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Presenter
Presentation Notes
General introduction, age and topographic relationships relates to density differences which ultimately relate to compositional differences. First order feature of earth and unique to the rocky planets. Still no full understanding for the processes responsible for a first order feature on the earth surface



Jagoutz and Kelemen, AREPS in prep 

Presenter
Presentation Notes
Trace element chemistry exclude MOR as the locus of CC formation and make it very unlikely (yet not impossible) that they formed by OIB. The best similarities is between average andesitic Arc volcanic lava chemistry (correct labeling mistake should be IAA Island arc andesite) and CC. which is a key argument for CC being formed along subductionzones. In this model its key to understand the formation of juvenile CC in intra oceanic subduction systems. 



Izu-Bonin Arc 

Kodaira et al, 2007 Geology; Palomeras et al, 2009, JGR 
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Crust 
Mantle 

Moho 

Jagoutz and Behn,  
in review 

Presenter
Presentation Notes
Problems of CC formation in oceanic arcs (I) Seismic structure of the two crusts are strikingly differentIf CC is formed in ocean islands arc the seismic properties of the arc crust differst significantly from this of the CC. Generally arcs do not have a sharply developed seismic Moho, and the velocities of rock assigned as sub moho is ~ 0.5 km slower in Vp as sub Moho rock in CC. accordingly in this model of CC formation, the arc crust must undergo some significant reworking of the lower arc crust to achieve the characteristics of the CC. When, where and how this reworking occurs is unknown.



Kelemen and Jagoutz,  
AREPS in prep 

Presenter
Presentation Notes
Problems of CC formation in oceanic arcs (II) Compositional differencesThis is the classical andesitic crust paradox: melts derived from the mantle are generally basaltic whereas the CC is andesitic. Independent of the detailed composition of the CC its clear that the CC is NOT in Eq with a mantle assemblage. Mass balance consideration necessitates that a certain high Mg#, low Si component is lost form the system during the formation of the CC. as such rocks form early in the fractionation sequence (e.g. Bowen) it is most likely that the process of “loosing” these rocks happens in the lower arc crust /upper mantle region. Reworking of the upper crust due to e.g. selective weathering can not explain the mismatch as significant amounts of ultramafic rocks are generally not exposed on the surface in arcs. Generally it is thought that density sorting can explain the loss of the High Mg#, low Si material and two possible sorting mechanism are illustrated: sorting during subduction of continental material in the subduction zone and density sorting at the base of an arc (delamination in the broadest sense). My work focused on the importance of the second model as the importance of the first model is limited by the amount of terrigenous material subducted along trenches which is generally small based on the results of ODP drilling etc.  



Subduction zone mass balance [km3/a] 

Jagoutz and Schmidt, 2013, EPSL 

Presenter
Presentation Notes
We can finally add the numbers together. The estimates strongly depend on the magnitude of the arc crust growth. We used a very conservative estimate for the arc crust growth rate that vary significantly. Using double that values would double the numbers of magmatic arc flow and delamination. But even our conservative estimate indicate the the arc magma flow and the foundering flux are in the same order of magnitude of the magmatic flux along ridges and subduction of oceanic crust. 



Exposed arc sections 

Stern, 2002  

Kohistan 
Ladakh arc Talkeetna arc 

Sierra/ 
Cascades 

Presenter
Presentation Notes
Key is to study the only existing fully exposed arc section we have preserved in the geological record. 



Jagoutz et al., 2011, EPSL 

Presenter
Presentation Notes
Geological map of Kohistan. Note that the mapping was an integral part of this project and this map is a simplified version of the real general map we produced over the years. Most of the mapping (>70%) was done by me. The following slides show examples of rocks along a transect from the deep arc crust to the volcanic rocks.





How to ‘translate’ an exposed 
arc section 

??? 

Presenter
Presentation Notes
The key to understand the evolution of the lower arc crust and how exposed arc section compare to active system is to translate the complex geology of Kohistan into the seismic structure it had during is active time.



