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Zentralvulkanzone) geliefert worden. Dies deutet auf Tiefenwasserströme (hydrothermales 
Pb) und Winde (kontinentales Pb) als wichtigste Transportpfade für das Untersuchungsgebiet 
hin. Große Veränderungen in der Evolution der Pb-Isotopie begannen vor etwa 6 Mio. Jahren, 
was eine Querung der Intertropischen Konvergenzzone und den Einzug in die Zirkulation der 
nördlichen Hemisphäre widerspiegelt. Jedoch zeigen die Isotopentrends von Sr und Nd 
tiefgreifende Wendungen bereits ca. 5 Mio. Jahre früher, zu einer Zeit von bedeutenden 
Veränderungen im Ablagerungsmilieu des östlichen Äquatorialpazifiks, was einen rapiden 
Abfall der Karbonat-Akkumulation widerspiegelt. Im Gegensatz dazu ist die Pb-
Isotopenevolution stets weitestgehend unabhängig von Veränderungen des Sedimenttyps 
gewesen. Nd und Sr sind von ähnlichen Quellen geliefert worden wie Pb, mit der Ausnahme, 
dass kein signifikanter Einfluss von hydrothermalen Quellen auf die aufgezeichnete 
Gesamtgesteinsisotopenentwicklung von Sr und Nd sichtbar ist. Im Vergleich zum äolisch 
dominierten detritischen Pb liegt ein stärkerer Schwerpunkt auf dem kontinentalen 
Abflussregime und sehr wahrscheinlich auf chemischen Austauschprozessen zwischen 
ozeanischen Randströmungen und den Kontinentalrändern. Sowohl die Pb als auch die Sr-Nd 
Isotopie deuten stabile Tiefenwasserströme an, die das Untersuchungsgebiet mit 
hydrothermalem Material und zentralpazifischem Meerwasser über mindestens 23 Mio. Jahre 
versorgt haben, trotz jeglicher paläoozeanographischer Veränderungen, die sich als 
Konsequenz aus der Schließung der zentralamerikanischen Seeweges zwischen dem östlichen 
Zentralpazifik und dem Karibischen Meer vollzogen haben können. Allerdings führte die 
Beendigung des Tiefenwasseraustausches über den zentralamerikanischen Seeweg sehr 
wahrscheinlich zur Bildung eines abyssalen Kreislaufs vor ca. 10.8 Mio. Jahren im 
Guatemalabecken. Dies mündete in eine tiefgreifende Durchmischung des Meerwassers im 
östlichen Zentralpazifik. 
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controlled by gain or loss of Rb due to its higher fluid mobility. Interestingly, the range of the 
Rb/Sr ratio in the TZ and across the SDC is fairly limited and generally depleted (resulting 
from Rb loss; see Fig. 4f) compared to the overlying VZ, which, in contrast, displays a large 
scatter of up to ~0.1 (Fig. 8f), although these samples have primary (low) 87Sr/86Sr ratios (Fig. 
9). Thus, the observed increase of the average Sr isotopic composition in the TZ and upper 
dike section took place without any considerable enhancement of the Rb/Sr ratios (Fig. 9). In 
contrast, the comparatively more altered volcanic rocks from Site 504 tend to display 
increasing Sr isotope ratios with enhanced Rb/Sr (Fig. 9). The interval of elevated Sr isotopic 
compositions, culminating at ~0.706 in the TZ-hosted pyrite-rich breccia layer (~1028 mbsf) 
at Site 1256 (Fig. 5a), coincides with the upper limit of the high-temperature hydrothermal 
alteration zone (cf. Fig. 2). This interval is proposed to show the maximum water-rock 
interaction, which is constrained by the calculated mixing line in Fig. 10. Most samples 
display a narrow scatter around primary MORB 87Sr/86Sr ratios of ~0.703 with some samples 
shifted toward radiogenic, mid-Miocene seawater-like Sr isotope values without any 
significant change in 143Nd/144Nd. Due to the low concentration of Nd in average seawater 
(<100 pmol/kg; Chen et al., 2013, and references therein), water-rock ratios of 105 to 106 
would be required to change the Nd isotopic composition of the lavas toward seawater values. 
A maximum water-rock ratio of ~12 is inferred for the sulfide-mineralized breccia of the Site 
1256 TZ (Fig. 10). Unfortunately, the lack of combined Sr-Nd isotopic data measured on the 
same sample from Site 504 TZ rocks preclude a direct comparison with Site 1256. 
Nevertheless, the most radiogenic Sr isotopic compositions of <0.705 for Site 504 (Bach et 
al., 2003) suggest a maximum water-rock ratio below 10 for individual samples (cf. Fig. 10). 
However, the significantly greater downhole variability and higher mean values of 87Sr/86Sr 
for Site 504 volcanics (in comparison to both Site 1256 rocks and fresh GSC MORB values 
associated with 504; Fig. 5a) reflect, on average, more pervasive seawater-rock interaction 
(alteration) at Site 504 compared to Site 1256. The systematic downhole decrease of Sr 
isotope ratios from peak values in the TZ to MORB-like ratios in the upper dikes (Fig. 5a) 
might reflect diminishing influence of seawater with depth and suggests that the TZ plays an 
important role as barrier for downwelling seawater encountering upwelling hydrothermal 
fluids. 

 
5.3 Alteration effects on the U-Th-Pb isotope system 

 
Compared to the Rb-Sr isotope system, the U-Th-Pb isotope system displays a more 

complex behavior. Though Th may be somewhat mobilized under high-temperature 
hydrothermal conditions (e.g., Valsami-Jones and Ragnarsdóttir, 1997), it is commonly 
considered to be insoluble in geologic fluids (e.g., Langmuir and Herman, 1980). In contrast, 
Pb is highly mobile in hydrothermal systems (e.g., Chauvel et al., 1995) and U (as uranyl ion, 
UO2

2+) is extremely mobile under oxidizing conditions even at low temperature (e.g., Duff et 
al., 2002; Langmuir, 1978; Shock et al., 1997). Although most Site 1256 samples have Pb 
contents narrowly ranging around unaltered N-MORB, considerable mobilization of Pb is 
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enriched primary composition, reducing the concentration of fairly fluid-immobile Th, would 
be another possibility to obtain lower Th/U ratios. 

Alternatively, subduction processes can reduce the Th concentration (Pearce and Peate, 
1995). Indeed, several OIB studies have recently called for additional fractionation of relevant 
isotope systems, e.g., U-Th-Pb, during the subduction process for developing time-integrative 
HIMU-like isotope signatures (e.g., Kawabata et al., 2011; Kelley et al., 2005; Kogiso et al., 
1997; Stracke et al., 2003). Thus, the subarc evolution of the oceanic crust gets very complex, 
since U and Pb are also lost through subduction-related dehydration with a higher mobility 
indicated for Pb compared to U (Kelley et al., 2005). However, even additional subduction-
related element fractionation, estimating similar mobility of Pb and U as modeled prerequisite 
for HIMU generation (Stracke et al., 2003), did not yield isotopic compositions similar to 
HIMU-type basalt using the Site 1256 basement as a protolith (Fig. 11b). Solely the altered 
lava section, additionally modified by modeled subduction-related partial chemical removal 
(dehydration) of elements, evolved to compositions closest to HIMU in terms of similarly 
radiogenic 206Pb/204Pb and unradiogenic 87Sr/86Sr for ages >2 Ga, however, its 143Nd/144Nd 
and 208Pb/204Pb became much too radiogenic (Figs. 11b, A.4), similar to the sub-Canarian 
MORB (i.e., sample B9117.3) with a 208Pb/204Pb ratio being much more radiogenic than at St. 
Helena (Hoernle, 1998). One possible explanation for this mismatch is that element 
modifications during the subduction process are quantitatively poorly constrained, since the 
degrees of chemical enrichments/depletions are largely unknown (Stracke et al., 2003). In 
summary, we were not able to attain a HIMU-like composition simply by alteration-caused 
chemical modification and seafloor aging, even with subsequent subduction modification, for 
any of the Site 1256 igneous basement units separately or as an entity and independent of the 
permitted time frame. 

 
6 Conclusions 

 
The present study is the first comprehensive geochemical characterization of the entire 

upper igneous oceanic basement penetrated at superfast-spreading Site 1256 in terms of most 
relevant radiogenic isotope systems. 

The recovered basaltic rocks from Site 1256 show trace element and isotopic compositions 
similar to EPR N-MORB, however, being slightly influenced by the nearby Galápagos 
hotspot (Geldmacher et al., 2013; Park et al., 2008). In general, the Sm-Nd, Lu-Hf, U-Pb, and 
Th-Pb isotope systems in the Site 1256 rocks do not appear to be significantly affected by 
low- to high-temperature hydrothermal alteration, showing no systematic downhole 
variations. However, compared to fresh lava glasses from this site, U in whole rock samples is 
enriched in some low-temperature altered lavas in the volcanic zone (VZ) and high-
temperature altered rocks in the transition zone (TZ). This suggests that U was extracted both 
directly from cooler seawater in the VZ and further downhole from a hybrid fluid, reflecting 
mixing of upwelling hot fluids and descending colder seawater in the TZ (Alt et al., 2010). In 
the same interval, Pb displays a high degree of hydrothermal mobilization by a maximum 
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~50-fold increase in concentration (relative to the fresh Site 1256 N-MORB-like lava glasses), 
reflecting significant crustal uptake from seawater into secondary carbonates and sulfides. 
The significant seawater imprint on the transition zone rocks is also recorded by their 
comparatively high Sr isotope ratios. These high ratios, however, are not caused by radiogenic 
ingrowth (since the transition zone rocks possess the lowest Rb/Sr ratios), but most likely 
result from direct replacement of igneous by seawater-derived Sr. In contrast, the Sr-isotopic 
overprint is minor or even virtually absent in the highly to completely altered gabbros at the 
base of the core indicating significantly lesser influence of seawater-derived fluids. This 
supports recent fluid inclusion and thermometric data, demonstrating lesser impact of 
seawater and thus favoring the role of hydrothermal magmatic and/or evolved fluids during 
high-temperature alteration of the plutonic rocks at Site 1256 (Alt et al., 2010). 

Compared to Site 1256, alteration-related modification of the elemental and crustal 
composition is more pronounced at nearby Site 504, particularly in the TZ and across the VZ. 
We suggest that these differences may reflect the significantly slower spreading rate at the 
Galápagos Spreading Center, where the Site 504 oceanic crust was formed, relative to 
superfast spreading Site 1256. It has previously been demonstrated that the activity of 
hydrothermal systems is rather persistent at slow- and intermediate-spreading centers. This 
has been attributed to the lower supply rate of magma, which favors the tectonically 
controlled upwelling of hydrothermal fluids giving rise to less frequent disruption of fluid 
conduits by magmatic pulses (e.g., Hannington et al., 2005). Therefore, superfast spreading at 
Site 1256 simply did not allow for sustained alteration that could generate a thick 
mineralization zone as observed at Site 504. Consequently, the spreading rate represents a key 
proxy for exploration of ancient and, possibly, modern in situ volcanic-hosted massive sulfide 
deposits (and related stockwork sulfide mineralization), whose formation is closely linked to 
hydrothermal convection at submarine spreading systems. By adding a third (downhole) 
dimension, the present study thus corroborates previous two-dimensional models (based on 
surface scanning of present-day seafloor) that suggest a negative correlation of spreading rate 
and metal sulfide accumulation (Hannington et al., 2011). 

Finally, the alteration-related modification of superfast spreading crust, as demonstrated at 
Site 1256, also appears to be insufficient to create high enough U/Pb and low enough Rb/Sr 
ratios to develop time-integrated isotopic compositions required for the proposed HIMU-type 
mantle endmember. Additional mobilization and loss of Pb, occurring during subduction of 
the oceanic crust, may be required to transform oceanic lithosphere into the HIMU mantle 
reservoir. 
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Figure 3 
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Figure 3 (continued) 
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Figure 4 (continued) 
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Figure 4 (continued) 
 

 



ODP/IODP Site 1256 Dissertation             Tobias Walter Höfig 
           

 
35 

 

Figure 4 (continued) 
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Figure 5 
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Figure 5 (continued) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



ODP/IODP Site 1256 Dissertation             Tobias Walter Höfig 
           

 
38 

 

Figure 6 
 

 
 
 
 
 
 
 
 
 
 
 
 



ODP/IODP Site 1256 Dissertation             Tobias Walter Höfig 
           

 
39 

 

Figure 7 
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Figure 7 (continued) 
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Figure 8 
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Figure 8 (continued) 
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Figure 8 (continued) 
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Figure 11 
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complex than in the westerly part of the eastern equatorial Pacific, particularly with respect to 
the NTW (Kessler, 2006), showing pronounced meridional patterns instead of strong 
latitudinal winds (see also Section 2.3). 

