Using lavas of the Central American volcanic arc (CAVA) to teach about petrogenesis of igneous rocks in subduction zones

In this section, you will learn about three complementary methods that we use to characterize volcanic rocks, using lavas from two distinctive CAVA volcanoes as examples.  The three methods are the visual mode, the major element analysis, and the theoretical norm.  The mode (short for modal mineralogy) is what you see in the rock as a result of hand specimen and thin section examination – it is the relative volume proportions of the minerals actually in the rock.  The major element analysis provides information about the bulk chemical composition of the rock of interest and also provides the basis for calculating the norm (short for normative mineralogy), which is a hypothetical mineralogy for the rock, if all the chemicals were partitioned into minerals.  The two volcanoes we will look at in detail are Cerro Negro, in Nicaragua, and Ilopango, in El Salvador (Fig. 8).  

[image: ]
Figure 8. Volcanic centers along the volcanic front of the Central American volcanic arc. Two volcanoes are of special interest here: Ilopango in El Salvador and Cerro Negro in Nicaragua.  Cerro Negro is a small volcano associated with the much larger El Hoyo-Las Pilas volcanic complex, and Ilopango is a moderate-sized caldera. Note the right-step offsets in the trend of the arc. (Image Courtesy of Michael Carr) 

	Cerro Negro (Spanish for black hill) is the youngest volcano in Central America, first erupting in 1850. Cerro Negro is a small volcano (<2 km3; Carr et al. 2003) built on the lower flanks of the much larger El Hoyo-Las Pilas complex (28 km3; Carr et al. 2003). It comprises a cone made of tephra and several lava flows erupted periodically over the past 160 years. Cerro Negro is an typical example of the style of basaltic eruptions that are typical of subduction zones, where a small vent may be active for a few hundred to a few thousand years.  Ilopango is a much larger and older volcano (30 km3; Carr et al. 2003) with a well-developed caldera. Lake Ilopango in central El Salvador occupies a large caldera that has produced at least four large silicic eruptions, including the 536 AD event that had a huge impact on human activities, especially the Mayans (Dull et al., 2012). The most recent eruption at Ilopango produced dacitic lava domes erupted underwater within the caldera lake in the 1800s.

Method 1: Modal Mineralogy

Estimating the “mode” of an igneous rock is the foundation for understanding the origin of the rock and is first done as part of field studies. Ultimately the name given to an igneous rock should accurately reflect the relative volumetric proportions of minerals in the rock. The rock mode should always add to 100 percent, as the rock has to be made of 100 % of its constituent minerals and/or groundmass. The first step (after deciding that the rock is igneous!) for determining the rock’s mode is to describe its texture, because igneous rocks with phaneritic textures are given different names than those with aphanitic textures. Igneous texture mostly reflects the cooling nhistory of the magma before it completely solidified, especially whether it cooled slowly, rapidly, or in stages.  Plutonic (or intrusive) rocks cool slowly, deep in the crust, so constituent minerals have lots of time to grow and as a result, these rocks are completely composed of visible minerals; this texture is holocrystalline or hypautomorphic.   In contrast, volcanic (or extrusive) rocks sometimes move very rapidly from the region where they are generated to the surface and never cool enough to form minerals, so upon eruption the lava is quenched to form glass or a fine-grained groundmass. If the lava is so fine-grained that individual minerals cannot be distinguished, its texture is aphanitic or aphyric;  if the lava is glassy (common for quenched felsic magma like obsidian) its texture is holohyaline.  Commonly, volcanic rocks reflect magmas that first cooled slowly at depth (forming some large crystals), before the remaining magma and entrained crystals moved rapidly to the surface so that the erupted lava was quenched to form a glassy or aphanitic groundmass.  Volcanic rocks with such bimodal grain sizes are referred to as porphyritic if the groundmass is aphanitic and vitrophyric if the groundmass is glassy.  The Central American lavas we examine in this exercise are all porphyritic.

