Volcanoes of Central America

Volcanic arcs above convergent plate margins have a variety of shapes, scales, and structural styles. The relationships between the main subduction structure (the giant megathrust - the seismogenic zone and its extension into the Benioff zone) and surface features (topography, volcanoes, and faults) are not straightforward. In this exercise, we will look at structures on many scales, from individual volcanic vents to the arc-wide shape of the volcanic front.

When plate tectonic theory was first developed, earth scientists had limited geospatial data and primitive visualization tools, which led to simplified models. Are those models TOO simple, or even flat-out wrong?  

In this exercise, you will re-examine a structural framework of Central America proposed by Stoiber and Carr (1973), who proposed right-stepping offsets on the volcanic front. You will then make associations between volcano distribution and topography, bathymetry, and other data that you will access through GeoMapApp, in order to determine: Why are the volcanoes where they are?

Sometimes an abundance of data is overkill. There are three volcano catalogues to examine in this lesson: a diagram of the historically active volcanoes used by Stoiber and Carr, the Smithsonian list of Holocene volcanoes, and a comprehensive catalog of recent (~<600,000 years) vents. You will find that these different catalogs require you to be selective about what aspects of the data to present.

Because active volcanoes are significant hazards, it is important to make visually effective displays of volcano distribution. Plotting volcano locations sounds easy, but you will encounter difficulties, and you will learn that understanding volcano distribution is no straightforward task!

Background

Time Interval

The oldest rocks in Central America are Permian, but, except for a minor role as contaminants, Permian rocks are not relevant to understanding the active volcanoes. The historic record, which begins at about 1523 AD with the arrival of Pedro Alvarado in Guatemala, is surely too short because volcanoes have long periods of dormancy, making just the past few hundred years inadequate for assessing volcanic hazards. One of the deadliest volcanoes in Central America, Arenal in Costa Rica, did not have an historic eruption until 1968 and even though it had it first eruption only 7,000 years ago.

The Volcanoes of the World (Siebert and Simkin, 2004), is a list of Holocene volcanoes, maintained online by the Smithsonian Institution, Global Volcanism Program. Why was Holocene chosen?  This is the present geological era, it means “completely recent.”  It also represents the time since the end of the last glaciation or about the last 12,000 years. The sea level rise caused by the melting of continental glaciers was about 35 meters. Thus, the beginning of the Holocene was a significant sea level event.  But does it have geodynamic significance for volcanoes or is it just the youngest geological time unit? It seems too short for understanding presently active volcanoes. In Costa Rica, field mapping and geochronology defined a 400-kyr unconformity between 600 Ka and 1000 Ka (Carr et al., 2007). Most of the present volcanoes appear to have begun at about the same time, about 600,000 years ago.

The bottom line is, there are clearly old and very young volcanoes and traditional selection criteria, such as historic eruptions or Holocene age, are inadequate.

Vents to Include or Exclude

Stoiber and Carr (1973) only included vents that had a historic eruptions (solid symbols) and vents with fumarolic activity (open symbols). Here is the original figure which has 40 volcanoes in 34 volcanic centers. Note that we made three exceptions to the Volcano Catalog, noted in the figure caption. Scientists are always critical of their data!
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FIG. 1a. Volcanic Segments of Central America. Solid triangles are volcanoes with historic eruptions (from the Volcano Catalog) with the addition of Arenal Volcano in Costa Rica. Open triangles are volcanoes with solfatara activity (from the Volcano Catalog) with the addition of Moyuta Volcano in southeastern Guatemala and the deletion of Zunil. Stippled areas represent boundary areas between the volcanic segments. 

The CASmithsonian data file, plotted in Figure 1b, includes quite a few more vents (69 vents), but generally remains true to the distribution in Figure 1a.
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Figure 1b. Volcanoes with historic activity (eruptions or fumarolic emissions) are red circles, other significant volcanoes that are similar in size but lack activity are crosses.

Stoiber and Carr built a tectonic interpretation based on the right steps in the volcanic chain that created distinct lineaments or volcanic segments. These lines were first pointed out by Dollfus and Montserat (1868), so this was no breakthrough. In Figure 1b there are 5 reasonably clear right steps and one change in strike at the Guatemala /El Salvador boundary, creating 7 segments. Figure 1b has nothing on it but symbols representing volcanoes, a minimal display of data. In the exercise below you will see what happens when you include more vents than just the ones that have activity. Stoiber and Carr essentially presented a cartoon, an interpretation and the question for you is: Is it correct?

What about size and morphology? In addition to recent activity, there is long term behavior that is cumulated into morphology. One very interesting measurement is size or volume. This is nothing more than a quantification/abstraction of morphology and GeoMapApp does a good job of presenting actual morphology. In general, larger volcanoes deserve more importance. To become large, a vent needs some combination of high eruption rate and long-term supply coupled with lack of erosion or explosive destruction.

