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Figure 6.2 Lead isotope compositions of leachate fractions, residue fractions, and whole rocks of Mesozoic 
metamorphic and sedimentary rocks from the Guerrero terrane. Also shown are Pb isotope compositions 
and fields defined by ore minerals from Mesozoic (A) and Cenozoic (B) deposits from the Guerrero 
terrane. 
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Figure 6.3. Lead isotope compositions of Cenozoic ores from deposits in the Guerrero and Sierra Madre 
terranes. Also shown are the approximate ages of deposits from the Guerrero terrane. Data are from 
Cumming et al. (1979), Miranda-Gasca (1995), Hosler and Macfarlane (1996), and the present study. Ores 
Teloloapan field includes the Temascaltepes, Sultepec, and Zacualpan deposits. References for the 
evolution curves (UC, OR, and SK) are as in Figure 5.4. 
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Figure 6.4. Lead isotope compositions of Cenozoic ore deposits from the Guerrero terrane. The fields 
represent Pb isotope data of metamorphic and sedimentary rocks from the Guerrero terrane and MORB-
EPR. Also shown on the thorogenic diagram are the average Pb isotope values for Toluca metamorphic 
rocks and Pacific Ocean sediments. References for the Cenozoic ores from the Guerrero terrane are as in 
Figure 5.3. References for the evolution curves (UC, OR, and SK) and Toluca metamorphic rocks are as in 
Figure 5.4. 
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Figure 6.5.  Lead isotope compositions of minerals from Cenozoic deposits located in the Guerrero (La 
Verde and La Esmeralda) and Sierra Madre (Zimapan and La Negra) terranes compared with reference data 
for ores from the Chorotega Block (Costa Rica and Panama) (Cumming et al., 1981), the Chortis Block 
(Guatemala, Honduras, Nicaragua, and El Salvador) (Cumming et al., 1981; Sundblad et al., 1991), the 
Maya Block ( Guatemala) (Cumming et al., 1981), the Greater Antilles (Haiti, Puerto Rico, and Jamaica) 
(Cumming et al., 1981), western Mexico (Cumming et al., 1979; Hosler and Macfarlane, 1996), and  
eastern Mexico (Cumming et al., 1979; Miranda-Gasca, 1995). References for the evolution curves (UC, 
OR, and SK) are as in Figure 5.4. 
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Figure 6.6. Graphs showing the variation of the 206Pb/204Pb values of ores from the Cenozoic deposits of 
the Guerrero terrane with distance increase from the Middle America Trench (top). Locations of deposits 
(central) and regional crustal thickness (in km) across the Trans-Mexican Volcanic Belt (bottom) are also 
shown. Data from Cumming et al. (1979), Miranda-Gasca (1995), Hosler and Macfarlane (1996), 
Danielson (2000), Mortensen et al. (2008), and Gomez-Tuena et al. (2007).  
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Figure 6.7. Graphs showing the variation of the 206Pb/204Pb values of ores from the Cenozoic (top) and 
Mesozoic (bottom) deposits of the Guerrero terrane with distance increase from the Middle America 
Trench. Data from Cumming et al. (1979), Miranda-Gasca (1995), Hosler and Macfarlane (1996), 
Danielson (2000), and Mortensen et al. (2008).  



 139

38

38.5

39

39.5

40

18 18.5 19 19.5 20
206Pb/ 204Pb

20
8 P

b
/ 

 20
4 P

b
+

Cenozoic Ores - Mexico

La Verde, La Esmeralda (Guerrero terrane)

Zimapan, La Negra (Sierra Madre terrane) 

± 0.05 %
per amu

Province I

(Western South America - 6 o  and 15 o S)

Province II
(Western South America - 

6 o  and 15 o S)

Province III

(Western South America - 6 o and 15 o S)

0 Ma

250 Ma

SK

 
 

Figure 6.8. Lead isotope compositions of minerals from Cenozoic deposits located in the Guerrero (La Verde and La Esmeralda) and Sierra Madre 
(Zimapan and La Negra) terranes compared with reference data for ores from province I (subprovinces Ib and Ic), province II, and province III (subprovince 
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7. SUMMARY AND CONCLUSIONS 

7.1 Provenance of Crustal Rocks 

     The isotopic compositions of Pb in the Mesozoic basement rocks of the Guerrero 

terrane are substantially more radiogenic than published data on high-grade metamorphic 

rocks (metagabbro and charnockite) from the Grenvillian-age Oaxaca terrane (Figure 

5.2). The radiogenic Pb in basement rocks of the Guerrero terrane, with a much lower 

metamorphic grade, reflects a different history from that of the ancient, high-grade 

metamorphic Oaxaca terrane. The Pb isotope ratios of metamorphic samples from the 

Arteaga and Tejupilco Complexes are similar to published data on Paleozoic basement 

rocks (augen schist) from the Acatlan Complex, implying similar sources (Figure 5.3). 

On the basis of similar crustal residence ages, it has been suggested that the most likely 

source for the basement rocks of the Acatlan Complex is represented by rocks of the 

Oaxaca Complex. Overall, Sr and Nd isotope data of basement units from the Arteaga 

Complex and Tejupilco metamorphic suite indicate derivation from an evolved 

continental source (Figure 5.6). Therefore, it is possible that the old component in these 

basement units may have been derived from the Oaxaca Complex, which was part of 

northwestern Gondwana during the early Paleozoic and was transferred to the southern 

end of Laurentia during Paleozoic orogenies related to the opening and closing of the 

proto-Atlantic Ocean. 

     Overall, it seems that there was involvement of crustal material at some stage in the 

evolution of many magmas, but whether this was subducted sedimentary material 

incorporated at the source regions of the magma during melting or crustal material 
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assimilated during the rise of the magma is not clear. Assimilation of crustal material 

during magma ascent is a possibility in the Guerrero terrane, where the igneous rocks 

were emplaced through the Mesozoic metamorphic basement. The slightly higher 

radiogenic signature of the igneous rocks from La Verde and Inguaran may be the result 

of contamination with older crustal components to a larger extent than the igneous rocks 

from La Esmeralda and El Malacate. Current data indicate that igneous rocks from La 

Verde may have assimilated a more evolved crustal component that any other magmatic 

rock from southern Mexico (Figure 5.8). 

7.2 Sources of Ore Metals 

     Newly determined Pb isotope values for crustal rocks of the Guerrero terrane indicate 

that the basement rocks may have supplied Pb to both, the pre-accretion and the post-

accretion group of deposits located on the western side of the Zihuatanejo-Huetamo 

subterrane (e.g., Cuale, El Bramador, Ayutla, Autlan; Figure 6.1; Figure 6.2; Figure 6.4). 

Some of the Mesozoic and Cenozoic deposits from the central and eastern part of the 

same subterrane (e.g., Copper King, La verde, La Esmeralda, Inguaran) appear to have 

acquired their Pb isotopic signature from the sedimentary rocks of the Huetamo Sequence 

or Pacific Ocean sediments. However, the situation in the Teloloapan subterrane is 

different, since the sources of ore Pb for the pre-accretion and post-accretion deposits 

differ. An input of ore Pb from the basement rocks may be possible for the post-accretion 

deposits; for the pre-accretion group, the isotopic signatures of the metamorphic rocks 

preclude their involvement in the generation of the VMS deposits. 
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7.3 Ore Lead Isotope Trends in Pre-accretion and Post-accretion Deposits 

     Lead in Cenozoic ores becomes more radiogenic from the West Coast, near the 

Middle America Trench, to the East Coast, due to assimilation of radiogenic component 

from the crust (Figure 6.3; Figure 6.6). However, this trend is not recognized in case of 

the Mesozoic VMS deposits (Figure 6.7). This is probably because of the amalgamation 

of the Guerrero composite terrane to the continental margin during Late Cretaceous. The 

Tertiary deposits formed after this event in a continental arc setting and the Mesozoic 

deposits developed prior to it. 

     Comparison between the isotopic signatures of ores from the Sierra Madre terrane, 

Maya terrane, and distinct subterranes of the Guerrero terrane supports the idea that there 

is no direct correlation between the distinct suspect terranes of Mexico and the isotopic 

signatures of the associated ores. Rather, these Pb isotope patterns are interpreted to 

reflect increasing crustal contribution to mantle-derived magmas as the arc advanced 

eastward onto a progressively thicker continental crust. It appears that unlike the 

correlation noticed between the Pb isotope ratios of ores from North America and the 

crustal thickness, in Central America the Pb isotope composition may be more closely 

associated with crustal type, as suggested by Cumming et al. (1981). 