The second step is to estimate the size and proportion of each mineral.  The person describing the rock can use their naked eyes only or a hand lens inspection of a hand specimen, or a microscope and a thin section.  If the rock is holocrystalline, then the size and proportion of each mineral should be estimated.  For example, a coarse-grained granite might be described this way: holocrystalline, 25% quartz (1-2 mm), 25% plagioclase (2-3 mm), 30% K-feldspar (3-4 mm), and 20% biotite (1-2 mm).  If the rock is aphanitic or glassy, all that needs to be added is the color of the glass or groundmass: leucocratic if light-colored, melanocratic if dark-colored.  If the rock is porphyritic, then the proportion and size of each large crystal or phenocryst should be described, along with the nature, color, and proportion of the groundmass.  Best practice is a hand specimen description followed by a thin section description. 

	With the results of a modal analysis, you can now classify the rock.  The QAPF diagram for volcanic rocks (Fig. 9A), where Q = quartz, A = alkali feldspar, P = plagioclase, and F = feldspathoid (nepheline or leucite), is the accepted, international standard for mineralogical classification of igneous rocks.  Note that only 3 of the 4 minerals can coexist because quartz + feldspathoid = feldspar (either alkali or plagioclase). Also notice that not all of the minerals in the rock mode are used for classification; only the QAPF minerals [mafic and ultramafic rocks also have separate modal classification diagrams]. So in order to plot the rocks on the diagram, it is necessary to RENORMALIZE the relative proportions of quartz, feldspars and/or feldspathoids (Fig. 9B). 
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Figure 9. Left: QAPF classification diagram for volcanic rocks. Q = quartz, A = alkali feldspar, P = plagioclase, and F = feldspathoid (nepheline or leucite). Right: example of a modal analysis leading to classification of a sample as Quartz trachyte. (Source, http://bc.outcrop.org/GEOL_B11/)

At this point, your instructor will show a slide of a Central American lava for which the class to do a modal analysis, and you should complete EXERCISE 1.

Method 2: Major Element Chemical Analysis
	Classifying volcanic rocks using only modal analysis is often unsatisfying because there are few visible minerals – sometimes none (in the case of aphyric lavas).  Field geologists use rock density and color and one or two minerals to give a name, for example a dense black volcanic rock with some visible olivine crystals will be called “basalt” even though it can’t be classified with QAPF!  Likewise, a light grey lava with a few hornblende and plagioclase phenocrysts will be called “hornblende andesite” even though according to QAPF it could be a basalt or an andesite.  
Better description of sparcely phyric or aphyric volcanic rocks requires a major element chemical analysis, which determines the relative abundances (as weight percent, wt. %) of the 10 most abundant elements (reported as oxides). This is more time-consuming and expensive than modal analysis (which can be done immediately at no cost). For chemical analysis, a piece of the lava is crushed and powdered, then the fine powder is analyzed using one of several techniques (e.g., X-ray fluorescence “XRF” or Inductively-coupled plasma atomic emission spectroscopy or ICP-AES or just “ICP”).  The results of chemical analysis generally include concentrations of elements that can be put into one of two groups: major elements (>0.1 wt. %) and trace elements (<0.1 wt. %, or 1,000 parts per million or ppm).  Trace element concentrations are very important for understanding how magmas form and evolve, but they have no direct reflection in the mode of a lava or how it is classified, so these are not discussed further during this exercise.  Major elements, however, make up most of the minerals in a rock and thus can be inferred from the mode of an igneous rock.  For this reason it is very useful to be able to compare the mode and the major element composition for the same lava.

