has low ΣREE content, significant 
depletion of LREE, REE pattern similar to modern seawater 
and superchondritic Y/Ho ratio. The REE concentration is 
high in shale and the inclusion of as little as 1 to 2% of fine 
grained material may significantly alter the Ce anomalies, 
LREE depletion and REE patterns (Nothdurft et al., 2004). 
Shale samples from the Mural Formation (Madhavaraju et 
al., 2008) show slight LREE depletion relative to PAAS. 
Conservative mixing of 4-21-05-28 with various propor-
tions (1%, 2%, 5%, 10%, 20% and 50%) of both local 
shale (shale samples from Mural Formation, average of 
25 samples) and PAAS (Table 7) illustrates the amount of 
shale contamination required to alter the seawater-like REE 
patterns in the limestones of Mural Formation (Figure 5). 
The well-developed seawater-like REE pattern of limestone 
sample 4-21-05-28 is maintained with up to 5% of REE 
contributed from the local shale, but the degree of LREE 
depletion decreases gradually. Due to its relatively higher 
ΣREE, a 2% contamination with PAAS effectively over-
prints the limestone seawater REE patterns (Nothdurft et 
al., 2004). Considering the differences in REE distribution 
between local shale and PAAS, particularly with regard to 
the LREE, we suggest that the local shale concentrations 
instead of using PAAS values should be taken for calculat-
ing the percentage of detrital contamination present in the 
limestone samples. 

The limestones show slight variations in LaN/YbN 
ratios (Table 6). The LaN/YbN ratios of these limestones 
are significantly lower than the values proposed by Condie 
(1991; about 1.0) and Sholkovitz (1990; about 1.3) for ter-
rigenous materials. Thus, the studied limestones were less 
contaminated by terrigenous materials and the LaN/YbN 

ratios found in the present study are more or less similar 
to the Devonian carbonate sediments, Permian Limestone 
and Albian-Cenomanian Limestone and higher than the 
Holocene reefal microbialite (Table 8). The limestones of 
Canova and El Caloso members of the Mural Formation 
show seawater-like REE+Y pattern with enrichment of 
HREE relative to LREE and are compared with limestones 
yielding identical REE patterns to modern seawater (Figure 
6; Late Devonian carbonate sediments, Nothdurft et al., 
2004; Permian Limestone, Kawabe et al., 1991; Albian-
Cenomanian Limestone, Bellanca et al., 1997; Holocene 

Elements 4-21-05-28 Average Mural Shale
(n=25)1

PAAS

ppm N* ppm N* ppm

La 0.36 0.009 25.55 0.661 38.2
Ce 0.52 0.007 53.00 0.666 79.6
Pr 0.11 0.012 5.93 0.672 8.83
Nd 0.43 0.013 25.77 0.760 33.9
Sm 0.09 0.016 5.23 0.942 5.55
Eu 0.019 0.018 1.00 0.926 1.08
Gd 0.09 0.019 4.63 0.994 4.66
Tb 0.02 0.026 0.89 1.150 0.774
Dy 0.10 0.021 4.70 1.009 4.66
Y 1.11 0.041 24.07 0.891 27.0
Ho 0.02 0.020 1.03 1.039 0.991
Er 0.07 0.025 2.86 1.004 2.85
Tm 0.01 0.025 0.37 0.914 0.405
Yb 0.08 0.028 2.41 0.855 2.82
Lu 0.01 0.023 0.37 0.855 0.433

Table 7. The limestone of Canova Member (4-21-05-28), PAAS values and 
average Mural Shale values used for mixing calculations.

1Madhavaraju et al., 2008; N*: PAAS normalized values.