     New and published data support the hypothesis that subducted crustal material, 

possibly seafloor sediment, or sedimentsry rocks of the Huetamo Sequence, supplied Pb 

to porphyry copper deposits located on the eastern part of the Zihuatanejo-Huetamo 

subterrane (e.g., La Verde, El Malacate, Inguaran, La Esmeralda). These deposits consist 

of ores that are characterized by higher Pb isotope ratios compared to ores located on the 

western side of the Zihuatanejo-Huetamo subterrane (Autlan and Ayutla), regardless of 
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their similar age. Hydrothermal deposits situated further inland (Teloloapan and 

Zacatecas subterranes) contain more radiogenic Pb; this pattern is compatible with 

assimilation of Mesozoic metamorphic rocks of the Guerrero terrane by the rising 

magma. Overall, it appears that ores from Cenozoic porphyry copper and epithermal 

deposits show different trends, with the ores from epithermal deposits being more 

radiogenic. One possible interpretation of increasing Pb isotope values is that epithermal 

deposits have interacted to varying degrees with crustal Pb characterized by elevated 

208Pb/204Pb and 207Pb/204Pb values. 
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8. SIGNIFICANCE OF THE STUDY AND FUTURE DIRECTIONS 

8.1 Provenance of Crustal Rocks 

     There are still questions concerning the possible tectonic interactions between North 

and South America in the Proterozoic and early Paleozoic, and the small continental 

fragments called suspect terranes are of utmost importance in trying to shed light on this 

issue. The present study provides information on the possible source areas for some of 

the crustal units from the Guerrero terrane. However, further detailed analyses involving 

measurement of parent/daughter concentration ratios (i.e., U/Pb, Th/Pb, Rb/Sr, Sm/Nd) 

are required to apply corrections to the isotope ratios of possible source rocks for in-situ 

decay. The corrected compositions may resolve ambiguities in interpretations. Also, Nd 

model ages and initial Sr ratios will be much more useful for provenance studies.   

8.2 Sources of Ore Metals and Ore Lead Isotope Trends 

     The presence of a large variety of mineral deposits formed both, before and after the 

accretion of the Guerrero composite terrane to nuclear Mexico, makes it an excellent 

locale to study the sources of ore metals and the ore Pb isotope trends in pre-accretional 

and post-accretional deposits.  

     It is important to constrain the origin of metals in an ore deposit in order to clarify 

issues related to the processes by which they become concentrated into economically 

important ore deposits. This study shows that ores from the porphyry copper deposits 

(located mainly in the Zihuatanejo-Huetamo subterrane) have lower Pb isotope ratios 

than epithermal deposits, which are situated more inland (mostly in the Teloloapan, 
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Guanajuato, and Zacatecas subterranes). It has been suggested that generally the largest 

Pb deposits contain the lowest isotope ratios (Doe and Stacey, 1974), so isotopic zonation 

has been suggested as a tool for regional mineral exploration (Ewing, 1979). However, in 

case of the ore deposits located in the Guerrero terrane, this proposal is not supported, 

since there are large deposits (e.g., Zacatecas, Guanajuato) that show high Pb isotope 

ratios. Here, ore deposits may have formed by local geological processes of volcanism, 

with only secondary regional relationships (Ewing, 1979). 

     The results of the current study provide valuable information on the sources of metals 

and the ore lead isotope trends in the Mesozoic pre-accretion and Cenozoic post-accretion 

deposits and also raise interesting questions. One of the questions is the thickness of the 

crust when Pb from the rocks starts to be incorporated into the ores. This can be 

addressed by developing models that show the relationshop between the precise thickness 

of the crust and the Pb isotope compositions of the associated ores. 
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Appendix 1 

CHARACTERISTICS OF IMPORTANT METALLIC ORE DEPOSITS OF THE GUERRERO TERRANE 

A1.1 Characteristics of important VMS deposits 

Deposit (d) / District (D) Metallic mineralogy1 Metal contents Host rock Age (Ma) / Method Refs.2 

Francisco Madero (d) py, cpy, sph, gn, po 31 ppm Ag; 17 ppm Sn metamorphosed calcareous 151.3 - 147.9 1,2 

(Zacatecas)  1.7 % Pb black shales U-Pb (zircon)  
Guanajuato (D) py, cpy, sph 3 ppm Ag; 0.2 ppm Au; 16 ppm Sn intermediate and felsic flows and  146.1 ± 1.1 1,2 

(Guanajuato)  0.2 % Zn volcaniclastic rocks U-Pb (zircon)  
Tizapa (d)  py, cpy, sph, gn, st, apy 324 ppm Ag; 1.9 ppm Au sericite schist 191 1,3, 8 

(Teloloapan)  1.9 % Pb; 7.8 % Zn; 0.7 % Cu  common Pb (sulfides) 
Tlanilpa-Azulaquez (D) py, cpy, sph, gn, fre, bn, tt 600 ppm Ag; 2 ppm Au carbonaceous mudstone and 139.7 - 137.7 1,2 

(Teloloapan)  5 % Pb; 14 % Zn; 0.8 % Cu felsic tuff U-Pb (zircon)  
Rey de Plata (d) py, cpy, sph, gn, tt, te, bn 275 ppm Ag; 0.8 ppm Au; 13 ppm Sn black shales, sericite schists, Albian-Aptian 1,2 

(Teloloapan)  1.7 % Pb; 7.8 % Zn; 0.3 % Cu rhyolitic and andesitic volcanics   
Campo Morado (D) py, cpy, sph, gn, tt, apy, el 112 ppm Ag; 1.2 ppm Au; 37 ppm Sn upper contact of felsic volcanic 146.2 - 142.3 1,2 

(Teloloapan)  1.1 % Pb; 3.1 % Zn; 0.7 % Cu and clastic sedimentary rocks U-Pb (zircon)  
Copper King (d) py, cpy, sph, gn, bn, po 7 ppm Ag; 0.2 ppm Au; 2 ppm Sn metamorphosed andesitic to basaltic  ? early or middle 1 

(Las Ollas Complex)  0.1 % Zn; 1.3 % Cu tuffs with interlayered black slates Mesozoic  
Arroyo Seco (d) py, cpy, sph, gn, tt, te 180 ppm Ag carbonaceous shales and sandstones Albian - Cenomanian 1,2,4 

(Zihuatanejo)  2.8 % Pb; 0.5 % Zn (entirely sedimentary host) fossil record of host  
La Minita (d) py, cpy, sph, gn, tt, mt 58 ppm Ag felsic tuff; tuffaceous shales and  Aptian-Albian 1, 7 

(Zihuatanejo)  0.3 % Pb; 4.5 % Zn; 0.2 % Cu sandstones   
Cuale (D) py, cpy, sph, gn, tt, fre 165 ppm Ag; 1.1 ppm Au; 2 ppm Sn rhyolitic flows and tuffs, interlayered 157.2 - 154 1,2,5,6 

(Zihuatanejo)  1.1 % Pb; 4.7 % Zn; 0.3 % Cu  with volcaniclastic units U-Pb (zircon)  
El Bramador (D) py, cpy, sph, gn, tt 212 ppm Ag; 1.2 ppm Au; 9 ppm Sn contact between rhyolitic tuffs 157.2 - 154 1,2,6 

(Zihuatanejo)  3.1 % Pb; 12 % Zn; 0.6 % Cu and overlying carbonaceous shales inferred from Cuale  
 

1Metallic mineralogy: apy-arsenopyrite; bn-bornite; cpy-chalcopyrite; el-electrum; fre-freibergite; gn-galena; mt-magnetite; po-pyrrhotite; py-pyrite; sph-sphalerite; st-stannite; 
te-tennantite; tt-tetrahedrite. 
 
