USESO 2025
Training Camp Exam

Free-Response
KEY

Instructions:

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

— You have 2 hours and 15 minutes to complete this section.
— Any type of calculator is allowed.

— Participating in this exam is agreement to our |Academic Integrity Policy.


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

Problem 1

Question | 1 | 2| 3 | 4 | Total
Points | 72|56 | (20%)

This problem explores several features in the Himalayan region.

1. A geologist comes across an outcrop of schist in the Himalayas surrounded by phyllite, as shown in Figure 1
below. They determine that the outcrop has been deformed due to the presence of a fold.
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Figure 1: Map view of schist outcrop (gray) contacting with surrounding phyllite (white). Red contours denote the
elevation of the local terrain.

(a) (2 points) Notice that the perimeter of the outcrop is curved near each point A-D. At which point(s) on
the outcrop is this curving likely due to regional folding rather than effects of the local terrain? Explain.

Solution: The bends at B and D occur on a ridge defined by a V-shaped arrangement of topographic
contours. These curves are likely due to the effect of the local terrain and are not an expression of
folding. Meanwhile, the bends at A and C are not related to a particular topographic feature and occur
on uniformly sloping valley sides. A and C thus likely represent folds.

(b) (2 points) What is the strike of the fold’s hinge line as viewed from above? Express your answer in azimuthal
notation to the nearest 45° and explain your reasoning.

Solution: 315°. The hinge line, by definition, passes through all points of the fold with maximum
curvature. In this scenario, those points are A and C.
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(¢) (1 point) Is the fold a synform or antiform? Briefly explain your reasoning.

Solution: Looking at the outcrop from the side by facing toward the topographic ridge axis, both point
A and point C would appear as tilted troughs indicative of synforms.

(d) (1 point) Given that the outcrop in Figure 1 is located in the Himalayas, propose a mechanism that
could have created the local surface topography.

Solution: The sharp V-shaped ridge could have been created by a glacial aréte flanked by cirques.
Other feasible mechanisms acceptable.

(e) (1 point) Does an observer walking from B to D observe a shallower dip angle than an observer walking
from B to A? Briefly explain your reasoning.

Solution: Yes. The most direct dip angle is directly south, which is closest to the direction from B to
A.

2. (2 points) Rocks in the Himalayas undergo metamorphism due to processes such as folding. One notable region
in which metamorphism has occurred is known as the Yardoi gneiss dome, shown below in Figure 2.
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Figure 2: Map view of the Yardoi gneiss dome. Adapted from Ding et al. (2016).

Metamorphic core complexes (MCCs) form in areas where crustal upwelling has occurred, resulting in high-grade
metamorphic facies rising beneath a faulted surface layer. If a geologist hypothesizes that the Yardoi dome is
an instance of a MCC, what should they propose as the dominant stress (extensional, compressional, or shear)
responsible for its occurrence? Explain.
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Solution: Extensional. We expect crustal upwelling to occur when the overburden of the overlying rock
significantly reduces in conjunction with extensional stresses in the region, resulting in a force that pulls up
surrounding deeper material.

3. Geologists collect schist samples at three locations in the Yardoi dome. Photomicrographs of samples 132-5 and
130-1 are shown in Figure 3 below.
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Figure 3: Photomicrographs of sample 132-5 and sample 130-1. Foliation (SR, SK, S2) is marked by lines. The dark
blue feature in sample 132-5 denotes a kyanite grain; the elongated dark grain is sillimanite. Mineral abbreviations are

as follows: Qz (Quartz), Sil (Sillimanite), Ky (Kyanite), Grt (Garnet), Ms (Muscovite), Bt (Biotite), Pl (Plagioclase).
Adapted from Ding et al. (2016).

(a) (2 points) The geologists determine that three stages of deformation occurred in the Yardoi schists asso-
ciated with a prograde, peak, and retrograde mineral assemblage. They have identified that deformation
resulting in the S2 foliation comprised the middle stage. Does the deformation that produced the SR
foliation occur before or after the deformation that produced the SK foliation? Explain.

Solution: Before. The SK foliation produced shear bands that wrap around the garnet porphyrob-
lasts, while the SR foliation consists of mineral trails within the garnets. This suggests that the SR
deformation occurred during garnet growth, which occurred before SK deformation.
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(b) (1 point) The geologists plot potential P-T-t paths of the Yardoi schists on Figure 4 below.

Figure 4: Potential P-T-t paths for schists in the Yardoi dome. Mineral abbreviations are as follows: Kyanite
(Ky), Sillimanite (Sil), Andalusite (And).

