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INTRODUCTION

The string of  words that forms the title of  this book comes from Don Anderson’s classic text Theory of  the 
Earth, whose goal was to examine the origin, evolution, structure, and composition of  the Earth’s interior. 
The expansiveness of  Anderson’s research purview, as encapsulated in these four words, and its founda-
tional relation to nearly all branches of  geophysics and seismology, speaks to Anderson’s role as one of  
the most significant and longest-tenured faculty members of  Caltech’s Seismo Lab. As a student of  Frank 
Press, Anderson also served as a generational bridge that linked the Lab’s classical era and its location 
in a secluded mansion in the San Rafael hills, to the modern era which brought the Lab to campus, and 
which intellectually and physically enjoined Caltech seismology to the broader array of  disciplines within 
the Division of  Geological and Planetary Sciences. As director of  the Seismo Lab from 1967 until 1989, 
Anderson oversaw and embraced this crucial transition. His own research was singular in its range, and 
he fostered a communal intellectual environment, with the all-important coffee break as its anchor point, 
so that everyone at the Seismo Lab, from graduate students to senior faculty, was aware of  one another’s 
current research.

Don Anderson in his office, 1988
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Happily, Don Anderson gave an oral history before his passing in 2014, which included this closing 
comment on the benefits of  embracing a communal philosophy to scientific research:

[Geophysics] is a different kind of  science. Seismology has always had to share data, whereas in other fields you 
tend to generate and hoard your own data until you’re damned well ready to put it out, and even then maybe you 
don’t share. But seismology would never get anywhere if  everybody who had their seismic station kept their data 
to themselves. We never would have figured out the inside of  the Earth. We needed all the data from everybody. 
And there’s nothing wrong with sharing or even giving away data. Some people think, “Well, they’re going to 
scoop me here. They’re going to discover what I was going to discover.” But there are so many undiscovered 
things about the inside of  the Earth that that’s a very shortsighted attitude not to share your data. I don’t see any 
downside to sharing. You get more people interested and talking together. Things just advance so much quicker 
when you are completely open and sharing. Everybody’s career advances even more if  you share your data rather 
than hide it. And I can’t understand why all science isn’t like that.1

One would be hard pressed to find a more elegant and genuine explanatory reflection on the outsize 
role the Seismo Lab has exerted worldwide in its first hundred years. Concrete but inanimate metrics 
like proprietary data, structural partnership with the United States Geological Survey, and cutting-edge 
instrumentation and research techniques, cannot alone explain the import of  what the Seismo Lab has 
accomplished. To understand the Lab’s achievements requires an appreciation of  the research philosophy 
that Anderson embodied, which he both inherited and passed down, and which pivots on the insistence 
that science should be a free and open endeavor, that orthodoxies are to be challenged, and that theory 
and observation coexist in a supportive and intellectually vibrant atmosphere. Such notions are decidedly 
less tangible than technology or research dollars, but they get us closest to an appreciation of  the Seismo 
Lab’s unique legacy.

Anderson’s four words also serve as shorthand of  the institutional history I have developed in doc-
umenting the Seismo Lab’s modern era through the unique longform design of  oral history. In my work 
directing the Caltech Heritage Project, whose mission is to capture and convey the history of  Caltech’s 
world-changing accomplishments in science and engineering, the Seismo Lab is a microcosm of  Caltech 
values at the institutional level, and this project offers a discipline-specific opportunity to celebrate some 
of  the magic that makes Caltech a research leader in ways far more expansive than its size would sug-
gest. I cannot claim to have intuited that the Seismo Lab would be an early and significant focus in my 
work; for that, I had the good sense to seek advice from Caltech leaders on the most important areas 
to concentrate my efforts. These meetings included a formative conversation with President Thomas F. 
Rosenbaum. Only a few days after arriving on campus, I met with Tom over coffee at the Red Door, and 

1 Anderson, Don L. Interview by Shirley K. Cohen. Pasadena, California, February 24, March 10, and April 13, 1999. Oral History 
Project, California Institute of  Technology Archives.
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he suggested that doing something on the Seismo Lab – “a gem of  Caltech history” is how I remember 
him saying it – would be a great idea.

Dozens of  oral history interviews later, and with all the preparatory research that these conversa-
tions require, I have been able to capture a significant share of  recollections and insights by current and 
past faculty, and with alumni who have gone on to leading careers in academia, in government, and in 
industry. For the latter group, I am reminded of  sage advice from Provost David A. Tirrell, who suggested 
that I keep, top of  mind, an appreciation of  the ways Caltech graduates represent, and in many cases 
over-represent, positions of  leadership in their respective fields.

Like all academic institutions, the Seismo Lab is not merely a physical structure that offers a locus 
for faculty, students, and staff to work at any given time. It is also an intellectual repository that stores the 
work of  previous generations, and the institutional home base for all the scholars who have passed through 
it and have gone on to pursue their research across the world. What this global research community now 
understands about the origin, evolution, structure, and composition of  the Earth’s interior – and the myriad 
implications this has on our understanding of  seismology and geophysics, on our planet and others – owes 
an unquantifiable but positively enormous debt to the Seismo Lab. And the inverse of  this observation – 
an assessment of  what we don’t yet know – will shape the Lab’s mission over the next hundred years.

I would like to thank everyone who was generous with time and care in the creation and finalizing 
of  their oral history transcripts, which can be accessed in full at heritageproject.caltech.edu. I regret that 
limitations of  deadlines and resources meant that I could not talk to everyone who has valuable things 
to say about the Seismo Lab; still, I am confident that I have captured a critical mass and a diverse cross 
section of  scientists who shared their personal stories, and who explained in great detail and in good 
humor what makes the Seismo Lab such a special place. I would like to express particular gratitude to 
the Lab’s current director Michael Gurnis, who in addition to being an eminent geophysicist, also proved 
to be a perceptive and enthusiastic student of  history. Mike has been helpful and engaged in this project 
from day one, and this book is possible because of  his support.

D.Z. 
Pasadena, California 

November 2022
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EDITORIAL NOTE

The following quotes, selected for their wise insights, scientific explanations, and fascinating stories, are 
organized alphabetically according to the essential theme or keyword contained therein. Because they are 
extracted from the original oral history, readers are encouraged to consult the full transcript for context. 
In some cases, the quotes have been lightly edited for clarity and narrative flow.

The views expressed below are those of  the individual contributors and do not necessarily reflect those 
of  the California Institute of  Technology or any other institution.





1

A

Advances
Firstly, the biggest difference is that when I was an undergraduate, we were told that earthquake size is limited. We were taught 
that 8.6 was the maximum magnitude. I have a book written by an eminent engineer who spearheaded the Japanese high-rise 
building project; it says that the magnitude has an upper limit of  8.6, so they do not expect very large long-period ground 
motion. This is not true but is not an engineer’s fault. Probably seismologists said that. Now we know that earthquake size 
doesn’t saturate. That’s a big difference. We simply could not measure long-period waves because of  the limited capability of  
measuring them. If  you measure long-period waves, the amplitude grows with the size of  the event. But if  you use relatively 
short-period waves, then it saturates. That’s why some seismologists thought there was an upper bound. That certainly had 
a big impact on engineering. The high-rise building concept came from that. Tall buildings have a longer natural period, and 
everyone thought earthquake ground motion does not have large long-period motion, so we don’t have resonance. However, for 
the Tohoku earthquake, there was a 52-story building in Osaka 800 kilometers away, and the roof  of  that building swayed 
1.37 meters. It was amazing for an event 800 kilometers away. That’s because the long-period waves propagate without 
much attenuation from Sendai to Osaka, and they’re amplified by the soft layer, then resonated with the building. A 52-story 
building has approximately 6 secs. If  6-sec waves come in at the base of  the building, it shakes. And that’s what happened. 
Now, they know that, so they have to do something about it. If  I remember correctly, before 1960, no building taller than 31 
m was allowed in Japan. That regulation was lifted in the mid-1960s, maybe partly because of  the belief  that the earth-
quake size is limited. They thought the taller, the better because you move away from resonance. Of  course, advancements in 
engineering must have also given engineers confidence in tall buildings too.

Another change is the concept of  multiple rupture sequences. Sometimes, only one asperity fails, but sometimes many 
go together, producing a big event. There was not much concept of  triggering one after another. But now, we’ve seen that it’s 
very common. The structures that were thought to be safe are no longer safe. Also, tsunamis can be much bigger. That’s what 
we saw during the 2011 Tohoku earthquake. I think when we were looking at old seismic records, the difference between very 
big events and just large events wasn’t great. But if  you look at broadband modern records, they’re very different. In a way, 
it’s quite natural for us to now realize the important difference.

Hiroo Kanamori on the advances made in understanding large earthquakes 
over the course of  his career

---
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Advisor
I think it was a toss of  a coin. People would make a judgment before you even arrived on the campus who would take the 
responsibility for guiding you, what courses to sign up for, what research assistantship would occupy your time, what project 
you would contribute to. My initial guidance was from Jim Brune, who was absolutely brilliant in developing a basic physics 
understanding of  the overall phenomena of  earthquakes. He pointed me to a possible research project, which I pursued, which 
was the study of  standard P-waves (the sound waves that travel through the Earth’s upper layers), and how they interact 
with waves reflected from the Earth’s fluid core — a wave that’s reflected from great depth in the Earth. As one looks at 
earthquake signals recorded by seismometers, spread over greater and greater distance around the Earth’s curved surface, the 
wave that goes through the Earth’s mantle and the wave that’s reflected from the Earth’s core come together about a quarter 
of  a way around the whole Earth. And these two waves start to interfere with each other. I studied that interference to see 
what information it conveyed, in the seismograms, about the structure of  the base of  the Earth’s mantle, just above the fluid 
core. And very quickly, that analysis required a degree of  sophistication in mathematical theory that meant that Jim probably 
wasn’t going to be the right person to be the formal guide for my thesis research. The answer to your question is that, because I 
was heavily invested in the theory, the obvious correct person to be my formal advisor was changed to be Charles Archambeau, 
who was a wonderful, colorful individual with whom I got along very well. And indeed, I was able to defend a thesis in that 
type of  work after about four and a half  years.

