Petrology Literature Exercise: What goes into Making Volcanic Arc Magmas, and How Do We Know It?

The “classical” approach to understanding the genesis of volcanic igneous rocks is to focus on the major chemical constituents: what rock is melting (generally, ultramafic rocks in the mantle, either in total or in part), how much is it melting, and how (i.e., what is the fraction of melt generated), to what degree does it crystallize on its way to the surface, and what mineral phases crystallize.   The presumption of these approaches is one of a Closed System: no materials are added or removed as melting is initiated or proceeds, so one can ascertain the kinds of melts generated and lavas likely to erupt based on observed crystallizing mineral assemblages and/or the major element abundance variations among related lavas.

Magmatism in subduction zones, however, is substantially more complicated: melting is related in varying ways to chemical exchanges occurring between subducting slabs and the overriding mantle wedge, and lavas also interact in varying ways with the mantle and crustal columns through which they rise.  Our understanding of what the primary source materials are for subduction-related magmas has arisen in large part from geochemical studies – specifically studies of the variations of certain key trace elements among related arc lavas, and in other rocks associated with subduction processes.

What we’ll be doing is a guided reading exercise: we’re going to examine a series of scientific papers that have been key to the development of our current understanding of how subduction-related magmas are formed and evolve.   To help in our understanding of these papers, we’ll also be looking at some recent experimental studies on the mineral-melt and mineral-fluid distribution behaviors of key trace elements, and at the Geochemical Earth Reference Model website (http://earthref.org/GERM/ ), which is an actively updated archive on the abundances and distribution patterns of chemical elements in a wide range of earth materials.  

Each paper will be accompanied by several questions to guide your reading.  DO use the questions to delve into the papers!

Additional Reference papers of use: 
Brenan, JM; Ryerson, FJ; Shaw, HF, 1998, The role of aqueous fluids in the slab-to-mantle transfer of boron, beryllium, and lithium during subduction: Experiments and models.  Geochimica et Cosmochimica Acta, vol. 62, pp. 3337-3347.

Brenan JM, Neroda E, Lundstrom CC, Shaw HF, Ryerson FJ & Phinney DL  (1998): Behaviour of boron, beryllium, and lithium during melting and crystallization: Constraints from mineral-melt partitioning experiments. Geochimica et Cosmochimica Acta, vol. 62, pp. 2129–2141.
Sediment subduction:
1) Tera, F., Brown, L., Morris, J., Sacks, I. S., Klein, J.; Middleton, R., 1986, Sediment incorporation in island-arc magmas; inferences from 10Be. Geochimica et Cosmochimica Acta, vol.50, pp.535-550.

a) How does 10Be form on Earth, and how long does it last once formed?

b) Where on the Earth does 10Be tend to concentrate, and at what levels?  

c) How much 10Be are the authors reporting in the arc volcanic rocks that they have examined?  How do they say it relates to 10Be abundances in other Earth reservoirs?

d) What is the authors’ model for the incorporation of 10Be into these lavas? (that is, what do they suggest had to occur for these lavas to contain any 10Be at all?

The “slab component”

2) Morris, J., Leeman, W. and Tera, F., 1990, The subducted component in island arc lavas; constraints from B-Be isotopes and Be systematics.  Nature, vol. 344, pp. 31-36.
a) This paper takes the 10Be database reported in Tera et al (1986) and subsequently, and compares it to the variations of what other trace elements? (i.e., note both the numerators and denominators!)

b) What are the solid-melt and solid-fluid distribution behaviors of beryllium and boron?  [to answer this question, examine Brenan, et al. (1998a; b) and http://earthref.org/GERM/ .

c) What are the data being plotted in Figure 1 of this paper?   

d) What is the pattern of data variation (i.e., what do the trends in the data that they identify represent)?  

e) What chemical process do the authors suggest as the origins of these variations?  

f) What earth material(s) or region(s) do they place at the origin on Figure 1?

Sediment melts during subduction:

3) Plank, T. and Langmuir, C., 1993, Tracing trace elements from sediment input to volcanic output at subduction zones.  Nature, vol. 362, pp.739-743.  

Elliott, T., Plank, T., Zindler, A., White, W., and Bourdon, B., 1997, Element transport from slab to volcanic front at the Mariana Arc.  Journal of Geophysical Research, vol. 102, pp.14,991-15,019.

(Note: read Plank and Langmuir in detail, and delve into Elliott et al to answer the questions!)

a) What are the datasets that Plank and Langmuir are comparing in this paper?

b) What chemical elements are they looking at to make their comparisons?  Look these elements up on the Earthref.org website – are they Incompatible or Compatible elements?

c) How are they comparing these data (i.e., are they averaging or taking means of larger bodies of data)?

d) What is/are the key diagram(s) in the Plank and Langmuir paper (i.e., which plots or diagrams do they emphasize most strongly in drawing their conclusions?)

e) In the Elliott et al paper, what dataset(s) are they examining?

f) Which trace element(s) do Elliott et al focus on? How do their choices of elements compare to those in the Plank and Langmuir paper?

g) What is the “key” diagram in the Elliott et al paper (i.e., which diagram do they emphasize most strongly in drawing their conclusions)?

h) What is the fundamental contention both the Plank and Langmuir and Elliott et al  papers are making – that is, what basic thing are they saying about the formation of volcanic arc magmas based on the trace element systematics of arc volcanic rocks?

