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Energy Absorption and Traveling Waves
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[0:08] Introduction
This presentation is on energy absorption and traveling waves - waves traveling through the Earth - and we focus on the physics of traveling waves in the Earth. Energy absorption is not a topic that most geophysicists are comfortable with. It seems a little obtuse, and it's not directly focused on finding oil and gas. However, the absorption of energy as waves travel through the earth shares a long heritage with loss of energy in waves traveling through all kinds of material, and this has been studied by the physics community for well over 100 years.
We're going to focus on waves traveling through the Earth, but you're going to find that there's a lot of documentation, description, and nomenclature shared by many other fields - and this leads to all sorts of different terms, so we're going to try to put those together. Our basic goal is not to impart a bunch of mathematical notation for you to chew on, but for you to focus on the real physics of traveling waves and why energy absorption might be important.
The Mass-Spring-Dashpot Analog
We have to walk before we run, so we start with a simple analog of what's going on in the Earth. On the left is a mass on a frictionless support with no friction, just sitting there - mass m, a spring, and a dashpot. Three elements: mass, spring, and dashpot. The mass has mass m, the spring has spring constant k, and the dashpot has a constant b. On the frictionless support, the mass travels back and forth in the x direction. The spring restores it to its rest position, and the dashpot dampens the motion.
Putting this together gives a second-order ordinary differential equation:
m·(d²x/dt²) + b·(dx/dt) + k·x = 0
1. m times the second derivative of displacement = acceleration
1. b times the first derivative of displacement = velocity (damping term)
1. k times displacement = spring restoring force
This equals zero because the sum of the forces on the mass at rest equals zero: mass times acceleration, plus b times velocity, plus k times displacement, equals zero.
[4:19] Speaker 2: Hey Tom, what's a dashpot?
[4:23] Speaker 1: The dashpot is an interesting little concept. Before air conditioners, when you wanted to run outside to play, a good dashpot would be the one hooked to the spring on a screen door - a spring closed the door as you ran outside, but a dashpot kept it from slamming back. So a dashpot is just like a shock absorber - like the shocks on your car's front and rear springs.
[5:09] Speaker 3: Right.
[5:10] Speaker 1: Excuse me, a little crud. Any other questions before we go on?
The Mass in Motion (Newton's Second Law)
The one on the right isn't much more complicated. Here the motion goes back and forth, and this is where we use Newton's second law: force equals mass times acceleration, and the sum of the forces equals mass times acceleration. Two forces act: the dashpot force and the spring force. Substituting:
Force = m·(d²x/dt²), where the forces are the dashpot force b·(dx/dt) and the spring force k·x.
At rest, the sum of these three terms equals zero. In motion, force equals mass times acceleration - the same equation, just rearranged. This single equation covers the mass at rest or in motion; you just plug in the three numbers (m, b, k) and watch it go. This is the basis for a lot of wave propagation in the Earth.

Four Kinds of Waves
1. P wave (compressional wave): Particle motion is in the same direction the wave travels. If you push a mass toward or away from your chest, that's a P wave - compression and rarefaction, with pressure rocking above and below ambient (e.g., atmospheric pressure, about 15 psi, as picked up by a microphone).
1. Shear wave (S wave): Particle motion is perpendicular to the direction of wave travel - up and down while the wave itself travels left to right (or vice versa).
1. Rayleigh wave: Particle motion is elliptical - both in the direction of travel and perpendicular to it. This is what's called "ground roll" in exploration seismology.
1. Love wave: A shear (SH) wave that is a surface wave, generated by shallow earthquakes (not deep ones). Named after A.E.H. Love, not the 1960s connotation.
In exploration geophysics we're most interested in P waves and shear waves, plus ground roll (Rayleigh waves).
Forced vs. Free Oscillation
1. Forced continuous oscillation: Continuously driving an object and measuring the input and output waveforms.
1. Free oscillation: Pull the mass away from rest, let it go, and it rocks back and forth, eventually returning to rest because of the dashpot. We measure the decaying vibration of displacement after release.
Plane Waves vs. Spherical Waves
A plane wave is a mathematical abstraction - the simplest kind of wave motion, with very few parameters, and it ignores the source. A spherical wave is more complicated because of geometric spreading: as the wavefront expands outward from a point source (e.g., a stick of dynamite), the same total energy is spread over an ever-larger spherical surface, so the energy per unit area decreases. (A dynamite source starts as a shock wave, then quickly decays into an elastic wave that marches outward - the geometric spreading loss applies from that point on.)
At a single point in space (a geophone), a passing wave has frequency/period and a phase angle depending on travel distance. At a single instant in time (a snapshot), the wave has a wavelength (peak-to-peak or trough-to-trough distance), a wave number (reciprocal of wavelength), and a phase angle.
Key question: Has seismic data processing (spherical spreading corrections, frequency balancing, etc.) already wiped out all the information about energy loss, leaving nothing to interpret? Not necessarily - because we're often more interested in lateral changes in energy absorption (e.g., across a reservoir) than in the absolute values.