Archambeau would leave me alone, but if  I had questions, I’d pursue him. I pursued him quite often, and he gave 
helpful advice. He was always supportive. Whatever idea I presented, he’d say, “Oh, that’s wonderful,” even if  it wasn’t. 
[laugh] He was just a very friendly person. He died in 2020. I came to know him really quite well. He moved to Colorado 
after a while. Like me, he was strongly directed in his overall goals as a seismologist by trying to demonstrate — and he did it 
very successfully — the capability of  seismology to provide the necessary technical support to progress in nuclear arms control. 
He provided important leadership after he’d left Caltech in the late 1980s, when Gorbachev, amazingly, emerged to lead his 
country, and in about 1987, for the first time, permitted foreign scientists to deploy seismometers on Soviet soil and allowed 
them to record the signals from Soviet underground nuclear explosions. It had been illegal for a seismogram of  a Soviet nuclear 
test recorded on Soviet territory to leave the territory of  the Soviet Union until Gorbachev agreed to the technical project that 
Archambeau led. Indeed, we found that the ability to interpret seismograms at relatively short distance from the Soviet main 
test sites allowed the work of  monitoring to be done far better than if  we’d just relied on teleseismic recordings (i.e., those at 
great distance). That was work that Archambeau very successfully led towards the grand objective of  radically improving 
monitoring capabilities so that it could, if  amenable in the political realm, provide the technical basis for achieving an objective 
in arms control. The political leadership, in the end, did not succeed. But the technical work was done.

Paul Richards on the process of  settling on a thesis advisor
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I think the strength of  the Seismo Lab is that it’s big and excellent. It’s just better to know the range of  possibilities whenever 
you look at the data. Also, to have a network of  people who have gone through the Seismo Lab. Don Helmberger’s students, we 
sort of  consider ourselves a family. We had a retreat in Singapore a few years ago, and there were, like, 50 of  us. The resource 
of  having those connections as well as the broad seismological background, I think, is the best element of  the Seismo Lab.

John Vidale on the value of  the Seismo Lab at the communal level

When I arrived at Caltech, the Seismo Lab had a policy for incoming graduate students, which was that you were not 
immediately designated to work with any particular professor, but were instead invited to talk to people, find out what they 
were doing, and try to gravitate toward something that intrigued you. Basically, to sample the smorgasbord of  activities to 
figure out what it is that you like. There could involve going into the field, going into very theoretical work, or looking at data. 
You don’t necessarily know when you walk in the door, with little experience in seismology, what’s going to appeal to you. I 
initially worked with several professors, Don Helmberger, Hiroo Kanamori, and Don Anderson. Starting a project with them 
was facilitated by their open-door policy. All of  the faculty just kept their door open. If  you looked in, they were sure to be 
working, but if  nobody else was there, you could go talk to them or schedule a time to meet.

The process was helped by daily coffee hours, where faculty and students would bring in current results that they were 
working on, and everybody would sit around and talk about them. That spawned conversations that you could follow up and 
chat with people about to develop some research project. That’s how I got to know Don Helmberger, Hiroo Kanamori, and 
Don Anderson. Dave Harkrider was on the faculty, and I did eventually write a paper with him, and Bernard Minster was 
also on the faculty. Don Helmberger and Hiroo Kanamori were pioneers in what I described before, how you could represent 
physical processes, explosions and earthquakes, with force systems, specify an Earth model, calculate how that force system 
would generate seismic waves that propagate through the Earth model and be recorded by a seismic instrument, providing 
a quantitative framework for explaining the observations. They introduced me to that perspective in classes they taught and 
in conversations as we discussed possible projects. Rather than work on theory or go to the field, I found myself  drawn to 
observations and seeking explanations for the signals using the techniques they had developed.

Don Helmberger and Hiroo Kanamori were key contributors to the development of  theory for solving the elastic wave 
propagation problem for seismic waves. I was particularly interested to figure out how to use the methods they had developed 
as I didn’t immediately see any way that I could advance the theory more than had been done already. I started projects with 
both of  them to assemble datasets and to learn how their codes could calculate the results for a specified force system represent-
ing an earthquake or an explosion. I worked with them in parallel and learned from both of  them their different techniques. 
Professor Helmberger emphasized body waves, P-waves and S-waves traveling through the Earth. Professor Kanamori was 
working mostly on surface waves which are formed by interference of  P-waves and S-waves. I was exposed to the different 
observations of  seismology by working with the two to do this quantitative analysis, as we used our observed recordings to 
deduce the forces operating at the source that generated the body waves or the surface waves. What was particularly interesting 
about working on projects with those two advisors was that they had very different styles. Professor Kanamori was a great 
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teacher, very patient with some newbie like myself  who came in knowing nothing. He could really elevate you and excite you 
to work on long-period seismology.

Working with Don was similar, but his teaching style was different. He never seemed to know what the answer was 
going to be until you did the work, whereas I think Professor Kanamori usually knew what the answer was going to be and 
was guiding you to find it. The difference in style made it fun working with both of  them. It was very exciting. With Professor 
Helmberger, I started working primarily on signals caused by heterogeneity inside the Earth. By the 1940s, seismologists had 
produced models for the Earth velocity structure from the center of  the Earth to the surface that were one-dimensional, varying 
with depth, and they were quite good. They could predict the travel times of  direct P phases to within a fraction of  a percent 
anywhere in the world. That was quite useful. But a 1D model is not sufficient to account for some of  the observations. 
There are laterally varying structures at all depths. For example, there are oceans and continents at the surface. Within the 
interior, there are also lateral variations associated with mantle mixing, but they were pretty much unknown at the time. Don 
was very interested in those variations, how we could detect them with seismic waves, and what their importance might be. I 
worked with him on mapping three-dimensional variations in structure from the get-go. Of  course, that’s why he didn’t know 
the answer, because nobody knew the answer. It had yet not been determined. It felt like exciting new discovery work every 
time we would map some observations or I would bring him in data and say, “Look at how these vary.” He would get very 
animated, and the feedback was wonderful, so it stimulated you to do more.

We used that mapping in the early stages as part of  understanding the nuclear testing differences between the Soviet 
Union and the United States, where the test sites in the respective countries were in very different tectonic environments. The 
heterogeneity under each of  those regions influenced the strength of  signals that spread globally from the explosions and this 
had led to controversies over whether the Soviet Union was cheating under a yield limitation treaty that had been signed in 
1976. By understanding the lateral variations in structure with Don, we contributed to recognizing that the signal variations 
were actually mainly due to the Earth structure differences. It was fun to have a project mapping out Earth structure that had 
consequences for the assessment of  compliance with the nuclear testing treaty by a party that was, at the time, pretty hostile. 
The other aspect of  working with Don was that he just loved it when you showed him new data. All of  his students brought 
him observations like I did, something that deviated from simple models or some complex earthquake signals, and he enjoyed 
seeing the data and trying to model the observations to the extent possible with simple representations of  the faulting or the 
structure. When it didn’t work, he enjoyed trying to figure out what it would take to make it work, and many discoveries resulted.

From our early analysis of  lateral variations, we started to detect waveform complexities that appeared to be produced by 
1D structures, part of  a layering in the Earth that wasn’t in the standard Earth models. When we tried to explain the data, 
we found that you have to introduce a new discontinuity in the lower mantle velocity structure to account for the observations, 
and that then became the D” discontinuity that I ultimately focused on in my thesis. But it was in the process of  looking at 
a lot of  data for something else - we had been focused on three-dimensional variations in structure - that we serendipitously 
managed to detect a subtle feature within the observations. By modeling it with Professor Helmberger’s codes, we were able to 
interpret it as a significant new Earth-structure discovery.

Thorne Lay on his recent reflections on the life and legacy of  Don Helmberger
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At Caltech, you needed to choose starter projects in the GPS division, so I did one that was observational that was related to 
Jupiter, because the Galileo mission was just arriving, and they had a probe that went in the Jupiter atmosphere, and there 
were a bunch of  people there at JPL involved in that mission. One of  my projects was related to ground-based observations 
in Hawaii at the IRTF for observing Jupiter simultaneously with that event and trying to understand the cloud structure, 
particularly when that probe went into a cloud-free zone when everyone had wanted it to go into a cloudy zone. The second 
one was with Tom Ahrens who was a co-I on a soon to be canceled comet lander mission. The comet thing was interesting 
to me, because that was a part of  the undergrad interest in the outer solar system and icy bodies colliding, that there was a 
mission plan. It was with the French; it was called Champollion. Tom had this instrument on the lander that was a penetrator. 
The lander would land, grip, and then fire these rods into the ground with little thermometers and measure the heat flow and 
therefore the thermal conductivity of  the comets which were porous and icy, and that was very interesting, because I wanted to 
know what these icy bodies were like. We set up lab experiments to just try and understand the physics of  heat flow through 
not-very-conducting objects and tinkered around with that.

He had this gun lab. That wasn’t the starter project, but as I was learning about looking for planets and disks, I 
basically inferred that collisions were making the dust. We didn’t actually understand what was happening with the collisions, 
so I started doing experiments that would break up fine-grained porous bodies in the lab. We learned that we didn’t know a 
lot, so that was very interesting. I basically was making a decision between going the observational astronomer route—and 
Mike Brown was just hired, so I was looking at working with him, and Tom Ahrens with the collisions, trying to understand 
the physics of  collisions route. In trying to decide, I wasn’t enjoying very much staying up all night at the telescope. [laugh] 
Which seems like a really weird thing, because nowadays everything is remote.

Sarah Stewart on the considerations leading to Tom Ahrens becoming her thesis advisor

Aftershocks
It goes more than 100 years into the past. There’s this concept of  Omori decay of  aftershocks. I can’t remember the years of  
this, but Omori was a Japanese scientist working on an earthquake sequence in Japan, the 1891Nobi earthquake, and he was 
starting to be able to see what—at first, you have a lot of  aftershocks, and then the rate of  aftershocks decreases with time. He 
started to be able to see that. You can go back now and look at that place in Japan, and see that aftershocks are still going on, 
and the aftershock sequence is still going on, and those rates of  aftershocks still decaying. People have certainly been thinking 
about aftershocks, and trying to understand aftershocks for over 100 years, which is a long time in seismology. If  you think 
about it, Richter’s working like in the ‘30s and stuff. This really goes back to the beginnings of  seismology. Aftershocks are 
kind of  your most predictable earthquakes. If  you’re looking for predictability, you know you have a main shock. You know 
what’s going to happen is you’re going to have aftershocks. It’s certainly something that people have been interested in for a long 
time. There are theories about what triggers aftershocks, and they’re mostly around changes in stress from the main shock. But 
those theories look like they’re probably a good first order explanation as to what’s happening, but they’re obviously not fully 
developed, and they’re not able to take into account yet a lot of  this information about, sure, you have a stress change from the 
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main shock, but that’s superimposed on what? Are these faults ready to fail? Then maybe you’ll figure in a lot of  aftershocks 
that these faults aren’t ready to fail, maybe you don’t, and kind of  that understanding of  how all those things interact, I think, 
is something that we’re still working on, and still needs a lot of  work.