Which of the following is most likely the correct path and path direction?

Blue path, clockwise
Blue path, anti-clockwise
Red path, clockwise
Red path, anti-clockwise

. Green path, clockwise
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Green path, anti-clockwise

(c) (2 points) Justify your answer to the previous question.

Solution:  Given that the retrograde mineral assemblage contains sillimanite, we can remove the blue
path from consideration because it does not pass through the sillimanite range. We can also determing
that the path direction must be clockwise such that the metamorphism is retrograde when it passes
through the sillimanite range. Given that the peak mineral assemblage contains kyanite, we can remove
the green path from consideration because its peak lies in the sillimanite range.
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4. The Yardoi dome contains zircons that can be used for radiometric dating. A common technique for dating
zircons is to compare both the?®U/ 2°6Pb and 235U/ 2°7 Pb ratios, which over time evolve along the black curve
shown in Figure 5. 22U decays into 2°Pb with a half-life of 4.47 billion years; 2*°U decays into 2°’Pb with a
half-life of 710 million years.

A group of researchers use Pb/U isotope ratios to determine the age of the Yardoi schists. They plot them

against the expected curve and notice some anomalous samples to the right of the curve. After taking more
samples from these locations, they identify an anomalous trend, shown in purple in Figure 5.

Figure 5: (&) A diagram of Pb/U isotope ratios for the samples collected from the Yardoi gneiss dome. Anomalous
samples are shown in purple. Adapted from Ding et al. (2016). (b) An extended version of Figure 5(a). The black
curve follows the expected evolution of a normal sample; the purple line extends the trend of the anomalous samples.

(8) (2 points) Explain why the expected evolution of these two isotope ratios curves to the right.

Solution:  As time goes on,?°U concentration goes to zero much more quickly tharf*8U concentration.
As such, the 2°"Pb/ 235U ratio skyrockets relatively quickly, while the 2°6Pb/ 238U ratio increases at a
relatively constant rate.

(b) (2 points) Describe a process that could have created the anomalous trendWhat information  can we
get from the location of point P in Figure 5(b)?

Solution: Anomalies like this typically arise when a zircon crystal forms after recrystallization and

contains lead and uranium from its original formation. These samples must have lost nearly all of
their lead and uranium, but a small amount remains with the isotope ratios from the original sample.

The extension of the purple line represents varying degrees of lead and uranium loss from the original
sample. Point P represents the isotope ratios of the lead and uranium from the original zircon crystal;
this can be used to determine its age.
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(c) (2 points) Geologists use multiple isotope ratios in order to con rm their calculated dates. Estimate the
age of the conditions at Point P and verify that both isotope ratios give you a similar answer.

Solution: We determine the age of the sample here using thé®U ! 2%Pp decay system. The
standard radioactive decay formula gives the proportion of238U remaining after time t (in billions of
years) as 055447, The proportion of 2%Pb is given by 1 minus this value.

206pb _ 1 0:5’(:4:47

238 - 0:5t=4:47
= t=4:47
5=t 02 o g, 1
0:5=4:47 0:5t=4:47
1 .
* = :gtE447
6:1

t =4:47 100y5 o7

1:839 billion years.

The same calculations apply for?3>U, which gives an age of 1.852 billion years.
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Problem 2

N
w

Question | 1 Total
Points | 7| 8 | 5| 20 (20%)

This problem explores various aspects of weather and climate over land.

1. Conditions favoring wild re growth can be predicted and projected, and wild res can have signi cant impacts
on the climate system.

(@) (2 points) Vapor pressure de cit (VPD), a proxy for re activity, is de ned as the dierence between
saturation vapor pressure €s) and actual vapor pressure €;), i.e., VPD = es{e;. Under a warming climate
and assuming constant relative humidity, the trend in VPD is generally:

A. Increasing
B. Decreasing

C. Unchanging

Solution:  Relative humidity (RH) is the ratio between the actual vapor pressure and saturation vapor
pressure. The saturation vapor pressures increases exponentially with temperature (at approximately
7% per °C warming). Even when RH is xed, the exponential increase in numerator and denominator
means that the gap betweenes and e, is increasing.

(b) (2 points) Based on Figure 1 below,infer whether climate models have underestimated or overestimated
near-surface VPD. Assume model projections of temperature are accuratelustify your answer.