One weakness of the topography in GeoMapApp is that minor vents are below the level of resolution. The amount of material erupted from cinder cones and other minor vents may be trivial but such vents are valuable for the structural information they provide. Volcanoes often occur in a line that traces the axis of least compression or the tension axis. In Central America the lines of volcanoes are usually N-S. Thus, minor vents need to be included.
What is a volcanic center?  The distribution of erupted mass varies dramatically along the volcanic front (Figure 2). This figure lumps vents into 39 centers. Few volcanoes are isolated cones of the cartoon variety. The norm is a complex mix of different vents that indicate different eruptive locations over time and different eruptive styles. Complexity reigns but Figure 2 has only 39 points, not the 69 volcanoes in Figure 1b or the 731 vents in the 2008 data file. Is this fair? Should we lump volcanoes into centers? (rhetorical questions)

Figure 2. Volumes of volcanic centers plotted against distance along the volcanic front.
The 39 volcanic centers in Figure 2 are Carr’s interpretation. It seemed clear during field work that there were distinct centers where many vents were clustered together, separated from each other by outcrops of much older rocks. However, in Nicaragua and Costa Rica there are massifs where the flanks of the volcanic centers overlap. Usually the break between the centers is low enough that roads take advantage of the low topography. So how does one define a center? You can drive around one with a car. Not very scientific! One of the purposes of the CAVents2008 compilation was to use statistics to make an unbiased determination of the boundaries of volcanic centers.  One of the exercises below addresses that issue.
Finally, I present below an outline map to allow every one to get located with respect to countries and plate boundaries.

Figure 3. Location map for Central American volcanoes.  

CM marks the location of Cerro Mercedes. Dashed lines mark position of Nicaraguan Depression (ND).  The vents shown here include a mix of different groups. It is similar to Figure 1 but adds geochemically significant vents, like Cerro Mercedes, a xenolith locality.
Exercises
1. Is volcanic segmentation (Figure 1a or 1b above) real? 
Here is a way to decide:
a. Open GeoMapApp. Choose the leftmost map option, zoom in on Central America (between North America and South America) by clicking the + magnifier and using it to draw a box on the area to zoom to. Refer to Figure 3 for location.  Having found Central America, zoom in and out using the +/–magnifiers. Get familiar with navigating using the Hand and the two Magnifiers.
b. Add the vents from CASmithsonian (File:Import Data Tables: Excel .xls).

Scale the symbols to about 25%. Pick a nice color.  Use the volcano locations to learn how to identify the volcanoes from the topography. Switch the volcanoes on and off using the slider tool to change their opacity.

Are any of the right steps obvious? 
Now scale the symbol size to Log10Volume. It is useful to mess with the blue lines that set the scale. 

Are any of the right steps obvious? 

Now add the vents from CAVents2008 and scale the symbols to about 25% do any right steps appear or disappear? Scale the symbol size to Log10Volume. 
Decide:

Do right steps exist or not? Are some better (more convincing) than others?  Print one or two images from GeoMapApp and mark the right stepping features and grade any right steps from A-definite to B-fairly clear to C-weak.
2. Do volcanic centers exist in Western Nicaragua? 

Focus in on western Nicaragua. Find the area shown below using GeoMapApp
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a.  Load CAVents2008 and first look at all the vents using the same symbol size. Is there a way to define centers by clusters of vents? Is there any reason to use statistical tools on this distribution? Or is it hopeless?
b.  Now scale the symbols to log10Volume. Any sign of centers or clusters of large amounts of erupted mass?  It is useful to mess with the blue lines that set the scale.
c. Now make a profile through the line of volcanoes, try this a few times. Does the profile reveal distinct centers? Are there any cone shapes where most of the erupted mass lies?

Decide:

Carr thinks that the centers are from NW to SE, Cosiguina on the Gulf of Fonseca in the top left, San Cristobal, Telica, Rota, Las Pilas, and finally. Momotombo on Lake Managua, a total of six in western Nicaragua. Do you agree or disagree? What display most plausibly agrees with Carr’s interpretation. What display least agrees?

SUPPLEMENTAL  ACTIVITIES
3. 
What is the orientation of the axis of least compressive stress and how does it vary from NW to SE along the volcanic front in Central America? Method: Use the tools to measure the bearing of lines of volcanoes. Lines of volcanoes represent the axis of least compressive stress.  Find ten alignments are record their bearings.
4.
 The volcanic front is a concept advanced by Sugimura (1960) to describe the abrupt appearance of large volcanoes at some distance from the trench. Typically the front is sharp and the rear side is irregular. Is that the case in Central America? Which countries are consistent with that asymmetrical distribution and which are not?
5. 
Have fun and apply your research specialty to the data set. 
Some examples that I have played with include making profiles of the volcanoes (determine the vertical exaggeration first thing!!)  Caldera profiles are especially attractive. 
Concepcion Volcano in Lake Nicaragua sits on mud and is deforming because of the mass of the volcano. The base of the volcano is in some directions marked by thrust faults as the volcano deforms and slides over and above the mud. Can you find any little bulges on the distal flanks of Concepcion?  
Mombacho volcano suffered two prehistoric sector collapses. The profile tool can usefully show these features. 
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