Melting of subducted slabs?
4)  Defant, M., and Drummond, M., 1989, Derivation of some modern arc magmas by melting of young subducted lithosphere.  Nature, vol. 347, pp. 662-665.

      Kelemen P. and Yogodzinski G., 1998, Slab melting in the Aleutians; implications of an ion probe study of clinopyroxene in primitive adakite and basalt.  Earth and Planetary Science Letters, vol.158, pp.53-65.

(Read Defant and Drummond carefully; use the questions to delve into Kelemen and Yogodzinski!)

a) Defant and Drummond are making an argument for the melting of specific materials in some subduction zone settings.  What are those materials, and under what conditions are they suggesting that these melt?

b) What is the evidence they are using to support their claim?  (Specifically, what data are they looking at, and what “signal” indicates the anomalous melting events they posit?) 
c) Look at the Earthref.org site to examine the partitioning characteristics of the elements that Defant and Drummond are looking at in this paper.  In terms of element behavior, which minerals are important in the melting scenarios they posit?

d) in the Kelemen and Yogodzinski paper, where in the world are they looking, what kind of data are they looking at?

e) What are the particular plots or diagrams that are key to the Kelemen and Yogodzinski paper (i.e., which ones are most important to the arguments they are making)?

f) What is the major claim made in the Kelemen and Yogodzinski paper regarding the formation of arc magmas?  How does their claim compare to those made in the Defant and Drummond paper? 

Another Slab Component?

5) a) Papers on Forearc Serpentinites

Fryer, P. and G. J. Fryer, 1987, Origins of non-volcanic seamounts in forearc environments, in "Seamount Islands and Atolls" (Keating et al. eds.), AGU Monograph Series 43, 61-69.

Mottl, M., Wheat, C., Fryer, P. Gharib, J. Martin, J., 2003, Chemistry of springs across the Mariana forearc shows progressive devolatilization of the subducting plate. Geochimica et Cosmochimica Acta, vol. 68, no. 23, pp. 4915-4933.
Benton, L.D., J.G. Ryan, and F. Tera, 2001, Boron isotope systematics of slab fluids as inferred from a serpentinite seamount, Mariana forearc. Earth and Planetary Science Letters, 187, p. 273-282.

Savov, I.P., Ryan, J.G., Kelley, K. and Mattie, P.D., 2005, Geochemistry of serpentinites from the Mariana Forearc- Conical  Seamount, ODP Leg 125: describing fluid-mediated slab additions.  Geochemistry, Geophysics, Geosystems, 6, 15 pp.
b) Related Papers on Arc Lavas:
Straub, S. M.; Layne, G. D. , 2002, The systematics of boron isotopes in Izu arc front volcanic rocks.  Earth and Planetary Science Letters, vol. 198, pp. 25-39.
Tonarini, S., Agostini, S., Doglioni, C. Innocenti, F., Manetti, P., 2006, Evidence for serpentinite fluid in convergent margin systems; the example of El Salvador (Central America) arc lavas. Geochemistry, Geophysics, Geosystems, vol. 8, no. 9, 18 pp.

[Note: this set of papers describes a new type of geological occurrence in the forearc region of the Mariana subduction system, and some of the possible implications of this discovery for the makeup of volcanic arc rocks.  Read the Fryer and Fryer paper carefully.  Look at the abstracts, figures and discussion sections of the Benton et al and Straub et al papers.  Look at the abstract, data tables, and figures (especially Figure XX) in the Mottl et al paper.  Look at the abstract, data tables, and Table 4) in the Savov et al paper.  Look at the abstract, conclusions, and Figure XX in the Tonarini et al paper.]

a) What is the geological feature and phenomenon described in the Fryer and Fryer, and Savov et al papers?  What is happening to cause this, according to these papers?

b) What fluids is the Mottl et al paper examining (i.e., where are they from in the world, and how are they sampled)?  How is the Mottl et al paper suggesting these fluids are derived?

c) Looking at Figure 9 in Savov et al: which elements are the most elevated in their samples relative to mantle values?   

d) In the Benton et al paper, which element do they focus on, what is being measured, and what is it about these measurements that is considered unique?

e) In the Straub et al paper: which element(s) do they focus on, what is being measured, and what is it about these measurements that is unique?  How does what they are seeing in their Izu arc lavas compare to what the Benton et al paper is seeing in their samples?

f) In the Tonarini et al paper: which element(s) do they focus on, what is being measured, and what is it about these measurements that is unique?  How does what this paper is measuring compare to the Straub et al paper?  How are their arguments similar to or different from those in the Straub et al paper? (hint: look at the diagrams!)

g) Which element(s) do the Mottl, Savov, Benton, Straub, and Tonarini papers all examine?   Why is/are these elements important for looking at these rocks and processes? (hint: also look at the Brenan et al papers…)