I’ve been working on aftershock triggering for a while, and I think I had a paper in grad school that is one of  those 
papers that’s still cited a lot about aftershock forecasting. I’d also been working on trying to understand the level of  stress in 
the crust, which is a really hard thing to measure. To measure it directly, you have to drill one of  these multimillion-dollar 
boreholes. I’ve been developing some methods to try to pull out information about stress from the earthquake information that 
we already have. That was also work I started at Caltech, and I think that work’s been kind of  controversial. If  you have a 
sample of  rock in a lab, and you measure how strong it is, it has a certain strength. When I’ve gone and done studies of  what 
I think the strength of  real rock in the real Earth’s crust is, it comes up about an order of  magnitude lower than that. That 
was pretty controversial at first, I think. But I think it really got people talking about this, talking about how do we really 
measure this in the real Earth? Can we just extrapolate these lab measurements? We don’t understand a lot of  other conditions 
in the real Earth that affect this like pressure. I think that work really got people thinking and talking, even if  a lot of  them 
got there from being very skeptical of  my results. I think, in the end, a lot of  people have repeated what I’ve done for different 
earthquakes, different data sets, stuff like that, and gotten fairly similar results of  sort of  low stress in the crust that I did. 

Jeanne Hardebeck on the history of, and her contributions to, aftershocks research

Anisotropy
I left France, where I had a permanent job at the Centre Nationale de la Recherche Scientifique. I was a Fonctionaire in the 
French system. I had lifetime job security there, but I left for a two-year contract at Caltech. In France, I was in a high-pres-
sure laboratory, surrounded by solid-state physicists. I wanted to get back to geophysics, so I did that. It was wonderful. I 
got to know the geophysics faculty at the Seismo Lab a lot better as a post-doc than I had as an undergraduate, for obvious 
reasons. We had a lot of  luminaries: Charles Richter, Hewitt Dix, Hugo Benioff. The director was Don Anderson, much 
younger than these. Don died a few years ago, diagnosed with terminal cancer when he had a year to live. He spent that year 
in the most remarkable way. He organized many of  his colleagues to write joint papers with him. All those were collected and 
published in a memorial volume shortly after he died, in December of  2014. I was pleased to be one of  those. When a guy 
like Anderson says, “Will you help me in my last year?” You’ve got to say YES. There’s no way to say NO.

We did that work together, work of  which I’m quite proud. Basically, that paper was applications of  seismic anisotropy 
to global geophysics. It’s my perception that in the academic world, the understanding of  seismic anisotropy is much more 
primitive than it is in the applied world. Maybe that’s because of  the type of  data we have to work with. That paper was 
an attempt to bring ideas of  anisotropy to the global seismic community.

However, I don’t really think it was a successful attempt. Most papers only get a few citations; I don’t know how 
many citations that one’s got. But by contrast, the paper I wrote in applied geophysics, my first paper on anisotropy, is the 
most frequently cited paper in the history of  the journal of  Geophysics, over 4,000 citations. If  you Google the phrase 
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“Thomsen parameter”, you’ll get back hundreds of  thousands of  hits, which is kind of  surprising because there are not 
hundreds of  thousands of  geophysicists in the world. This made the study of  anisotropy feasible. It introduced a crucial 
approximation. That approximation, basically a linearization, was taught to me by Gerry Wasserburg at Caltech when I 
was, I think, a junior. I took a course in mineral physics from him. He said that exactness is overrated, and many times, a 
linear approximation can be more useful. I remembered that, and I applied it once I got to Amoco. It turned out to be exceed-
ingly useful. Anisotropy is fairly complicated algebraically. You have to find approximations to make it feasible, and I found 
the appropriate approximation.

Leon Thomsen on the value of  returning to Caltech for his postdoc

Applications
I came in with the goal of  getting bright engineers–it was largely a software endeavor. Some hardware, but mostly software. My 
first need was to build a team, get some strong people in. Parallel with that, I started reading everything I could in cardiology 
and became really fascinated with the electrical structure of  the heart. Amazingly complicated organ. I very quickly realized 
that waves are waves, “This all looks very familiar.” I stayed there until 2007. We got that company cleaned up, got it back 
in the public markets. We acquired another grand old ECG company called Burdick, folded that in. Then, we also acquired 
an AED company that makes automatic defibrillators. We got that going, and at that point, I was tired, so I nominally retired 
in 2007, but I built a strong relationship with a grand old guy in cardiology, Dr. Vic Froelicher down at Stanford. I retired, 
but Vic and I continued to work together. Vic has a huge digital dataset. Here we go again, data is important.

I knew how to write the codes, do the analytical part, and Vic knew all the clinical, so together, we started publishing 
papers and just having fun. Then, about 2010, one afternoon, Vic and I were talking - Vic does the cardiovascular screening 
for the incoming Stanford athletes as well as the 49ers. He said, “The ECG devices we use for screening young people for 
risk of  sudden death are not very effective. They have a false positive rate of  15 to 25%. You can’t test people where every 
fourth one is a false positive.” Vic thought that we should focus some energy on sudden death in young people. I wasn’t sure 
the world needed another cardiograph, but the research seemed like fun. Vic pulled together a group, I participated in that, 
and we did a paper in a journal called Circulation, one of  the leading journals for the American Heart Association, on the 
criteria to look for in young people–I next attend a conference at Stanford on sudden death, and at the end of  the conference, 
I went up to Vic and said, “OK, I get it. Let’s see if  we can do something.”

Vic and I pooled our dollars together, and I hired some guys I’d been using for electrical mechanical engineering, and 
we built a high-resolution, low-cost cardiograph. Usually, the cardiographs are these great, big boxy things. We built a device 
that was Bluetooth-connected, about this big, ran with a PC. Got it through the FDA. That’s become kind of  the de facto 
standard. We’ve gotten the false positive rate down to about 2%. I almost hesitate to call them false positives because I think 
we’re finding kids that have things that really need to be looked at. When we were building the tool, I would take an ECG 
on anybody who would sit still, and I found my son had a defect in his heart that was undiagnosed. He had a 15-millimeter 
hole between the left and right upper chambers of  his heart. Without closure, he probably would’ve had atrial fibrillation in 
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his 40s and heart failure in his 50s. I know we’ve saved a lot of  lives with that device, and we’ll continue, and I take a lot 
of  pride in knowing that we’ve done something that can perhaps save people’s lives.

Dave Hadley on translating fundamental science to societal benefit

It’s both an opportunity and a curse. The opportunity is that we do a lot of  stuff that, if  you have the energy, it can be 
translated to societal benefit. You can imagine mapping out aquifers and being able to then show the net effect over the last 20 
years that the aquifer is actually losing pressure - even though you’re trying to manage the aquifer, or there is subsidence over 
the tunnel that you’re boring, and so you’re having a geotechnical impact.

We also work on damage assessments or post-disaster damage assessments, so we can tell you on a pixel-by-pixel 
basis what regions have changed significantly? We call it a damage proxy map. It’s a measurement of  the change in the radar 
reflective properties. But if  you know the image spans a short amount of  time spanning an earthquake, and it’s doing something 
anomalous relative to the last five years, you’re pretty sure it’s driven by the earthquake. We’ve shown over the years that this 
can be an incredibly useful way not only to map out where the fault ruptured the surface but to map out damaged buildings. 
We’ve now extended these approaches to other disasters responses such as floods.

I say it’s also a curse because sometimes in Earth science, the motivation for doing the research has been pushed to be 
“what is the translational value” at the expense of  “I’m doing this just to understand the Earth system better”. It contrasts 
starkly to what happens in astrophysics, which, if  you’re cynical, the public says, “check out this cool image”. The excitement 
that the public sees is just these crazy images, and then trying to grasp what the scale is. Yet, these billion-dollar class telescopes 
are motivated by the science, to understand fundamentally the astrophysical nature of  the universe. They don’t necessarily have 
the advantage of  saying, “Oh, by the way, I’ll help you after an earthquake or I’ll help you understand where your water’s 
coming from.” We have that opportunity, but we also have that expectation, which is sometimes frustrating.

Mark Simons on the balance and relationship between his work in applied 
and fundamental research

Artificial Intelligence
It’s a big part of  it. That’s not the only piece to all this, but I would say that there has been a general lack of  technology for 
doing this earthquake monitoring task. What I mean by this is that historically, people have relied on seismic networks like 
ours to produce the earthquake catalogs for them that they work with for the vast majority of  their analyses. We have a whole 
software pipeline that has been developed over decades, and the technology basically dates back to the late 1970s, which 
does this automated initial analysis of  the data. That means detecting the earthquakes as they happen from the largest to the 
smallest possible, locating them, calculating their magnitudes, measuring other important properties of  the data as it becomes 
available, and that kind of  thing. This was the source of  most of  the information that people had available to them. The 
software systems that we use here are extremely difficult to transport to other sensors and things like that. If  today I said that 
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I want to go put 20 sensors in the field, it would be almost impossible to set up that type of  workflow to sift through all of  
that data on this new system. We basically calibrate all this stuff over many, many years to get it working and working well, 
and reliably so, for the network that we have. People, researchers particularly, have dealt with a major barrier in being able 
to do this basic task, which is to build earthquake catalogs from nothing, just starting with raw data that’s coming in. Like I 
said, the algorithms that our network uses on its current public system still are from the late 1970s. That is something that 
I am working on improving in a development mode here, but the stuff that is currently operational and posting to the public 
and everything else has basically not changed in 40 years.