2Sources of data: 1-Miranda-Gasca, 1995; 2-Mortensen et al., 2008; 3-Lewis and Rhys, 2000; 4-Centeno-Garcia et al., 2003a; 5-Bissig et al., 2008; 6-Hall and Gomez-Torres, 
2000c; 7-De La Campa J., 1991; 8-Elias-Herrera et al., 2000. 
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A1.2 Characteristics of important porphyry copper deposits 

Deposit / District Metal Deposit type Metallic mineralogy1 Metal contents Host rock Age (Ma) / Method Refs2 

La Sorpresa Cu breccia py, cpy 1.2 % Cu quartz-monzonite 54 / K-Ar 1, 6, 7 

Tepalcuatita Cu-Au stockwork and veins, breccia py, cpy, Au 0.32 % Cu granodiorite, quartz-diorite N/A 1, 6 

La Verde Cu breccia, vein cpy, py, sch 0.7 % Cu granodiorite 33.4 ± 0.7 / K-Ar 1, 2, 3, 4, 6 

San Isidro Cu breccia, stockwork, and veins py, cpy, gn, sph  0.4 % Cu granodiorite 32.5 ± 0.7 / K-Ar 1, 2, 3, 4, 6 

Inguaran  Cu-W breccia, stockwork, and veins py, cpy, mo 1-1.4 % Cu quartz-monzonite 35.6 ± 0.8 / K-AR 2, 4, 6 

Tiamaro Cu stockwork and veins, breccia py, cpy, bn, cc 0.1 % Cu granodiorite, quartz-diorite Oligocene-Miocene 1, 4, 6, 7 

Las Salinas Cu dissemination, veins py, cpy, oxides 1-1.6 % Cu quartz-monzonite 62.8 ± 1.4 /K-Ar 2, 3, 5, 6 
  

1Metallic mineralogy: bn-bornite; cc-chalcocite; cpy-chalcopyrite; gn-galena; mo-molybdenite; py-pyrite; sch-scheelite; sph-sphalerite. 
    
2Sources of data: 1-Solano-Rico, 1995; 2-Barton et al., 1995; 3-Damon et al., 1983; 4-CRM, 1995; 5-CRM, 1999; 6-Valencia-Moreno et al., 2007; 7-Miranda-Gasca, 2000.  
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A1.3 Characteristics of important Zn-Pb-Cu-Ag (Au) and Ag-Au deposits 

Deposit (d) / 
District (D) 

Deposit type Metallic mineralogy1 Metal contents Host rock Age (Ma) / 
Method 

Refs2 

Fresnillo (D) 1. mantos, 
chimneys 

1. py, po, sph, cpy, gn, 
    mt, apy, Ag minerals 

190 ppm Ag; 0.3 ppm Au (oxides) * Tertiary volcanic rocks  
   (29-31 Ma) 

32 – 28 / K-Ar 1, 2 

 2. diss. sulfide  2. py, po, sph, cpy, gn,  
    mt, apy, Ag minerals 

274 ppm Ag; 0.63 ppm Au (sulfides) * Cretaceous sedimentary  
   and mafic volcanic rocks 

 

 3. veins 3. pr, aca, pr, tt, gn, sph, cpy 3 % Pb; 4 % Zn; 0.32 % Cu (sulfides)     
Zacatecas veins aca, freibergite, el, Ag, Au 120 ppm Ag; 1.5 ppm Au * Cretaceous siltstones  

   and shales  
 2 

  py, sph, gn, cpy 3 % Pb; 5.1 % Zn; 0.16 % Cu * Triassic pelitic rocks   
Real de Guadalupe veins arg, hessite, Au 250 ppm Ag; 0.5 ppm Au * shales interbedded with  

   sandstone 
37 – 40 / K-Ar 1, 2 

  tt, py, cpy, sph, gn 0.5 % Pb; 1 % Zn; 0.5 % Cu * Tertiary dacitic porphyry   
Guanajuato (D) veins aca, el, py, pyr, polybasite, 34,850 t Ag (production until 1990) * ultramafic to felsic  

   plutons  
27.4 - 30.7 / K-
Ar 

1, 2 

  miargyrite, naumannite, 
cpy, gn, sph, po                         

175 t Au (production until 1990) * submarine volcanic rocks 
* continental redbed 

  

El Oro - Tlalpujahua veins arg, pr, pyr, stephanite, 
Au, Ag, py, sph, cpy, cov, bn 

~ 12 ppm Au * Cretaceous andesites, 
  slates, and sandstones 

27 / K-Ar 1, 2 

Sultepec (d) veins pyr, pr, arg, el, pearceite, Ag, 165 ppm Au; 0.92 ppm Ag * Cretaceous schists and  
   limestones 

 2 

   tt, tennantite, py, sph, gn, 
apy 

0.91 % Pb; 0.93 % Zn; 0.07 % Cu    

Zacualpan (D) veins pr, pyr, el, polybasite,  more than 0.6 t Ag (production)  * Cretaceous black shales  2 

  chlorargyrite, Ag, Au, cpy,  
gn, sph, tt 

 * Tertiary rhyolites and 
   basalts 

  

Temascaltepec (d) veins pr, arg, pyr, ~ 3 mil. ounces Ag (production)   33.3 - 32.9 / 
Ar-Ar 

1, 2 

  sph, gn, py, cpy, stibnite     
 

1Metallic mineralogy: aca-acanthite; apy-arsenopyrite; arg-argentite; bn-bornite; cov-covellite; cpy-chalcopyrite; el-electrum; gn-galena; mt-magnetite; po-pyrrhotite; pr-proustite; 
py-pyrite; pyr-pyrargyrite; sph-sphalerite; tt-tetrahedrite. 
 
2Sources of data: 1-Camprubi et al., 2003, and references therein; 2- Miranda-Gasca, 2000, and references therein.  



 169

Appendix 2 

LOCATION AND DESCRIPTION OF ANALYZED SAMPLES 

Sample  Latitude (N) Longitude (W)                                 Area Material                                Description 

 
Metamorphic rocks 
96MR060 19°50.369' 105°18.687' between Tomatlan and Chamela meta-basalt strongly jointed meta-basalt 

96MR101 18°19.361' 102°17.111' south of Arteaga schist Tr high-grade rock, between schist and gneiss 

96MR102 18°19.361' 102°17.111' south of Arteaga schist Tr high-grade rock, between schist and gneiss  

96MR103 18°19.361' 102°17.111' south of Arteaga, ~ 100 m from previous schist Tr high-grade rock, between schist and gneiss 

96MR105 18°18.879' 102°17.142' south of Arteaga, further toward the coast schist Tr coarse-grained schist, probably meta-basalt 

96MR107 18°18.406' 102°16.995' south of Arteaga, toward Playa Azul schist low-grade granoblastic schist 

96MR111 19°02.062' 100°02.454' near Tejupilco phyllite J black phyllite 

96MR129 18°23.174' 100°14.722' near Arcelia phyllite phyllite (meta-siltstone) 

96MR131 18°23.754' 100°05.098' between Arcelia and Iguala phyllite phyllite (meta-sandstone) 

96MR133 18°22.547' 099°40.596' near Iguala slate slate 

 
Sedimentary rocks 
96MR055 19º40.000'  104º04.000'  near Zanzontle siltstone calcareous siltstone 

96MR057 19°40.000' 104°43.000' near San Miguel, in the Purificacion area mudstone mudstone 

96MR067 19°03.570' 103°39.124' south of Colima siltstone calcareous red siltstone 

96MR068 19°03.570' 103°39.124' south of Colima siltstone calcareous white/green siltstone 

96MR069 19º03.570' 103º39.124' south of Colima siltstone red calcareous siltstone 

96MR114 18°28.594' 100°43.091' between Altamirano and Huetamo marl K marl 

96MR116 18°34.133' 100°50.085' between Altamirano and Huetamo sandstone K sandstone 

96MR117 18°34.133' 100°50.085' between Altamirano and Huetamo siltstone K siltstone 

96MR118 18°35.221' 100°56.717' between Altamirano and Huetamo siltstone K red siltstone 

96MR119 18°35.221' 100°56.717' between Altamirano and Huetamo sandstone K coarse-grained, red sandstone 

96MR121 18°32.412' 100°58.402' between Altamirano and Huetamo sandstone K coarse-grained, red sandstone 

96MR127 18°40.511' 100°51.471' near Huetamo mudstone K mudstone 

96MR128 18°40.332' 100°51.481' near Huetamo siltstone K siltstone 
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Igneous rocks 
96MR071 19°05.098' 102°02.880' La Verde - mine area; West Hill (~566 m) granodiorite possibly potassically altered granodiorite 

96MR076 19°05.190' 102°02.748' La Verde - mine area; East Hill diorite intensely altered and silicified diorite 

96MR078 19°04.904' 102°03.203' La Verde - near the mine granodiorite much fresher granodiorite 

96MR079 19°05.223' 102°02.044' La Verde - mine area; East Hill granodiorite altered, silicified granodiorite 

96MR083 19°05.038' 102°01.800' La Verde - mine area granodiorite fresh looking granodiorite 

96MR088 19°09.460' 101°58.322' La Verde - big quarry granite fresh granite 

96MR095 18°53.566' 101°38.600' Inguaran granodiorite massive granodiorite 

96MR096 18°54.003' 101°34.282' El Malacate mine; altitude ~ 1300 m granodiorite fresh granodiorite 