The equatorial Pacific atmospheric circulation is weakest within the ITCZ and wind 
strength increases with distance from the ITCZ (Wyrtki and Kilonsky, 1984; Fig. 2a). 
However, despite the absence of strong winds, the ITCZ marks an area of enhanced eolian 
flux due to intense rainout of dust particles, thus efficiently preventing dust transfer between 
the hemispheres, particularly in the eastern Pacific (e.g., Rea, 1990, 1994; Hovan, 1995). 

 
2.2 Oceanic circulation 

 
The trade wind belts drive the oceanic surface circulation in the eastern equatorial Pacific. 

They force the equatorial waters in each hemisphere to flow westward (Fig. 2c), establishing 
the North Equatorial Current (NEC; north of the ITCZ) and the South Equatorial Current 
(SEC; south of the ITCZ), respectively (reviewed by Kessler, 2006). Between those, the 
North Equatorial Countercurrent (NECC) flows eastward in the zone of weak winds (i.e., the 
ITCZ; Fig. 2c). The SEC is fed by the Humboldt Current (Kessler, 2006), originating from 
offshore Chile and deflected northwestward by the STW (Garcia, 1994), which form close to 
the southern part of the Central Andes and are directed toward the equator (Fig. 1b). The NEC 
advects eastern Pacific surface water masses north of ~10°N (Fig. 2c). However, the actual 
zonal westward surface flow only starts west of ~120°W, since the easternmost tropical 
Pacific (i.e., the study area) is characterized by a more complex circulation pattern due to the 
collapse of the strictly zonal wind system and the establishment of weaker meridional (N-S 
directed) winds east of 110°W, which result in a gyre-like surface circulation and partially 
seasonally varying wind intensities (Kessler, 2006). This gives rise to a complex surface water 
circulation system in the Guatemala Basin, transporting water masses rather along N-S routes 
(Kessler, 2006), which contrasts with the fairly simple SEC current system operating south of 
~5°N (Fig. 2c). There are two gyre-like surface water systems north of ~5°N, exchanging 
water masses and feeding the incoming NECC, which heads to the east toward southern 
Central America (Fig. 2c). 

The abyssal circulation in the present-day central and eastern equatorial Pacific is most 
likely characterized by latitudinal deep water flow heading east toward the East Pacific Rise 
(reviewed by Lonsdale, 1976). It splits into two major bottom currents, apparently crossing 
the East Pacific Rise along transform faults just north of the Galápagos triple junction and at 
~8°N (Fig. 2c). In addition, some of the deep water reservoir of the Guatemala Basin may be 
filled by diffuse overflow from the Pacific Basin across the ridge crest of the East Pacific Rise 
(Lonsdale, 1976). A second major flow direction is reflected by a southward bottom current 
originating offshore southern Mexico and moving along the eastern ridge flank of the East 
Pacific Rise (Lyle, 1992; Fig. 2c). 
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plumes that may then expand laterally from the ridge crest over considerable distances of up 
to thousands of kilometers (e.g., Edmond et al., 1982; Lupton, 1995; Lupton et al., 2004). The 
hydrothermal plumes largely consist of Fe-oxyhydroxide particles and dissolved metals 
derived from disaggregation of sulfide minerals (Hannington et al., 2013, and references 
therein), which is also reflected by the composition of the resulting metalliferous sediments 
(e.g., Barrett et al., 1987). The Fe-oxyhydroxides continuously scavenge dissolved metals 
from the ambient water, while being transported in the non-buoyant plumes (Gurvich, 2006, 
and references therein). However, due to mixing with the surrounding seawater, the dilution 
of the hydrothermal signal increases with time (Gurvich, 2006, and references therein). Based 
on Pb isotopes, Barrett et al. (1987) demonstrated mid-ocean ridge (MOR) hydrothermal Pb 
to be present in minor amounts in the metalliferous component of Pacific Basin sediments at a 
distance of ~1000 km to the EPR at ~20°S. Such a distal advection of MOR hydrothermal Pb 
is also observed in the present study given the persistent EPR basement Pb isotopic signal 
affecting the non-metalliferous bulk sediments of the studied sites over time, even at a 
present-day distance of ~1300 km (Site 1256) and ~1500 km (Site 495), respectively, to the 
EPR ridge crest (Fig. 1a). Our data thus strongly suggest that hydrothermal particulate Pb 
must have continuously been transported to the core sites of our study by eastward-flowing 
deep waters from the EPR. It is therefore concluded that bottom currents, similar to those 
crossing the present-day EPR from the west (Lonsdale, 1976), most likely also transported the 
hydrothermal material to the study area in the past. This implies that eastward-deflected 
hydrothermal plumes must have represented a continuous phenomenon in eastern equatorial 
Pacific deep waters since the very beginning of marine sedimentation on the Cocos Plate at 
~23 Ma. Our interpretation of eastward advection and deposition of MOR hydrothermal Pb is 
consistent with contour maps of metalliferous sediment (Boström and Peterson, 1969), which 
were later confirmed by Lyle (1992), showing northeastward extending sediment lobes in the 
Guatemala Basin with decreasing proportions of metalliferous matter as the distance to the 
EPR increases. Notably, it is inferred from the results of Pichat et al. (2014) that MOR 
hydrothermal Pb is insignificant for the Pb isotopic record of Site 849 sediments. This may be 
attributed to the deep-water flow pattern in the eastern equatorial Pacific described above, 
advecting hydrothermal Pb eastward. This implies that locations to the west of the EPR, such 
as Site 849 (Fig. 1a) do not receive any significant EPR basement signal. 

While the unradiogenic Pb endmember of the sedimentary mixing array thus originated 
from the deep waters, the radiogenic Pb endmember is considered to have originally been 
derived from surface waters sourced by detrital input from a continental arc source. This 
supply has been dominated by the Andean South Central Volcanic Zone (CVZ) with minor 
contributions from both the Northern Volcanic Zone (NVZ) of the Andes and the Trans-
Mexican Volcanic Belt (TMVB). At least for the latest Quaternary, the South CVZ source has 
served as the radiogenic endmember at more western equatorial ODP Site 849 (Fig. 1a), too, 
as shown by Pichat et al. (2014). This site has always been located south of the ITCZ, i.e., 
within the region governed by the Southeast Trade Winds (Fig. 2a). Today, it is located at 
~110°W, hence, approximately 2000 km away from the next continental area and it has never 
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At present, northwestern South America, i.e., the region occupied by the Northern 
Volcanic Zone (NVZ) is characterized by high annual precipitation rates, leading to tropical 
climate with rainforests and subordinate savanna habitats at lower and temperate conditions at 
higher altitudes (e.g., Andriessen et al., 1993; Garcia, 1994). This gives rise to intense mass 
wasting to the trench of the Andean subduction zone in this area (Stern, 2004, and references 
therein). Both faunal and vegetational reconstructions have yielded similar climatic conditions 
throughout the Neogene and the Pliocene with mainly tropical forests and minor woodland 
savannas (reviewed and/or reconstructed by Webb, 1978; Janis, 1993; Pound et al., 2011, 
2012). Eolian Pb input from the Northern Andes is unlikely, since there is a strong negative 
correlation of the humidity of an area and its potential to emit dust to the atmosphere (Rea, 
1994, and references therein). It is therefore suggested that the Northern Andean Pb 
component may have principally been transported by pronounced continental runoff to the 
eastern equatorial Pacific and has then been advected by oceanic surface streams within the 
westward heading South Equatorial Current system toward the studied sites. The main uplift 
phase of the Northern Andes, which corresponds to the Northern Volcanic Zone, began after 
~12 Ma (e.g., Gregory-Wodzicki, 2000; Hoorn et al., 2010). Milliman and Syvitski (1992) 
stressed that smaller mountainous rivers of active plate margins may supply greater 
proportions of their sediment loads compared to large streams straight to the ocean. However, 
a major riverine pathway may additionally have existed through the possible connection of the 
widespread proto-Amazon river and wetland system to the Pacific along the southern part of 
the Northern Andes (reviewed by Hovikoski et al., 2010), prior to establishment of the 
Amazon drainage toward the Atlantic between 10 and 12 Ma (Dobson et al., 2001; Figueiredo 
et al., 2009), but this is still under debate. 

The formation of the Trans-Mexican Volcanic Belt (TMVB) began at ~22 Ma upon Upper 
Cretaceous to Oligocene subduction-related igneous complexes, which are, in turn, underlain 
by a Precambrian to Mesozoic terrane assemblage (Ferrari et al., 2012, and references 
therein). During the Early Miocene to Quaternary TMVB evolution, present-day Mexico has 
been subject to different climates. As shown by paleoecological studies, a rather humid 
climate of the Early to Middle Miocene, promoting tropical woodlands and forests, gradually 
transformed into a semiarid setting with rainy seasons, hosting subtropical savannas during 
the Latest Miocene and Pliocene (e.g., Webb, 1977; Janis, 1993; Pound et al., 2011, 2012; 
Eronen et al., 2012). Therefore, a mixture of riverine and eolian Pb supply to the eastern 
equatorial Pacific has been likely, presumably favoring an increasing contribution of eolian 
dust with time, in view of the declining average humidity in the area. Once the southward 
shifting paleo-ITCZ reached the latitudes of the study area prior to the Late Miocene (Hyeong 
et al., 2005; see Figs. 2a/b), zonal and meridional winds within the Northeast Trade Wind belt 
may have been atmospheric suppliers of a TMVB Pb component. The modern gyre-like 
oceanic surface circulation of the easternmost tropical Pacific has likely led to ubiquitous 
distribution of TMVB material within the Guatemala Basin. Mixing of different water masses 
may also dominate the present deep-water circulation as well, given the southward lobe of 
terrigenous material obviously entraining detritus from the Mexican continental slope (Lyle, 
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1992), which may subsequently be transported by eastward bottom flows to the studied sites 
of sedimentation (see Section 5.3). 

 
5.3 Major drivers controlling Pb deposition in the Guatemala Basin through time 

 
It has been shown that various pathways have supplied unradiogenic and radiogenic Pb 

components to the eastern equatorial Pacific over time. Different sources of Pb have 
interacted through these pathways and the relative importance of each provenance has 
apparently fluctuated during the examined period (see Section 5.1). It is thus concluded that 
tectonic, atmospheric, and/or oceanographic changes have controlled Pb input from the 
different isotopic endmembers. 

First of all, the temporal evolution of Pb input into the Guatemala Basin (Fig. 3) has been a 
function of the distance to the East Pacific Rise that is driven by the tectonic movement of the 
Cocos Plate away from the spreading center, where the basement of the studied sites was 
formed, toward the subduction zone trenches of south Mexico and Central America. This 
migration has given rise to increasing inputs of the radiogenic endmember derived from the 
surrounding continental areas. As shown by Barrett et al. (1987) on metalliferous sediments, 
the Pb isotopic signal of the ambient seawater increases with distance from the spreading 
center, since gradually more of the non-hydrothermal Pb is taken up by the metalliferous 
matter. Such scavenging, in turn, results in dilution and weakening of the MOR hydrothermal 
isotopic signal. This mechanism provides the explanation for the increasing contributions of 
the radiogenic signal in Site 1256 leachate samples of the present study, representing the 
authigenic seawater-derived component of the record (including Fe-oxyhydroxide particles), 
concurrently to the corresponding residue samples. In addition, calcareous ooze, accumulated 
in high amounts during the onset of sedimentation at both sites studied (see Section 2.1), may 
have acquired a significant proportion of the continental Pb signal by scavenging of dissolved 
Pb from seawater. 