[13:29] Terms Describing Energy Loss
A quick glossary of terms used across physics to describe energy loss of traveling waves:
	Symbol
	Term

	Q
	Quality factor - dimensionless, no units

	δ (delta)
	Log decrement

	A
	Damping factor

	D
	Damping ratio

	Δf/f
	Bandwidth

	ΔE/E
	Loss in energy (fundamental)

	b
	Stored energy loss per cycle

	c
	Velocity (uniform material) or phase velocity (inhomogeneous material)



Q is the most important term - it has no units, which is part of why it's convenient.
The Core Relationship
ΔE/E (energy loss) = b = 2π/Q
This means energy loss and Q are inversely related:
1. High energy loss → large ΔE/E → large b → low Q (like a pillow soaking up energy)
1. Low energy loss → small ΔE/E → small b → high Q
So when someone says "Q is 200" vs. "Q is 100," the lower number means more energy is being absorbed. Reference values:
1. Plexiglass: Q ≈ 20 (a quasi-elastic material, well below ordinary seismic data)
1. Ordinary seismic data: Q ≈ 50–300
1/Q is sometimes called the specific dissipation constant - it's always positive, so Q is always positive; there's no such thing as negative Q.
Q applies broadly - for example, a vibrating bar (like a xylophone) has a natural frequency and a Q, related to the phase angle between the input and output sinusoids when driven.
Physical Meaning
Energy loss reflects the second law of thermodynamics - the rate at which mechanical energy converts irreversibly to thermal (heat) energy. When we vibrate the Earth with a source (vibrator truck, dynamite, air guns), we are literally heating up the Earth. This is an irreversible thermodynamic conversion, and it does not depend on the specific mechanism of dissipation.
Two Components of Q
The overall specific dissipation (Q_E) has two parts:
1. Intrinsic / mechanical loss - true conversion of mechanical energy to heat within the rock.
1. Scattering loss - energy redirected by scattering centers in the Earth: conversions to multiples, diffraction off fault edges, and similar "moldable" scattering. These cloud our measurement of the true intrinsic Q.

[22:20] The Geophone as an Analog for a Rock Layer
A geophone can be treated just like a little chunk of rock - it has a mass, spring constant, and dashpot (we're ignoring the coupling of the geophone to the Earth here, which would otherwise require a second dashpot).
1. Kinetic energy = ½mv² (m = mass, v = velocity of the coil)
1. Potential energy = m·g·x (mass × gravitational acceleration × displacement from rest)
The sum of kinetic and potential energy stays constant during free oscillation, with energy shifting back and forth between the two forms until the geophone comes to rest.
Important: Geophones measure particle velocity, not displacement - an electrical signal proportional to the velocity of the coil moving through the magnetic field (with a bobbin of mass m).
Frequency Response and Phase
At high frequencies, geophones have one amplitude response; as frequency lowers toward the natural frequency, amplitude increases, then falls off. Geophone manufacturers try to keep the response flat, minimize overcompensation. Going from high to low frequency, the phase flips 180° (polarity reversal) - a peak event above the natural frequency becomes a trough event below it, passing through 90° phase shift at the natural frequency (a symmetric wavelet becomes antisymmetric, then an opposite-polarity symmetric wavelet).
Log Decrement (δ)
The log decrement describes free vibration decay - if you displace the geophone bobbin (or a chunk of Earth) and release it, it rocks back and forth with exponentially decaying displacement. Measuring two successive peaks gives the log decrement. The geophone comes to rest because of the irreversible thermodynamic conversion of mechanical energy to heat - if there were no dashpot (a perfect spring), it would oscillate forever (a perpetual motion machine).
Displacement as a function of time has two parts:
x(t) = e^(−at) · sin(2πft)
1. e^(−at): the exponential decay envelope (time-dependent)
1. sin(2πft): the oscillation at frequency f

[31:16] Two Frames of Reference
A key concept to remember: waves can be described from two frames of reference:
1. Fixed point in space (temporal): A geophone at a fixed location records the wave as it passes by over time - this gives frequency and period, and a phase angle depending on distance traveled.
1. Fixed instant in time (spatial snapshot): A "photograph" of the wave motion across the Earth's surface at one instant - this gives wavelength and wave number (k), the reciprocal of wavelength.
Combining these for a traveling wave (e.g., ground roll or a P wave moving left to right):
Displacement = e^(−αx) · sin[2π(t − x/c)]
1. e^(−αx): distance-dependent attenuation term, where α is the attenuation coefficient and x is distance traveled. Energy falls off with distance - farther away, more attenuation.
1. sin[2π(t − x/c)]: the time part, where x/c is a time delay based on how far the wave has traveled (distance ÷ velocity = time).