Zach Ross on the role of  artificial intelligence and other advances in software 
that are changing the landscape of  earthquake monitoring

AI and machine learning… That’s a wonderful field and there are tremendous opportunities there. One of  the things I’m 
actually thinking about while I’m here on sabbatical with a colleague of  mine, Jeannot Trampert, who I’ve been visiting 
for 18 years in a row, we’ve been collaborating; he knows a lot about neural networks, and we’re beginning to think about 
how we might do both forward simulations and inverse problems using what are called PINNs, Physics-Informed Neural 
Networks. People are beginning to show toy examples, where in 2D you can actually do inverse problems with these Physics-
Informed Neural Networks, where the physics is one of  the things that is part of  the optimization in the neural network, and 
I see tremendous opportunities there. It shows you that this trajectory that we are on is by no means finished and who knows 
where it will lead in the future. The speedups that are being made, both in terms of  what is happening with the hardware, 
and in terms of  algorithms are absolutely tremendous. I just want to give one example of  what is basically a transformative 
change in Classical Waveform Inversion. Classical, that means we’re going back to 2005 when these ideas were invented. 
In those inverse problems, the problem scales linearly with the number of  earthquakes. The cost goes linearly with the number 
of  earthquakes. It’s independent of  the number of  receivers, so that’s great. You can have as much data as you possibly can 
at no extra cost, but it scales with the number of  earthquakes.

In the last couple of  years, we’ve invented a way of  doing what is called source-encoded full waveform inversion, 
which makes the whole process also independent of  the number of  sources. Now, think about it; you go from a calculation 
that scales linearly with the number of  earthquakes. Typically, our current global models use 2,000 earthquakes. You need 
to do 2,000 simulations at every iteration. We go to one. So, it’s amazing. We do these super-simulations where we have all 
the earthquakes going off at the same time. All the data from all those events are assimilated at the same time. It sounds like 
it’s not possible, right? Then, we use these encoding methods that enable us to extract using basically the Fourier components 
of  the wave field, precisely each and every earthquake from that super-forward simulation, just using the orthogonality of  
the Fourier coefficients. And it works! We now go from taking one iteration per week on Oak Ridge machines to being able to 
do 50 iterations in a day. It’s just another illustration of  how things are changing very fast. It continues to be for me a very 
exciting time in this field.

Jeroen Tromp on the possibilities that artificial intelligence can confer to geophysics
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The machine learning’s really just a toolbox. We still have to direct it toward what we’re looking to find. It can be very efficient. 
Although, I think the real danger, I guess, in seismology is that we’re going to learn much of  what we wanted to learn. We 
can take it to other planets. That’s going to be vibrant for a long time. But we have to be flexible, too. If  seismology is losing 
its utility, we have to be able to move into geodesy or other satellite fields. I don’t see machine learning as a threat. I do think 
the number of  problems we can approach is finite, and I sort of  think seismology arose because of  oil industry and nuclear 
test treaty monitoring, then earthquake hazard mitigation. All those things, there’s some level of  precision beyond which added 
progress is not going to warrant paying to keep hundreds of  seismologists employed. I think we have to keep our eye on our 
ultimate goals and adjust our techniques and even fields of  interest to stay focused on where there’s the most utility.

John Vidale on what machine learning can and cannot accomplish

Astronomy
I think the way they viewed me was more as contributing to their educational mission. It was through the teaching of  big courses. 
Back in 1998, not just here in Berkeley but in most astronomy and astrophysics departments around the world, the planetary 
side was not very strongly emphasized. Usually, like in GPS at Caltech, planetary was associated more with Earth science 
and geology than astronomy and astrophysics, and I think that was more the norm. That has changed quite a bit, and to a 
large degree, because students have been knocking on the door, saying, “I’m really interested in extrasolar planets,” so there’s 
been a bridging between astronomy and geoscience, which I think has been good for both sides. And I think I happened to be 
in the right place at the right time. I was teaching courses using planetary science to teach concepts of  science and technology 
to non-scientists, and I think my colleagues in astronomy were supportive of  that.

I have to give credit, again, to Carl Sagan, who was a big positive influence in astronomy and the sciences in general. 
He really set a standard that I think still exists to date in astronomy for putting effort into public communication and educa-
tion, broadly speaking. It’s worthwhile, it’s valuable, it’s really important in all science, and he highlighted that in astronomy. 
I think there was a receptiveness there. Quite frankly, some of  the best teachers on this Campus are also in the Astronomy 
Department. Of  course, I feel not only honored but challenged to try and match or emulate some of  these superstar teachers. 
With time, though, I have to say, I have had research collaborations and graduate students in that Department, and those 
have involved some of  my own materials-oriented research, bringing materials into the astronomical sciences, and I’ve always 
felt very welcomed by that community.

Raymond Jeanloz on the strengthening connections between Earth science and astronomy
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B

Biospheres
I have to say, on this one, I’m a bit of  a skeptic and a cynic. As far as I can tell, biospheres may exist in a wide variety of  
environments. Let me give you an example of  something that’s a little bit of  a pet peeve of  mine. Astronomers and planetary 
scientists often refer to the habitable zone as being that region which is far enough away from the star that liquid water could 
be present at the planetary surface without boiling away, and not so far away from the star that the water is frozen as ice. Why 
am I a little bit skeptical? Don’t get me wrong, I use that concept, and it’s based on trying to make sense of  what observations 
are available. But the habitable zone is really a very pale reflection of  the true range of  conditions under which life not only 
can but probably does initiate and evolve. I’ll give you an example. Even the icy moons, such as Europa or Enceladus, which 
are icy on the surface, harbor oceans underneath the ice layer, and those are very plausible environments for life. Subsurface 
life, but very plausible environments for something we would label as life.

Similarly, if  you have volcanic activity, that can locally provide enough warmth to really stimulate life–and actually, 
we see something like that here on Earth, where we have the black smokers in the ocean basins that show an incredibly rich set 
of  ecosystems in terms of  diversity of  organisms and genomic evolution. I’m actually quite enthusiastic about the possibility 
of  life existing under a much broader range of  environmental conditions than we normally think of. In that sense, I kind of  
decouple the work I do on the long-term interior evolution of  the planet from whether or not it can harbor life. But surely, the 
presence of  an atmosphere, possibly of  oceans or icy regions, can play a very important role in determining a biosphere and 
how life originates. My working hypothesis is that life originates quickly and often.

Raymond Jeanloz on what Earth’s biosphere suggests about the uniqueness of  its interior

Boundary
Since my PhD and thesis work, I’ve been working on the core continuously. I was lucky enough to connect with it from my 
advisor, Don Helmberger, at Caltech, which attracted me to this problem. I’m very lucky now to be able to continue on this 
project, both with funding and with the positions I’ve held, as well as the students I was able to work with. But in terms of  
the core, at the beginning, we knew very little. Because it’s deep, and it’s not easy to sample. At the very beginning, not too 
many people had studied the problem. Also, the tools were limited, even with observation, with seismograms, for example. 
You need tools in order to decipher what’s embedded in the signal. In that way, I was very lucky that Don Helmberger was 

---
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the pioneer who had a lot of  expertise and was able to decipher what was embedded in the seismic wiggles. Normally, people 
study the travel time, the time it travels from the earthquake to the station. That’s normally the easiest information to extract. 
But Don looked beyond that, looking at the waveforms, the shapes. And not just the one wave.

You could have multiple waves arriving at the same station from the same earthquake. That actually gives you keys 
about the Earth’s structure. Just like if  you have different types of  lenses, for example, you can focus the waves or divert the 
waves. That tells you a lot about what type of  lens you have. Not just one wave passing through, in which case, you might 
not be able to tell what happens because a structure could happen any place along the wave path. This is something we call 
waveform modeling. We tried to come up with a structure that would be able to match the waveform you observe because you 
can look at the shape, look at the multiple arrivals. That structure would be much more deterministic than otherwise. That’s 
a general background of  the approach in the early days, when I studied the core for my PhD. And the study of  the core, 
particularly the inner core, has taken up a great deal of  my time up until this day. I think the findings about the inner core in 
particular have been interesting and different from the past. We found that the inner core is not just one uniform sphere, that 
it has complex structure.

Anisotropy was proposed, and my colleague and I were able to confirm the structure and to determine the structure, 
gradually. We found that the inner core has its own layers, that the shallow part has a one-layer structure, then the innermost 
part has another layer structure. Later on, we found that the inner core is rotating relative to the mantle. These are new struc-
tures that people didn’t realize before. You asked about the core-mantle boundary, and that’s very interesting. This boundary 
obviously is very important. It’s a chemical boundary separating the iron core and rocky mantle, and in many ways a sharper 
boundary than between the solid Earth and the atmosphere in terms of  density, temperature, and velocity differences. In fact, 
at the beginning, Don’s interest, and my first project when we talked about potential project in my first year of  grad study, his 
interest was actually the core-mantle boundary. Before my time, a lot of  people had studied this, but mainly on the S-wave, 
shear wave. The Earth has different properties, P-wave, S-wave. They’re all related to Earth’s properties. But shear waves, in 
the early days, was easier to study, and the phenomenon was clearer in terms of  the structures that happen at the core-mantle 
boundary. But Don was also interested in the P-wave. We started looking at P-waves that pass through the core to study the 
core-mantle boundary.

But the project changed very quickly before it really got started. It turned out that studying P-waves through the core 
is different than studying the S-waves. For S-waves, you can pretty much ignore the inner core. But for the P-wave, because 
it dives down much more steeply, it has to pass through the inner core. That’s when we found that we had to study the inner 
core, and it turned out to be something I’ve continued for the rest of  my life. But the initial interest was on the core-mantle 
boundary. With respect to the core-mantle boundary, I did a bit of  work, in particular, with Don, because that was where 
I started. In fact, at one point, I had my sabbatical, when I went back to Caltech and connected back with Don again. I 
said, “Hey, this is something I started. I probably should do something in order to meet your expectation at the beginning.”