However, the particulate terrigenous Pb has likely served as the major carrier of the 
continental arc signal from the South CVZ and NVZ, taking into account that the increasingly 
radiogenic supply continued even after the abrupt drop of the carbonate mass accumulation 
rates at ~11 Ma (Jiang and Wise, 2007). The onset of a significant increase in terrigenous 
mass accumulation rate (TMAR), which lasted for ~4 million years at Site 1256 (e.g., Jiang 
and Wise, 2007; Fig. 5b), roughly coincided with the carbonate decrease and correlated 
positively with an almost linear change in the Pb isotopic composition toward more 
radiogenic compositions between ~10 and ~6 Ma (Figs. 5a/b). As both Site 1256 and Site 495 
were located south of the ITCZ, the Late Miocene increase in TMAR, which is similarly 
evident at other Guatemala Basin drilling sites (e.g., Site 845; Fig. 5c; Farrell et al., 1995), 
may have reflected a strengthening of the Southeast Trade Winds (and probably of the 
associated South Equatorial Current). This has been demonstrated by Hovan (1995) based on 
eolian sediment records of the 110°W drilling sites, which revealed the coarsest eolian dust 
grain sizes between ~8 and ~5 Ma. This interpretation has recently been supported by a 
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related to the commencing exposure of Site 845 to Northern Hemisphere circulation. It is thus 
proposed that the significant increase of Site 845 terrigenous accumulation at ~2.8 Ma 
reflected the initiation of the oceanic surface gyre in the easternmost equatorial Pacific. The 
similarly enhanced terrigenous deposition at Site 1256 after ~1.8 Ma was thus most likely not 
related to stronger Northeast Trade Winds, as supposed by Wilson et al. (2003), since such an 
increase is not reflected by eolian-dominated Pacific Basin Site 853 (Fig. 5e), located north of 
the ITCZ since ~4 Ma and today at a latitude similar to Site 1256 (Fig. 2b). To conclude, it 
has thus been demonstrated that the first order driving factor of terrigenous sedimentation has 
been plate tectonic movement onto which effects of changes in atmospheric and/or oceanic 
circulation have been superimposed over time. 

Continued input from the South CVZ is interpreted to have been facilitated by two 
different mechanisms since both studied sites have moved away from the Southern 
Hemisphere circulation. First, at present, Site 1256 is located within the northern part of the 
latitudinal zone of the annual shifts of the ITCZ (Fig. 2a). Therefore, minor contributions 
from the Southern Hemisphere cannot be completely excluded. Second, Lyle (1992) revealed 
a lobe of high terrigenous deposition extending from ~12°S to an area north of the Galápagos 
triple junction at ~5°N in a SE-NW direction, which he proposed to indicate sedimentary 
material transported and accumulated by the Southeast Trade Winds. Thus deep-water 
advection of this South American terrigenous matter by strong northeastward bottom currents 
to the studied sites of deposition appears reasonable. Supply of continental arc Pb of South 
American origin via the abyssal circulation is highly likely, since Site 495 has also been 
affected to some extent by the South CVZ, considerably after this site left the Southern 
Hemisphere circulation regime, as shown by the Pb isotope relationships (Fig. 4). This 
strongly suggests a deep-water connection of Site 495 not only to the EPR but also to Site 
1256, given the common radiogenic endmembers over the entire sedimentation record. It has 
additionally been demonstrated that the seawater record of Fe-Mn crust GMAT 14D 
continuously shared the same Pb isotopic endmembers as the bulk sediments (Fig. 4), 
although it has most likely always been located north of the migrations of the ITCZ (Fig. 2b). 
Thus, for several millions of years, GMAT 14D and Site 1256 have not been exposed to the 
same atmospheric and oceanic surface circulation system. This points to a persistent deep-
water connection between Site 1256, Site 495, and Fe-Mn crust GMAT 14D, at least since 
~7 Ma marking the time of initial precipitation at the location of GMAT 14D. This is 
substantiated by the small  temporal variability of the Pb isotopic evolution of the GMAT 
14D record resembling that of the seawater data obtained at Site 1256, which indicates well-
mixed deep waters supplied by Pb from all sources relevant to the study area (Figs. 3, 4, 5a). 

In conclusion, the present data strongly suggest an abyssal gyre, which has been active in 
the Guatemala Basin at least since ~7 Ma connecting locations of Sites 1256, 495, and Fe-Mn 
crust GMAT 14D via deep-water currents, leading to a similarity of all Pb isotopic records 
even at times of different surface water and atmospheric circulation affecting the locations 
considered. The dissolved Pb isotopic signal was less radiogenic than the bulk signatures prior 
to ~2 Ma and essentially indistinguishable thereafter, most likely related to the establishment 
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from most proximal sources in Central America is demonstrated to have been insignificant 
over time. 

The temporal evolution of the EEP Pb isotopic record has mainly been driven by the 
tectonic migration of the Cocos Plate, which has been superimposed by changes in 
atmospheric and oceanic surface circulation, mainly in response to the northward movement 
of the studied sites approaching the at the same time southward shifting Intertropical 
Convergence Zone. It is suggested that winds have represented the major pathway for the 
detrital Pb supply in the eastern equatorial Pacific, whereas continental runoff has likely 
played only a subordinate role. 

Continuous delivery of EPR mid-ocean ridge hydrothermal Pb to the easterly located 
drilling sites strongly suggests far reaching lateral advection of hydrothermal plumes by deep-
water currents over distances of more than 1000 km. In addition, deep-water currents are 
suggested to have played an important role in transporting terrigenous Pb through entrainment 
of detritus at depth. The general deep-water circulation system in the central and eastern 
Pacific has essentially been stable for at least ~23 million years, despite any 
paleoceanographic changes, which may have occurred as a consequence of Central American 
Seaway closure. Both oceanic surface and abyssal gyres are reflected by the well-mixed Pb 
isotopic signatures in the eastern equatorial Pacific over the past ~7 million years. 

 
Acknowledgments 

 
We are grateful to S. Hauff, J. Heinze, and A. Klügel for valuable analytical support, as 

well as to S. Duggen for fruitful discussions. This research used samples provided by IODP 
and was funded by the Deutsche Forschungsgemeinschaft (DFG) IODP priority program 
grants HO1833/16-1 and 18-1.  























ODP/IODP Site 1256 Dissertation             Tobias Walter Höfig 
           

 
80 

 

shorter distance to the ITCZ is schematically represented by decreasing length of simplified 
trade wind arrows in either atmospheric hemisphere (according to Wyrtki and Kilonski, 
1984). Note that the true paleopositions of oceanic sites depicted here may deviate from the 
locations along the tectonic tracks shown in Fig. 1a, since the latter ones illustrate the 
backtrack path to the present-day location of that ridge segment where the underlying oceanic 
crust was formed, being part of the same tectonic plate. In contrast, the reconstruction of true 
paleopositions at a given age has taken into account that the associated ridge segment has 
been subject to ridge jumps through time, referring to the true position of the corresponding 
ridge segment at a given point of time, which may be different to its present-day location. 
Abbreviations are the same as in Fig. 1a. (b) Age (Ma) versus latitude (°N), reflecting the 
northward migration of eastern tropical Pacific drilling sites (Pacific Basin: 852, 853; 
Guatemala Basin: 495, 845, 1256) and Fe-Mn crust GMAT 14D through time, focusing on 
the past 10 million years. The northward movement is more pronounced in the Guatemala 
Basin, since the Cocos Plate has been moving within the stress field of two spreading ridges: 
N-S-trending EPR and E-W-trending GSC. Note that equatorial Site 849 has not been plotted, 
as it has exclusively been located south of the equator prior to ~0.5 Ma. The assumed path of 
the southward shift of the average ITCZ axis (dashed gray line) during the Late Neogene is 
estimated from interpolation between paleolocation of ~12 ± 2°N around 9 Ma (Hyeong et al., 
2005) and current location of ~5°N established at ~4 Ma (Rea, 1994; Hovan, 1995). Note that 
the ITCZ was located even further north during the Early Neogene and Late Paleogene, 
respectively, probably being around 22°N at ~25 Ma (Rea, 1994). (c) Map of the eastern 
equatorial Pacific, schematically displaying major lobes of the oceanic surface [turquoise 
arrows; after Kessler (2006)] and abyssal [dark blue arrows; as suggested by Lonsdale (1976) 
and Lyle (1992)] current circulation affecting the eastern equatorial Pacific (CRCC = Costa 
Rica Coastal Current, NEC = North Equatorial Current, NECC = North Equatorial 
Countercurrent, SEC = South Equatorial Current, TB = Tehuantepec Bowl, WMC = West 
Mexican Current). Pale blue, transparent marine areas delineate the latitudinal extent of the 
westward flowing NEC (north of ~10°N) and SEC (south of ~5°N) surface circulation system, 
respectively (Hovan, 1995). The structural boundaries of the Guatemala Basin (GB) are 
highlighted in light gray (Cocos Ridge and part of the EPR and GSC crests). PB = Pacific 
Basin. Abbreviations are the same as in Fig. 1a. 
 
Figure 3. Sites 495/1256 206Pb/204Pbin (a), 207Pb/204Pbin (b), and 208Pb/204Pbin (c) isotope ratios 
(in = initial) versus age (Ma) (left y-axis) and distance of Site 1256 to the East Pacific Rise 
(EPR; right y-axis) in kilometer (km). Data from eastern equatorial Pacific Fe-Mn crust 
GMAT 14D (Frank et al., 1999) are also shown for comparison. Distances of Site 1256 to the 
EPR were calculated with the software GPlates (http://www.gplates.org, version 1.1.1). Black 
dots placed on distinct blue and yellow circles refer to those Site 1256 samples from which 
the coeval leachate (white squares) and residual data (black squares) were obtained. Errors are 
within symbol sizes.  
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Figure 1 
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Figure 2 
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Table 2 
 

 
 

 

Table 2 
Pb, Th, U concentrations (in µg/g [= ppm]) and Pb (double spike) isotope analyses of studied samples including bulk sediment, residue (res), and leachate (lea) Pb isotope ratios. Displayed 
age estimates are biostratigraphic ages determined from calculations involving appropriate biohorizons of microfossil species and corresponding linear sedimentation rates. Details are 
provided in Tab. 1. 

 
Hole/core/section,  
interval (cm) 

Age 
(Ma) Pb Th U 206Pb/204Pb 2�1 207Pb/204Pb 2�1 208Pb/204Pb 2�1 206Pb/204Pbin 207Pb/204Pbin 208Pb/204Pbin 