How to ‘translate’ an exposed 
arc section 

Jagoutz, EPSL in review 

Presenter
Presentation Notes
We need to know the P T range the rocks where originally formed



Composition vs Depth 

Jagoutz, EPSL in review 



Jagoutz and Behn, under review 



Jagoutz and Behn, under review 

Kohistan 

Presenter
Presentation Notes
The results are shown here. We have now a detailed profile through the arc crust with some >270 sample points that fulfill all the aforementioned criteria. This is the first detailed seismic reconstruction of an crustal section. We can calculate the absolute depth from the calculated densities and so can compare seismic velocities from active arcs to that of exposed arc section. As can bee seen the seismic structure of Kohistan compares well to e.g. Marianna (blue line) but contrasts with that of the continental crust (orange line)



Jagoutz and Behn, under review 

Kohistan 



Jagoutz and Behn, under review 

Presenter
Presentation Notes
In collaboration with Mark Behn I did these calculations also for the Talkeetena arc and compare here the results to the Kohistan arc. On the right/left we have the crustal columns of both arcs, and in the center the density and seismic velocities (Vp) of the average rock composition (blue and red dots connected by the black lines).  As an illustration that density of a mantle peridotite is shown as the green bar. Rock plotting to the right of the green bar are density unstable. The key point is that the Kohistan arc has high velocities rocks preserved that are density unstable in the lower arc crust and the arc does not show the presence of a sharply defined arc Moho. Kohistan is not density sorted. The initial depth range of the density unstable rock is ~ 40 km. Contrary the Talkeetena arc section has only very minor amounts of density unstable rocks preserved (~ 10 m thick). Talkeetna is density sorted. The contact between the crustal rocks and the underlying mantle in Talkeetena has the seismic characteristic of the Moho. Based on these results we postulate that the location of the seismic Moho in the CC marks the beginning of density unstable rocks due to the grt in isobar. These rocks subsequently delaminate and get replaced by upper mantle rocks  forming the sharp seismic discontinuity that characterizes the CC. In this model the location of the Moho is the location of the former grt –in isobar where rocks became unstable. 



Instability growth rates 
(after Jull and Kelemen, 2001) 

Magmatic growth  
of a cumulate layer 

h = Cumulate layer thickness 
t = time 
q = magma flux 
α = fractionation factor 

Jagoutz and Behn, under review 

Presenter
Presentation Notes
A key question is when delamination occurs. To investigate the instability timescale we equated the time scale of the growth of a cumulate layer with the instability times scales that take into account temperature dependent viscosities etc. the results are shown on the right and document that instabilities at Moho T > ~800 C develop after a few km within a few Ma (number in boxes are Ma).  With decreasing T delamination becomes quickly ineffective on geological time scales. Temp estimates for the Moho in arc are difficult (shown later) but generally > 700 to ~ 1000C. Based on that our results document that it ‘rains’ cumulate permanently at the base of an arc and delamination is a steady process related to arc magmatism. 



Jagoutz and Behn,  
under review 

Presenter
Presentation Notes
On the left diagram I show the temperature estimates for the Moho in Kohistan and Talkeetena compared to our instability calculation. The Moho in Kohistan is ~250C colder than in Talkeetena and that can explain the fact that a thick section of density unstable rocks are preserved in Kohistan contrary to Talkeetena that is essentially density sorted. On the left I compare the seismic velocity calculated for rocks in Kohistan and Talkeetena with Vp estimates form active arcs.  The density unstable rocks have ~ 0.5 km/sec lower velocities as typical upper mantle rocks similar to what is observed as ‘sub-moho in arcs. This large velocity difference can not be explained easily by thermal differences and likely reflect real compositional differences. The density stable rocks in Kohistan and Talkeetena are comparable in Vp to those observed above the Moho in arcs and continent. 
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• Foundering of the density unstable lower arc 

crust can explain the location and the 
characteristics of the continental Moho 



Conclusions 

• Continental crust can be formed in oceanic 
arcs 

• Foundering of density unstable lower crust is 
an essential mechanism : 
– The composition of the CC 
– The location and characteristics of the CC Moho 
– Influence on the global ‘mantle zoo’  

 



Jagoutz et al., 2011, EPSL 

Presenter
Presentation Notes
Geological map of Kohistan. Note that the mapping was an integral part of this project and this map is a simplified version of the real general map we produced over the years. Most of the mapping (>70%) was done by me. The following slides show examples of rocks along a transect from the deep arc crust to the volcanic rocks.





Schmidt and Jagoutz, EPSL accepted 

Presenter
Presentation Notes
These are and example of the results of the model calculation showing that depending in detail on the model set up and the bulk composition used (BCC=bulk continental crust, Koh= bulk kohistan arc)Somewhere between 60-70 % of the original melt mass needs to delaminate ( or more general be ‘hidden’ below the Moho) in order to arrive at a andesitic composition. These results are in agreement with e.g. fractional crystallization experiments and are very reasonable and robust. 