	Ten of the chemical elements that are found in most igneous rocks are referred to as ‘major elements’ because they generally are present in concentrations of at least 0.1 wt. %, and for historical reasons these are reported as weight percent oxides.  Below is the list of major elements showing their chemical formulas and common names:

	SiO2		silicon dioxide or silica
	TiO2		titanium dioxide
	Al2O3		alumina
	FeO*		total iron as ferrous oxide
	MnO		manganese oxide
MgO		magnesium oxide
CaO		calcium oxide
Na2O 		sodium 
K2O 		potash
P2O5		phosphorus 

Note that because O is generally O2-, these oxides reflect whether each cation is monovalent (Na2O, K2O), divalent (CaO, MgO), trivalent (Al2O3), quadrivalent (SiO2, TiO2), or other (P2O5).  A whole rock analysis also generally has some measure of how much H2O and CO2 the rock contains; sometimes this is reported as “loss on ignition” (LOI), which reports how much weight the sample lost when all the water and carbon dioxide was driven off by heating to 1000°C.  This is especially useful when assessing how altered a rock is; fresh lavas have very low LOI (usually < 2 wt. %) whereas altered rocks have high LOI (sometimes upt o 10 wt. % or more). 

	Iron is a particularly interesting element, because it is the only major element with two oxidation states or valences.  It can exist in igneous rocks as either divalent Fe2+ (ferrous) or trivalent Fe3+ (ferric). Fe2+ substitutes easily for Mg2+ in early-forming minerals such as olivine or pyroxene, but Fe3+ only fits in late-forming minerals like magnetite (Fe3O4). The different behaviors of ferrous and ferric iron affects our calculation of Mg# and normative mineralogy, two important characteristics of lavas that we discuss further below. It is noteworthy that, in the past, major element analyses (done by wet chemical precipitation and titration) determined and reported the concentrations of both FeO and Fe2O3. Such methods are not used today, and modern XRF or ICP analyses ignore the oxidation state of iron.  Today, total iron is reported as either FeO or Fe2O3: the former is denoted “FeO*” and the latter is denoted “Fe2O3T”.  This lack of analytical results for oxidation state of iron reflects the fact that the oxidation state of iron in the magma is unlikely to be preserved in the volcanic rocks that cooled from it, because Fe in magmas is easily oxidized by interaction with groundwater or atmosphere during eruption. Such interactions increase the amount of oxidized ferric iron (Fe2O3) at the expense of more reduced ferrous iron (FeO).  This effect can be seen spectacularly at Telica, another well-known CAVA volcano in Nicaragua. Telica lavas are red, reflecting a thin coat of hematite (Fe2O3) caused by oxidation associated with acid rain. The coating is not deep and bombs near the crater rim have fresh, black interiors, where the iron is mostly Fe2+ (ferrous).  

	A recent study found an ingenious way around this problem and figured out a more reliable way to measure the oxidation state of basaltic magmas. Kelley and Cottrell (2009) analyzed small (few hundred micron diameter) bubbles of melt (now glass) that were trapped in phenocrysts of olivine before the magma erupted, so that it could not be oxidized by interaction with groundwater or the atmosphere.  They used a technique called synchrotron-based Fe K-edge micro–x-ray absorption near-edge structure (μ-XANES) to determine ratios of oxidized iron to total iron Fe3+/ΣFe = Fe3+/(Fe3+ + Fe2+). They used this technique to compare the oxidation states of iron in basalts from mid-ocean ridges and island arcs.  They found that magmatic Fe3+/ΣFe ratios are lower for basalts erupted from mid-ocean ridges, 0.13 to 0.17 than for arc basalts like those of CAVA, which have melt inclusions with Fe3+/ΣFe that range from 0.18 to 0.32.  Clearly, arc lavas are more oxidized than those erupted from mid-ocean ridges.  Kelley and Cottrell (2009) suggested that this difference reflects the fact that the mantle wedge above subduction zones (where arc lavas are generated, see Fig. 5) is more oxidized than the mantle beneath mid-ocean ridges, as a result of interactions of the mantle wedge with fluids rising from the subducting slabs.  This information is very useful when calculating Mg# and normative mineralogy.

	Take a look at the major element analysis for the sample from Cerro Negro (CN-4) for which we just did a modal analysis:

	Oxide component
	Percent by weight

	SiO2
	48.6

	TiO2
	0.65

	Al2O3
	14.4

	FeO*
	11.0

	MnO
	0.2

	MgO
	9.97

	CaO
	11.3

	Na2O
	1.78

	K2O
	0.35

	P2O5
	0.06

	LOI
	0.08

	Total
	98.39


	

	











Theoretically, the 10 major elements plus LOI should add up to 100 percent but in fact this rarely happens.  Generally speaking, “acceptable” analyses sum between 98 and 102 percent.  
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Figure 10. Total alkalies – silica (TAS) diagram for classification of volcanic rocks.

