USESO 2023

Training Camp Exam

Free-response

Instructions:

— Section II consists of 5 multipart questions that further assess geoscience knowledge in the form of mostly
free-response questions.

You have 2 hours and 15 minutes.

Any type of calculator is allowed.

— Participating in this exam is agreement to our |academic integrity policyl


https://docs.google.com/document/d/e/2PACX-1vTK0_9KfEMN4BH36tytKvzX_5RC1y-3AyFrKN6uUwyCxDjscOf9QQD4CYu34V4TQzhpU_PB1dREivqw/pub

Problem 1

Question | 1 | 2 Total
Points | 9 | 11 | 20 (20%)

Naturally, Ca- and Mg-containing minerals can undergo carbonation reactions to produce carbonate minerals like
calcite (CaCOg3), dolomite (CaMg(COg3)2), or magnesite (MgCOgz). There is some interest in artificial carbonation
of igneous rocks as a method of carbon sequestration. Here we will explore some of the basic science related to this
field.

1. (a) (3 points) Most of the basalt on the Earth’s surface are flood basalts. In two or three sentences, briefly
explain the origin of continental flood basalts. In your answer, characterize volcanism as either effusive or
explosive and briefly describe the mechanism of formation for volcanoes that produce flood basalts.

Solution: Flood basalts are typically formed by effusive eruptions from the largest sources of magma,
typically continental hotspots. Large quantities of undifferentiated magma pour through the crust and
solidify at the surface to create mafic extrusive igneous rock.

(b) Diopside (CaMgSi,Og) and anorthite (CaAl,Si,Og) are two relatively common minerals in basalt. Consider
the composition-temperature phase diagram of diopside and anorthite:
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i. (4 points) Consider a mixture with bulk composition and temperature plotted by the triangle mark.
What are the composition of the solid and liquid phases? Estimate the fraction of solid and liquid
phases in the mixture. (Detailed work is not needed, a description of your calculation is su cient)

Solution: The composition of the solid and liquid phases can be found at the bounds of the L
+ Anorthite section at the given temperature. The solid phase is represented by the square at
100% anorthite, while the liquid phase is represented by the circle at about 63% anorthite and 37%
diopside.

The mixture is composed of about 27% liquid magma and 73% solid anorthite. According to the
lever rule, the relative concentrations of the two phases present in the melt are inversely proportional
to the distance between their compositions and the mixture’s bulk composition. Since the bulk
composition is separated by 10% from the solid and 27% from the liquid, there will be about 2.7
times as much anorthite as liquid.
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ii. (2 points) As that mixture cools, suppose some of the solid crystals no longer remain in chemical
equilibrium with the rest of the mixture. Describe briefly what occurs to the bulk composition of the
mixture. What igneous differentiation process does this model?

Solution: This models the process of fractional crystallization, in which solid material is contin-
uously removed from the melt as it crystallizes. As this solid is removed from the melt, the bulk
composition shifts away from the solid and towards the liquid, i.e. away from anorthite and towards
diopside.

Studies have been done on the natural carbonation of serpentinite, which forms from the hydrothermal alteration of

basalt. One such study showed that the carbonation of serpentinite occurs via a pathway of four reactions, labeled
here Ria, R1p, Ry, and R3.
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(a) shows the stability of various mineral phases present in serpentinite as a function of the chemical activity of
CO3 and H0. For our purposes, consider activity to be a dimensionless quantity that represents an “effective
concentration”. (b) shows a 2 by 2 meter outcrop that has been mapped and labeled with mineral assemblages.

Key for mineral abbreviations

Srp | serpentine group
Mgs magnesite
Tle talc

Qtz quartz

Fo forsterite

2. (a) (2 points) Which reaction occurred within the tan conduits (labeled 1) but did not occur in the green matrix
(labeled 3) that distinguishes the tan mineral assemblage from that of the green mineral assemblage?

A. Ria
B. Ry
C. R,
D. Rs

Solution: Both the tan and green mineral assemblages include Srp and Mgs, while the tan assemblage
also includes Tlc. The only reaction that could form Tlc from Srp or Mgs is reaction Rj.
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(b) (6 points) Calculations show that each of the four carbonation reactions proceed with an increase in solid
volume. Considering how these reactions physically take place (i.e., how is CO, transported into rock so
that carbonation can actually occur?), explain how this increase in volume can feed back on reaction rates.

Solution: Carbonation reactions occur as COz-containing fluid infiltrates the rock through joints and
fractures. This infiltration causes reactions that expand the volume of the solid as described in the
question. An increase in volume would likely increase porosity and permeability, allowing more CO,-
containing fluid to enter the rock and cause a faster reaction. This would likely result in a positive
feedback loop.