[35:17] Damping Ratio, Natural Frequency, and Bandwidth
The frequency at which a geophone returns to rest after a disturbance is its natural frequency - measured via free vibration / displacement impulse response (as opposed to the velocity response).
Bandwidth matters for forced vibration: driving a geophone (or a marimba bar) continuously doesn't produce a single pure tone but a band of frequencies around a center frequency. Bandwidth is commonly measured at the 3 dB down point - the half-power point, i.e., the 0.707 amplitude points - expressed as Δf/f (dimensionless, frequency over frequency).
The vibrational modes of a bar (clamped on one end and struck, or free) relate to Young's modulus, a mechanical property. This is how Q of rocks is sometimes measured in the lab: take a core sample, clamp it, apply forced vibration, and estimate both Q and Young's modulus (and other derived properties).

[34:17–39:34] Strain Energy Loss and the Q Model
ΔE/E - the strain energy loss per cycle - is the fundamental quantity. It's the intrinsic energy loss arising from one surface sliding past another within the solid.
For sedimentary rocks in exploration geophysics, at very high frequencies (e.g., sonic log frequencies), pore fluid also becomes a source of energy loss - so Q estimated from sonic logs may differ somewhat from Q estimated from seismic frequencies, though the two may not be dramatically different.
Does Q Depend on Frequency?
This was a significant debate in exploration geophysics history (roughly the 1950s): is there a constant-Q model, or is Q frequency-dependent?
Constant Q model:
2π/Q = ΔE/E → Q = 2π · E/ΔE
Algebraically, Q is proportional to the signal envelope divided by the derivative of the envelope. Using the Hilbert transform on a seismic trace gives a real part and an imaginary part, from which the envelope attribute is calculated (one of the standard "basic five" attributes). From the envelope and its first derivative, Q can be estimated under a constant-Q model.
Relating Q to attenuation (α): taking the first derivative of the envelope, dividing by the envelope, and multiplying by frequency (under the constant-Q model) gives the attenuation coefficient α. Q and attenuation both describe the same underlying phenomenon - the difference is whether frequency is explicitly included.
Across a typical seismic frequency band (roughly 10–120 Hz), attenuation depends on frequency, so the choice between a constant-Q model and a frequency-dependent-Q model can matter.
Tanner's Formula (unverified)
Terry Tanner published (unverified/unattributed formula, presenter cannot confirm its derivation):
α = 2 · |derivative of the envelope| / smoothed frequency
The presenter notes this is used in practice ("since Tanner got it published, this is how he defines attenuation") even though its origin can't be fully verified - likened jokingly to Fermat's Last Theorem, since Tanner is no longer available to explain it.

[44:03] Summary and Conclusions
1. The geophone and a chunk of rock are "kissing cousins" when it comes to understanding energy absorption - at ordinary seismic frequencies, both can be treated with the same simple mass-spring-dashpot framework (ignoring more complex effects like fluid sloshing in pores).
1. All the terms (δ, A, D, Δf/f, ΔE/E, b) describing free or forced oscillation are different faces of the same underlying energy-loss phenomenon.
1. Q is the unequivocal description of energy loss, and it is a property of the rock layer itself - not of the boundary between layers. Q has nothing to do with reflection coefficients; energy is lost within the rock layer, not at the boundary where a wave reflects.
1. Practical implication: Q's dependence on the rock layer means it could be a valuable predictive/exploration tool - e.g., variation of Q within a reservoir might indicate differences in fluid content (low-saturation gas vs. mostly water vs. all gas).
1. Challenge: Estimating Q requires reflection data from both above and below the layer of interest, and the difference between those two reflection wavelets is what yields Q (and other derived properties). This has been studied for 50–70 years.
1. Any additional, non-heat-related energy loss mechanism (e.g., interbed multiples, scattering) biases the Q estimate - always lowering the apparent Q (since these effects add to the apparent energy loss). This bias is not symmetric around the true intrinsic Q.
1. This is especially tricky when comparing "off-reservoir" vs. "on-reservoir" locations, since the interbed multiple situation may change between the two, confounding the comparison.
1. Bottom line: Estimating Q as a true rock property is very difficult. Whether using instantaneous frequency, envelope and its derivatives, or other attribute-based methods - take Q estimates with a grain of salt.
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