96MR099 18°53.502' 101°37.013' La Esmeralda granodiorite slightly altered / weathered granodiorite 

96MR157 20º47.900' 099º26.904' Zimapan mine monzonite monzonite 

96MR166 20º47.900' 099º26.904' Zimapan mine endoskarn endoskarn (level 360) 

96MR167 20º47.900' 099º26.904' Zimapan mine monzonite Carrizal intrusive (level 360) / monzonite 

96MR173 20º47.900' 099º26.904' Zimapan mine monzonite monzonite 

96MR177 20º50.612' 099º30.169' La Negra mine diorite diorite (level 2200) 

 
Ores 
96MR079 19°05.223' 102°02.044' La Verde area pyrite pyrite from altered, silicified granodiorite 

96MR082 19°05.077' 102°01.991' La Verde mine; altitide ~ 606 m pyrite pyrite from fresh looking granodiorite 

96MR084 19°05.038' 102°01.800' La Verde mine bornite bornite-bearing ore with potassic alteration 

96MR095g 18°54.003' 101°34.282' El Malacate galena galena 

96MR098B 18°53.695' 101°37.147' La Esmeralda mine; altitude ~ 1255 m pyrite breccia ore; pyrite 

96MR098G 18°53.695' 101°37.147' La Esmeralda mine; altitude ~ 1255 m pyrite pyrite from altered granodiorite 

96MR152 20º47.900'  099º26.904' Zimapan mining district pyrite pyrite 

96MR153 20º47.900'  099º26.904' Zimapan mining district pyrite pyrite 

96MR154 20º47.900'  099º26.904' Zimapan mining district pyrite pyrite 

96MR159 20º47.900'  099º26.904' Zimapan mining district; Carrizal intrusive sphalerite sphalerite (San Carlos orebody; level 460) 

96MR164 20º47.900'  099º26.904' Zimapan mining district sphalerite sphalerite (San Carlos orebody; level 410) 

96MR165g 20º47.900'  099º26.904' Zimapan mining district galena galena (Juan Pablo orebody; level 360) 

96MR169 20º47.900'  099º26.904' Zimapan mining district; Carrizal intrusive chalcopyrite chalcopyrite (level 360) 

96MR170g 20º47.900'  099º26.904' Zimapan mining district; Carrizal intrusive galena galena (Santa Fe 1 orebody; level 360) 
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96MR170 20º47.900'  099º26.904' Zimapan mining district; Carrizal intrusive pyrite pyrite (Santa Fe 1 orebody; level 360) 

96MR171g 20º47.900'  099º26.904' Zimapan mining district; Carrizal intrusive galena galena (Santa Fe 2 orebody; level 360) 

96MR182 20º50.612' 099º30.169' La Negra mining unit pyrite pyrite (Buenaventura 1; level 2215) 

96MR183 20º50.612' 099º30.169' La Negra mining unit sphalerite sphalerite (Buenaventura1; level 2215) 

96MR183g 20º50.612' 099º30.169' La Negra mining unit galena galena (Buenaventura1; level 2215) 

96MR184 20º50.612' 099º30.169' La Negra mining unit sphalerite sphalerite (Manto La Cruz; sublevel 2185) 
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Appendix 3 

ANALYTICAL METHODS 

A3.1 Sample preparation for Pb isotope measurements 

A3.1.1 Whole rock and low-lead sulfide samples 

     Most samples analuzed were relatively fresh in order to minimize the effects of 

weathering and alteration. The rocks were cut into approximately 1 cm-thick slabs using 

a water-cooled saw. Both sides of the slabs were polished to remove the saw marks using 

silicon carbide abrasive sheets. The polished slabs were cleaned in an ultrasonic bath with 

deionized water three times and dried. The clean slabs were wrapped in several layers of 

aluminum foil and plastic bags and broken into small chips (less than 1 cm across) with a 

hammer. The chips showing signs of alteration were discarded and around 15 g of 

unaltered chips were collected. Whole rock powders were prepared using an alumina-

lined shatter box that was cleaned between samples by grinding three batches of acid-

cleaned quartz sand, and rinsing with deionized water after each batch. A few chips of 

each sample were powdered in the clean, dry shatter box and discarded to self-

contaminate the shatter box before the remaining chips were powdered for use.actual 

powdering step. Powders were transferred to clean, HNO3-leached polyethylene jars. The 

sulfide minerals (pyrite, chalcopyrite, sphalerite, and bornite) were hand picked from 

crushed samples. 

     Whole rock samples and sulfide minerals were chemically processed in the class 100 

clean laboratory at Florida International University. The relatively low concentrations of 

Pb in most geologic samples and the great hazards posed by environmental contamination 
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require chemical separation of Pb to be done in rigorous standards of cleanliness 

(Kamenov, 2000). 

     Teflon beakers used for dissolution and collection of final samples were soaked in 

cold aqua regia for at least 48 hours and boiled for about one hour in 1:1 HCl and 1:1 

HNO3. After the boiling process, they were rinsed in successively purer water, from 

deionized, Corning still, quartz still, and two-bottle (2B) teflon distilled water. Deionized 

water purified by a resin filter system was used to feed a commercial boiling still 

(CORNING Mega-Pure TM System); Corning water was used in turn to feed a quartz 

glass sub-boiling still; further purification of the  quartz water using a Teflon 2B sub-

boiling still  generated the 2B water. Blank levels for water distilled at FIU are uniformly 

better than 1.2 ρg/g for Pb and Sr, 0.1 ρg/g for Rb, and 0.01 ρg/g for Nd (measured by 

isotope dilution mass spectrometry, IDMS) (Panneerselvam, 2001). Blanks for 0.5N HBr 

and 0.5N HNO3 prepared from Seastar and Optima reagents are not significantly different 

from the water blank (Panneerselvam, 2001). The resin (Dowex AG1-8X, 200-400 mesh) 

used in Pb separation was mixed with 6.2N HCl and cleaned with 0.5N HNO3 and 2B 

water. Ten-ml syringe bodies with filters attached at the narrow end were used as 

columns. These columns were stored in 1:1 HCl bath between uses; before use, they were 

leached in 1:1 HNO3 and rinsed successively with deionized, Corning, quartz, and 2B 

water. 

     Approximately 500 mg of whole rock powder were dissolved in ~ 3 ml of a 3:2 HF-

HBr mixture in 15-ml Teflon beakers and allowed to sit overnight. About 200 mg of 

mineral separates were dissolved in ~ 2 ml of 0.5N HNO3 and 2 ml of Optima or Seastar 

grade HBr. Two ml of Optima or Seastar HBr were then added to the dissolved samples 
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and evaporated in laminar flow boxes under air filtered at 0.3 μm. The dried samples 

were re-dissolved in 0.5N HBr and dried down three times. Four to 5 ml of 0.5N HBr 

were added to the samples, ultrasonicated for around 5 minutes, and transferred to clean, 

HNO3-leached, centrifuge tubes. To maximize the recovery of samples from the Teflon 

beakers, this operation was repeated two more times, with the addition of only 2 ml of 

0.5N HBr each time. The samples from the centrifuge tubes were diluted with additional 

0.5N HBr to finally obtain 10 ml solution and centrifuged twice for about 15 minutes 

each time. The centrifuging process separated the Pb-bearing HBr solution from 

suspended particles, which were mainly represented by organic carbon in sedimentary 

samples. 

     Lead was separated and purified using cation exchange columns and an HBr medium 

(Manhes et al., 1978). Each column was cleaned with 10 ml of 0.2N HNO3 and 

conditioned successively with 0.3 ml of 2B water and 0.3 ml of 0.5N HBr before loading 

the samples. The samples, contained in around 10 ml of 0.5N HBr, were loaded on the 

columns and allowed to drain through. Lead was adsorbed on the clean resin while other 

elements passed through. Before collecting the samples in 1 ml of 0.5N HNO3, the 

columns were rinsed twice with 1 ml of 0.5N HBr. After adding a drop of 0.1N H3PO4, 

the samples were dried down to a tiny drop at 100°C. For further purification of the 

samples, these tiny drops were re-dissolved in 0.5N HBr and loaded for the second time 

on the columns that were cleaned and conditioned the same way as the first time. After 

allowing the solution to drain thoroughly for the second time, the columns were rinsed 

two times with 0.5N HBr. 1 ml of 0.5N HNO3 was used to collect the purified samples. 
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After adding one drop of 0.1N H3PO4, the samples were dried down to a tiny drop at 

150°C. 