(¢) (3 points) In Figure (b), the carbonate-filled veins tend to have a preferred orientation, perpendicular to
the conduits where carbonation has taken place. What does this suggest about the mechanical stresses that
occurred during carbonation? In your answer, indicate whether the stress was compressive or tensile, and
the primary axis of stress (note that north is given by the white arrow in the bottom left).

Solution: Veins would only open up within the rock due to tensile stress, likely due to expansion caused
by carbonation reactions. These fractures would likely form perpendicular to the direction of stress as
different sections of rock are pulled away from each other. Since the preferred fracture orientation is
north-south, the direction of stress was likely east-west.
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Problem 2

Question | 1 | 23|45 Total
Points |4 |3 4|27/ 20(20%)

Venus’s surface contains dozens of coronae, circular regions of highly deformed and fractured crust. The following
figure depicts a proposed method of formation in four steps (chronologically from a to d) in which a mantle plume

rises and deforms part of the crust. The image includes both surface topography and a mantle cross-section for each
stage.
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1. (a) (2 points) The process depicted in stages (a) and (b) is most similar to which of the following tectonic
processes on Earth?

A. Seafloor spreading
B. Alpine-type mountain building
C. Fault-block mountain formation

D. Batholith formation

Solution: In stages (a) and (b), an upwelling mantle plume pushes the crust up and apart. This is the
same process that occurs during the formation of mid-ocean ridges, where mantle upwelling pushes the
region upward and causes the crust to move away from the ridge.

(b) (2 points) This process is different on Venus because the Venusian crust is not split into tectonic plates
despite its magmatic activity. Explain how one difference between Venus and Earth contributes to Venus’s
lack of tectonic plates.

Solution: Multiple answers accepted. This difference may be due to Venus’s elevated surface tem-
perature, as the crust is more ductile at high temperatures and may be more resistant to the brittle
breaking necessary for plate tectonics. This may also be due to Venus’s lack of surface water; it has
been suggested that water serves as a lubricant necessary for tectonic plate formation.

2. (3 points) In stage (c), part of the lower crust delaminates from the upper crust and sinks into the mantle. This
sinking does not immediately occur because the crust is slightly less dense than the mantle. Briefly explain why
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the crust eventually becomes dense enough to sink.

Solution: The high pressure of the mantle metamorphoses any sinking crust, compressing it and causing it
to release volatiles. This compression results in an increase in crustal density, making it somewhat denser
than the warmer surrounding mantle.

3. In stage (d), the crust returns to a stable state after a long time. Notice that the center and rim have inverted
since stage (c), with the center sinking and the rim rising,.

(a) (2 points) Briefly account for the sinking of the center of the corona.

Solution: The initial rise of the center is due to the upward pressure from rising mantle material.
When the mantle plume has dissipated, that pressure disappears, causing it to sink to near its original
height. It also returns to a lower height because the up-and-out motion of the mantle plume stretches
and thins the crust, causing it to be less buoyant and rise lower above the mantle.

(b) (2 points) Briefly account for the rise of the outer rim of the corona.

Solution: The sinking lithospheric material drags down on the outer rim of the corona, since its sinking
motion means it is denser than the mantle. Once delamination occurs, this downward pull no longer
exists, allowing the rim to rise back up.

The following table gives the concentrations of the most common gases in the Venusian atmosphere.

Gas Concentration
Carbon dioxide 96.5%
Nitrogen 3.5%
Sulfur dioxide 150 ppm

4. (2 points) Tectonic activity at coronae significantly impacts Venus’s atmospheric composition. Briefly explain
how this tectonic activity contributes to the unusually high concentrations of CO2 and SO, in Venus’s atmosphere.

Solution: CO;, and SO, are both volcanic gases. Since coronae thin Venus’s crust and lie above rising
magma, they typically have more magmatic and volcanic activity than more static parts of the crust. As
magma comes to the surface, the lower pressure causes dissolved gases in the magma to be released into the
atmosphere.
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5. Venus has an enormously strong greenhouse effect because of the high concentrations of CO; in its atmosphere
and the insulating effect of sulfuric acid clouds. These thick clouds trap most outgoing radiation and absorb a
small percentage of incoming radiation.

(a) (4 points) Venus’s atmosphere absorbs more energy from the Sun at its equator than at its poles. Most of
this energy is absorbed by the upper cloud layer rather than the Venusian surface. How does this differential
energy absorption affect the stability of Venus’s cloud layer and lower atmosphere at the equator compared
to the poles?