	We can use the major element composition of a volcanic rock to classify it more precisely than we can accomplish with a mode alone, especially is the lava is dominated by groundmass, where the minerals are so small that it is difficult to visually estimate their proportions, even with a thin ssection. The internationally accepted, standard classification diagram for volcanic rocks is the “Total alkalies vs. silica diagram”, or “TAS diagram” (Fig. 8; Le Maitre et al. 2002). The X-axis of the diagram is the measured concentration of SiO2, and the Y-axis is the sum of measured Na2O + K2O concentrations (i.e., the “total alkalies”). For this sample we get 2.13 weight percent when we add Na2O + K2O, so the coordinates for the sample are (48.6, 2.13). We see this analysis plots in the “basalt” field.  This is better than the “andesite or basalt” that we obtained using the modal analysis and QAPF diagram (Fig. 9), in part because in order to determine the difference between andesite and basalt based on mineralogy, we have to know the composition of the plagioclase feldspar solid solution, which can be difficult to determine without a thin section or more advanced analytical equipment (in andesite the An content of the plagioclase should be <50 weight percent). 

	We can also use the major element analysis to understand what minerals to expect if a lava sample was allowed to cool slowly enough that large, visible minerals formed.  This is not surprising, because rocks are made of minerals, and so the relationship between the chemical composition of a rock and its constituent minerals should be simple.  Recall that the five most common minerals in igneous rocks are olivine, clinopyroxene, plagioclase, alkali feldspar, and quartz.  These minerals have chemical formulas that require most of the major elements.  For example, olivine has the chemical formula (Mg,Fe)2SiO4.  To form this mineral requires that a rock contains a significant amount of three of the major elements: SiO2, MgO, and FeO. Clinopyroxene has the chemical formula Ca (Mg,Fe)Si2O6 , requiring four of the major elements.  Plagioclase has the chemical formula (NaSi, CaAl)AlSi2O8;  this requires four of the major elements, three of which were not needed to form olivine. Alkali feldspar has the formula (Na, K)AlSi3O8.  Quartz has the formula SiO2. Forming the five most common minerals requires eight of the ten major elements; only P2O5 and MnO are not used.  Nearly all phosphorus goes into making apatite (CaPO4), which is also a common minor mineral in igneous rocks.  Among the 10 major elements, only MnO is not an essential constituent of a common igneous mineral. 

	Take another look at the TAS diagram (Fig. 10).  The five lower fields are named after familiar volcanic rock names: basalt, basaltic andesite, andesite, dacite, and rhyolite.  Sometimes geologists refer to the three with lower silica (picrobasalt, basalt, and basaltic andesite) as “mafic” (for Mg- and Fe-rich).  The two with highest silica (dacite and rhyolite) are sometimes lumped together as “felsic” (for feldspar and Si-rich).  Andesite is called “intermediate”.  All three kinds of lavas – mafic, intermediate, and felsic – erupt from arc volcanoes (Fig. 2), including CAVA.

	Lava names in the fields above these are probably less familiar, for example tephrite, phonolite, and trachyte.  These names are less familiar because lavas with these compositions are less common. These lavas have higher concentrations of alkalies (Na2O + K2O) at a given silica content.  In fact, this makes another big distinction between lava suites with high total alkalies at a given silica content (the “Alkaline suite”) and those with low total alkalies (the “Subalkaline suite”).  Nearly all arc lavas from along the volcanic front – including those of CAVA – are subalkaline; however, sometimes alkaline suite lavas erupt in volcanic arcs, but generally from well behind the volcanic front on the ‘back-side’ of the arc. 