A3.1.2 Galena samples 

     About 1 mg of clean, hand-picked galena was dissolved in 5 ml of 2N trace metal 

grade HNO3 in a plastic beaker and dried on a hot plate at 60°C. More acid was added 

and dried in case the sample did not dissolve entirely the first time. Ten ml of 2N HNO3 

was added to the sample and warmed. Two clean platinum electrodes were rinsed with 

1:4 trace metal grade (Pb < 0.1 ppb) HCl and then deionized water using plastic tongs. 

These electrodes were connected through wires to a 6V lantern battery terminals and 

immersed in HNO3 containing the dissolved Pb until a visible bead of Pb oxide 

precipitated on the anode. Both electrodes were removed and immersed in a new beaker 

containing 10 ml of 2N HNO3 until most of the oxide fell off. The HNO3 solution from 

the old beaker was discarded carefully and the platinum electrodes were returned to the 

cleaning bath 1 consisting of 1:1 reagent grade HCl. The new beaker was placed on a hot 

plate at relatively low temperature until the Pb oxide dissolved. One ml of solution 

containing about 100,000 ng Pb was pipetted into a small centrifuge tube, closed 

carefully, and stored. The rest of the solution and the beaker were disposed of. After the 

electrodes had soaked in the cleaning bath for at least 2 hours, they were removed with 

plastic tongs, rinsed carefully with 1N HNO3, and moved to the cleaning bath 2 

consisting of 1:1 reagent grade HNO3. 

A3.2 Leaching experiments 

     Leaching experiments were carried out using Parr Acid Digestion Bombs with metal 

bodies and removable Teflon liners. A 23 ml general purpose acid digestion bomb 
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(number 4749) with a maximum recommended temperature of 250°C was used. The 

Teflon cups were cleaned lust like other Teflon beakers used in the dissolution of whole 

rock powder. A Blue M (STABIL-THERM®, Model OV-12A) brand bench type gravity 

convection oven was used to perform these experiments. Ultrapure 2B distilled HCl was 

used in the experiments, which were conducted for 8 hours at 120ºC. 

     500 mg of whole rock powder was placed in the Teflon cups and 4 ml of 0.5N HCl 

were added to the powder. The cups were placed in the bombs that were tightly closed 

and placed in the oven. The temperature was stabilized at 120°C before placing the acid 

digestion bombs in the oven. 

     After the experiments, the bombs were allowed to cool completely for about 2 hours 

and then carefully opened. There was no obvious loss of solution in any of the conducted 

experiments. As much leachate as possible was carefully separated from each sample 

with an adjustable pipette in order to prevent entering of residue in solution; the leachates 

were placed into 1:1 HNO3-leached centrifuge tubes and capped. The residue from each 

sample was rinsed out of the Teflon liner with 0.5N HNO3 and poured carefully into 

clean 15 ml screw-top Teflon beakers. The leachates were centrifuged for about 5 

minutes and the clear ones were transferred to clean 5 ml snap-cap Teflon beakers. 

A3.3 Lead isotope ratio measurements using the VG-354 mass spectrometer 

     Lead isotope ratios were determined by thermal ionization mass spectrometry on a 

VG-354 multicollector mass spectrometer, equipped with five Faraday cups. Lead was 

loaded on outgassed rhenium (Re) single filaments with silica gel and phosphoric acid. 

The data were gathered by static multicollection and, in most cases, represented averages 

of 150 ratio measurements each. 
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     The average standard errors on the analyzed samples were 0.0090 % for 204Pb/208Pb, 

0.0024 % for 206Pb/208Pb, and 0.0040 % for 207Pb/204Pb (Appendix 4.1). The data were 

corrected for instrumental fractionation by comparison with replicate analyses of the 

National Bureau of Standards common Pb standard SRM-981. Measured average values 

of 43 analyses of this standard (Appendix 4.2) are as follows: 204Pb/208Pb=0.027341; 

206Pb/208Pb=0.462381 and 207Pb/208Pb=0.422345. Normalization of these values against 

the average values published for that standard by Todt et al. (1996) and Hamelin et al. 

(1985) (206Pb/204Pb=16.939; 207Pb/204Pb=15.484; 208Pb/204Pb=36.712) yielded correction 

factors of 0.996280 (or 0.093 percent/amu) on 204Pb/208Pb, 0.997883 (or 0.105 

percent/amu) on 206Pb/208Pb, and 0.998636 (or 0.136 percent/amu) on 207Pb/208Pb 

(Appendix 4.2). The average standard errors on the analyzed Pb standard were 0.0066 % 

for 204Pb/208Pb, 0.0014 % for 206Pb/208Pb, and 0.0027 % for 207Pb/208Pb (Appendix 4.2). 

Duplicate analyses of standards determined at different labs demonstrate the overall 

reproducibility to be better than ±0.05 percent/amu. The error for value can be 

determined using the following formula: ∆mass x overall reproducibility x value. Thus, 

for 206Pb/204Pb the correction for fractionation is 0.02, for 207Pb/204Pb it is 0.023, and for 

208Pb/204Pb it equals 0.077. The analytical errors are thus smaller than the symbols 

indicate. 

A3.4 Chemical procedure for Sr and Nd separation 

A3.4.1 Sample preparation 

     Around 90 mg of sample powder was weighed in a clean beaker and 5-7 ml 

HF:HClO4 (4:1) dissolution mix was added to it. The solution was covered and left 

overnight on the hot plate at 125ºC. The next day the beaker was opened and the 
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temperature was slowly increased to around 220ºC to allow complete evaporation of the 

perchloric acid. Approximately 3 ml 6.2N HCl was added while carefully washing down 

the beaker sides, and let evaporate to dryness at 120ºC. This 6.2N HCl step was repreated 

twice to ensure removal of all perchloric acid. 0.2 ml 2.5N HCl was added to the cooled 

dry sample and let sit for around one hour. The solution was then poured into a clean 

centrifuge tube and centrifuged for around 2 minutes. 

A3.4.2 First column chemistry for Sr and REE separation 

     The Sr separation chemistry followed the procedure described by Hart and Brooks 

(1977). The first column consists of a 0.5 cm diameter x 19 cm height (in 2.5N HCl) 

Dowex AG50W-X8 (200-400 mesh) cation exchange resin. These columns are cleaned 

with 36 ml of 6N HCl (three loads of 12ml) and backwashed with 2.5N HCl. The sample 

is loaded in 0.25 ml 2.5N HCl and washed with three aliquots of 2.5N HCl totaling 1 ml. 

18 ml 2.5N HCl are loaded in the column and discarded. After this step, 5.5 ml 2.5N HCl 

are added and the Sr fraction is collected. 3.5 ml 6.0N HCl are loaded in the column and 

discarded. The REE fraction is eluted in 4.5 ml 6.0N HCl. After this stage, the column is 

cleaned three times with 12 ml 6N HCl and then backwashed with 2.5N HCl. 

A3.4.3 Drydown after first column chemistry 

     The collected Sr samples are dried down at 125ºC until the HCl has evaporated. One 

drop of HClO4 is added to them and dried at 175ºC. The temperature is then increased 

incrementally to 220ºC and the samples are cooked for around one hour. The addition and 

drying down of HClO4 step is repeated two more times. Two drops of concentrated 

HNO3 are added and cooked at 150º and this procedure is done two more times. At this 

stage, the Sr is ready to be loaded on the W filament. 
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     The collected Nd samples are dried down at 125ºC until the HCl has evaporated. 0.25 

ml of 0.25N HCl is added at room temperature to dissolve the REE fraction. 

A3.4.4 Second column chemistry for Nd separation 

     The Nd separation chemistry follows the technique described by Richard et al. (1976). 

The second column, 0.5 cm diameter x 10 cm height, is HDEHP attached to Teflon 

powder and capped with 0.5 cm of Dowex AG1-X8 (200-400 mesh) anion resin to 

prevent Teflon flotation. 0.25 ml of REE sample in 0.25N HCl is loaded onto the anion 

resin and three aliquots (0.25 ml each time) of 0.25N HCl wash are followed. 5.25 ml of 

0.25N HCl are loaded and the Ce fraction is discarded. After this step, the Nd fraction is 

eluted in 2.5 ml of 0.25N HCl. Following this procedure, the column is cleaned by adding 

four loads of 10 ml 6N HCl and conditioned with two loads of 5ml 0.25N HCl. 

