AZORES FIELD TRIP - April 2016

Final Day — Friday 22"9 April

Overview

This full day concentrated on the central ‘Picos’ region of Sao Miguel island. This
part of the island is the youngest and, in the main, the lowest lying. This is because it
was the latest part of the island to emerge from the sea. Previously the Eastern and
Western parts would have been separate islands.

Miradorou Do llheu

Ouir first stop was just East of Ponta Delgada on the South coast at a viewpoint ‘Mira
Douro Do llheu’. From this viewpoint we could see the 3 distinct geomorphic areas of
the Island. To the West the elevated region of the Citades volcano, to the East the
elevated Fogo volcano region with the lower lying Picos region between them. The
Picos region only formed between 31,000 and 50,000 YA compared with the older
regions being formed several MYA.

Looking towards the sea from this viewpoint we could see the remains of a
submarine volcanic cone as an islet just offshore. The apparent ‘bedding’ in the Tuff
is not sedimentary in origin but formed from episodic layers of ash from a
Hydromagmatic eruption. Each eruption would have had different energies and
hence different compositions. These deposits were later cemented by clay to form
Volcanic Tuff and was seen to incorporate clasts of various sizes from the eruption.
We also observed embedded volcanic bombs. These bombs can eventually pop out,
following erosion of the softer surrounding material, leaving holes which were also
visible. It was also possible to see the distortion of the underlying Tuff caused when
the bombs landed.

Remains of Tuff Cone with ‘Bedding’ Embedded Volcanic Bomb

Sao Roque

A little further along the coast at Sao Roque we observed lava flows outcropping
onto the beach.

Just before Lagoa we turned left to go inland and could see the three distinct
volcanic cones of the 1652 eruption.



The large earlier 1563 eruption produced ash deposits that covered most of the
island. These deposits have obscured the underlying geology, particularly in the
Picos region.

Fogo Volcano

Our next stops were in and around the Fogo volcano. This volcano started
submarine and became subaerial. This resulted in Basaltic and then Trachytic flows.

The earlier (Inferior Group) volcanic rocks (200,000 to 40,000 YA) are difficult to
analyse stratigraphically due to heavy erosion between eruptions and deposits. After
40,000 YA (Superior Group) analysis becomes much easier. The last 5000 years’
deposits can analysed to reveal the fine stratigraphy.

The eruption 5000 YA was a classic ‘Plinian’ type with Pyroclastic deposits of lapilli
pumice.

Over the last 40,000 years there have been many secondary eruptions over the
slopes of Fogo from different and deeper magma sources which complicates the
analysis of the rock types.

When we reached the Fogo caldera rim we were in thick cloud and unfortunately
could not enjoy the views of the caldera lake. Such is the Azorean weather! The
caldera rim is irregular both in shape and height which varies between 580 and 947
metres.

The general area of Trogo is covered with Trachytic lava domes which follow fault
lines. These lines are along the caldera rim (roughly circular) and aligned along
Grabens parallel to the slope faults (roughly linear). The eruption stages are:

e explosive (ash)
o effusive (domes and lava flows)
e collapses (trapped magma squeezed out along fractures)

The overall evolution and structure of Fogo is considered to be ‘classic’ and is used
as a textbook example.

Pico Vermelho Geothermal Plant

Our next stop was the geothermal power plant at Pico Vermelho overlooking Ribeira
Grande. In general such a power plant needs to be sited over a geothermal steam
source capped and contained by an impermeable rock layer to produce high
pressures and temperatures. This layer is then drilled to access the high pressure
steam. Drilling at this site started in the 1980s and many new wells have been drilled
since (see later).

We visited the main control room which controls both the co-sited plant and also one
further down the North Fogo slope. There are five production wells per site. The
wells are drilled vertically initially and then fan out to locate the geothermal sources.
Typical well depths are between 1000 and 2000 metres. The natural feed water to
the geothermal sources are mainly from rainwater infiltrating fissures in the rock and
also from the Fogo lake.



Diagram of Geothermal Process

The natural steam pressure and temperature is not high enough to drive a turbine
efficiently. The initial water and steam (Geofluid) is therefore used vapourise a lower
boiling point fluid (in this case Pentane) in a two stage heat exchanger. This
produces much higher pressure Pentane vapour which then drives the turbines. The
Geofluid temperature is 150°C at the input to the heat exchanger and 90°C at the
output. The Geofluid flow is around 250 tonnes/hour at a pressure of 3.8 to 4 Bar.

Diagram of Geothermal Plant Heat Exchangers and Turbogenerators

The turbines drive alternators which generate a total of around 20 MWatts of
electrical power from both sites. Each well lasts about 10 years and eventually gets
clogged up with dissolved material precipitated from the Geofluid. It is then cheaper
and more practical to drill a new well than clean up the old one.

In 2015 about 45% of the power requirements for Sao Miguel came from geothermal
plants. Other sources were:

e \Wind Turbines — 5%
e Hydro Electric — 6%
e Diesel Electric - 44%



Quarry near Ribeira Grande

Leaving the power plant we headed North towards Ribeira Grande and stopped at a
working quarry which exposed part of a basaltic volcanic cinder cone. The coarser
grained rocks are used for road building and the finer grained for house building.