 
ODP Leg 206, Site 1256  
1256A-1H-1, 32-34 0.04 13.3 3.06 1.06 18.6988 0.0006 15.6097 0.0007 38.5755 0.0016 18.6988 15.6097 38.5754 
1256A-1H-2, 19-21 0.16 15.1 3.08 0.84 18.6921 0.0007 15.6061 0.0006 38.5631 0.0012 18.6921 15.6061 38.5630 
1256A-1H-2, 19-21_res 0.16    18.7167 0.0008 15.6080 0.0008 38.5792 0.0026    
1256A-1H-2, 19-21_lea 0.16    18.6609 0.0006 15.6020 0.0006 38.5281 0.0018    
1256B-1H-4, 56-58 0.44 13.4 2.50 0.73 18.7053 0.0005 15.6071 0.0005 38.5746 0.0024 18.7051 15.6070 38.5743 
1256B-3H-2, 34-36 1.76 1.64 0.93 0.30 18.7083 0.0008 15.6123 0.0009 38.5407 0.0016 18.7051 15.6122 38.5374 
1256B-3H-6, 09-10 2.71 17.5 3.26 0.92 18.7360 0.0004 15.6281 0.0004 38.6304 0.0010 18.7345 15.6280 38.6288 
1256B-3H-7, 23-24  2.98 13.8 3.08 0.89 18.7980 0.0004 15.6276 0.0004 38.6929 0.0013 18.7961 15.6275 38.6907 
1256B-3H-7, 23-24* 2.98    18.7980 0.0004 15.6280 0.0004 38.6938 0.0009    
1256B-4H-1, 67-68  3.13 17.7 3.11 0.84 18.7466 0.0005 15.6260 0.0005 38.5802 0.0011 18.7451 15.6260 38.5784 
1256B-4H-2, 75-76  3.39 10.7 2.02 0.58 18.7716 0.0005 15.6249 0.0006 38.6655 0.0017 18.7697 15.6248 38.6634 
1256B-4H-3, 83-84  3.65 16.1 3.03 0.76 18.7704 0.0005 15.6263 0.0004 38.6431 0.0011 18.7687 15.6262 38.6409 
1256B-4H-4, 90-92  3.90 1.26 0.30 0.08 18.8065 0.0005 15.6344 0.0005 38.7033 0.0012 18.8043 15.6343 38.7004 
1256B-4H-4, 90-92_res 3.90    18.7714 0.0005 15.6231 0.0004 38.6665 0.0012    
1256B-4H-4, 90-92_lea 3.90    18.7151 0.0005 15.6250 0.0005 38.6221 0.0016    
1256B-4H-5, 72-73  4.12 13.8 2.83 0.73 18.7898 0.0010 15.6243 0.0012 38.6931 0.0039 18.7876 15.6242 38.6904 
1256B-4H-7, 24-25 4.53 14.1 5.64 1.87 18.7526 0.0005 15.6189 0.0005 38.5973 0.0013 18.7467 15.6186 38.5914 
1256B-5H-1, 124-126  4.78 14.6 2.77 0.68 18.7812 0.0008 15.6265 0.0006 38.6992 0.0016 18.7790 15.6264 38.6964 
1256B-5H-6, 92-94  5.67 10.4 2.63 1.39 18.7858 0.0007 15.6281 0.0007 38.7114 0.0022 18.7784 15.6277 38.7068 
1256B-6H-3, 59-61  6.02 7.66 1.29 1.61 18.7855 0.0007 15.6247 0.0006 38.6948 0.0016 18.7732 15.6241 38.6916 
1256B-7H-3, 54-56  6.74 8.43 1.89 1.01 18.7577 0.0008 15.6164 0.0009 38.6416 0.0025 18.7498 15.6161 38.6367 
1256B-8H-2, 66-68  7.35 3.47 0.84 0.32 18.7645 0.0009 15.6240 0.0009 38.6122 0.0025 18.7580 15.6237 38.6064 
1256B-8H-5, 89-91  7.48 6.35 1.47 0.46 18.7530 0.0007 15.6225 0.0006 38.6636 0.0016 18.7476 15.6222 38.6580 
1256B-8H-5, 89-91_res 7.48    18.7688 0.0009 15.6176 0.0008 38.6629 0.0024    
1256B-8H-5, 89-91_lea 7.48    18.7308 0.0013 15.6215 0.0014 38.6616 0.0044    
1256B-9H-2, 79-81  7.89 4.24 0.86 0.30 18.7263 0.0007 15.6100 0.0007 38.5738 0.0021 18.7207 15.6098 38.5685 
1256B-10H-4, 95-97  9.39 11.5 1.30 0.43 18.6743 0.0009 15.5934 0.0010 38.5275 0.0028 18.6708 15.5932 38.5239 
1256B-12H-5, 51-53  10.88 3.40 0.45 1.43 18.7025 0.0007 15.5931 0.0006 38.5138 0.0014 18.6575 15.5910 38.5091 
1256B-15H-3, 37-39  11.53 1.93 0.16 0.25 18.6221 0.0007 15.5765 0.0006 38.4308 0.0016 18.6073 15.5758 38.4278 
1256B-16H-3, 132-134  11.80 1.81 0.12 0.21 18.6440 0.0013 15.5896 0.0013 38.4846 0.0040 18.6303 15.5890 38.4820 
1256B-17H-3, 111-113 12.04 1.89 0.11 0.32 18.7516 0.0009 15.5924 0.0008 38.5061 0.0020 18.7312 15.5915 38.5039 
1256B-19X-2, 53-55  12.28 1.93 0.15 1.20 18.7087 0.0006 15.5900 0.0006 38.4893 0.0015 18.6334 15.5865 38.4863 
1256B-20X-5, 101-103  12.54 1.05 0.08 0.48 18.6987 0.0006 15.5903 0.0005 38.5128 0.0012 18.6416 15.5877 38.5096 
1256B-21X-2, 95-97  12.67 2.61 0.11 0.64 18.6382 0.0009 15.5737 0.0008 38.4190 0.0021 18.6077 15.5723 38.4172 
1256B-21X-2, 95-97_res 12.67    18.6715 0.0012 15.5782 0.0011 38.4522 0.0028    
1256B-21X-2, 95-97_lea 12.67    18.6367 0.0020 15.5758 0.0019 38.4139 0.0052    
1256B-22X-2, 45-47  12.89 2.84 0.14 0.32 18.6377 0.0010 15.5743 0.0010 38.4192 0.0025 18.6235 15.5737 38.4171 
1256B-24X-3, 79-81  13.43 2.05 0.09 0.17 18.5864 0.0006 15.5601 0.0006 38.3397 0.0017 18.5755 15.5596 38.3377 
1256B-24X-3, 79-81* 13.43    18.5880 0.0006 15.5612 0.0007 38.3444 0.0023    
1256B-26X-1, 89-91  13.85 1.76 0.13 0.07 18.5980 0.0006 15.5601 0.0005 38.3571 0.0012 18.5930 15.5598 38.3537 
1256B-28X-2, 54-56  14.36 5.22 0.21 0.09 18.6282 0.0008 15.5587 0.0007 38.3701 0.0021 18.6258 15.5585 38.3682 
1256B-28X-2, 54-56_res 14.36    18.6595 0.0009 15.5654 0.0010 38.4190 0.0029    
1256B-28X-2, 54-56_lea 14.36    18.6387 0.0008 15.5630 0.0007 38.3820 0.0018    
 

 
DSDP Leg 67, Site 495�‚ 
495-3R-5, 76-77  1.11 5.86 2.15 5.87 18.7543 0.0007 15.6298 0.0009 38.5514 0.0030 18.7433 15.6293 38.5501 
495-6R-4, 34-35  1.82 8.61 2.73 7.36 18.7791 0.0010 15.6148 0.0011 38.5942 0.0036 18.7637 15.6141 38.5923 
495-9R-5, 40-41  3.83 9.69 3.03 5.50 18.7579 0.0012 15.6173 0.0012 38.6071 0.0034 18.7363 15.6163 38.6032 
495-12R-5, 63-64  5.27 11.2 4.30 4.46 18.7811 0.0008 15.6208 0.0008 38.6240 0.0020 18.7604 15.6198 38.6174 
495-15R-6, 102-103  8.44 9.76 2.51 4.18 18.7414 0.0008 15.6080 0.0010 38.5599 0.0030 18.7056 15.6064 38.5528 
495-18R-7, 61-62  10.77 12.4 3.25 1.97 18.6509 0.0009 15.5778 0.0011 38.4180 0.0035 18.6339 15.5770 38.4087 
495-21R-7, 29-30  13.34 3.26 0.22 0.16 18.5488 0.0008 15.5501 0.0009 38.2642 0.0028 18.5422 15.5498 38.2613 
495-24R-7, 20-21  16.89 5.85 0.38 0.16 18.4400 0.0009 15.5360 0.0010 38.1426 0.0035 18.4355 15.5358 38.1390 
495-27R-5, 115-118  17.87 6.13 0.44 0.13 18.5049 0.0007 15.5553 0.0009 38.2371 0.0027 18.5013 15.5551 38.2330 
495-30R-2, 41-42  18.73 4.47 0.25 0.10 18.4271 0.0008 15.5331 0.0007 38.1200 0.0022 18.4230 15.5330 38.1167 
495-33R-5, 41-42  19.95 1.55 0.08 0.13 18.4545 0.0005 15.5304 0.0004 38.1265 0.0012 18.4387 15.5297 38.1232 
495-36R-4, 50-51  20.95 1.45 0.06 0.13 18.5428 0.0010 15.5546 0.0011 38.2559 0.0036 18.5239 15.5537 38.2529 
495-39R-3, 108-109  21.50 7.57 0.01 0.08 18.4515 0.0007 15.5297 0.0009 38.1335 0.0028 18.4493 15.5296 38.1334 
495-41R-6, 53-54  21.91 1.13 0.09 0.20 18.4471 0.0006 15.5276 0.0005 38.1146 0.0016 18.4097 15.5259 38.1090 
495-41R-6, 53-54* 21.91    18.4493 0.0005 15.5284 0.0004 38.1175 0.0010    
495-43R-5, 24-25  22.21 2.20 0.09 0.08 18.4041 0.0008 15.5233 0.0008 38.0693 0.0025 18.3964 15.5230 38.0662 
495-45R-4, 25-26  22.51 8.32 0.19 0.36 18.2899 0.0008 15.5057 0.0010 37.9331 0.0035 18.2803 15.5053 37.9315 
Sample numbers with * are replicate analyses on separate sample dissolutions. 
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Abstract 

 
Here we present a combined major and trace element and Sr-Nd-Hf isotopic record of 

Ocean Drilling Program (ODP) Site 1256, which is complemented by new Sr-Nd data from 
Deep Sea Drilling Project (DSDP) Site 495, together covering the history of eastern equatorial 
Pacific (EEP) Cocos Plate sedimentation in the Guatemala Basin of the past ~23 Ma. The Sr-
Nd isotope data of bulk sediments of both cores reveal distinct isotopic trends and a major 
change at ~10.8 Ma, reflecting the transition from carbonate- to terrigenous sediment-
dominated deposition. The inflections of the isotopic trend are interpreted to reflect changes 
in deep-water circulation related to the closure of the Central American Seaway for deep-
water exchange, which led to establishment of a deep-water gyre circulating in the Guatemala 
Basin. These changes at depth also gave rise to changes in source provenance of the particles 
reflected by Nd and Sr isotopes, favoring southern Mexican, Central American, and northern 
South American continental arc sources after 10.8 Ma and more southern Andean Arc 
sediment input prior to that time. Eolian supply is shown to have been an insignificant 
pathway for the delivery of particles to the studied sites. In addition, exchange processes at 
the continental margin are invoked to be a major pathway of dissolved Nd input into the 
eastern equatorial Pacific. 

 
1 Introduction  

 
For more than three decades, radiogenic isotopic compositions of elements such as Nd, Sr, 

or Hf that occur in differing amounts in seawater have extensively been used to decipher the 
chemical history of the oceans. Given the global mixing time of the ocean of ~1500 years 
(e.g., Broecker et al., 1982), metals having short to intermediate residence times in seawater 
on the order of 103 years or less, such as Nd and Hf, have particularly been proven to be 
important tools for the investigation of large-scale paleoceanographic and continental 
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agreement with our results showing more radiogenic bulk signals with decreasing age, which 
may have been caused by the northeastward migration of the studied sites over time, being 
likely subject to an increasing impact of the NVZ in favor of the North CVZ. 

The bulk samples deposited after 10.8 Ma, which form an inflected mixing array with 
considerably more radiogenic but variable 143Nd/144Nd values (compared to the period 
> 10.8 Ma) and rather narrowly ranging 206Pb/204Pb (Fig. 5a), indicated predominant mixing 
between an EEP seawater component reflected by GMAT 14D (still influenced by the North 
CVZ) and detrital Nd probably derived from an admixture of NVZ, TMVB, and CAVA 
material, when low carbonate and high terrigenous deposition established in the study area. 
Both the impact of Central Pacific seawater and continental arc sources, surrounding the 
Guatemala Basin, on the sediment deposition are confirmed by the Sr-Nd isotopic space (Fig. 
5b). The continuous influence of the Central Pacific seawater corroborates the eastward 
heading deep-water circulation, demonstrated by Höfig et al. (in preparation) for the past 
~23 million years in the study area. Central Pacific seawater plots close to the unradiogenic 
samples of the studied sediment record, indicating to be a likely source for the supply with 
well-mixed Pacific deep water in terms of Nd isotopic compositions. Moreover, the Sr-Nd 
isotope diagram nicely display that small but significant differences are indicated regarding 
the terrigenous endmember of both Sr and Nd. After 10.8 Ma, Site 1256 samples have rather 
pointed to an endmember dominated by the TMVB and possibly minor admixture of NVZ 
detritus, whereas the higher Nd isotope ratios at a given Sr isotopic composition of Site 495 
samples reflect a stronger influence of terrigenous material derived from the CAVA and 
spatially closely associated uplifted fragments of the Caribbean Large Igneous Province 
(CLIP), being part of the basement along the southern Central American forearc (e.g., Hauff 
et al., 2000). The Sr-Nd isotopic plot additionally suggests that Nd from the North CVZ likely 
mainly reached the studied sites in dissolved form, since there is no isotopic relationship 
apparent from the plot indicating a significant particulate detrital input from the North CVZ 
(Fig. 5b). 