A3.4.5 Drydown after second column chemistry 

     The collected Nd samples are dried down at 125ºC and one drop of HClO4 is added to 

them. The mixture is cooked at 175ºC and the temperature is incrementally increased to 

250ºC over a period of one hour. The addition and drying down of the HClO4 step is 

repreated two more times. After cooling, 2 drops of concentrated HNO3 are added to the 

sample and the mixture is dried at 175ºC. The procedure of adding the HNO3 and drying 

it down is done two more times. 

A3.5 Strontium isotope ratio measurements using the FINNIGAN MAT 262 mass 

spectrometer 

     Strontium isotope ratios were determined by thermal ionization mass spectrometry on 

a Finnigan MAT 262 RPQ mass spectrometer, equipped with seven Faraday cups. 

Strontium was loaded on outgassed tungsten (W) single filaments. The sample was 
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dissolved in 1-2 µl of 0.25N HNO3.
 Around 1 µl of TAPH solution (10 g H2O + 0.5 g 

TaCl5 + 3 g 0.1N H3PO4 + 0.5 g concentrated HF) was added to half of the dissolved 

sample, and loaded in small aliquots on the filament at 1 Amp. After drydown, the 

current was increased incrementally to 3-3.2 Amp. 

     The data were acquired by static multicollection and represented averages of between 

77 and 167 isotope ratio measurements each (when the 2se on the average ratios reached 

0.000007, the data acquisition was halted). Filament temperature ranged roughly between 

1400ºC and 1500ºC and the beam intensity of 88Sr varied between around 3.5 and 8 V. 

The 87Sr/86Sr ratios are corrected for mass fractionation using 86Sr/88Sr = 0.1194. During 

the time period of my data acquisition, the 87Sr/86Sr for the E&A standard was measured 

at 0.708002 (n = 5) which agrees with the long term (years) average of the E&A standard. 

Reported values are corrected to an assumed “true” value of 0.708000 for the E&A 

standard, giving a correction factor of -0.000002 (Appendix 4.3). In most cases, the 2se 

on the analyzed samples and on the E&A standard was ±7 (Appendix 4.3). 

A3.6 Neodymium isotope ratio measurements using the FINNIGAN NEPTUNE 

MC-ICP-MS 

     The Nd isotopic compositions were determined using a multi-collector inductively 

coupled plasma mass spectrometer: Thermo Finnigan NEPTUNE. One ml high purity 2 

% HNO3 was added to the dry samples and 300 µl of each sample solution was placed in 

clean beakers. This sample was diluted with between 650 µl and 1100 µl 2 % HNO3 was 

added to the sample solution, the purpose being to obtain a beam intensity of 144Nd 

between 10 – 15 V. The sample is introduced into the plasma by an APEX introduction 

system (Elemental Scientific). The sample solution uptake rate by the nebulizer is 63 



 181

µl/min. The fine aerosol from the nebulizer is injected into the center region of the 

plasma and desolvated and ionized. 

     The data represented averages of 60 isotope ratio measurements each and the 2se on 

the 143Nd/144Nd composition was ±0.000003 or ±0.000004 (Appendix 4.4). 143Nd/144Nd 

value for the La Jolla standard over the course of data collection was 0.511838 (n = 27) 

which agrees with the long term average measured for this standard. 143Nd/144Nd were 

normalized for instrumental mass fractionation using 146Nd/144Nd = 0.7219. Nd isotope 

ratios are reported to the “true” value for the LaJolla standard of 0.511850, resulting in a 

correction factor of +0.000012 (Appendix 4.4). Overall, the 2se on the standard varied 

between ±4 and ±9 (Appendix 4.4) and the beam intensity of 144Nd ranged between 3.7 

and 6.2 V. 
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Appendix 4 

DETAILED LEAD, STRONTIUM, AND NEODYMIUM ISOTOPE MEASUREMENT DATA 

A4.1 Detailed Pb isotope measurement data of the analyzed rocks and minerals 
 

 
Sample 

 

204Pb/208Pb (M) 
 

% error 

 

204Pb/208Pb (C) 

 

206Pb/208Pb (M) 
 

% error 

 

206Pb/208Pb (C) 

 

207Pb/208Pb (M) 
 

% error 

 

207Pb/208Pb (C) 
 
Correction factors 

   
0.996280 

   
0.997883 

   
0.998636

 
Metamorphic rocks 
96MR060 0.025929 0.0116 0.025833 0.484132 0.0047 0.483107 0.404814 0.0044 0.404262

96MR101 0.025799 0.0071 0.025703 0.485734 0.0026 0.484706 0.402578 0.0031 0.402029

96MR102 0.025779 0.0095 0.025683 0.488526 0.0035 0.487492 0.401785 0.0021 0.401237

96MR103 0.025687 0.0112 0.025591 0.486152 0.0033 0.485123 0.401422 0.0037 0.400874

96MR105 0.025604 0.0059 0.025509 0.485661 0.0011 0.484633 0.400375 0.0013 0.399829

96MR107 0.025595 0.0080 0.025500 0.484555 0.0012 0.483529 0.400724 0.0021 0.400177

96MR111 0.025940 0.0069 0.025844 0.488854 0.0017 0.487819 0.405003 0.0027 0.404451

96MR129 0.025672 0.0068 0.025577 0.493556 0.0012 0.492511 0.400711 0.0026 0.400164

96MR131 0.025865 0.0080 0.025769 0.491502 0.0028 0.490461 0.403760 0.0022 0.403209

96MR133 0.025883 0.0076 0.025787 0.491809 0.0015 0.490768 0.403942 0.0023 0.403391

 
Igneous rocks 
96MR071 0.025800 0.0092 0.025704 0.488577 0.0031 0.487543 0.401410 0.0028 0.400862

96MR076 (135)* 0.025929 0.0140 0.025833 0.491584 0.0039 0.490543 0.402636 0.0033 0.402087

96MR078 0.025888 0.0116 0.025792 0.487050 0.0015 0.486019 0.402841 0.0026 0.402292

96MR079 0.025748 0.0057 0.025652 0.489265 0.0009 0.488229 0.401450 0.0012 0.400902

96MR083 0.026021 0.0121 0.025924 0.485946 0.0063 0.484917 0.405316 0.0017 0.404763

96MR088 0.025820 0.0061 0.025724 0.486765 0.0009 0.485735 0.403239 0.0017 0.402689

96MR095 0.025900 0.0067 0.025804 0.487149 0.0011 0.486118 0.403622 0.0014 0.403071

96MR096 0.025961 0.0126 0.025864 0.486368 0.0017 0.485338 0.404554 0.0036 0.404002

96MR099 0.026089 0.0127 0.025992 0.489044 0.0064 0.488009 0.404446 0.0038 0.403894
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96MR157 0.025699 0.0077 0.025603 0.486772 0.0009 0.485742 0.403250 0.0020 0.402700

96MR166 0.025837 0.0055 0.025741 0.485928 0.0009 0.484899 0.403726 0.0066 0.403175

96MR167 0.025779 0.0090 0.025683 0.487597 0.0016 0.486565 0.402990 0.0028 0.402440

96MR173 0.025956 0.0069 0.025859 0.487300 0.0018 0.486268 0.404556 0.0023 0.404004

96MR177 0.025842 0.0117 0.025746 0.488141 0.0014 0.487108 0.403418 0.0038 0.402868

 
Sedimentary rocks 
96MR055 0.026039 0.0102 0.025942 0.495259 0.0024 0.494211 0.406358 0.0023 0.405804

96MR057 0.025808 0.0093 0.025712 0.500828 0.0025 0.499768 0.402542 0.0023 0.401993

96MR067 0.025873 0.0103 0.025777 0.490818 0.0021 0.489779 0.402686 0.0035 0.402137

96MR068 0.026064 0.0086 0.025967 0.488241 0.0013 0.487207 0.405126 0.0024 0.404573

96MR069 0.025837 0.0064 0.025741 0.491490 0.0008 0.490450 0.402661 0.0024 0.402112

96MR114 0.025997 0.0075 0.025900 0.493104 0.0013 0.492060 0.405307 0.0018 0.404754

96MR116 0.026012 0.0102 0.025915 0.484321 0.0020 0.483296 0.405891 0.0037 0.405337

96MR117 (135)* 0.026152 0.0083 0.026055 0.486432 0.0011 0.485402 0.406045 0.0025 0.405491

96MR118 0.026029 0.0092 0.025932 0.488450 0.0015 0.487416 0.405926 0.0025 0.405372

96MR119 0.026136 0.0058 0.026039 0.487860 0.0012 0.486827 0.406839 0.0015 0.406284

96MR121 0.026083 0.0135 0.025986 0.487086 0.0016 0.486055 0.405457 0.0053 0.404904

96MR127 0.026054 0.0127 0.025957 0.488166 0.0093 0.487133 0.406108 0.0033 0.405554

96MR128 0.026160 0.0071 0.026063 0.486585 0.0033 0.485555 0.406674 0.0045 0.406119

 
Ore samples 
96MR079 0.026025 0.0091 0.025928 0.486490 0.0012 0.485460 0.404631 0.0022 0.404079