	Another important use of major element data is to determine whether magma with a chemical composition of that of the analyzed rock was a “primitive” magma. This is particularly important for understanding mafic (basaltic) magmas. Because mafic magmas are generated by partial melting of the mantle, they are initially in chemical equilibrium with mantle peridotite.  Below is a typical major element analysis of mantle peridotite (from Workman and Hart 2005) in addition to the basalt analysis we just examined.


	Rock Type
	Peridotite
	CN-4 (basalt)

	Oxide component
	Percent by weight
	Percent by weight

	SiO2
	44.7
	48.6

	TiO2
	0.13
	0.65

	Al2O3
	4.0
	14.4

	FeO*
	8.2
	11.0

	MnO
	0.13
	0.2

	MgO
	38.7
	9.97

	CaO
	3.2
	11.3

	Na2O
	0.13
	1.78

	K2O
	0.01
	0.35

	P2O5
	0.02
	0.06

	LOI
	
	0.08

	Total
	99.09
	98.39


Notice the differences and similarities in compositions between the peridotite and the basalt. In particular, the peridotite has much lower concentrations of alumina, calcium, sodium and potash. However, notice how rich in MgO peridotite is: it has MgO/FeO* = 4.72, almost 5 times as much MgO as FeO* by weight (in comparison, the Cerro Negro basalt CN-4 analysis has MgO/FeO* = 0.9). But as we will see, this weight ratio underestimates how many more Mg atoms than Fe atoms these rocks have.  To begin to appreciate this quantitatively, we will calculate the “Mg#” for this, defined as 100 * Mg/(Mg+Fe+2); for the time being we will not worry about the oxidation state of Fe, we will assume that all Fe is Fe+2.  Mg# is an atomic ratio whereas what is reported in a major element analysis is weight percentage.  To convert weight percent MgO and FeO to atomic Mg/Mg+Fe, we need to divide the oxide weight percents by the molecular weight of the oxides (this is the same as relative proportions of Mg and Fe because every molecule of MgO has one atom of Mg – the same applies to Fe and FeO*). Oxygen has an atomic weight (A.W.) of 16 grams per mole (g/m), Mg has A.W. = 24.3 g/m, and Fe has A.W. = 55.845 g/m – notice that one atom of Fe is 2.3 times heavier than one atom of Mg - so the molecular weight (M.W.) of MgO is 40.3 grams per mole and the M.W. of FeO is 71.845.  Relative proportions of Mg and Fe are determined by dividing weight percent of oxide in the rock by M.W., so the proportion of Mg = 38.7/40.3 = 0.96 and Fe = 8.2/71.845 = 0.11; so there are actually 8.7 times as many Mg atoms as Fe atoms in this rock.  Plugging these numbers into the formula for Mg# = 89.  This is a pretty typical estimate for a mantle peridotite, which range from 88 to 92. While in theory Mg# can range from 0 (Fe-rich, no Mg) to 100 (Mg-rich, no Fe), for igneous rocks it ranges from the low 90’s (for peridotites) to 10 or so (for felsic rocks).

	Because the composition of any melt generated in the mantle has to be in equilibrium with the mantle when it forms, we can predict what the Mg# of this melt should be: it should have an Mg# >65.  The explanation for where this value comes from is somewhat complicated so we will not worry about the details here; suffice it to say that this is an important way to identify primitive basalts, which we can contrast with fractionated or evolved melts, which have Mg# <65.  

Now complete EXERCISE 2. 



Method 3: Calculation of Normative mineralogy (norms)

	The final technique we will learn to help understand the petrogenesis of arc magmas is the normative mineralogy or ‘norms’. This technique was invented about a century ago in order to facilitate comparison of fine-grained or glassy volcanic rocks for which exact mineral modes could not be determined. The norm uses the major element chemical analysis to construct a set of minerals that would exist if the rock cooled slowly with enough time for mineral growth. It is useful to calculate this “ideal” mineralogy because it shows the very close connection between the chemical composition of a rock and its mineralogy. HOWEVER, it is always important to remember that, while the normative mineralogy is a useful approximation of the mode, does not represent the true mineralogy of the sample. In order to distinguish normative minerals from modal minerals, the normative minerals are frequently written as abbreviations in italics and lower case (e.g., qtz is normative quartz, while modal quartz is abbreviated Qtz).