Although showing a displacement away from the mantle-crust array, Hf isotopic 
compositions of Site 495 samples also indicate an influence of a combined CAVA-CLIP 
source, revealing a mixture between Site 1256 sediments and the Central American sources 
on the Nd-Hf isotope diagram (Fig. 5c). The likely effect of incongruent weathering on the 
Lu-Hf isotope system (i.e., retaining isotopically unradiogenic, weathering-resistant, Hf-
hosting minerals on the continents) (e.g., van de Flierdt et al., 2007; Bayon et al., 2009) is 
clearly visible in the Nd-Hf isotopic space, being stronger at Site 1256 compared to Site 495, 
as mentioned above. This may indicate that efficient sediment sorting during terrigenous 
particle transport and longer exchange time with seawater has prevented Site 1256 from 
receiving a clearer Hf continental signal in comparison to Site 495 being located considerably 
closer to the continental slope of the Central American active margin. 

Taking into account the Pb isotopic evolution of the studied sediments (Höfig et al., in 
preparation), the Sr-Nd-Pb isotope systematics provide clear constraints on input pathways 
and paleoceanographic events. Höfig et al. (in preparation) demonstrated a major Pb isotopic 



ODP/IODP Site 1256 Dissertation             Tobias Walter Höfig 
           

 
100 

 

change, which took place around 6 Ma, thus, almost 5 million years later than the chemical 
transition indicated by major and trace elements as well as Sr-Nd isotopic compositions of the 
same sediments. Höfig et al. (in preparation) related the inflection of the Pb isotopic trend to 
atmospheric changes. Therefore, the input of Sr and Nd into the Guatemala Basin may have 
been relatively unrelated to major changes in atmospheric circulation, given the temporal 
differences of isotopic trend inflections between Pb and Sr-Nd. Furthermore, given the lack of 
a major Nd contribution from the South CVZ and the long-term aridity in this area since the 
Early Miocene (Rech et al., 2006, 2010), it is strongly suggested that eolian input has been 
insignificant in the Neogene-Quaternary EEP for the supply of detrital Nd. This conclusion 
substantiates results from Jones et al. (1994) who suggested that eolian input has been of 
minor significance for the dissolved Nd isotopic composition of the NW Pacific. Conversely, 
the insignificance of the North CVZ for the Pb isotopic record suggests an input mechanism 
different from eolian particle delivery. We therefore interpret the North CVZ signal, 
preserved in the bulk sediments, to be a consequence of exchange with material from the 
ocean margin (Lacan and Jeandel, 2001; 2005), resulting from interaction of water masses 
with continental slope sediments and land-derived particles (Grasse et al., 2012) and the 
subsequent leaching and advection of dissolved elements by advecting water masses and 
preservation of this signal as authigenic coatings in the carbonates. Apparently, Nd is 
particularly susceptible for this process (e.g., Jeandel et al., 2013). Most likely, water masses 
associated with the large northwestward Humboldt Current flowing offshore relatively close 
to the northern Central Andes, being an overall persistent feature along the western South 
American margin (Garcia, 1994), may have been the carriers of dissolved Nd from the North 
CVZ margin to the eastern equatorial Pacific. 

The same exchange mechanisms with ocean margins have most likely been responsible for 
the transport of Nd from the Central American margin (CAVA and CLIP) to nearby Site 495 
and maybe partly to Site 1256. For Site 495, it has previously been suggested that terrigenous 
material has been transported within nepheloid layers, which may spread out laterally as 
suspension currents at near-surface to intermediate water depths. These layers have been 
interpreted to represent detachments from continental slope turbidite currents and may 
transport continental particles across deep-sea trenches into the open ocean (Heinemann and 
Füchtbauer, 1982; Shiki et al., 1982). These nepheloid layers may have delivered both 
dissolved and detrital Nd to the open ocean. It has recently been demonstrated that leaching of 
detrital sediment particles may favor release of less reactive but more radiogenic sedimentary 
components, e.g., volcanic particles, to seawater from the bulk material (e.g., Tachikawa et 
al., 2004; Wilson et al., 2013). This process may explain why the post-10.8 Ma bulk Nd 
isotopic signal, reflecting both terrigenous and minor carbonate components, is fairly 
radiogenic, particularly at Site 495, which is situated closer to the Central American trench. 
Moreover, the generally more radiogenic Nd isotopic compositions of Site 495, compared to 
Site 1256, likely reflect the overall higher abundance of dispersed tephra particles in the bulk 
sediments (cf. Cadet et al., 1982; Wilson et al., 2003). The lack of considerable Central 
American Pb contribution to the studied sites (Höfig et al., in preparation), obviously reflects 
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that either ocean margin exchange does not significantly mobilize sedimentary Pb or the input 
of this element to the slope sediments has been of minor importance throughout the study 
period due to likely comparatively low runoff in an area characterized by a flat relief during 
most of the Neogene (Webb, 1978, and references therein). 

Pb presumably enters the ocean via riverine input only in areas of high continental runoff, 
as exemplified by the common role of the Northern Volcanic Zone as a source for both Nd 
and Pb in the study area. Both South American climatic studies and paleoecological 
reconstructions have yielded similar climatic conditions prevailing throughout the Neogene 
and Pliocene to the Quaternary with mainly tropical forests and minor woodland savannas in 
the area of the NVZ (reviewed and/or reconstructed by Webb, 1978; Andriessen et al., 1993; 
Janis, 1993; Garcia, 1994; Pound et al., 2011, 2012), leading to high mass wasting rates at the 
margin of the NVZ (Stern, 2004, and references therein). A combination of continental runoff 
and release of Nd from particles in response to the interplay with surface and deep currents is 
also suggested for detrital and dissolved Nd input from southern Mexico, i.e., the Trans-
Mexican Volcanic Belt. In addition to the present surface-gyre in the EEP, an ancient 
equivalent to the proposed deep-water flow from the Mexican margin to the south along the 
course of the EPR (Lyle, 1992) may have formed a pathway for transporting Nd to the open 
ocean, as suggested for Pb (Höfig et al., in preparation). 

The model proposed for the Sr-Nd isotopic evolution of Sites 495 and 1256 bulk sediments 
prior to ~10.8 Ma invokes a mixture between North CVZ and EEP deep water being fed by 
Central Pacific seawater, which dominated the bulk sediment signal due to high Sr content of 
the marine carbonates (Fig. 3b) and the formation of seawater-derived early diagenetic 
ferromanganese coatings enriched in seawater Nd as well as a minor fraction of detrital Nd 
from the Trans-Mexican Volcanic Belt and the NVZ. The tendency to show more radiogenic 
compositions with decreasing age is interpreted to reflect the gradual closure of the Central 
American Seaway, which formed a marine portal linking the tropical western Atlantic and 
eastern Pacific throughout most of the Cenozoic, but began to close in the Early to Middle 
Miocene (reviewed by Molnar, 2008; Coates and Stallard, 2013) due to tectonic stress 
resulted from collision of NW South America (Farris et al., 2011) and the Cocos Ridge, a part 
of the Galápagos Hotspot track (Hoernle et al., 2002), with Central America. The gradual 
closure most likely successively kept eastward flowing deep water from leaving the 
Guatemala Basin. Around 10.8 Ma, deep-water closure of the Central American Seaway was 
completed leading to a change in deep-water circulation through establishment of a deep-
water gyre system. Höfig et al. (in preparation) noted that this circulation began at least 
~7 Ma ago. Based on the present Sr-Nd isotope data, we suggest that this onset took place 
between 10.77 and 10.88 Ma.  
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6 Conclusions 
 
The present study provides major and trace element compositions, as well as radiogenic 

Nd, Sr, and Hf isotopes of Site 1256 bulk sediments, being complemented by new bulk 
sediment isotope data from Site 495. These data shed light on the long-term chemical 
evolution of Cocos Plate sedimentation in the eastern equatorial Pacific (EEP) on a deep-time 
scale of ~23 million years. Major and trace element data confirm the results obtained by 
previous studies and show a marked chemical transition at ~10.8 Ma, related to the abrupt 
drop of carbonate production and associated increase of the content of terrigenous material 
(Wilson et al., 2003; Ziegler and Murray, 2007). Sr-Nd isotopes reflect this chemical 
transition as well, demonstrating not only the inflection of isotopic trends but also changes in 
sediment sources contributing Nd and Sr to the EEP. This evolution is in sharp contrast to the 
Pb isotopic record, showing an inflection of the trend about 5 million years later connected to 
changes in atmospheric circulation (Höfig et al., in preparation). We interpret this discrepancy 
to reflect the insignificance of eolian input in terms of Nd and Sr and propose oceanic 
circulation, particularly deep-water flow, to be the most important pathway for the detrital 
supply of these two elements. A mixture of Andean Arc (North Central Volcanic Zone and 
Northern Volcanic Zone), Trans-Mexican Volcanic Belt, and Central American Volcanic Arc 
input governed the isotopic evolution of bulk Nd. Similar conclusions hold for Sr once the 
terrigenous deposition began after 10.8 Ma. Throughout the study period, Nd and Sr have 
most likely been transported to the oceanic environment via continental runoff, and, in case of 
Nd, exchange processes at the continental margin may have played a significant role as well. 

The isotopic changes at ~10.8 Ma most likely reflect the complete deep-water closure of 
the Central American Seaway preventing eastward flowing EEP deep water from entering the 
Caribbean Sea and forcing them to form a gyre in the deep EEP, providing information on the 
paleoceanographic consequences of the Central American Seaway closure in the study area. 
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being part of the same tectonic plate. In contrast, the reconstruction of true paleopositions at a 
given age has taken into account that the associated ridge segment has been subject to ridge 
jumps through time, referring to the true position of the corresponding ridge segment at a 
given point of time, which may be different to its present-day location. Abbreviations are the 
same as in Fig. 1a. 
 
Figure 3. Site 1256 CaO (wt%) (a), Sr (ppm) (b), Al2O3 (wt%) (c), and Sc (ppm) (d) 
concentrations versus age (Ma) as well as Site 1256 carbonate (e) and terrigenous (f) contents 
(Wilson et al., 2003) versus depth (meters below seafloor, mbsf). Geochemical data from Site 
495 (Patino et al., 2000) are also shown for comparison. Plots (e) and (f) after Wilson et al. 
(2003). 
 
Figure 4. Sites 4951256 87Sr/86Srin (a), 143Nd/144Ndin (b), and 176Hf/177Hf in (c) isotope ratios (in 
= initial) versus age (Ma). Black dots placed on distinct blue and yellow circles refer to those 
Site 1256 samples from which the coeval leachate (white squares) and residual data (black 
squares) were obtained. Fig. 4b inset shows the widely distributed �xNd(T) notation, which 
expresses the deviation of the initial Nd isotope ratio from the Chondritic Uniform Reservoir 
(CHUR) composition at a given age of deposition, calculated by means of equation (9.9) of 
Faure and Mensing (2005) using a present-day CHUR value of 0.512638 (Jacobsen and 
Wasserburg, 1980). Data from eastern equatorial Pacific Fe-Mn crust GMAT 14D (Frank et 
al., 1999) are also shown for comparison in plot (b). Literature data for 176Hf/177Hf in taken 
from Vervoort et al. (2011), applying the age model of the present study. Errors are within 
symbol sizes. The evolution of the Neogene seawater Sr isotopic composition (Fig. 4a) has 
been compiled from Hodell et al. (1989, 1990) and Hodell and Woodruff (1994) and 
represents a third-order polynomial regression line. 
 