But obviously, it’s a question that’s very interesting to start with. Essentially, the key question is, what is the nature of  
the core-mantle boundary? What kind of  material is it made of ? What really causes such a deep structure and other phenom-
ena that manifest at the core-mantle boundary? For example, you talk about superplumes. The origin, where they come from. 
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There are large-scale structures that people have imaged. What is the nature? Is that just coming out of  the temperature? Is 
there some kind of  violent chemical reaction? What really happens? What we’ve tried to do is to characterize the structure. 
What’s the boundary, what’s the wave speed, what’s the heterogeneity, and that sort of  thing? And as I mentioned, more people 
have been focused on the shear wave because the observations are more prominent, and they can ignore the core and inner core 
pretty much. My work mainly focused on the P-wave as a complementary property. One interesting study is under Central 
America, where we found a very prominent P structure as well, and that correlates quite well with the shear wave. And that 
helps us understand the nature of  the heterogeneity of  the structure. 

Xiaodong Song on the methodology to determine the boundary area of  
Earth’s core and mantle

In Southern California, the plate boundary is a lot more complicated than in the Bay Area. Because the plate boundary is 
not straight, it doesn’t follow exactly the direction of  plate motion, so the San Andreas, from Cajon Pass up to Gorman, is 
trending more westerly than the rest of  it. That leads to the plates colliding with each other, and that builds the mountains, 
like the San Gabriel Mountains. It also leads to our seismicity being, in my mind, more complex, in that it’s more three-di-
mensional, as opposed to, for instance in the Bay Area. There the plate boundary deformation is dominated by earthquakes 
on strike-slip faults, like the San Andreas Fault, Rogers Creek Fault, or Hayward Fault, which makes it easier to understand 
exactly what is going on. In southern California, we still grapple with what is the current role of  the San Andreas, versus, 
say, the San Jacinto Fault, or the Elsinore Fault. We know they are all seismically active, and from geologic data, we know 
that San Andreas is the most active one, but how the other ones get activated and why and when is still an unsolved question.

A big part of  this is, too, that the Sierra Madre Fault Zone is an east-west fault, and it’s what we call a thrust 
fault, with vertical motion. As you think of, say, the Peninsular Ranges block colliding with the San Gabriel Mountains, 
the Peninsular Ranges get pushed downward, while the San Gabriel Mountains get pushed up and around the San Andreas 
fault to the west. As part of  this, we find earthquakes that seem to be having bigger stress drops, which means that they are 
more of  a jerk than many other earthquakes, so that the ratio of  the movement on the fault versus size of  the fault surface is 
unusually large. Those earthquakes, we are quite interested in trying to understand their role in how these processes take place.

Egill Hauksson on some of  the truly unique tectonic features of  Southern California

Broadband
This particular instrument was developed in the 1970s, a long time ago, in Switzerland by Dr. Wielandt’s group. The 
instrument had been around for some time. However, no recording system could fully match the capability of  the instrument. 
In the case of  a digital instrument, you have to record it with a digital recording system with a large dynamic range, and that 
wasn’t available. We had only what we call a 16-bit digitizer. That was good, but not good enough. Around that time, a 
24-bit digitizer was developed by several people. Adam Dziewonski’s student at Harvard was one of  them. His graduate 
student, Joe Steim, was interested in instrumentation and developed a data logger, which can be used for recording modern 
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digital seismometers. The combination of  the Streckeisen-Wielandt seismometer, which had been around since the 1970s, 
and a newly developed high-dynamic-range digital data logger made it possible to do this kind of  work. Also, the $35,000 
flexible funding through Professor Peter Wyllie from the Irving Foundation made a big difference. With the National Science 
Foundation support I had, we couldn’t buy that, but with this unrestricted funding, we could buy that. It was all by chance. 
I think this introduction of  a broadband, high-dynamic-range seismometer system changed my research direction. By using 
that, we can do everything much faster, so the question of  whether we could get seismic information quickly enough for some 
sort of  early warning purposes, particularly tsunami early warning purposes, could be addressed with these new instruments. 
Before that, theoretically, it was possible, but technology-wise, it was challenging.

For example, we noticed an interesting long-period phase, now called the W-phase in the 1992 Nicaragua earthquake 
record. Without that instrument, I’d never have noticed that. Theoretically, this phase is not something special, but as far as I 
know, it hadn’t been observationally identified. I was interested in using it for tsunami warnings, but with my limited ability 
in writing computer codes for that purpose, nothing had been done. Then, in 2007 after my retirement, Luis Rivera invited 
me to his Lab. in Strasbourg. I took it as a good opportunity to develop a method to use the W-phase for tsunami warnings. 
Luis is extremely competent in modern computing; our collaboration went very successfully, and we could come up with a 
prototype in just 2 weeks. Later, he and Zachary Duputel made it into a complete software package that can be implemented 
for operational real-time applications. It is now used by several organizations including the Pacific Tsunami Warning Center 
in Hawaii, and the National Earthquake Information Center, in Colorado. It is wonderful to see that the result of  academic 
research could be effectively utilized for practical hazard mitigation purposes.

You may have heard of  the CUBE project. From my point of  view, earthquakes are not predictable precisely. However, 
it’s important to prepare for them. To do that effectively, we can talk to the public and tell them to be prepared. That’s certainly 
important. There are many utility companies and transportation companies, and if  they’re affected by a big earthquake, that’s 
the biggest problem. We decided to expand the Caltech Earthquake Research Affiliates program. We had meetings I think twice 
a year with all the professional, high-level engineers from these companies. We invited them here for seminars. Also, our geology 
colleagues helped us run field trips. Jill Andrews in the Caltech Development Office helped a great deal with this program, 
promoting the connection between us and the professionals of  the user groups. Those high-level people need to understand why 
prediction is so difficult. However, with new technology, we can provide seismic information accurately and quantitatively to 
potential users. It is important that they can understand how to use it. They developed their technology inside the company. 
We send information; receiving information on their computer screen is interesting. The hypocenters move around, and we can 
say, “This is the fault,” and so on, but that’s it.

To use that information for a quick recovery, they should know what information they’re getting and how to use it. I 
was quite impressed that these companies developed their own system to use that information effectively for their operation. 
The information is effectively transferred from academia to the real world. Of  course, timing is important. It has to be fast. 
You need to develop something to use the data quickly. Different companies used the information differently, but they could 
save money. What they told us is that before that, if  we had a very small local earthquake, they’d have to stop lots of  trains. 
To be on the safe side, they’d have to stop everything, and it was a big loss in terms of  economics. However, now, with 
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high-quality information, they could pinpoint exactly where to look. They went there very quickly and fixed only that portion, 
so their loss was minimized. They told us that they could save on operational and inspection costs by receiving high-quality 
seismic information very quickly. Of  course, the benefit of  Caltech being small came through again in that we had earthquake 
engineers with us. George Housner and Paul Jennings were here and extremely helpful.

Hiroo Kanamori on the technological developments that led to broadband 
seismic observations and the possibilities this created for real-time seismology

Buildings
Totally. And in the vibration part, there are two parts. One we call linear, where everything is controlled by the elastic stiffness 
of  materials. It’s a complicated, completely solved problem, like I said, and I learned a lot about seismology by looking at 
buildings. Because ultimately, seismology is about vibrations of  the Earth. We always do linear vibrations of  the Earth. 
When I taught how buildings vibrate, I discovered things we were doing in the Earth science part that were just wrong. Of  
course, my Earth science colleagues didn’t want to hear that. I said, “You need to take an engineering class.” There are a lot 
of  things that happen in the Earth science part, a lot of  seismologists are looking for the strength variations of  the interior of  
the Earth by looking at the wave speed in different parts of  the Earth.

They say, “If  it’s a lower speed, it must be lower strength.” And in the engineering world, you just would never do 
that because it just doesn’t work. People can make the measurements in the engineering world, the yield strength, the speed 
the waves travel. I don’t think there’s any correlation at all. It’s crazy to even think it would happen. I often gave my Earth 
science colleagues a hard time and said, “Why do you think this works? There’s no evidence for it.” Actually, this is a little 
bit dangerous because I’m getting to be an older guy. Us older guys, it’s easy to get to be a little bit grumpy. Who wants to be 
grumpy? But if  you’ve been through 50 years of  seeing people head down the wrong direction, it’s pretty easy to get grumpy. 
But I don’t want to be.

Tom Heaton on the mutual value in what buildings tell us about earthquakes, 
and what earthquakes tell us about buildings
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Cables
The cables are the same ones providing us internet. And in Antarctica, it’s because there was a conventional seismic station 
8 kilometers from the Amundsen–Scott South Pole Station, and they had to transmit the data back, so they deployed a cable 
there about 20 years ago. South Pole gets snow every year, so now it’s meters deep, perfectly covered with snow. One end of  
the cable is at the seismic station, and the other end is in the Amundsen–Scott station. There are a lot of  people there, a nice 
building with an IT room with power and internet, so we’re going to bring this instrument there, plug it in, and that 8-kilo-
meter cable will suddenly become 8,000 sensors.

This technology started pretty early on, when people had just invented fiber optic cables for telecom purposes. This was 
in the 1970s. People had already realized that communication was not perfect, that if  someone was perturbing the cable, 
it could disturb the telecom process. And that made people realize that maybe it could be a sensor of  some kind. But in the 
70s and 80s, there was quite a bit of  study on this, and people realized it was actually pretty hard to do. Not until the early 
2000s, 2010 or so, did the technology mature enough to make precise enough measurements to use for research purposes. 
Before that, there were some applications. For example, you can lay cable around an airport. You won’t have much, but you 
can see if  someone is trying to break the fence or trying to intrude somewhere. They use it for intrusion protection. But around 
2010, near the end of  my PhD, I heard a talk where they started to show earthquakes on the data, and that made me very 
excited. Even at the time, you got so-called intensity information. You knew how big the signal was, but you didn’t know 
what the phase information looked like. That’s still a problem for us because seismology is at the point where we do need to 
know the phase information. I think around 2015 to 2017 is when the instruments got pretty good, which is when I started 
to use them for seismic research purposes. 

Zhongwen Zhan on the origins of  using telecommunications cables for 
Antarctic geophysical research

Climate Change
Yeah, this comes in. There are a couple of  examples. The sea ice extent is one that was sort of  documented in Alaska. As the 
sea ice comes and goes, you can look at sort of  just the ambient background noise of  the seismic signal. The Earth is always 
in continuous excitation. That’s one of  the fundamental discoveries of  the last sort of  20 years or so. That we can use that 

---
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information in sort of  environmental monitoring. We had, for example, one project where we could monitor the break-up of  river 
ice, the wind, the changes in wind, and the river conditions. But in terms of  glacier processes, yeah, you see glaciers. There’s 
tons of  activity: glaciers calving, surges of  glaciers. But I will say, to be fair, the question is: “What’s the best instrument for 
that information?” Seismometers are already out there, so it’s great if  we can get a little more information, and we do tend to 
detect some really big landslides that have happened that went undetected until maybe a pilot looks over and notices this huge 
landslide, and someone goes back and sees there’s a seismic signal from that.