Figure 1: 1980-2020 trend in the speci ¢ humidity (grams of water vapor per kilograms of dry air) pro le in the
southwestern US. The y-axis is the ratio of pressure to surface pressure and the black line (ERA5) shows
assimilated observational trends. The purple and red (CMIP6/LENS?2) lines show climate model simulated trends;
shading indicates model spread. Adapted from Simpson et al. (2024).
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Solution:  Climate models have overestimated near-surface speci ¢ humidity (models show an increase
where observed trends show a decrease). As speci c humidity (related to the amount of water vapor)
is roughly proportional / closely related to e,, climate models have a positive bias for,, suggesting a
smaller gap between it andes. Thus, climate models have underestimated VPD.

(Note: since e; is related to temperature, the assumption that temperature projections are accurate
also assumes no model bias ies. So the VPD bias (in this question) hinges only on the bias ine;.
Students need not include this in their explanations.)

(c) (1 point) Seasons of enhanced wild re activity can be anticipated in advance, as soil moisture anomalies
can persist for months, a ecting vegetative cover. For the southwestern US, which combination of ENSO
states in the preceding winters maximizes wild re activity in Summer 2?

Figure 2: Timeline of Year 1 winter, Year 2 winter, and Year 2 summer.

A. Winter 1: El Niro, Winter 2: La Nira
B. Winter 1: La Nina, Winter 2: El Nino

C. La Nina in both winters

(d) (2 points) Justify your answer to the previous question.

Solution: In the Southwestern US, El Nino tends to bring above normal precipitation and La Nina
tends to bring below normal precipitation. Buildup of vegetation/biomass from Year 1 becomes dried
up by Summer 2, maximizing potential fuel for wild res. (La Ninas in both winters favor a dry Summer

2, but with less biomass that can be burnt. An El Nifno in Winter 2 would disfavor dry soils in Summer
2.)

2. While uncommon, droughts can and have a ected the eastern US.

(@) (2 points) Which of the upper-level maps in Figure 2 favors drought over the eastern US if the pattern
persists? What is the sign of the! anomaly over point B? (Note that ! p= t, the rate of change of
pressure of an air parcel.)
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Figure 3: Two upper-level isobaric maps.

A. Map 1, positive
B. Map 1, negative
C. Map 2, positive
D. Map 2, negative

Solution: Map 1 shows an upper-level ridge to the west of B and an upper-level trough to the east
of B. This pattern favors convergence aloft and divergence at the surface, promoting high pressure and
sinking air. More sinking air than normal translates to a greater downward velocity (higher rate of
pressure increase) since pressure increases as altitude is lowered) sshould have a positive anomaly.

(b) (2 points) Recall that the absolute vorticity  (derived from column rotation), planetary vorticity f (derived
from Earth's rotation), and relative vorticity are related by = f + . For the map you selected in (a),
winds from A are advecting values off and values of towards B, assuming constant .

A. Higher, higher
B. Higher, lower
C. Lower, higher

D. Lower, lower

Solution:  Planetary vorticity increases with latitude due to a stronger Coriolis e ect at higher latitudes.
In Map 1, air at A is at a higher latitude than B, so higher f at A is being advected (transported)
towards B. Since is constant, the sign of advection is the opposite: lower values of are being

advected towards B. Also, negative (relative) vorticity advection typically occurs to the downstream of
ridges.

(Choice C is correct if the student selected Map 2, with the reverse chain of reasoning.)

(c) (2 points) During periods of drought, would you expect diurnal (daily) temperature ranges to be greater,

less than, or near normal?Justify your answer in terms of atmospheric processes (i.e., heglect interactions
with land).

Solution: Diurnal temperature ranges would be greater than normal, with warmer or similarly warm

days and cooler nights. The reduced water vapor / humidity in the atmosphere would reduce daytime
cloud cover and allow more outgoing longwave radiation to escape at night without being backscattered.
(Or, drought conditions are usually associated with high pressure and calm winds, so less mixing allows
for the development of a radiation inversion and greater cooling.)

Note that \higher specic heat of water vapor" is not an acceptable answer. The variations in at-
mospheric moisture don't contribute signi cantly to changes in atmospheric heat capacity. Greater
partitioning of energy gains/losses into sensible heat ux relative to latent heat ux also plays a role,
but this relates to land/soil moisture, so is not an accepted response here.
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(d) For each of the following two cases,classify each as part of a positive feedback loop, negative feedback
loop, or no feedback loop in response to a drier atmospherdBrie y justify ~ your answer to each.

i. (1 point) Plant stomata close in response to water stress, reducing transpiration.

Solution: Positive feedback loop, since a dry atmosphere results in less transpiration, reinforcing
dryness.

ii. (1 point) A landfalling tropical cyclone replenishes soil moisture.