	The calculation of the norm simply requires following a step-by-step procedure involving addition and subtraction of the major element oxides in order to create weight proportions of a standard set of minerals, which are mostly the common, rock-forming minerals. It is somewhat less useful for samples that have minerals that contain hydroxyl ions (OH-), because these minerals (e.g. biotite, muscovite and hornblende) are not calculated by the norm, even though they are common in intermediate and felsic volcanic rocks. For those brave of heart and meticulous with a spreadsheet (or paper and pencil!), the written instructions for the calculation can be found online (http://minerva.union.edu/hollochk/c_petrology/norms.htm) or are given as appendices in many igneous petrology textbooks. However, to complete the calculation more rapidly, or to check your calculations, we recommend downloading the spreadsheet from K. Hollocher (Union College) at http://minerva.union.edu/hollochk/c_petrology/norms.htm.

	The appearance of specific assemblages of minerals in the norms can be used to characterize important geochemical properties of magma, such as whether it is saturated with respect to silica, which eventually favors the formation of quartz, or whether is it undersaturated with respect to silica, which favors formation of olivine. A rock with an excess of alkalies with respect to alumina will form acmite and might also form feldspathoid minerals such as nepheline.

	Normative minerals present
	Geochemical properties

	qtz, cor, opx
	Silica-saturated, peraluminous, subalkaline

	qtz, diop, opx
	Silica-saturated, subaluminous, subalkaline

	ol, diop, opx
	Silica-undersaturated, subaluminous, subalkaline

	ol, diop, ne, ac
	Silica-undersaturated, subaluminous, peralkaline





Now complete EXERCISE 3 to practice calculating normative mineralogies. 



Application to understanding the petrogenesis of two CAVA volcanoes

	The point of learning how to characterize the mineralogy and chemical composition of a volcanic rock ultimately is to help understand the processes that operate deep inside a magmatic system.  This understanding is needed to better understand large scale systems, like the Subduction Factory, as well as having better ideas for trying to predict the behavior of potentially dangerous volcanoes. Remember that felsic (dacite and rhyolite) volcanic eruptions are more dangerous than mafic (basaltic) eruptions. Four of the eight capital cities in Central America are very close to active volcanoes, so many people at risk from future eruptions along CAVA. Emergency prepartions for such cities need to take into account whether these volcanoes are likely to have less violent mafic or more violent felsic eruptions!  

	For the final assignment in this activity, you will investigate samples from two different volcanic systems to begin to explore processes that can produce some of the petrologic diversity for which volcanic arcs are famous. First you will compare two samples from Cerro Negro to explore possible processes that can generate subtle changes in a volcanic system that is basalt-dominated. While basaltic magmas generally are only hazards very locally due to lava flows, the longer that mantle melts are stored in the crust, the more likely the magmas will evolve to felsic magmas capable of much more explosive eruptions. Samples from Ilopango volcano have a broader range in mineralogical and geochemical properties that ultimately leads to the eruption of more viscous lava domes and even large-scale explosions that form caldera-type volcanoes. 

Now complete EXERCISE 4 as a final activity to apply your new petrologic skills to understanding the problem of generating rock diversity with the Subduction Factory of Central America!
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STEP 1: Estimate Modal Mineralogy

Mineral Volume Percent
Alkali Feldspar 40
Plagioclase Feldspar 25
Quartz 10
Biotite 15
Magnetite 10

Total 100

STEP 2: Renormalize with QAPF minerals so that
they are presented as relative volume percents (i.e.
their relative proportions total to 100 percent).

Mineral Volume Percent

Alkali Feldspar 40

Plagioclase Feldspar 25

Quartz 10

Total 75

Mineral Relative Volume Percent
Alkali Feldspar 40/75=0.53x100
Plagioclase Feldspar 25/75=0.33x100
Quartz 10/75=0.14 x 100
Total 100

STEP 3: Point coordinates for QAPF
Q 14
A 53

P 33
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