But I think the opportunity with global seismology is just that it’s always recording, and so there’s always opportunities 
for environmental monitoring at basically no extra cost. Across Alaska right now, the stations have meteorological packages 
attached for the weather. There’s holes in the ground to monitor permafrost ground thaw [using thermistors]. Those infra-
sound sensors could pick up volcanic eruptions, or even the January 15, 2022 Tonga eruption which could be heard across 
Alaska. There’s this push toward like multi-instrumentation, and climate is certainly one of  the motivating factors. With 
the EarthScope arrival across Alaska in 2017, we got a better weather map of  Alaska by a factor of  10 probably, number 
of  stations, just the simple wind speed and temperature, by putting power in remote parts of  Alaska where there never was a 
power system. I see environmental monitoring as a big and growing field. I do push back just to say, “That’s cool but is that 
the best instrument for that particular thing, or can I just get a satellite image to tell me where the sea ice is?”

Carl Tape on the impact of  a warming Alaska on seismological research

I’m going to back up right to that time when I started being an assistant professor 30 years ago, when you first heard these 
inklings about CO2 being important in a more general way. It did, I think, have an increasing amount of  influence through 
my entire career since then, particularly with the geological sequestration of  carbon. I’ve probably been working on that for 
over 15 years now in various aspects, in the lab and the field. It started to become important, for sure. I was in Alberta, which 
of  course is the oil sands or the tar sands, and I did some work there for sure. It’s still a fantastic resource, and we need to 
get it out, and we need to do it properly. What always made me angry a little bit was the way particularly the government 
in Alberta would hide away a lot of  it instead of  being transparent when they could’ve been about how much pollution they 
were producing or whatever. If  they’d been more transparent about that earlier, I don’t think Alberta would be seen as the bad 
boy of  the planet.

And that made me angry 20 years ago, the way things were being handled. Maybe I should’ve stood up earlier, but I 
was a professor. [laugh] It was hard to make progress. And maybe it’s been on my mind even before many of  the other ones 
who were in a purer academic mode because I could see what was happening there, that there were important things that needed 
to be done. It’s still an incredible resource, and we’re going to need it for the next thousand years because we’re going to need 
these hydrocarbons still in one form or another. Not to burn them, hopefully, but for other things, such as petrochemicals, stuff 
like this. In fact, some of  the early people who looked at the oil in, say, the 1850s said, “Oh, this is too valuable to burn.” 
It’s a very dense kind of  chemical organic. And maybe we can reproduce all of  it other ways. But I think it’s still going to 
be around and needed in various forms. Although, we shouldn’t be burning it. I think what kind of  angered me back in that 
timeframe was just the avoidance or the lack of  monitoring. And we see this today, still. If  you don’t monitor something, 
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you don’t know about it, and therefore, it’s not a problem. Those kinds of  things, the lack of  transparency, probably hurt the 
whole image much more than anything else did, really, because they weren’t upfront about things. That’s changed. Now, the 
oil companies actually are probably much further to the left of  the government. [laugh] About a month ago, I went to an event 
and heard old tropes such as, “We’re only 1% of  the problem. Why should we care when everybody else is doing this?” And 
I still hear those same exact arguments today. In Indiana, where I am now, I got this emergency call to come down for a state 
senate hearing about a month ago in which they were to deal with CO2 sequestration.

As you know, Indiana is a rather conservative state. [laugh] I heard the exact same words coming out of  very similar 
people. They were dealing with an issue that had to do with CO2 sequestration –there are a lot of  legal issues dealing with 
sequestration of  carbon underground. Who owns the pore space? These issues were dealt in other jurisdictions, like Alberta 
and probably Illinois 15 years ago. But they were avoiding these issues in Indiana. What pushed them was some of  the big 
companies wanting to have hydrogen here to make steel. We still can’t make hydrogen from solar and wind yet. It’s just not 
efficient. We’re going to have to make it from methane, which will produce CO2, and we’ve got to bury that carbon dioxide. 
This was being pushed from industry because they want to de-carbonize as much as they can here in Indiana. Finally, these 
guys were saying, “Why should we worry about this?” Just listening to the politicians, the same old things.

It was just a hearing, so I don’t know how the final vote went, but they agreed to allow certain things to move forward 
to allow carbon sequestration to move forward. Here, they’ve been ignoring it, and still are, climate change. If  you have a 
certain political view, you almost have to say certain things, which is really unfortunate. But I think it’s breaking outside 
of  this control. Enough of  the big companies know they’re going to lose business globally. And it comes down to money, 
unfortunately. But I think things have changed. That’s why I said earlier, I think we’re going to see an awful lot of  CO2 
sequestration and that coming forward.

Doug Schmitt on the impact of  climate change mitigation efforts on his research

Clustering
Yes, long- and short-term clustering both occur. Clustering refers to an increase in the probability that an earthquake will 
happen given that another one has just happened. A traditional idea is that stress builds up at some location, a big earthquake 
happens, it releases the stress, then it takes a long time for the stress to recover so that you can have another earthquake like 
the San Francisco earthquake. Clustering is the opposite of  that. Clustering is what’s most observed. Aftershock occurrence 
is a form of  clustering. Sometimes a big earthquake may be followed by another big earthquake or even a bigger earthquake. 
We don’t know the limit of  the size of  earthquakes. So, you may have a magnitude 8 earthquake in San Francisco, but that 
doesn’t prevent a magnitude 8.5 in waiting someplace. The stress is already there. The San Francisco magnitude 8 hasn’t 
relieved all the stress.

The stress doesn’t occur just in one place or in one large region, the stress is redistributed. There are some places near 
a fault where the stress becomes much higher, and that’s what aftershocks are caused by, we think. Aftershocks are observed in 
almost all California type earthquakes. Only for very, very deep earthquakes, hundreds of  kilometers below the surface, do we 
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not really get aftershocks. Aftershocks are one form of  clustering, but the fact that big earthquakes might follow each other is 
also a form of  clustering. It does occur, and it is contrary to this theory that the Earth must rest after a San Francisco scale 
earthquake. It’s true that some large earthquakes might be followed by a century or more till a similar one. But short inter-
vals, too short for the stress to recover since the last event, are commonly observed around the globe. The Earth doesn’t have 
to wait. It’s ready to go just about any time. That’s another reason why I’m not expecting earthquake prediction to succeed 
in the foreseeable future.

Dave Jackson on the idea that earthquakes beget earthquakes in both the near and long term

Computation
Caltech had been courting me for a while, and I had been saying no. Ed Stolper was the chairman at the time, and... he had 
this open invitation. When I started to get frustrated at Harvard, I took my sabbatical at Caltech just because I thought, 
“Well, I’d better just find out what would it be like to actually go there.” Then I talked to Steve Koonin who was the provost 
at Caltech at the time. I said, “Here’s what I’m thinking about computation and simulations.” Koonin’s reaction was the 
complete opposite of  what I was hearing at Harvard. He said, “yeah, sounds great. Have at it. If  you come here, that’s 
what you should do.” Finally, I just felt like I had no other choice. I had to make that move. I did and it was extremely 
important. What we did the moment we arrived at Caltech is we built this cluster in collaboration with Mike Gurnis, who 
is the current Seismo Lab director. It was pretty incredible what we did, in hindsight. We went and we bought I think it was 
312 processors, and memory sticks, and PC boxes, and disks, and Gurnis and I, with two postdocs, Dimitri Komatitsch and 
Eh Tan, we literally built this thing with our hands. We put it on racks. I’m sure you’ve found pictures of  this thing. It was 
in the Seismo Lab, on the floor there.

I remember we were putting that thing together and Don Helmberger wandered in. I don’t know how well you knew 
him, but he started to rummage around. He was looking at what I was doing, and he said, “So, in a way, this is sort of  
your lab,” he said to me. I said, “Yeah.” Then he looked up and he said—I was on the ladder putting some memory sticks 
in— “I’d be amazed if  it actually works.” And that was it, and then he walked out. That was his blessing of  the machine. 
But to his credit, once we got it up and running and it was working and we really were doing simulations, he totally embraced 
it. He really appreciated that kind of  science and the fact that we could do these very careful accurate calculations of  seismic 
wave propagation.

Jeroen Tromp on modernizing Caltech’s computational capacity in geophysics, circa 2003

Caltech had an ancient digital computer. I can still see it now and can remember what it sounded like. I believe it used vac-
uum tubes. That’s how old it was. It was programmed with assembly language, and it was slow. David Harkrider at the 
Lab was the most active user of  it from our group. He did the early inversion programs for seismic waves on that computer, 
which is remarkable because programming the thing was a really huge task. That was also the period of  time when IBM 
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sponsored what they called the Western Data Processing Center at UCLA. That was the only major digital computer in the 
West Coast at that point. It started off I think as an IBM 704, but it was a 709 by the time I got there, and the input was 
by punched cards. A number of  us were running our programs at UCLA. We’d laboriously write programs and prepare data 
cards, then drive down Sunset Boulevard all the way to Westwood because the Hollywood Freeway was not yet completed. 
We would submit our box of  cards written in an early version of  Fortran. We never actually saw the computer; we just left 
the box at the desk and drove back to Pasadena. The runs were overnight, so the next morning we’d drive all the way to 
Westwood to see the output. A lot of  times the output came back and just said, “format error.” [laugh] and it had been time 
wasted. That was quite a hassle.

Frank worked pretty hard to get a computer for us at the Seismo Lab. His story was that the Caltech administration 
was not going to support computers in departments; they were going to have a computing center. But it wasn’t really function-
ing at that point. To get approval, he had to go through the Caltech central administration. The story, as he tells it any way, 
was that he probably got it approved when he finally got through to an administrator and found him to be on the golf  course 
instead of  at work.