96MR082 0.026058 0.0047 0.025961 0.506197 0.0010 0.505125 0.406467 0.0010 0.405913

96MR084 0.026123 0.0041 0.026026 0.487136 0.0008 0.486105 0.405750 0.0014 0.405197

96MR095g 0.026057 0.0073 0.025960 0.486447 0.0030 0.485417 0.405454 0.0046 0.404901

96MR098B 0.026029 0.0056 0.025932 0.485938 0.0011 0.484909 0.405289 0.0014 0.404736

96MR098G (90)* 0.026002 0.0076 0.025905 0.485994 0.0023 0.484965 0.405140 0.0028 0.404587

96MR152 0.025959 0.0068 0.025862 0.486632 0.0007 0.485602 0.404486 0.0018 0.403934

96MR153 0.025824 0.0095 0.025728 0.485395 0.0028 0.484367 0.404066 0.0037 0.403515

96MR154 0.025903 0.0049 0.025807 0.486371 0.0009 0.485341 0.404394 0.0009 0.403842
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96MR159 (105)* 0.025717 0.0064 0.025621 0.484441 0.0026 0.483415 0.403770 0.0220 0.403219

96MR164 (120)* 0.025473 0.0119 0.025378 0.482564 0.0051 0.481542 0.402634 0.0041 0.402085

96MR165g 0.025877 0.0246 0.025781 0.485919 0.0036 0.484890 0.404431 0.0245 0.403879

96MR169 0.026035 0.0062 0.025938 0.488020 0.0031 0.486987 0.404997 0.0032 0.404445

96MR170g 0.025946 0.0117 0.025849 0.486939 0.0027 0.485908 0.404470 0.0106 0.403918

96MR170 (135)* 0.025901 0.0131 0.025805 0.486652 0.0012 0.485622 0.404349 0.0063 0.403797

96MR171g (120)* 0.025810 0.0125 0.025714 0.485773 0.0019 0.484745 0.404102 0.0073 0.403551

96MR182 0.025503 0.0109 0.025408 0.483096 0.0050 0.482073 0.402992 0.0034 0.402442

96MR183 0.025652 0.0095 0.025557 0.484574 0.0043 0.483548 0.403458 0.0042 0.402908

96MR183g  0.025924 0.0080 0.025828 0.487305 0.0020 0.486273 0.404047 0.0144 0.403496

96MR184 0.025834 0.0066 0.025738 0.486568 0.0024 0.485538 0.404104 0.0036 0.403553

 
Average  0.0090   0.0024   0.0040  

 
Leachates / Residues 
 
Correction factors 

   
0.995759 

   
0.997554 

   
0.998508

96MR060L 0.025997 0.0038 0.025887 0.484684 0.0006 0.483498 0.404974 0.0007 0.404370

96MR060R 0.025982 0.0072 0.025872 0.484801 0.0018 0.483615 0.404876 0.0011 0.404272

96MR069R 0.025812 N/A 0.025703 0.490643 N/A 0.489443 0.402554 N/A 0.401953

96MR069L (75)* 0.025806 0.0288 0.025697 0.492741 0.0048 0.491536 0.401527 0.0038 0.400928

96MR105L (90)* 0.025711 0.0304 0.025602 0.485241 0.0028 0.484054 0.401557 0.0023 0.400958

96MR105R (135)* 0.025568 0.0079 0.025460 0.485326 0.0021 0.484139 0.400441 0.0018 0.399844

96MR114R 0.025977 0.0042 0.025867 0.492808 0.0021 0.491603 0.405087 0.0012 0.404483

96MR117L 0.026106 0.008 0.025995 0.485145 0.0016 0.483958 0.40615 0.0015 0.405544

96MR117R 0.026153 0.0107 0.026042 0.488480 0.0013 0.487285 0.405875 0.0008 0.405269

96MR127R 0.026051 0.0079 0.025941 0.488263 0.0049 0.487069 0.405788 0.0013 0.405183

96MR129L 0.025777 0.0064 0.025668 0.486071 0.0036 0.484882 0.402601 0.0009 0.402000

96MR129R 0.025120 0.0045 0.025013 0.509787 0.0008 0.508540 0.394267 0.0006 0.393679

96MR133R 0.025897 0.0047 0.025787 0.491535 0.0009 0.490333 0.404123 0.001 0.403520

 
* - number of measured ratios, if different from 150; M – measured values; C – corrected values; L – HCl leachates; R – HCl residues; N/A – unable to determine due to 
technical difficulties 
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A4.2 Detailed Pb isotope measurement data of the Pb standard 
 

 
Lead standard 

 

204Pb/208Pb (M) 
 

% error 

 

206Pb/208Pb (M) 
 

% error 

 

207Pb/208Pb (M) 
 

% error 

 

206Pb/204Pb (M) 

 

207Pb/204Pb (M) 

 

208Pb/204Pb (M) 
 
A. Lead standard values used for correction of the whole-rock and mineral experiments (performed between August 2006 and July 2009) 
 
SRM-981 0.027351 0.0035 0.462503 0.0009 0.422387 0.0007 16.909 15.443 36.561 

SRM-981 0.027342 0.0037 0.462471 0.0011 0.422368 0.0008 16.914 15.447 36.573 

SRM-981 0.027356 0.0049 0.462506 0.0010 0.422398 0.0010 16.906 15.440 36.555 

SRM-981 0.027369 0.0037 0.462571 0.0007 0.422465 0.0008 16.901 15.435 36.537 

SRM-981 0.027370 0.0050 0.462985 0.0016 0.422532 0.0010 16.915 15.437 36.536 

SRM-981 0.027345 0.0049 0.462776 0.0008 0.422423 0.0006 16.923 15.447 36.569 

SRM-981 0.027278 0.0061 0.461757 0.0019 0.422148 0.0028 16.927 15.475 36.659 

SRM-981 0.027324 0.0090 0.462395 0.0011 0.422336 0.0068 16.922 15.456 36.597 

SRM-981 0.027359 0.0063 0.462603 0.0009 0.422408 0.0029 16.908 15.439 36.551 

SRM-981 0.027379 0.0076 0.463015 0.0009 0.422502 0.0032 16.911 15.431 36.524 

SRM-981 0.027365 0.0056 0.462860 0.0010 0.422440 0.0015 16.914 15.437 36.543 

SRM-981 0.027342 0.0069 0.462518 0.0011 0.422348 0.0020 16.916 15.446 36.573 

SRM-981 0.027346 0.0055 0.462572 0.0011 0.422344 0.0013 16.915 15.444 36.568 

SRM-981 0.027329 0.0094 0.461805 0.0030 0.422401 0.0029 16.897 15.456 36.591 

SRM-981 0.027339 0.0092 0.462526 0.0013 0.422246 0.0067 16.918 15.444 36.577 

SRM-981 0.027356 0.0060 0.462535 0.0010 0.422335 0.0013 16.907 15.438 36.555 

SRM-981 0.027327 0.0090 0.462099 0.0035 0.422346 0.0060 16.909 15.455 36.593 

SRM-981 0.027324 0.0064 0.462239 0.0015 0.422230 0.0026 16.916 15.452 36.597 

SRM-981 0.027351 0.0084 0.462625 0.0016 0.422290 0.0045 16.914 15.439 36.561 

SRM-981 0.027376 0.0073 0.462663 0.0021 0.422492 0.0025 16.900 15.432 36.528 

SRM-981 0.027384 0.0063 0.462828 0.0011 0.422553 0.0015 16.901 15.430 36.517 

SRM-981 0.027313 0.0072 0.461885 0.0021 0.422247 0.0025 16.910 15.459 36.612 

SRM-981 0.027335 0.0053 0.462097 0.0009 0.422318 0.0014 16.904 15.449 36.583 

SRM-981 0.027314 0.0098 0.461868 0.0012 0.422302 0.0020 16.909 15.461 36.611 

SRM-981 0.027363 0.0058 0.462413 0.0009 0.422430 0.0013 16.899 15.438 36.545 
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SRM-981 0.027370 0.0078 0.462606 0.0014 0.422431 0.0038 16.901 15.434 36.536 