Jagoutz and Behn, in prep 



Jagoutz and Behn,  
in prep 
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The problem 

If Carc= Cparcmelt 
 
⇒Arc production rate=Arc magma flux 

 
Else 
 
Arc production rate=  
Arc magma flux-delamination flux 
and 
yCarc=xCparcmelt-(1-x)Cdelaminat 
 
We need: 
Carc, Cdelaminat, Cparcmelt, x 

Dimalanta et al. 2002 

Arc production rate 
 ~ 1.5-7 km3/a 

Presenter
Presentation Notes
The problem is that the CC is not  a primitive arc melt, so to complete the mass balance we need to know the composition of an arc, the composition of the primitive mantle melt (easier to constrain), the composition of the rocks delaminated and the relative proportion of them all. This talk aims at showing how I tried to constrain these parameter using field observations, geochemistry, phase petrology and geophysical data. 



Take home messages 

• A ‘hidden’ mass flux at the mantle-crust 
interface in arc exist that has a similar 
magnitude as the subduction of oceanic crust 
 

• Foundering of the density unstable lower arc 
crust can explain the location and the 
characteristics of the continental Moho 
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Arc production rate 
 ~ 1.5-7 km3/a 

Presenter
Presentation Notes
The first parameter I will constrain is the bulk composition of an arc crust which is discussed for decades. Currently the only estimates we have on the bulk composition of arc is from seismic data (e.g. Holbrook et al. 1999 Geology) or from the Kohistan and Talkeetena. Approximating the composition of an arc from seismic data is difficult as the  correlation between e.g. Vp and SiO2 is not unique (see work by Behn and Kelemen). Previous estimates of the composition of exposed arc terrenes (Kohistan and Talkeetena) are based on poor surface geology, no pressure estimates and limited (< 30) whole rock samples, but results of all these estimates indicated that the composition of arcs is basaltic.



Jagoutz+Schmidt (2012) 

    bulk crust 
Kohistan 

arc continental 
Koh-m#1 RG 

  
SiO2 
(wt%) 59.3 60.6 
TiO2 0.68 0.72 
Al2O3 17.0 15.9 
FeOT 6.26 6.71 
MnO 0.13 0.10 
MgO 4.32 4.66 
CaO 7.21 6.41 
Na2O 3.42 3.07 
K2O 1.52 1.81 
P2O5 0.19 0.13 

XMg
b   0.552 0.553 

Step 1: modern mature island arc crust (= the Kohistan) is similar to continental crust 

Rudnick+Gao (2003) 



The problem 

If Carc= Cparcmelt 
 
⇒Arc production rate=Arc magma flux 

 
Else 
 
Arc production rate=  
Arc magma flux-delamination flux 
and 
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We need: 
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Dimalanta et al. 2002 

Arc production rate 
 ~ 1.5-7 km3/a 

Presenter
Presentation Notes
In the next few slides I show how we estimate the composition of the delaminated rocks and the mass balance. The composition of the primitive arc melts is based on the average of all primitive arc volcanic analyzed in Kohistan and is a straight forward estimate and not shown in much detail here. 



Compilation of primitive volcanics from GEOROC data base (Mainz) 

calc-alkaline / tholeiitic   
Aleutians  Bismark Kuriles Marianas  Tonga Vanuatu Yap Palau Kohistan average 

n  12 9 14 20 13 31 4 13 10 
SiO2 (wt%) 49.8 50.5 51.5 50.2 49.3 49.4 49.5 51.2 50.7 50.2 
TiO2 0.75 0.99 0.83 0.91 0.60 0.69 0.59 0.60 0.80 0.8 
Al2O3 15.7 14.9 14.7 15.7 12.0 12.9 15.2 16.5 15.6 14.8 
FeOtot 8.8 9.0 8.8 8.1 9.3 9.6 8.6 7.9 8.6 8.8 
MnO 0.16 0.17 0.16 0.13 0.18 0.19 0.17 0.16 0.14 0.2 
MgO 11.1 10.9 10.9 10.9 13.4 12.7 11.1 10.7 10.9 11.4 
CaO 10.5 11.1 9.9 11.3 10.5 11.1 12.9 9.9 9.9 10.8 
Na2O 2.4 2.2 2.3 2.3 2.1 2.0 1.7 2.6 2.4 2.2 
K2O 0.70 0.31 0.83 0.37 2.12 0.98 0.18 0.28 0.61 0.7 
P2O5 0.13 0.11 0.14 0.12 0.46 0.20 0.05 0.07 0.19 0.2 

XMg
b 0.691 0.684 0.687 0.705 0.718 0.702 0.697 0.707 0.693 0.7 

Cr (ppm) 611 545 647 456 697 666 507 689 512 592 
Ni 208 213 196 240 300 242 153 207 167 214 