Subsequently, Caltech got an IBM 360 computer and developed a computing center. At that point, we could work on 
campus. Our Bendix G=15 computer used punched paper tape for input, and the Caltech IBM used punched cards. I ran 
into interesting people at the Computing Center, particularly late at night. At night we would leave our boxes of  cards on the 
shelf  to be processed. Our initials were usually on the box so that we could recognize which belonged to us. We got to know 
the people there by their initials on the boxes. DGH was Dave Harkrider, DLA was Don Andersson, and SWS was me. 
Kip Thorne was just Kip.

Stewart Smith on the state of  Caltech’s computational capacity at the start of  the 1960s

The big computational advances in my field started in about the 1970s. That was just before the time that I got involved with 
the 1980 eruption of  Mount St. Helens. After that eruption, I started working on volcanic eruption simulations with some 
scientists at Los Alamos using Cray computers. I subsequently made a decision that I personally didn’t want to get into the 
big computer codes. That decision was partly prompted by a near-miss in my scientific career. I wrote a paper on volcanism 
on Mars using a Los Alamos computer code that simulated volcanic eruptions as “black box code” where I just changed 
input parameters, but it didn’t actually look much at the code itself  because it had been thoroughly debugged by LANL (for 
terrestrial eruptions!).

In the input I changed the acceleration of  gravity from being Earth’s value to the gravity of  Mars, which is about a 
third of  Earth’s gravity. I ran the code, and the results looked amazingly like volcanic eruptions on Earth—the same kind 
of  gas behavior, the same plume heights for given input conditions. I rationalized this to myself  by thinking that the fallback 
from an eruption of  a Mars volcano had created a near-vent atmospheric pressure about equal to the vent pressure which I 
had taken to be 1 bar. The paper went through review for Science and one of  the most prominent volcanologists at the time 
reviewed the paper and approved it. Somewhere in that last stage of  manuscript, I discovered that there was a subroutine in 
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this Cray computer code that reset the input Mars gravity back to Earth’s gravity! That was why all my Martian volcanoes 
looked like terrestrial volcanoes! And that was the last time I used a black box computer code [laugh].

Sue Kieffer on the most significant computational advances over the course of  her career

The old Seismo Lab was funny. [laugh] They had a Bendix computer that looked like a very large refrigerator, and it read 
paper tape. That was the input and output. The technicians who tried to find earthquake locations used that computer rou-
tinely, and we students kept away from it. That was the technicians’ job. Our first computer was, I think, a PDP-10, a little 
black box about this size, kind of  like a DVD unit, and it had a bunch of  switches on the front with lights. To program it, 
you’d flip the switches to the right spot, press a button, flip the switches, press another button, and so on. We had a Wang 
calculator, which actually had a green CRT screen, so you could add and subtract numbers and do other simple computations. 
And the campus mainframe was an IBM 360, I think, at the beginning, so you had to design your program, type it up on a 
card puncher. You’d have a box of  cards that would contain your program and the data. You’d give it to somebody at a desk, 
they would take it back, read it into the computer. Maybe in an hour, you could figure out if  the program worked or not from 
output that was stuck in a bin. Then, you’d fix your program because it usually never worked. Make another card, fix it, give 
it to the guy. If  you were lucky, in one day, you could run maybe half  a dozen programs. That would be a really good day. I 
can do that in ten seconds now and make mistakes much faster. You had to be really careful, and you had to know what you 
were doing, or you’d be there forever.

Chuck Langton on the computer system at the old Seismo Lab

Because I was a person who thought with numerical models in mind, we did the finite difference method at the time, which 
people still widely use to solve partial differential equations. But the whole basis for these numerical methods is to imagine 
that physical space is broken up into a whole bunch of  smaller pieces. The idea is that you can now, with hardware, represent 
the physical situation: You have a big computer, with different parts of  the physical domain represented on different processors. 
It [parallel computing] played such a huge role for me. One of  my first pictures I made when I was at Caltech back in the 
mid-80s was this, and it’ll hammer home the point. This calculation can be done on my iPhone in about a billionth of  a 
second. [laugh] But this was one of  the first geophysical calculation done on a parallel computer. We’re looking at a picture 
of  thermal convection. Yellow is hot, and you see along the bottom, there’s a yellow thermal boundary layer.

Then, on the top, there’s this blue cold thermal boundary layer. This is your cartoon view of  normal thermal convection, 
in which this goes up, comes around, and goes back down. On a much finer scale, with the numerical method, there’s a grid. 
And the equations of  conservation of  momentum and conservation of  energy are solved on this very fine grid. It turns out that 
this was literally done on a 32-processor computer that was built here at Caltech. Each one of  these little squares was done on 
a different computer. They were all actually done on the same computer, but with different processors, literally different chips, 
the same chips that were in the first IBM PC. The computing was done on one processor, which communicated with other 
processors. I even made pictures like this. This is a time dependent [and] a classical problem, convective instability. Here, it’s 
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going convectively unstable, then at a different time, it overshoots, then we reach steady-state convection. But this is why I was 
so possessed by parallel computing. And I was one of  few people in geophysics who was doing this, and the only one in my 
field for a long time. This was actually not that state-of-the-art, this calculation. I did a somewhat bigger calculations, but 
I demonstrated that it could be done. It turns out there are lots of  applied math problems that explain why this didn’t work 
very well either. But in the same year I did these calculations.

This was 1988, and I was doing this as a post-doc. But I did this because after I got to Caltech, the National Science 
Foundation bought these big supercomputers, and they installed one down in San Diego from Cray Research. I got on this 
system, and we were able to communicate with the computer. We put an antenna over on the computer building that we could 
use to communicate through an early version of  NSFNet. I could work here in my office and send jobs down there. But I would 
go down to San Diego, too, and I made one of  the first convection movies, and it was on the front page of  Science News. I 
could do interesting geophysics, but I had to use the NSF supercomputer, and it was the same couple years we were building 
these new parallel computing algorithms. But it was more like a proof  of  concept. Over the last several years, we’ve gone to 
an astronomically large number of  compute nodes, but at the time, I bought into it. I read these news articles and Scientific 
American articles about what parallel computing could do. And I imagined I could do it at Caltech and wouldn’t have to go 
to Los Alamos. I was worried about coming to Caltech since Los Alamos was a fascinating place with a long, storied history. 
That was the good thing about coming to Caltech, it was intellectual, and I thought I could do the computing here. Through 
the National Science Foundation facilities and just being clever, I was able to also do some geophysics and some pie-in-the-sky 
stuff that wouldn’t have big payoffs until decades later.

Mike Gurnis on the revolutionary significance of  parallel computing

The main numerical advances have really just been computer power. Being able to run models at much smaller resolution to 
allow us to actually resolve the slab. The slab is only 100 kilometers across, and there are variations in the material properties 
that mean I need to have one-kilometer spacing between my elements when I’m calculating that. At the time I did my thesis, 
I don’t think I could go below 15 kilometers. We have models now there are 10 times higher resolution just in one dimension, 
so they’re, like, 1,000 times bigger than they were at the time. Not only that, because I have more computing power, I can put 
in more realistic material properties. At the time, I was using viscosity that was only temperature-dependent, basically, which 
meant where it was cold, it was stronger, and vice versa. But it turns out that the rocks are actually also stress dependent.

The more I stress them, the weaker they should get. And that leads to much more heterogeneous structure, which is harder 
to solve numerically, which means it takes more iterations to solve it. My research has really been kind of  a long progression 
in how to add more and more realism into these models. Because I know the models we did in the past aren’t right. And we 
know there’s even more stuff rocks do that we still haven’t included in our models. I’m trying to build up numerical models 
that actually take into account the real deformation of  rocks. The stress-dependence is important, the yielding is important, 
the fact that their grain size is evolving by many orders of  magnitude, the fact that rocks deforming create a fabric, and that 
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fabric has heterogeneous properties, if  you deform it in the direction of  the fabric, it’s weaker than if  you try to deform across 
it, all of  these things are real properties of  rocks that we’re just beginning to put into our numerical models.

And we don’t fully know what the effect will be yet. People will look at these models and say, “Look what we can show. 
We can match this, this, and this.” I look at it and say, “Well, that’s good, but we still can’t match these other observations. 
And it might be that we have what seems like a right answer that’s just completely wrong because we haven’t put in all the 
complexity that exists.” I’m very skeptical of  every model, whether produced by myself  or others, because I look at it and see 
what’s missing from the real world.

Magali Billen on the advances in computer power that made numerical 
modelling so effective, circa late 1990s

That did transform tremendously, even in the five years that I was in the Lab. When I first got there, there was a main campus 
IBM computer. It was over in a different building. In order to run your code, you would write your mostly Fortran code–I still 
code in Fortran because it’s powerful and I have a lot of  legacy software–and you would punch the command lines into cards 
that were 7 3/8” x 3 1/4” cards, and each card would have basically a line of  code or some data. You would have one or 
more big boxes filled with cards, then walk it over to the computer center, they’d read the program and data cards through a 
card reader, and perhaps nine times out of  ten, it would read correctly. Every once in a while, a card would shred, and you’d 
have to do it all over. But that would enter the code into the memory of  the IBM, where it would be put into some queue, and 
over the next few hours, it would get around to running your code. It would then output either a graph on a plotter, an output 
print file, and sometimes a card deck output.

It was surprising, but it worked. You just felt nervous carrying these big boxes of  cards across campus. If  you tripped 
and fell, to shuffle the cards would be a mess. But it was rather inefficient. I did that for the first year or two when I was 
working on a big project with Professor Kanamori. I digitized hundreds of  hours’ worth of  surface waves. Perhaps that’s 
why I wear glasses today, it was hard on the eyes. The process was cumbersome. But in my second year or so, we got our 
first local Prime Computer. It was an in-house Seismo Lab mini-computer that hooked up to simple terminals around the 
computer room. That gave us local control on the computation and queuing. We were no longer in line with everybody else 
in physics and other programs at Caltech. The Prime had some primitive user interfaces. You could, for the first time play 
interactive computer games. There was a game called Star Trek, and your little ship would move around in space by entering 
commands on a keyboard. It was fascinating because you were actually interacting with the computer through the interface 
(typically late at night).