Solution: No feedback loop. The landfalling tropical cyclone is not a response or result of drought
and can be regarded as independent/external of the drought.

(Note: If drought causes X, and X causes increased soil or atmospheric moisture, then X is part
of a negative feedback loop. But there is no physical link between drought and tropical cyclone
impacts, nor does drought make it more likely for a tropical cyclone to bring rainfall.)

3. One proposal to mitigate extreme heat is to paint the surfaces of buildings and roofs white, known as land
radiative management (LRM). In their simulations, Cheng and McColl (2024) use the following domain, where
the high-albedo region is known as the LRM region. Neglect e ects of cloud cover throughout this question.

Figure 4: Map view of low and high albedo regions in the study.

(8) (2 points) It was found that less precipitation fell in the LRM region than outside the region. Describe
two mechanisms behind this result. (Hint: the albedo di erence induces a circulation pattern across the
regions, yet the reduced precipitation can be explained even without this circulation.)

Solution: Cooler conditions in the LRM region and warmer conditions outside create a (thermally
direct) circulation where air sinks above the LRM region and diverges at the LRM surface | similar
to the development of a daytime lake breeze (in which the LRM is analogous to the \lake"). Less net
radiation in the LRM region leads to less evaporation and less moisture recycling, resulting in locally
reduced precipitation.

(b) (1 point) In the LRM region, the soil moisture is lower than surrounding regions. What is the e ect of
reduced soil moisture on the temperature of the LRM region? (Note that LHF stands for latent heat ux.)
A. LHF is increased, amplifying the cooling
B. LHF is increased, partially counteracting the cooling
C. LHF is decreased, amplifying the cooling

D. LHF is decreased, partially counteracting the cooling
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Solution: Less soil moisture can be evaporated, so the evaporative cooling e ect is reduced. Thus, less
radiative energy is partitioned into evaporation/latent heat ux.

(c) (2 points) When taking into account atmospheric mixing, the precipitation near the LRM region has a
smooth gradient instead of a sharp drop. The resulting temperature response also displays a gradient, as
shown in the topmost plot below.

Figure 5: Radiative response due to precipitation anomalies when mixing is applied (red) or not applied (black).

Which plot shows the temperature response to LRM?Justify your answer by explaining how the variation
in the temperature response occurs as a result of mixing in either the non-LRM or LRM region.

Solution:  Plot 1. Just outside of the LRM region, precipitation is reduced relative to locations further
from the LRM. This reduces soil moisture, but with the same albedo, less evaporative cooling occurs
leading to warmer conditions. (Likewise, just inside the LRM region, precipitation is higher than in
the center of the LRM region. More evaporative cooling leads to lower temperatures at the LRM edge
than in the center of the LRM region.)
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Problem 3

Question | 1 (2|3 |4|5 Total
Points 711|145 3] 20 (20%)

This problem explores several aspects of water masses.

1. One way that di erent water masses can be distinguished is by analyzing the concentration of isotopes in each
water mass. This is because certain isotopes, such as Thorium-230 and Protactinium-231, can act like tracers

that maintain their concentrations as they move with water.

An oceanographer creates a model of®°Th and ?*'Pa concentrations based on an ocean circulation model, as
shown in Figure 1 below. They then compare the model results to sample data.

Figure 1: Radioactivity (concentration proxy) of isotopes #°Th and %! Pa on small particles in a cross section of the
Atlantic Ocean. Colored boxes represent model predictions while colored circles represent sample data. Note the
di erent color scaling between (a) and (b). Adapted from Hulten et al. (2018).

(@) (2 points) The oceanographer determines that?*°Th and 2*'Pa have approximately equal dissolved con-
centrations in seawater and that 22°Th has around double the half-life of?3'Pa. Based on Figure 1, which
isotope likely has the shorter residence time in the Atlantic Ocean?Brie y explain  your answer.

Solution: While both are found in approximately equal dissolved concentrations in seawater, the pro-
portion of 229Th settling on particles at depth is around a magnitude larger, suggesting it is deposited
onto sediments at a much higher rate and thus exhibits a shorter residence time. The fact that*°Th
has a longer half-life supports this conclusion. Becaus&°Th decays more slowly, it must be removed
more quickly to compensate and produce the elevated radioactivity levels observed at depth.

(b) (2 points) Notice that the model underestimates the settled concentration of both isotopes around 45W.
Brie y explain  why this discrepancy likely occurs.

Figure 2: Map of the Atlantic Ocean with 45 ° W marked in red. The dashed blue line indicates the transect along
which the sample data was collected.
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