Step 2: primitive (basaltic calc-alkaline/tholeiitic) mantle melts in arcs 

XMg = 0.65-0.74 
Ni    = 150-500 
Cr    = 300-1100   

Tonga, Marianas and Aleutians also have 
primitive high-Mg andesites 



Density Stable  

Density Unstable 

Δρ cumulate – primitive mantle (kg/m3) 

Jagoutz et al, 2011 EPSL 
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Arc production rate 
 ~ 1.5-7 km3/a 

Presenter
Presentation Notes
In the next few slides I show how we estimate the composition of the delaminated rocks and the mass balance. The composition of the primitive arc melts is based on the average of all primitive arc volcanic analyzed in Kohistan and is a straight forward estimate and not shown in much detail here. 



 

Simple global mass balance 

Presenter
Presentation Notes
Our results indicate that the rocks that can be density unstable are wherlite, hornblendite/garnetite and garnet granulites. As we can measure their composition we have the input parameter for an mass balance calculation where we model the mass balance between the bulk CC or bulk Kohistan arc, the different density unstable cumulates to arrive at a primitive arc melt composition. 



Schmidt and Jagoutz, 2013 EPSL  

Presenter
Presentation Notes
These are example of the results of the model calculation showing that independent in detail on the model set up and the bulk composition used (BCC=bulk continental crust, Koh= bulk kohistan arc)somewhere between 60-70 % of the original melt mass needs to delaminate ( or more general be ‘hidden’ below the Moho) in order to arrive at a andesitic composition. These results are in agreement with e.g. fractional crystallization experiments and are very reasonable and robust. 



Subduction zone mass balance [km3/a] 

Schmidt and Jagoutz, EPSL accepted 

Presenter
Presentation Notes
As we constrained all paramters with our field studies that are needed to complete the mass balance in subductionzones…..



Important reservoir for the Pb paradox ? 

Hofmann, 2003 

Low 
U/Pb 

Presenter
Presentation Notes
As we postulate that a lot of material is being reintroduced into the upper and possibly deeper mantle, we investigate if some of that material is appropriate to explain some of the global mantle geochemical characteristics. Here we illustrate the importance of delaminated rocks for the global Pb paradox that was first described by Allegre in 1969 and still remains unsolved:As the earth is formed from chondritic meteorites, it should lie on a meteoritic geochron in Pb-Pb space (4.53 geochron) but nearly all rocks on earth plot on the right of the geochron. To counterbalance this radiogenic composition we need a Low U/Pb reservoir somewhere hidden in the earth that has not yet been identified. 



 

Schmidt and Jagoutz, EPSL accepted 

Presenter
Presentation Notes
The material that is likely delaminated is rich in Pb and low in U mainly due to the presence of sulfides and/or plag. And so has indeed a low U/Pb. So depending in detail when the crust is formed the delaminated material will become unradiogenic with time as the ‘surrounding’ earth is evolving away form them in isotope space as other rocks have high U/Pb and so more radiogenic ingrowth. 



Schmidt and Jagoutz, EPSL accepted 

Presenter
Presentation Notes
Here is the modeled isotopic composition of this reservoir depending on three different crustal growth curves. The diamond assumes that most of the CC formed in the post Achaean times (e.g. Hurley and Rand model 1969) the triangle assumes that most of the CC form in Achaean time (Dewey and Windley model), the circle is a linear growth model form 3.8 Ga to today. Lines are mixing lines between the reservoir and the enriched DMM (the most difficult one to explain). Crosses indicate 1% mixing and the other symbols 10 % mixing steps. The results show that ~ 4-9% of the mass of the DMM are needed to counterbalance its radiogenic composition. As we don’t know the size of the DMM reservoir (estimates range from ~30-70 % of the mantle) it was always difficult to approximate absolute numbers. But as the DMM is thought to be formed due to the extraction of the CC (Hoffmann, 1988) the size of the DMM and that of the delaminated reservoir are proportional to each other. As the average degree of melting is ~ 10-15% for primitive arc melts the numbers add up relatively easy. (e.g. 10 m3 of mantle produce 1m3 of melt of which 60-70% is reintroduced into the mantle (~6-7 % of the DMM formed) in accordance with the 4-9% needed based on our calculations) 



Take home messages 

• A ‘hidden’ mass flux at the mantle crust 
interface in arc exist that has a similar 
magnitude as the subduction of oceanic crust 
 

• Foundering of the density unstable lower 
arc crust can explain the location and the 
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