Figure 5. 206Pb/204Pbin

 versus 143Nd/144Ndin (a), 87Sr/86Srin versus 143Nd/144Ndin (b), and 
143Nd/144Ndin versus 176Hf/177Hf in (c) (in = initial). Abbreviations are the same as in Figs. 1a/b. 
Errors are smaller than symbol sizes. Initial Pb isotope ratios used for plot (a) are taken from 
Höfig et al. (in preparation; see CHAPTER II). Data sources: GMAT 14D (Frank et al., 
1999); MORB (mid-ocean-ridge basalt) basement from Site 1256 (Geldmacher et al., 2013; 
Höfig et al., in review [see CHAPTER I]), Sites 495/499 (Geldmacher et al., 2008, 2013; 
Heydolph et al., 2012) (fields for both sites based on initial isotope data); North American 
endmember (Stancin et al., 2006); Site 495 Hf isotope data from Vervoort et al. (2011). 
Central Pacific seawater field accounts for Fe-Mn crust data of Abouchami et al. (1997) and 
Ling et al. (1997) obtained from VA13-2. All other data fields and calculated average 
compositions (CAVA, GI (including Cocos Island and associated seamounts), CLIP (uplifted 
fragments of the Pacific part), NVZ, north/transitional/ south CVZ, SVZ, and TMVB), 
respectively, have been constructed from the GEOROC (http://georoc.mpch-
mainz.gwdg.de/georoc/) and PetDB database (http://www.earthchem.org/ petdb) compilation 
provided by Höfig et al. (in preparation; see CHAPTER II).  
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Figure 1 
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Figure 2 
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Figure 4 
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Figure 5 
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Figure 5 (continued) 
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Table 2 
Major element concentrations (measured values) and (selected) trace element concentrations (not covered by ICP-MS) of Site 1256 samples, determined by XRF. The CO2 values of all 
carbonates (samples taken from a depth > 40.6 mbsf) were calibrated against the limestone standard KH (except for 206-1256B-19X-2, 53-55). b.d.l. = below detection limit. 

Sample ID Depth SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 H2O CO2 Sum Sr Ba 

    (mbsf) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (%) (ppm) (ppm) 

ODP Leg 206, Site 1256                                 
206-1256A-1H-1, 32-34 cm 0,32 43,4 0,45 9,36 5,11 2,52 2,91 3,78 7,50 1,54 0,36 5,71 4,14 86,8 487 7481 

206-1256A-1H-2, 19-21 cm 1,69 46,2 0,56 10,9 6,63 0,64 3,08 3,71 6,67 1,58 0,33 6,57 3,93 90,8 440 7932 

206-1256B-1H-4, 56-58 cm 5,06 47,7 0,58 11,0 6,73 0,61 3,39 4,10 6,20 1,67 0,32 6,32 3,18 91,8 439 7949 

206-1256B-3H-2, 34-36 cm 17,44 64,5 0,25 12,4 2,40 0,55 1,09 1,61 4,46 3,83 0,14 4,21 0,64 96,1 220 3209 

206-1256B-4H-4, 90-92 cm 30,50 48,6 0,58 11,6 5,97 0,95 3,65 2,64 6,04 1,64 0,44 5,94 1,72 89,7 490 12827 

206-1256B-5H-1, 124-126 cm 35,84 43,9 0,51 10,39 4,87 2,20 3,16 5,62 5,27 1,43 0,48 5,40 4,62 87,9 731 17704 

206-1256B-5H-6, 92-94 cm 43,02 44,6 0,41 8,68 4,30 0,50 3,00 9,43 5,30 1,52 0,36 4,89 6,73 89,7 731 15469 

206-1256B-6H-3, 59-61 cm 47,69 35,0 0,23 4,77 2,41 0,44 2,02 21,2 4,42 0,87 0,30 3,72 15,9 91,3 978 9318 

206-1256B-7H-3, 54-56 cm 57,14 51,8 0,24 5,72 2,76 0,36 2,29 8,64 5,55 1,28 0,28 4,84 6,21 90,0 651 11198 

206-1256B-8H-2, 66-68 cm 65,26 53,5 0,11 2,37 1,26 0,33 1,51 13,0 4,87 0,64 0,12 4,36 9,86 92,0 671 7645 

206-1256B-8H-5, 89-91 cm 66,99 51,0 0,23 4,49 2,54 0,44 2,20 10,7 4,91 0,96 0,25 4,78 8,19 90,6 722 13950 

206-1256B-9H-2, 79-81 cm 74,89 18,6 0,11 2,35 1,44 0,84 1,11 36,1 2,81 0,57 0,20 2,15 29,8 96,0 1352 5142 

206-1256B-10H-4, 95-97 cm 87,55 58,6 0,27 5,06 3,44 0,28 2,40 4,21 6,14 1,25 0,17 5,25 2,80 89,9 548 12541 

206-1256B-12H-5, 51-53 cm 107,61 30,7 0,06 1,29 1,01 0,19 1,04 29,4 3,41 0,41 0,09 2,66 24,9 95,1 1208 5320 

206-1256B-13H-2, 100-102 cm 112,40 67,8 b.d.l. 0,23 0,14 0,04 0,72 8,68 5,03 0,21 b.d.l. 4,46 6,77 94,1 426 1438 

206-1256B-14H-4, 79-81 cm 125,39 8,48 0,02 0,30 0,36 0,32 0,47 47,0 1,58 0,12 0,10 1,08 38,4 98,3 1577 1600 

206-1256B-15H-3, 37-39 cm 132,97 13,6 0,02 0,45 0,51 0,23 0,66 43,6 1,91 0,17 0,09 1,48 35,4 98,0 1465 2287 

206-1256B-16H-3, 132-134 cm 143,42 16,4 b.d.l. 0,28 2,69 0,20 0,56 39,7 2,01 0,14 0,07 1,60 33,7 97,4 1154 2230 

206-1256B-17H-3, 111-113 cm 152,71 26,5 b.d.l. 0,25 0,35 0,13 0,58 35,0 2,46 0,14 0,07 2,35 29,1 96,9 1110 2046 

206-1256B-19X-2, 53-55 cm 162,13 35,6 0,02 0,47 0,42 0,06 0,59 28,5 2,91 0,17 0,08 2,80 21,6 93,1 1143 3197 

206-1256B-20X-5, 101-103 cm 172,21 10,2 b.d.l. 0,26 0,26 0,12 0,47 46,5 1,39 0,09 0,10 1,17 38,1 98,7 1094 1732 

206-1256B-21X-2, 95-97 cm 177,25 21,5 b.d.l. 0,39 0,47 0,13 0,53 38,6 1,93 0,13 0,07 1,82 32,0 97,5 1288 2381 

206-1256B-22X-2, 45-47 cm 185,95 11,9 0,02 0,41 0,69 0,16 0,61 44,7 1,54 0,15 0,09 1,41 36,4 98,0 1340 2533 

206-1256B-24X-3, 79-81 cm 207,19 9,17 b.d.l. 0,23 0,42 0,21 0,55 47,1 1,42 0,12 0,08 1,23 38,3 98,8 1315 1997 

206-1256B-28X-2, 54-56 cm 243,64 9,31 0,03 0,51 3,27 0,36 1,29 45,6 0,73 1,52 0,10 1,16 36,0 99,9 1318 2854 
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Table 3 
Trace element concentrations of Site 1256 samples in µg/g (= ppm). 
All concentrations determined by ICP-MS with the exception of Sr and Ba for those samples marked by (*). 

Sample ID  Li  Sc V Cr Co Ni Cu Zn Ga Rb Sr Y Zr Nb Cs Ba 

                  ODP Leg 206, Site 1256  
                206-1256A-1H-1, 32-34 cm* 36,5 21,4 151 45,4 57,8 569 426 518 14,7 36,5 487 62,1 112 5,46 1,94 7481 

206-1256A-1H-2, 19-21 cm* 45,5 24,1 139 56,3 43,7 492 343 472 16,8 37,7 440 60,5 128 6,26 2,10 7932 
206-1256B-1H-4, 56-58 cm* 50,2 24,6 106 50,4 67,4 760 442 464 17,5 35,4 439 57,1 113 5,84 1,87 7949 
206-1256B-3H-2, 34-36 cm* 2,25 0,74 3,30 0,90 1,00 10,6 14,3 12,9 1,49 10,9 220 3,08 8,11 0,69 0,49 3209 
206-1256B-3H-2, 77-78 cm 49,2 22,3 94,2 42,7 45,2 622 650 365 16,8 35,2 514 89,7 136 6,27 1,77 12158 
206-1256B-3H-3, 81-82 cm 46,9 21,1 84,9 42,5 69,7 501 645 291 16,3 40,2 507 85,5 150 11,6 1,88 12245 
206-1256B-3H-4, 88-89 cm 63,5 23,5 242 57,9 58,7 566 251 378 17,5 38,8 561 90,3 122 5,65 2,01 13073 
206-1256B-3H-5, 96-97 cm 55,0 20,8 128 47,4 61,4 546 195 449 16,3 44,1 541 76,8 111 5,66 2,35 11244 
206-1256B-3H-6, 09-10 cm 62,1 23,3 125 55,3 68,2 621 220 454 19,2 40,5 477 86,4 120 5,88 2,13 12596 
206-1256B-3H-6, 40-41 cm 58,7 23,8 100 52,6 62,8 593 262 362 19,4 40,3 482 99,2 123 6,14 2,15 12853 
206-1256B-3H-6, 59-60 cm 53,8 23,5 92,8 49,0 63,2 579 316 365 19,1 41,4 502 110 128 6,08 2,15 13269 
206-1256B-3H-6, 78-79 cm 49,2 20,1 120 48,0 69,9 659 223 457 16,4 36,6 645 95,6 105 5,21 1,88 10693 
206-1256B-3H-6, 91-92 cm 48,8 20,4 99,4 44,2 72,7 683 226 428 16,9 36,0 604 95,5 106 5,17 1,85 9757 
206-1256B-3H-6, 103-104 cm 47,8 22,6 83,4 49,3 58,3 701 675 429 19,0 37,8 548 97,7 113 5,98 1,96 12256 
206-1256B-3H-6, 122-123 cm 48,5 24,0 88,4 52,5 49,3 551 882 294 20,4 44,6 470 111 120 6,75 2,29 12552 
206-1256B-3H-6, 141-142 cm 51,4 26,0 96,3 65,2 47,7 551 882 322 21,0 39,1 489 119 124 6,32 2,14 12919 
206-1256B-3H-7, 23-24 cm 44,8 23,7 84,1 57,7 44,0 472 718 376 19,0 35,7 691 122 115 5,57 1,92 12900 
206-1256B-4H-1, 04-05 cm 44,7 24,2 87,9 57,1 43,2 449 668 315 19,9 41,8 502 97,4 141 6,62 1,99 12703 
206-1256B-4H-1, 67-68 cm 53,9 27,0 103 67,4 56,2 555 756 392 21,5 37,2 538 118 125 5,95 2,08 14286 
206-1256B-4H-2, 75-76 cm 34,9 17,3 62,5 40,9 42,8 370 288 230 13,4 26,7 880 70,1 81,8 4,02 1,38 9554 
206-1256B-4H-3, 83-84 cm 57,7 26,6 151 63,4 75,0 651 275 416 20,2 39,2 504 94,6 121 5,71 2,18 12417 
206-1256B-4H-4, 90-92 cm* 5,06 2,64 9,31 5,58 6,49 65,5 55,6 36,7 2,03 3,82 490 10,3 11,6 0,59 0,20 12827 
206-1256B-4H-4, 128-129 cm 57,1 26,6 89,8 63,4 49,5 538 563 298 19,9 39,0 513 102 115 6,02 2,00 10684 
206-1256B-4H-5, 11-12 cm 59,9 26,8 93,3 58,8 57,0 611 571 306 19,7 39,9 479 107 114 5,97 2,03 10420 
206-1256B-4H-5, 41-42 cm 67,9 27,5 104 64,0 73,8 727 353 363 20,8 41,0 499 112 118 6,18 2,13 11968 
206-1256B-4H-5, 72-73 cm 70,2 26,1 170 67,2 74,5 715 261 377 19,8 39,7 468 108 112 5,85 2,09 10751 
206-1256B-4H-5, 104-105 cm 61,7 26,1 95,0 61,2 63,6 654 494 299 19,6 38,1 507 121 114 5,85 2,04 10852 
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Table 3 (continued) 
 

Sample ID Li Sc V Cr Co Ni Cu Zn Ga Rb Sr Y Zr Nb Cs Ba 

                  ODP Leg 206, Site 1256 
                206-1256B-4H-5, 135-136 cm 61,6 26,2 91,7 58,8 58,0 601 602 270 19,6 37,0 539 119 113 5,66 1,98 11444 