The overall structure of the quarry exposure had four distinct layers. Black material
at the bottom (original basalt), red in the middle (oxidation), orange further up
(weathering) and white/grey at the top (pumice and volcanic ash from a separate and
distant eruption).

e

Quarry Exposure Showing Rock Layers

This overall structure was transected by lava flows which have to be removed but
are not used. If extraction from the quarry continues it will eventually reach the core
of the original volcano which could either be a solid plug or a void.

Ribeira Seca

Continuing North our next stop was in the centre of Ribeira Seca (‘Dry River’) on the
North coast which is adjacent to Ribeira Grande (‘Big River’). The reason for this
stop was to see evidence of the large eruption in 1563 of Pico Sapateiro (now called
Pico Queimado). The eruption started with strong seismic activity in June which
fortunately resulted in most inhabitants moving out of the area. This was followed by
a violent explosive eruption which lasted for several days and covered the whole
island in ash and other volcanic debris. A resulting graben fault split and cut the Pico
in two and the explosive eruption stopped for a day. Five days later there was a new
basaltic eruption with large fluid lava flows. There were two main lava flows; one
towards Rabo de Peixe and the other following the river valley to Ribeira Seca. In the
centre of Ribeira Seca we were able to see a recently excavated 16™ century water
fountain which had been engulfed by the lava flow. This is direct evidence that the
lava was low viscosity (i.e. low silica content) and easy flowing as it had left the
fountain undamaged.



Map of Lava Flows Excavated Water Fountain Embedded in Lava

The nearby church had been built of the local igneous rocks with a mixture of dark
Basalt (with visible Olivine crystals) and much lighter Trachyte which is more
vulnerable to erosion and was seen to be flaking.

Flaking Trachyte on Church

Caldeiras

Our next stop was Caldeiras where we saw a typical ‘Termos’ which is a facility for
bathing in the geothermal hot spring water. The whole area of Caldeiras is an area of
geothermal activity and venting of volcanic gases is everywhere. The gases are
mainly CO2 with small amounts of SO2 and H2S. The emerging water temperature is
60 to 70°C. The water is rich in dissolved Silica and this can be seen precipitated out
in the holding tank feeding the Termal. Dead leaves falling into the tank get coated in
a thin film of Silica which when peeled off reveals a ‘fossil’ of the leaf structure. The
original Termal building here dates back to the late 15™ or early 16" century. The
levels of COzin places like this can reach dangerous levels and so are constantly
monitored. We saw a COz2 sensor in the toilet!



Termal Holding Tank (CO2 Bubbles from Silica) Leaf Covered with Precipitated Silica

The nearby Geothermal well drilling is believed to have caused major CO:2
outgassing in a nearby 500 x 500 metre field although this is still to be conclusively
determined.

CO:2 Monitoring at Caldeiras

Lombadas

Our next stop was at Lombadas close to Fogo lake. Here we saw deposits from the
1563 eruption with interbedded layers of white Pumice and brownish clay
(Bentonite). Within these layers were fragments of other rock types also distributed
by the eruption. The eruption destroyed the whole economy of the island with ash
layers typically up to 40cms. The eruption plume spread East to West with the
prevailing wind and formed Pumice ‘islands’ floating on the sea!



Lombadas - Deposits from 1563 Eruption

Vila Franca do Campo

Heading South our next stop was at Vila Franca do Campo on the central southern
coast. This is on the southern slopes of Fogo volcano where numerous lava flows
enter the sea. Just offshore we saw lleu de Vila Franca which is the remains of a
submarine volcanic cone forming an Islet.

Just inland from the coast we walked a short distance up one of the many steep
sided deep valleys down which massive mud flows from the 1522 Fogo eruption
occurred. Over 5000 people were killed during this eruption. The deposits in the
valley are a coarse conglomerate of breccia cemented with mud. The breccia vary
greatly in size with no grading which is evidence of a very high energy chaotic flow. It
is poorly consolidated and hence still very unstable. Landslides regularly occur
triggered by rain and earthquakes. Because of the episodic nature of its formation a
kind of ‘sedimentary’ layering is visible.

Breccia Conglomerate



Miradorou do Pisao

Heading West further along the coast we stopped at Miradouro do Pisao to look at
the outcrops and flow deposits and the resulting and beach material. The outcrops
exhibited irregular and non-planar layering. This was interspersed with valleys cut by
later mud flows. The outcrops layers were red/yellow ash, lighter pumice and black
Ignimbrite (not to be mistaken for Basalt!). The layering is caused by the episodic
nature of the eruptions.

On the beach we found boulders of Ignimbrite containing pieces of Obsidian
(volcanic glass formed from re-melted pumice).

Outcrops of Layered Volcanic Ash Ignimbrite Boulders with Obsidian Inclusions

Gruta do Carvao Lava Tubes

Our final stop was the lava tube caves at Gruta do Carvao just outside Ponta
Delgada. This is the largest lava tube cave on Sao Miguel with a total length of 1.8
km divided into 3 separate sections. It is possible that the lava tubes may extend
further up to 5 km based on recent field work.

The lava tube has a maximum height of 5 to 6 metres and a width up to 13 metres.
The tubes have grooved walls lateral benches and sections with one tube on top of
another. From the ceiling conical lava stalactites hang down. However there are
almost no corresponding stalagmites on the floor as in limestone caves. This is
because the ‘floor’ of the tube was still flowing with lava when the ceiling, together
with its stalactites, had cooled and solidified.



Lava Tube Roof
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One Tube on Top of Another!