SRM-981 0.027266 0.0065 0.461787 0.0013 0.422136 0.0019 16.936 15.482 36.675 

SRM-981 0.027257 0.0072 0.461712 0.0022 0.422246 0.0029 16.939 15.491 36.687 

SRM-981 0.027355 0.0074 0.462244 0.0009 0.422389 0.0019 16.897 15.441 36.556 

SRM-981 0.027367 0.0078 0.462484 0.0010 0.422415 0.0036 16.899 15.435 36.540 

SRM-981 0.027352 0.0071 0.462436 0.0012 0.422372 0.0017 16.906 15.442 36.560 

SRM-981 0.027343 0.0088 0.462472 0.0033 0.422263 0.0063 16.913 15.443 36.572 

SRM-981 0.027405 0.0063 0.463031 0.0016 0.422720 0.0027 16.895 15.424 36.489 

SRM-981 0.027365 0.0044 0.462303 0.0008 0.422381 0.0009 16.893 15.435 36.543 

SRM-981 0.027278 0.0074 0.462109 0.0014 0.422198 0.0021 16.940 15.477 36.659 

SRM-981 0.027324 0.0073 0.462066 0.0012 0.422094 0.0059 16.910 15.447 36.597 

SRM-981 0.027303 0.0083 0.462045 0.0015 0.421980 0.0066 16.922 15.455 36.626 

SRM-981 0.027360 0.0034 0.462438 0.0009 0.422365 0.0009 16.901 15.437 36.549 

SRM-981 0.027331 0.0044 0.462268 0.0008 0.422284 0.0023 16.913 15.450 36.588 

SRM-981 0.027255 0.0096 0.461467 0.0030 0.421987 0.0030 16.931 15.482 36.690 

SRM-981 0.027390 0.0038 0.462973 0.0013 0.422679 0.0022 16.902 15.431 36.509 

SRM-981 0.027333 0.0054 0.462372 0.0011 0.422240 0.0037 16.916 15.447 36.585 

SRM-981 0.027359 0.0067 0.462452 0.0009 0.422362 0.0015 16.903 15.437 36.551 

 
Average (n = 43) 

 
0.027341 

 
0.0066 

 
0.462381 

 
0.0014 

 
0.422345 

 
0.0027 

 
16.911 

 
15.447 

 
36.575 

 
Hamelin et al., 
1985 
Todt et al., 1996 

 
0.027239 

  
0.461402 

  
0.421769 

  
16.939 

 
15.484 

 
36.712 

 
Correction factors 

 
0.996280 

  
0.997883 

  
0.998636 

    

 
(percent/amu) 

 
0.092991 

  
0.105858 

  
0.136359 

    

 
B. Lead standard values used for correction of the leaching experiments (performed in September 2009) 
 

  

SRM-981 0.027376 0.0063 0.462660 0.0010 0.422482 0.0010 16.900 15.432 36.528 

SRM-981 0.027355 0.0044 0.462543 0.0008 0.422409 0.0006 16.908 15.441 36.556 

SRM-981 0.027345 0.0069 0.462484 0.0017 0.422331 0.0013 16.912 15.444 36.569 
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SRM-981 0.027366 0.0058 0.462780 0.0013 0.422466 0.0009 16.910 15.437 36.541 

SRM-981 0.027326 0.0065 0.462183 0.0011 0.422266 0.0007 16.913 15.452 36.595 

SRM-981 0.027362 0.0053 0.462549 0.0014 0.422441 0.0008 16.904 15.438 36.547 

 
Average (n = 6) 

 
0.027355 

  
0.462533 

  
0.422399 

  
16.908 

 
15.441 

 
36.556 

 
Todt et al., 1996 
Hamelin et al., 
1985 

 
0.027239 

  
0.461402 

  
0.421769 

  
16.939 

 
15.484 

 
36.712 

 
Correction factors 

 
0.995759 

  
0.997554 

  
0.998508 
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A4.3 Detailed Sr isotope measurement data of the analyzed rocks and Sr standard 
 
 
Sample 

 

87Sr/86Sr (M) 
 

1sd 
 

1sd (%) 
 

2se (M) 
 

2se (M) (%) 
 

n 

 

87Sr/86Sr (C) 
 
Correction factor 

 
-0.000002 

      

 
Metamorphic rocks 

96MR101 0.708380 0.000033 0.0047 0.000007 0.0010 93 0.708378

96MR105 0.726496 0.000044 0.0061 0.000007 0.0010 151 0.726494

96MR111 0.707759 0.000039 0.0055 0.000007 0.0010 131 0.707757

96MR129 0.722948 0.000046 0.0063 0.000007 0.0010 167 0.722946

 
Igneous rocks 

96MR088 0.708786 0.000043 0.0061 0.000007 0.0010 163 0.708784

96MR095 0.704862 0.000031 0.0044 0.000007 0.0009 87 0.704860

96MR096 0.704911 0.000033 0.0047 0.000007 0.0010 97 0.704909

96MR099 0.705757 0.000030 0.0042 0.000007 0.0010 77 0.705755

 
Sedimentary rocks 

96MR067 0.708850 0.000041 0.0058 0.000007 0.0010 140 0.708848

96MR069 0.709364 0.000039 0.0055 0.000007 0.0010 127 0.709362

96MR117 0.705303 0.000038 0.0054 0.000007 0.0009 133 0.705301

96MR127 0.707577 0.000057 0.0081 0.000010 0.0015 125 0.707575

 
E&A standard 

 0.707996 0.000034 0.0048 0.000007 0.0010 95  

 0.708007 0.000036 0.0051 0.000007 0.0010 110  

 0.708000 0.000030 0.0043 0.000007 0.0009 83  

 0.708007 0.000041 0.0058 0.000008 0.0012 94  

 0.708000 0.000058 0.0082 0.000008 0.0012 192  

 
Average (n=5) 

 
0.708002 

      

 
Correction factor (values normalized to 87Sr/86Sr = 0.708000) : -0.000002 
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A4.4 Detailed Nd isotope measurement data of the analyzed rocks and Nd standard 
 

 
Sample 

 

143Nd/144Nd (M) 
 

1se (abs) 
 

2se (abs) 

 

143Nd/144Nd (C) 
 
Correction factor 

 
0.000012 

   

 
Metamorphic rocks 
96MR101 0.512554 0.000001 0.000003 0.512567

96MR105 0.512121 0.000001 0.000003 0.512133

96MR111 0.512577 0.000002 0.000004 0.512589

96MR129 0.512665 0.000001 0.000003 0.512677

 
 
 
Igneous rocks 
96MR088 0.512627 0.000001 0.000003 0.512640

96MR095 0.512760 0.000002 0.000004 0.512772

96MR096 0.512753 0.000002 0.000004 0.512765

96MR099 0.512758 0.000001 0.000003 0.512771

 
Sedimentary rocks 
96MR067 0.512740 0.000002 0.000004 0.512753

96MR069 0.512741 0.000001 0.000003 0.512753

96MR117 0.512798 0.000002 0.000003 0.512810

96MR127 0.512553 0.000002 0.000003 0.512565

 
La Jolla Standard 
 0.511810 0.000003 0.000007  

 0.511829 0.000003 0.000006  

 0.511825 0.000004 0.000007  

 0.511839 0.000004 0.000007  

 0.511834 0.000004 0.000008  

 0.511840 0.000003 0.000006  

 0.511832 0.000003 0.000006  

 0.511841 0.000003 0.000006  

 0.511846 0.000018 0.000035  

 0.511836 0.000003 0.000006  

 0.511844 0.000002 0.000005  

 0.511840 0.000003 0.000006  

 0.511851 0.000007 0.000014  

 0.511848 0.000004 0.000009  

 0.511843 0.000003 0.000006  

 0.511835 0.000003 0.000005  

 0.511842 0.000003 0.000005  

 0.511849 0.000003 0.000006  

 0.511857 0.000008 0.000017  

 0.511846 0.000003 0.000006  

 0.511831 0.000004 0.000007  

 0.511830 0.000002 0.000004  
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 0.511831 0.000003 0.000006  

 0.511833 0.000002 0.000004  

 0.511836 0.000003 0.000005  

 0.511839 0.000002 0.000004  

 0.511832 0.000002 0.000004  

Average (n=27) 0.511838    

 
Correction factor (values normalized to 143Nd/144Nd = 0.511850 for La Jolla standard): 0.000012. 
Each value represents the average of 60 ratios. 
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