206-1256B-4H-6, 17-18 cm 46,7 21,3 72,4 52,7 40,0 440 472 213 16,5 30,9 718 102 93,3 4,77 1,59 8409 
206-1256B-4H-6, 48-49 cm 49,4 22,1 71,7 49,1 43,6 502 550 228 17,5 33,9 714 95,9 98,9 5,29 1,70 11411 
206-1256B-4H-6, 80-81 cm 57,7 24,6 79,6 56,6 50,7 635 413 282 19,3 37,4 620 94,7 108 5,79 1,89 11335 
206-1256B-4H-6, 111-112 cm 50,0 21,4 77,1 53,1 44,2 483 233 232 17,1 36,0 697 91,2 95,9 5,40 1,81 9320 
206-1256B-4H-6, 143-144 cm 48,9 20,0 66,9 50,1 43,7 584 283 271 18,1 45,7 499 66,5 96,3 5,93 2,09 8388 
206-1256B-4H-7, 24-25 cm 27,4 10,6 35,6 21,9 17,0 193 203 112 15,8 83,7 293 46,0 76,4 7,19 3,49 5519 
206-1256B-4H-7, 56-57 cm 49,0 24,1 84,6 51,7 40,2 508 534 246 19,1 34,7 657 104 108 5,68 1,77 11103 
206-1256B-4H-7, 68-69 cm 46,1 22,2 75,7 52,2 35,7 481 495 229 17,4 31,5 717 94,1 101 5,06 1,59 9805 
206-1256B-5H-1, 04-05 cm 48,3 23,2 77,4 57,2 37,7 500 514 293 18,2 34,7 711 96,7 101 5,38 1,72 10385 
206-1256B-5H-1, 36-37 cm 51,8 25,4 81,2 54,1 40,7 603 594 274 19,7 33,8 726 118 107 5,44 1,71 13910 
206-1256B-5H-1, 67-68 cm 45,0 22,8 73,6 50,5 35,1 539 552 248 18,2 33,0 824 104 101 5,40 1,57 13478 
206-1256B-5H-1, 93-94 cm 45,1 22,4 71,1 51,1 33,9 536 578 243 17,9 32,0 846 95,9 98,5 5,13 1,55 12817 
206-1256B-5H-1, 124-126 cm* 42,6 23,9 80,8 48,7 65,1 751 829 311 20,5 33,9 731 111 108 5,44 1,72 17704 
206-1256B-5H-6, 92-94 cm* 42,9 19,3 118,1 40,9 34,8 804 513 433 19,0 35,7 731 93,6 89,8 4,64 1,88 15469 
206-1256B-6H-3, 59-61 cm* 26,5 11,6 40,2 23,9 26,7 506 190 268 10,8 18,4 978 66,7 57,2 2,51 0,89 9318 
206-1256B-7H-3, 54-56 cm* 26,2 12,5 44,0 22,9 28,0 617 1837 406 13,6 28,0 651 58,7 67,8 2,84 1,25 11198 
206-1256B-8H-2, 66-68 cm* 12,7 5,90 18,9 10,7 15,3 283 138 189 7,01 12,1 671 35,9 40,7 1,41 0,51 7645 
206-1256B-8H-5, 89-91 cm* 22,8 13,6 60,9 22,6 55,7 776 395 472 13,0 19,3 722 71,1 79,4 2,92 0,83 13950 
206-1256B-9H-2, 79-81 cm* 9,55 5,43 14,6 7,29 14,4 204 138 95 5,09 11,1 1352 41,5 37,8 1,83 0,39 5142 
206-1256B-10H-4, 95-97 cm* 23,5 14,8 35,7 25,1 23,8 271 215 147 13,6 22,6 548 49,2 101 3,44 0,74 12541 
206-1256B-12H-5, 51-53 cm* 10,7 6,49 57,5 8,78 7,89 93,74 281 109 6,17 7,13 1208 24,2 35,4 0,95 0,27 5320 
206-1256B-13H-2, 100-102 cm* 2,59 1,05 16,2 3,19 0,89 17,76 55,58 27,5 1,62 1,38 426 3,48 9,19 0,14 0,04 1438 
206-1256B-13H-6, 25-26 cm 16,8 6,58 25,3 8,49 5,09 74,5 87,1 80,6 5,74 7,25 1179 27,9 36,3 1,05 0,28 7251 
206-1256B-14H-4, 79-81 cm* 4,40 1,55 7,20 1,76 1,74 13,66 14,92 15,2 1,20 1,73 1577 12,8 7,80 0,56 0,07 1600 
206-1256B-15H-3, 37-39 cm* 9,87 2,27 6,19 2,20 1,41 13,29 33,83 24,7 2,02 2,83 1465 17,0 12,8 0,56 0,11 2287 
206-1256B-16H-3, 132-134 cm* 8,61 1,64 6,17 2,89 1,69 11,62 31,30 42,5 1,63 1,83 1154 11,9 10,1 0,53 0,07 2230 
206-1256B-17H-3, 111-113 cm* 6,48 1,06 6,03 3,74 1,18 10,48 48,05 41,1 1,67 1,47 1110 9,38 8,21 0,36 0,06 2046 
206-1256B-19X-2, 53-55 cm* 6,34 2,77 16,2 3,18 3,16 60,01 97,54 88,3 3,01 1,62 1143 13,8 18,5 0,41 0,07 3197 
206-1256B-20X-5, 101-103 cm* 6,82 1,31 10,2 1,98 1,37 11,21 14,48 24,1 1,25 1,28 1094 12,8 7,28 0,45 0,07 1732 
206-1256B-21X-2, 95-97 cm* 7,16 1,87 15,5 3,78 3,39 29,86 100,7 65,7 2,09 1,54 1288 13,0 14,5 0,44 0,07 2381 
206-1256B-22X-2, 45-47 cm* 8,06 1,88 18,6 5,57 1,71 18,83 25,20 38,5 1,45 2,46 1340 19,9 12,3 0,61 0,09 2533 
206-1256B-24X-3, 79-81 cm* 5,02 1,22 9,30 1,99 1,74 11,45 27,52 28,5 1,12 1,80 1315 11,7 7,51 0,45 0,06 1997 
206-1256B-26X-1, 89-91 cm 5,29 1,62 7,59 2,52 0,60 10,88 41,21 24,3 1,55 4,24 

 
13,9 10,5 0,59 0,16 

 206-1256B-28X-2, 54-56 cm* 5,65 2,66 15,3 7,48 2,21 14,73 75,00 49,3 1,60 32,2 1318 19,5 17,3 0,70 0,46 2854 
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Table 3 (continued) 
 

Sample ID  La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb �‚ Th �‚ U�‚ 

                                          

ODP Leg 206, Site 1256                                        
206-1256A-1H-1, 32-34 cm* 29,1 31,8 6,49 27,4 6,29 1,74 7,67 1,13 7,56 1,71 5,21 0,72 5,38 0,87 2,10 0,52 13,3 3,06 1,06 
206-1256A-1H-2, 19-21 cm* 29,7 34,6 6,69 27,9 6,39 1,72 7,65 1,11 7,46 1,66 4,96 0,69 5,18 0,82 2,46 0,57 15,1 3,08 0,84 
206-1256B-1H-4, 56-58 cm* 26,1 31,6 5,65 23,8 5,57 1,56 6,71 0,99 6,74 1,54 4,63 0,65 4,91 0,78 2,28 0,56 13,4 2,50 0,73 
206-1256B-3H-2, 34-36 cm* 2,89 4,39 0,58 2,11 0,41 0,09 0,43 0,06 0,42 0,09 0,28 0,04 0,30 0,05 0,24 0,08 1,64 0,93 0,30 
206-1256B-3H-2, 77-78 cm 47,1 41,3 9,34 40,4 8,51 2,29 10,3 1,73 11,5 2,54 7,82 1,11 7,16 1,12 2,37 0,54 73,8 3,05 0,86 
206-1256B-3H-3, 81-82 cm 45,8 44,2 9,52 40,2 8,62 2,21 9,98 1,70 11,2 2,40 7,35 1,05 6,66 1,04 2,84 0,87 16,7 3,75 1,04 
206-1256B-3H-4, 88-89 cm 42,9 39,3 9,58 41,3 9,26 2,43 10,8 1,80 11,8 2,55 7,63 1,07 6,92 1,08 2,24 0,47 20,5 3,01 0,90 
206-1256B-3H-5, 96-97 cm 37,9 38,7 8,91 38,3 8,61 2,22 9,64 1,66 10,6 2,27 6,79 0,97 6,17 0,95 2,18 0,46 16,3 3,73 1,15 
206-1256B-3H-6, 09-10 cm 42,2 40,3 10,1 44,3 10,0 2,57 11,5 1,89 12,2 2,57 7,79 1,10 7,02 1,10 2,30 0,44 17,5 3,26 0,92 
206-1256B-3H-6, 40-41 cm 47,5 42,1 11,2 48,9 11,1 2,92 12,9 2,08 13,6 2,98 8,98 1,25 8,18 1,27 2,50 0,45 16,5 3,38 0,92 
206-1256B-3H-6, 59-60 cm 50,9 44,0 11,8 52,5 11,4 3,06 13,7 2,22 14,6 3,17 9,63 1,35 8,77 1,37 2,66 0,47 19,0 3,69 1,02 
206-1256B-3H-6, 78-79 cm 45,4 37,3 10,7 47,4 10,5 2,73 12,2 1,96 13,0 2,81 8,30 1,16 7,45 1,16 2,09 0,41 16,4 3,06 0,87 
206-1256B-3H-6, 91-92 cm 45,6 37,5 10,4 45,9 10,2 2,69 11,8 1,93 12,7 2,76 8,34 1,15 7,41 1,14 2,07 0,41 16,6 2,99 0,85 
206-1256B-3H-6, 103-104 cm 48,8 40,0 11,2 49,2 10,6 2,82 12,6 2,00 13,2 2,84 8,58 1,19 7,74 1,19 2,22 0,43 15,7 3,44 0,94 
206-1256B-3H-6, 122-123 cm 55,6 45,8 12,5 54,4 12,1 3,15 14,2 2,27 14,9 3,25 9,82 1,38 8,92 1,39 2,49 0,49 18,0 4,28 1,19 
206-1256B-3H-6, 141-142 cm 56,2 43,5 12,7 55,9 12,3 3,22 14,4 2,36 15,5 3,38 10,2 1,42 9,15 1,43 2,39 0,45 18,0 3,55 1,01 
206-1256B-3H-7, 23-24 cm 54,9 42,5 11,6 51,1 11,1 2,86 13,3 2,23 15,0 3,35 10,2 1,44 9,40 1,48 2,19 0,40 13,8 3,08 0,89 
206-1256B-4H-1, 04-05 cm 49,0 48,4 10,6 45,9 10,0 2,52 11,6 1,90 12,7 2,75 8,37 1,20 7,88 1,23 2,85 0,46 27,4 3,80 1,11 
206-1256B-4H-1, 67-68 cm 57,4 44,5 12,4 54,5 11,8 3,10 14,1 2,33 15,5 3,39 10,3 1,44 9,22 1,44 2,44 0,40 17,7 3,11 0,84 
206-1256B-4H-2, 75-76 cm 34,0 27,6 7,16 31,4 6,91 1,80 8,14 1,34 8,93 1,99 6,06 0,85 5,46 0,84 1,55 0,29 10,7 2,02 0,58 
206-1256B-4H-3, 83-84 cm 47,8 41,3 11,4 50,1 11,1 2,91 12,6 2,08 13,5 2,85 8,53 1,17 7,51 1,13 2,27 0,39 16,1 3,03 0,76 
206-1256B-4H-4, 90-92 cm* 5,06 4,06 1,23 5,28 1,21 0,33 1,47 0,21 1,37 0,29 0,85 0,12 0,83 0,13 0,25 0,06 1,26 0,30 0,08 
206-1256B-4H-4, 128-129 cm 50,0 39,4 11,3 47,5 10,9 2,78 12,2 2,05 13,4 2,85 8,44 1,16 7,37 1,14 2,29 0,55 11,0 2,91 0,72 
206-1256B-4H-5, 11-12 cm 51,4 40,0 11,6 48,6 11,3 2,94 12,7 2,15 13,9 2,98 8,81 1,23 7,79 1,21 2,32 0,48 11,1 2,93 0,75 
206-1256B-4H-5, 41-42 cm 53,6 40,9 12,2 51,8 11,9 3,14 13,7 2,25 14,7 3,11 9,41 1,31 8,22 1,27 2,35 0,49 13,4 2,93 0,74 
206-1256B-4H-5, 72-73 cm 52,5 38,4 11,7 49,2 11,5 2,96 13,2 2,16 14,1 3,05 9,12 1,27 7,94 1,21 2,39 0,40 13,8 2,83 0,73 
206-1256B-4H-5, 104-105 cm 57,3 38,4 12,3 52,3 12,0 3,12 14,0 2,28 15,1 3,27 9,85 1,36 8,59 1,34 2,38 0,49 13,9 2,86 0,76 
206-1256B-4H-5, 135-136 cm 56,2 37,4 11,9 49,6 11,2 3,00 13,2 2,20 14,4 3,09 9,37 1,32 8,18 1,28 2,27 0,55 14,2 2,74 0,74 
206-1256B-4H-6, 17-18 cm 47,8 33,6 10,3 43,4 9,9 2,57 11,5 1,88 12,6 2,75 8,21 1,15 7,23 1,10 1,84 0,39 10,5 2,29 0,63 
206-1256B-4H-6, 48-49 cm 46,5 33,2 10,2 42,2 9,6 2,48 10,9 1,82 11,9 2,51 7,68 1,05 6,65 0,99 1,88 0,40 11,9 2,53 0,66 
206-1256B-4H-6, 80-81 cm 47,3 33,5 10,5 42,9 10,0 2,54 11,0 1,88 11,9 2,49 7,47 1,02 6,22 0,95 1,96 0,44 12,8 2,58 0,67 
206-1256B-4H-6, 111-112 cm 46,1 32,9 10,0 41,4 9,5 2,44 10,5 1,80 11,4 2,44 7,35 1,02 6,37 0,96 1,87 0,35 12,3 2,60 0,68 
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Table 3 (continued) 