Solution: Venus’s atmosphere is more stable at the equator. Hotter air lying below colder air is
generally unstable, as hot air tends to be less dense and rise above colder air. Although air in the
atmosphere is stratified by density, changes in temperature can cause changes to density that make it
easier or harder for warm air to rise. At the equator, absorbed insolation causes the upper cloud layer to
warm, reducing the environmental lapse rate and reducing the unstable negative temperature gradient.
At the poles, upper air cools as it radiates heat into space, causing it to become more dense and allow
warmer air beneath it to rise.

(b) (3 points) Does this effect strengthen or weaken global Hadley circulation on Venus? Explain.

Solution: This effect weakens global circulation. This circulation is primarily driven by the rising of
warm air at the equator, caused by insolation reaching the ground and warming surface air. When upper
clouds absorb this radiation, it reduces the temperature gradient of the air below the clouds, making
it more difficult for equatorial air to rise. While upper air does sink at the poles, surface air rises to
replace it; it doesn’t create global circulation because there’s less equatorial movement to balance it.
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Problem 3

Question | 1 | 2|3 |4 Total
Points 616135/ 20(20%)

This question explores various aspects of and features associated with mid-latitude cyclones and storms. For this
question, assume that all weather systems are in the Northern Hemisphere.

1. The structure of fronts in mid-latitude cyclones can be diagnosed by the potential temperature , which is defined
as the temperature that a parcel would attain if moved dry adiabatically (9.8 K/km) to 1000 hPa (approx same

as surface pressure). Consider the following simplified cross-section of a cold front (the boundary is marked
blue):
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(2 points) Assuming that the environmental lapse rate < 9.8 K/km everywhere, rank the letters in order
from lowest to highest potential temperature . Use < or = between each letter.

Solution: A < B < C. A and B are both at the surface, so their actual temperatures are close to
Since B is in the warm air mass or warm sector of the front, it has a higher than A. It is also given
that the environmental lapse rate is less than 9.8 K/km. If C were brought down to the surface at 9.8
K/km, it would be warmer than B, so it has a higher than B.

(2 points) The buoyancy frequency N2 over some small range in height Az is proportional to (static)
stability in the atmosphere, given by the formula

Aln

N2
Az

where ¢ is the gravitational acceleration and z is height.

Based on the relative stability of air masses, on which side of the cold front in the diagram (A or B) is the
vertical gradient of greater?

Solution: The side with point A has the greater gradient. The cold air mass overlying point A will be
more stable. Because greater stability is linked to a greater change in , there will be a greater gradient
of above point A.

(2 points) Frontogenesis occurs when the potential temperature gradient becomes tighter with time. Con-
sider the following horizontal map view of surface potential temperature (red contours), the position of a
future front (dashed line), and the location of two pressure systems X and Y:
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Identify each pressure system X and Y that most typically leads to frontogenesis.
A X-low, Y - low
B. X -low, Y - high
C. X - high, Y - high
D. X - high, Y - low

Solution: Both X and Y are high pressure systems. X advects colder (lower ) air southward, and Y
advects warmer (higher ) air northward, causing an increased gradient.

2. Although mid-latitude flows are usually close to geostrophic balance, it is not always a valid assumption through-
out the atmosphere.

(a) (4 points) Identify the two cases below for which geostrophic balance does not approximate the flow. Briefly
justify your answer for each choice. Merely stating the forces behind geostrophic balance is not su cient
justi cation; consider which forces can/can’t be neglected.

e Flow near the equator
e Flow near the poles
e Flow within the planetary boundary layer (PBL)

e Slow flow aloft outside of jet streams

Solution: Flow near the equator would not be geostrophic because the Coriolis force is negligible and
cannot balance the pressure gradient force (PGF). Flow within the PBL would also not be geostrophic
because friction disrupts the balance between the Coriolis force and the PGF. Also, flows within the
PBL are primarily turbulent and occur at small scales, so the Coriolis force is minimal or negligible.

The Coriolis force strengthens with latitude and is not weak near the poles, so geostrophic balance holds
for flow near the poles. Geostrophic balance also holds for weak winds aloft, in which case a weak PGF
balances a weak Coriolis force (which depends on the wind velocity also).

(b) (2 points) Geostrophic balance also does not hold for aloft flows around closed lows, which are detached
from the jet stream and are nearly symmetric. Identify the dominant force causing air aloft to accelerate
around closed lows.

Solution: Pressure gradient force (PGF). In the Northern Hemisphere, the Coriolis force deflects winds
towards the right. Since flow around lows is counterclockwise, there should be a net centripetal force
inward; this is accomplished by a PGF greater in magnitude than the Coriolis force. (Note that this is
a case of gradient wind.)
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