Figure 5. a) PAAS-normalized REE+Y pattern of the limestone of El 
Caloso Member (4-21-05-28) and idealized mixtures (1%, 2%, 5%, 10%, 
20%, 50%) with average shale of the Mural Formation. It illustrates 
that the seawater pattern is retained upto 5% of shale contamination. b) 
PAAS-normalized REE+Y pattern of the limestone of El Caloso member 
(4-21-05-28) and hypothetical mixtures (1%, 2%, 5%, 10%, 20%, 50%) 
with PAAS. In this case minor contamination (<2%) significantly alters 
the seawater patterns. The PAAS- normalized REE+Y pattern of the Mural 
shale shows a slight LREE depletion.
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reefal microbialite, Webb and Kamber, 2000). 
The limestones with higher REE concentrations 

(6.960 to 13.753 ppm) also exhibit distinct seawater-like 
REE+Y patterns. The observed seawater-like REE+Y 
pattern in these limestones mainly reflects the absorption 
of REE from contemporaneous seawaters with only minor 
contribution of REE from detrital materials (< 5% of 
local shale contamination). Hence, the ancient limestones 
deposited in the distal part of the basin having little detrital 
materials are suitable to understand the REE patterns of 
ancient shallow seawater and also they serve as a valuable 
seawater proxy.

CONCLUSIONS

The limestones of the Canova and El Caloso members 
have slight variations in major, trace and rare earth elements 
concentrations. Both negative and positive Ce anomalies 
and the observed variations in Ce and Ce anomalies in these 

limestones were controlled by scavenging process as well 
as detrital input. The observed positive Mn* values and low 
contents of U and authigenic U in the limestones of Canova 
and El Caloso members suggest that these limestones were 
deposited under oxic environment. The limestones possess 
low ΣREE contents, high Y/Ho ratios, low LaN/YbN ratios 
and seawater-like REE+Y patterns suggesting that the 
REE concentrations were mainly derived from seawater. 
Comparison of studied limestones with limestone from 
literature review show seawater patterns, LaN/YbN ratios 
falling in the range of average seawater indicate that the 
seawater was the REE source in the limestones. However, 
positive correlation of Al2O3 with ΣREE contents and NdN/
YbN ratios suggests presence of minor contamination. These 
limestones were affected by minor shale contamination but 
still they retain their original seawater pattern. Our results 
indicate that the original seawater-like REE patterns remain 
unchanged in the limestones provided the contamination 
was minimal (<5%) and also they serve as a valuable sea-
water proxy.
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Mural Formation Late Devonian 
Cabonate 

Sediments2

Permian 
Limestone3

Albian-
Cenomanian 
Limestone4

Holocene Reefal 
Microbialite5Canova 

Member1a
El Caloso 
Member1b

Average1c

Ce/Ce* 0.94 ± 0.10 0.76 ± 0.22 0.91 ± 0.13 0.75 ± 0.05 0.24 ± 0.04 0.43 ± 0.09 0.74 ± 0.02
LaN/YbN 0.66 ± 0.06 0.43 ± 0.17 0.62 ± 0.11 0.73 ± 0.10 0.53 ± 0.34 0.84 ± 0.08 0.20 ± 0.02
ΣREE 10.4 ± 2.6 3.4 ± 2.1 9.4 ± 3.5 6.8 ± 4 3.2 ± 2.4 28.5 ± 10.7 0.96 ± 0.21
CaO 51.5 ± 0.4 54 ± 1.3 52 ± 1.2 - - - -
NdN/YbN 0.74 ± 0.08 0.58 ± 0.2 0.73 ± 0.06 0.65 ± 0.11 0.34 ± 0.13 0.57 ± 0.10 0.25 ± 0.02
DyN/YbN 1.15 ± 0.09 0.88 ± 0.2 1.11 ± 0.3 0.42 ± 0.08 1.06 ± 0.05 0.89 ± 0.12 0.78 ± 0.04
Y/Ho 33.5 ± 4 40.4 ± 8.3 34.5 ± 5 40 ± 3.4 72 ± 12 44 56 ± 3

1a,b,cPresent study, n=12, n=2, n=14, respectively; 2Nothdurft et al., 2004, n=7; 3Kawabe et al., 1991, n=2; 4Bellanca et al., 1997, n=13; 5Webb and Kamber, 
2000, n=28.

Table 8. Average geochemical values of the Canova and El Caloso members compared to the carbonate rocks showing seawater-like REE patterns.

Figure 6. The limestones of Canova and El Caloso members are com-
pared with limestones that exhibit seawater-like REE+Y pattern (Late 
Devonian carbonate sediments (LDCS), Nothdurft et al., 2004; Permian 
Limestone (PL), Kawabe et al., 1991; Albian-Cenomanian Limestone 
(ACL), Bellanca et al., 1997; Holocene reefal microbialite (HRM), Webb 
and Kamber, 2000).
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