Sample ID  La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb �‚ Th �‚ U�‚ 

                                          

ODP Leg 206, Site 1256                                        
206-1256B-4H-6, 143-144 cm 36,2 30,4 8,2 33,1 7,8 1,97 8,45 1,41 9,11 1,90 5,48 0,76 4,80 0,73 1,97 0,44 12,0 3,01 0,83 
206-1256B-4H-7, 24-25 cm 29,6 30,8 6,4 24,8 5,9 1,37 6,24 0,96 6,47 1,35 4,00 0,57 3,57 0,55 2,26 0,62 14,1 5,64 1,87 
206-1256B-4H-7, 56-57 cm 52,9 36,6 12,2 51,3 11,6 3,01 13,2 2,10 13,7 2,91 8,64 1,19 7,37 1,13 2,22 0,43 11,3 2,90 0,70 
206-1256B-4H-7, 68-69 cm 48,1 34,0 10,9 45,4 10,4 2,67 11,6 1,88 12,2 2,58 7,54 1,03 6,51 1,00 1,95 0,39 9,71 2,53 0,62 
206-1256B-5H-1, 04-05 cm 48,8 34,1 11,0 45,4 10,6 2,69 11,7 1,93 12,4 2,63 7,64 1,07 6,49 1,01 1,97 0,43 25,3 2,63 0,66 
206-1256B-5H-1, 36-37 cm 57,3 37,9 12,3 50,5 11,8 3,07 13,4 2,20 14,5 3,09 9,33 1,27 7,95 1,23 1,99 0,40 12,1 2,55 0,61 
206-1256B-5H-1, 67-68 cm 51,4 36,0 11,2 47,0 11,0 2,77 11,9 1,97 12,9 2,77 8,19 1,11 7,14 1,09 1,95 0,38 12,3 2,54 0,62 
206-1256B-5H-1, 93-94 cm 47,9 33,5 10,7 44,4 10,4 2,67 11,4 1,92 12,5 2,59 7,66 1,03 6,50 1,02 1,94 0,42 11,3 2,44 0,59 
206-1256B-5H-1, 124-126 cm* 53,0 36,3 12,4 52,7 12,3 3,20 14,5 2,07 13,4 2,94 8,61 1,15 8,36 1,30 2,22 0,53 14,6 2,77 0,68 
206-1256B-5H-6, 92-94 cm* 42,1 28,3 9,32 39,7 9,05 2,39 10,9 1,54 10,3 2,32 6,82 0,92 6,78 1,06 1,77 0,46 10,4 2,63 1,39 
206-1256B-6H-3, 59-61 cm* 28,5 16,5 5,61 24,3 5,20 1,46 6,91 1,02 6,93 1,62 4,88 0,68 4,90 0,78 1,14 0,25 7,66 1,29 1,61 
206-1256B-7H-3, 54-56 cm* 27,6 19,0 5,72 24,5 5,38 1,48 6,65 0,96 6,31 1,45 4,31 0,60 4,34 0,67 1,39 0,30 8,43 1,89 1,01 
206-1256B-8H-2, 66-68 cm* 17,3 11,3 3,50 15,1 3,38 0,94 4,23 0,62 4,20 0,98 2,91 0,40 2,84 0,45 0,74 0,13 3,47 0,84 0,32 
206-1256B-8H-5, 89-91 cm* 30,9 19,5 6,78 29,5 6,67 1,85 8,40 1,21 8,08 1,81 5,27 0,72 5,24 0,84 1,30 0,22 6,35 1,47 0,46 
206-1256B-9H-2, 79-81 cm* 18,0 10,7 3,24 13,9 3,13 0,87 3,97 0,58 4,10 0,97 3,05 0,43 3,03 0,48 0,70 0,43 4,24 0,86 0,30 
206-1256B-10H-4, 95-97 cm* 25,4 19,0 5,44 23,1 5,15 1,40 6,27 0,90 5,80 1,30 3,79 0,54 4,01 0,61 1,64 0,28 11,5 1,30 0,43 
206-1256B-12H-5, 51-53 cm* 12,2 5,21 2,33 9,96 2,21 0,61 2,93 0,42 2,74 0,63 1,92 0,27 1,99 0,31 0,51 0,13 3,40 0,45 1,43 
206-1256B-13H-2, 100-102 cm* 1,92 0,77 0,36 1,52 0,34 0,10 0,42 0,06 0,43 0,10 0,30 0,05 0,35 0,06 0,12 0,02 0,58 0,07 0,91 
206-1256B-13H-6, 25-26 cm 14,2 6,51 2,81 12,7 2,71 0,73 3,44 0,54 3,64 0,81 2,47 0,35 2,30 0,36 0,56 0,07 4,97 0,51 1,53 
206-1256B-14H-4, 79-81 cm* 5,91 1,51 0,97 4,24 0,90 0,25 1,26 0,18 1,25 0,30 0,93 0,13 0,92 0,15 0,12 0,68 1,17 0,10 0,36 
206-1256B-15H-3, 37-39 cm* 8,22 2,25 1,48 6,42 1,49 0,39 1,90 0,28 1,88 0,44 1,33 0,19 1,37 0,22 0,18 0,56 1,93 0,16 0,25 
206-1256B-16H-3, 132-134 cm* 5,47 1,67 0,96 4,23 0,94 0,26 1,30 0,19 1,36 0,32 0,98 0,15 1,00 0,16 0,14 0,60 1,81 0,12 0,21 
206-1256B-17H-3, 111-113 cm* 4,36 1,21 0,71 3,20 0,68 0,20 0,97 0,14 1,01 0,25 0,77 0,11 0,73 0,12 0,11 0,47 1,89 0,11 0,32 
206-1256B-19X-2, 53-55 cm* 7,06 2,04 1,26 5,61 1,14 0,33 1,60 0,23 1,61 0,37 1,11 0,15 1,06 0,18 0,24 0,26 1,93 0,15 1,20 
206-1256B-20X-5, 101-103 cm* 5,94 1,44 0,91 4,07 0,82 0,24 1,21 0,19 1,34 0,32 1,01 0,15 0,97 0,16 0,11 0,68 1,05 0,08 0,48 
206-1256B-21X-2, 95-97 cm* 6,78 1,77 1,15 5,09 1,11 0,30 1,50 0,22 1,51 0,36 1,09 0,15 1,04 0,17 0,20 0,52 2,61 0,11 0,64 
206-1256B-22X-2, 45-47 cm* 10,2 2,35 1,70 7,52 1,57 0,45 2,28 0,33 2,39 0,54 1,70 0,23 1,59 0,25 0,19 0,67 2,84 0,14 0,32 
206-1256B-24X-3, 79-81 cm* 6,10 1,39 0,97 4,31 0,91 0,25 1,24 0,18 1,34 0,31 0,91 0,13 0,93 0,14 0,10 0,69 2,05 0,09 0,17 
206-1256B-26X-1, 89-91 cm 7,25 1,82 1,10 4,86 1,01 0,29 1,45 0,22 1,54 0,38 1,14 0,18 1,16 0,19 0,17 0,87 1,76 0,13 0,07 
206-1256B-28X-2, 54-56 cm* 11,2 3,11 2,02 8,83 1,89 0,54 2,56 0,37 2,48 0,57 1,65 0,24 1,55 0,25 0,29 0,66 5,22 0,21 0,09 

�‚�3�E�����7�K�����D�Q�G���8���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���K�D�Y�H���D�O�U�H�D�G�\���E�H�H�Q���S�X�E�O�L�V�K�H�G���E�\���+�|�I�L�J���H�W���D�O������in preparation, see CHAPTER II) in parts. 
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Table 4 (continued) 

Sample ID  87Sr/86Sr 2 sigma 143Nd/144Nd 2 sigma �0Nd 176Hf/177Hf 2 sigma 

ODP Leg 206, Site 1256                
Residues         
206-1256A-1H-2, 19-21 cm_Res 0,707911 0,000005 0,512558 0,000002 -1,56     
206-1256B-4H-4, 90-92 cm_Res 0,708005 0,000006 0,512596 0,000003 -0,81     
206-1256B-8H-5, 89-91 cm_Res 0,708362 0,000005 0,512576 0,000002 -1,20     
206-1256B-21X-2, 95-97 cm_Res 0,708788 0,000005 0,512474 0,000002 -3,20     
206-1256B-28X-2, 54-56 cm_Res 0,708908 0,000006 0,512441 0,000002 -3,85     
Leachates            

 
    

206-1256A-1H-2, 19-21 cm_Leach 0,709153 0,000006 0,512536 0,000003 -1,99     
206-1256B-4H-4, 90-92 cm_Leach 0,709009 0,000006 0,512577 0,000002 -1,19     
206-1256B-8H-5, 89-91 cm_Leach 0,708938 0,000006 0,512549 0,000003 -1,74     
206-1256B-21X-2, 95-97 cm_Leach 0,708833 0,000006 0,512474 0,000002 -3,20     
206-1256B-28X-2, 54-56 cm_Leach 0,708751 0,000006 0,512439 0,000003 -3,88     
DSDP Leg 67, Site 495                
67-495-3R-5, 76-77 cm 0,707128 0,000005 0,512790 0,000002 2,97     
67-495-6R-4, 34-35 cm 0,706729 0,000005 0,512797 0,000003 3,10     
67-495-9R-5, 40-41 cm 0,707621 0,000005 0,512709 0,000002 1,39     
67-495-12R-5, 63-64 cm 0,707510 0,000006 0,512656 0,000003 0,35     
67-495-15R-6, 102-103 cm 0,707831 0,000006 0,512672 0,000003 0,67     
67-495-18R-7, 61-62 cm 0,707647 0,000005 0,512663 0,000003 0,49     
67-495-21R-7, 29-30 cm 0,708809 0,000005 0,512486 0,000002 -2,96     
67-495-24R-7, 20-21 cm 0,708772 0,000006 0,512413 0,000002 -4,38     
67-495-27R-5, 115-118 cm 0,708679 0,000006 0,512427 0,000009 -4,12     
67-495-30R-2, 41-42 cm 0,708610 0,000006 0,512415 0,000003 -4,36     
67-495-33R-5, 41-42 cm 0,708511 0,000005 0,512432 0,000013 -4,01     
67-495-36R-4, 50-51 cm 0,708458 0,000005 0,512486 0,000003 -2,96     
67-495-39R-3, 108-109 cm 0,708370 0,000005 0,512401 0,000005 -4,63     
67-495-41R-6, 53-54 cm 0,708332 0,000005 0,512369 0,000017 -5,24     
67-495-41R-6, 53-54 cm_Replicate 0,708327 0,000006 0,512386 0,000008 -4,92     
67-495-43R-5, 24-25 cm 0,708312 0,000006 0,512395 0,000007 -4,75     
67-495-45R-4, 25-26 cm 0,708293 0,000006 0,512366 0,000004 -5,30     
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Supplementary Figure A.1 (Appendix I) 
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Supplementary Figure A.2 (Appendix I) 
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