A big advance was that the mini-computer enabled us to make local plots and print outputs, and even digitizing went 
directly into the computer from a big table where you traced the seismograms. This eliminated punch cards and was great for 
speeding up the science. The regional network processing used a VAX system, receiving and processing the telemetered regional 
seismic recordings, but I never worked with the VAX computers directly, we just ported the signals of  interest over to the Prime. 
There was also an early Apollo system and then SUN workstations came in toward the end of  my time at the lab. I used a 
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simple Macintosh for word processing and was in the first group to not have my thesis manually typed. So my experience was 
right in the transition from big centralized computers of  the 60s and 70s generation to moderate-sized distributed computers 
and eventually workstations that every department started to acquire.

Thorne Lay on the state of  the art in computation, circa early 1980s

Community
What was lost was the wonderful camaraderie that existed at the old lab. There were probably no more than half  a dozen 
PhD grad students at the time. Usually there were three or four postdocs. Often, they would just come for a year and then 
move on to some academic position or other. Then there were half  a dozen faculty members or so. We were our own world., 
To use a 21st century word we were a community, and community is very precious. That could never be recreated with the 
move, and in my view was not. An advantage was that earthquake science, like most science these days, is much more mul-
tidisciplinary now than it was when I was a graduate student. One of  the reasons the Seismo Lab moved to campus was 
Clarence Allen’s vision that geologic science and seismology, particularly earthquake geology, should be integrated. That was 
one of  the rationales for the move, and I think it was a good one. Many, if  not most, of  the Caltech faculty now are definitely 
more multidisciplinary than those who were at the Seismo Lab at that time. That said, my thesis advisor, and certainly Don 
Anderson, were as multidisciplinary as any at that time and even now.

Wayne Thatcher on what was lost and preserved in the relocation of  the Lab to campus

Compressibility
I think that 50 years ago, very broadly, the equations of  motion to govern anything moving had solutions for two extremes. 
One extreme is that gravity drives things downhill. The other extreme is that gas in a system can expand and drives things by 
expanding. These are basically referred to as the end members of  gravity and gas-driven flows. I would say that 50 years ago, 
most of  the geoscience community did not study or invoke compressible fluid dynamics, that everything tended to be interpreted 
by reference to gravity. All of  geophysics of  the Earth’s interior was gravity-driven or was dealing with gravity-driven processes. 
The mantle has parts that go up and down. Most students were not taught about the science where compressibility plays as 
much or more role than gravity. What I’ve seen now is that there’s much more exposure of  geologists and geology students to 
some of  these ideas that there may be a complementary process to gravity that involves gas expansion, that is, compressibility.

Sue Kieffer on an example of  an approach to research that has changed 
substantially during over the past fifty years
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Crustal Stress
I think where I hope that that sort of  information about stress gets used is in physical models of  earthquake interaction, and 
physical models of  earthquake rupture. Those are both developing fields as well. I think it’s been a challenge to get people 
working in those fields to use the stress information that we have from observations. Modeling of  the dynamics of  an earth-
quake rupture seems to have a lot of  difficulties, a lot of  choices that have to be made, a lot of  assumptions, and it seems to 
be difficult to just have somebody hand you a data set, and you just swap out what you were using, and swap something back 
in, and expect it to still all work. [laugh] I think there’s been a little bit of  hesitation on the part of  the people who do that 
dynamic rupture modeling to really use the information that we have about stress. I’m close colleagues with some people who 
do that kind of  work, and we talk about it, and they want to incorporate this information, but maybe their modeling isn’t 
quite to the point where they can. Their modeling needs them to have a constant stress date.

When I tell them, “No, the stress state varies a lot. Maybe that doesn’t work anymore,” they need to have a particular 
stress state even to propagate the rupture, and maybe the stress state I’m telling them, “No, this is the real stress in the Earth, 
as far as we can tell,” that a rupture doesn’t even propagate. There’s still all these mysteries and stuff. It’s not as straight-
forward as I think I had hoped; that we could just hand off the stress information to people who are doing physical models, 
and that would improve the model. I think there’s a long way to go in both fields, both determining the stress and taking that 
stress and using it in physical models. I think we maybe need to be talking to each other more to make sure that we’re actually 
giving them something they can actually use.

Jeanne Hardebeck on the mitigation applications that can come from 
research on crustal stress

Curriculum
I may have heard of  Gell-Mann. I don’t think I’d heard of  Feynman before I set foot at Caltech. My level of  physics was 
pretty limited, unlike a lot of  my classmates at Caltech. I didn’t take high-level physics classes or a summer school in physics. 
I just didn’t have the exposure. I just took one high school physics class and read Scientific American, so my understanding 
of  physics was pretty much at the lay level, other than the high school class. It was clear, once I arrived at Caltech, how 
outstanding the faculty were in all fields, including physics. But the physics department did not wish to have 95% of  the 
class major in physics, so they took it as part of  their mission to discourage those who were not at the very top of  the class 
in physics. I was taking freshman physics the year after Feynman taught it. We followed his lecture notes. As I mentioned, 
Bob Leighton gave almost all of  those lectures, trying to teach Feynman physics but not being Feynman. He did a fine job.

But I did get some exposure to what it was like to take physics from Feynman in my sophomore year because he, the 
year before, had taught Physics 2 to the sophomore class one year ahead of  me, and he decided he didn’t do as good a job as 
he wished on the quantum mechanics piece, which was the third quarter, so he taught it again to our class. For one quarter, 
my class got the tremendous gift of  hearing Feynman himself  give lectures in quantum mechanics. But it was very challenging 
because while his lectures were fascinating, they didn’t bear any relationship to the problem sets or tests, and particularly 
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freshman year, I started out at a big disadvantage in physics background compared with some of  my classmates, and I didn’t 
score that well in freshman physics. I did better in sophomore physics and much better by the time I was a junior. But at the 
beginning, the difference in backgrounds was more important than later. I was one of  those discouraged from majoring in 
physics by the end of  my freshman year, and we had to declare a major for sophomore year.

The only scientific classes I’d had were physics, chemistry, and mathematics. I did well in mathematics. For lack of  
anything better, I majored in mathematics for my second year. But I found that pure mathematics was pretty dry. While I 
could get good grades, I couldn’t see myself  doing that for my entire career. There were three elective classes my sophomore 
year that had once been required of  all students in the sophomore year – one was Geology 1, one was Biology 1, one was 
Astronomy 1 – but they were electives by the time my class got there. Nonetheless, word of  mouth was that the geology class 
was excellent and that one should take it. And more than half  of  my class did take it as an elective. Bob Sharp gave most 
of  the lectures. He had a few guest lecturers from other parts of  what became GPS. But most of  the lectures were his, and 
he was so good and engaging. There were a couple short field trips that Clarence Allen led. It was just a wonderful class. 
Also, by word of  mouth, the second quarter of  my sophomore year, I took geophysics, which was Ge 2 and was then taught 
by Stewart Smith. It was a sophomore-level look at the physics of  the Earth – seismology and other physical aspects of  the 
Earth and its interior. It was more quantitative than the geology class, and I liked that. I was quite interested in the appli-
cation of  physics to Earth science. But that was really my first exposure to geophysics, that class. Stewart Smith was OK as 
an instructor. He wasn’t a Bob Sharp in terms of  a charismatic lecturer who had his audience at the edge of  their seats, like 
Bob did. But he still taught a very good class.

By the end of  the third quarter, I decided I would like to switch majors from mathematics, which I was finding dry, 
to geophysics. I went to see Bob Sharp in the springtime of  ‘64. I went into his office. I guess he got a lot of  visits from 
students looking to change their majors. He was very polite, but he asked me what my grade point average was at one point, 
expecting that to be, I guess, a criterion as to how interested he would be in encouraging me to change. I gave him my grade 
point average, which was pretty high, notwithstanding a few of  the freshman physics grades, and his interest perked up. He 
said, “Oh, let me see what I can do.”

Sean Solomon on his undergraduate path to geophysics

Cyclicity
It seems as though some earthquakes are, and some earthquakes aren’t cyclical. The degree to which they are cyclical is, even 
in the best documented cases, imperfect. For example, in southwestern Japan, great earthquakes occur roughly every 100 years, 
and it has been about 80 years since the last large earthquake in that region. Japanese seismologists who understand their 
turf  perhaps better than in any other part of  the world, possibly with the exception of  California, are divided on how likely 
a great earthquake would be in that region in the next 20 to 40 years. Once again, the Earth is complex. If  it’s a physics 
experiment, it’s a physics experiment with very many variables.

Wayne Thatcher on the difficulties in assessing earthquake cyclicity, let alone predictability
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D

Data
It was the strongest intellectual magnet you can believe. Again, I had to leave Caltech before I really understood how strong 
that magnet was. Part of  the cook’s ingredient to that was the absolute demand by Don Anderson to every graduate student 
go to coffee twice a day, and the topics would not be what you were working on unless called upon in that sense. You were 
informed on everything that was going on from Tom Ahrens talking about shocking materials and what that may mean for the 
Earth’s core to Hiroo Kanamori bringing out the record for some historical earthquake, talking about, “We just had a little 
earthquake in the same spot. What does that really mean?” That was a heady elixir. And it attracted others.

The famous paper, “Seismology and the new global tectonics” that helped really launch the paradigm of  plate tectonics 
was coauthored by Lynn Sykes one of  the earliest visitors I recall. Lynn came and visited for a semester when I was there, and 
he was essentially another professor teaching and mentoring. Anton Hales, Adam Dziewonski, Kei Aki came several times 
from MIT. They all came to the Seismo Lab and Caltech. On the other hand, as far as I can tell, nobody from Caltech went 
to the institutions of  our visitors for extended stays – it was all about coming to Caltech. I don’t know that’s really true, but it 
was amazing. Everybody came there. And they shared and exchanged ideas and data. But it was the elixir of  the intellectual 
exchange that was just so great. And I tried when I went and started at the University of  Arizona, to rebuild that, and it was 
nothing like it in the 70s to early 80s at Caltech. Caltech was just intoxicating.

Terry Wallace on the Seismo Lab as a destination for outside researchers 
to access its seismological data

I was trained like a lot of  folks in the US in geophysics using a conventional optimizational framework where you have data, 
you have errors, and you try to find the solution and the error on that solution for a model that fits the observations. I think 
in contrast, making broad generalizations, the community in France was really strongly influenced by Albert Tarantola, who 
trained a whole generation of  geophysicists to think in a probabilistic way. Albert was on sabbatical at Caltech in the Seismo 
Lab—it was sort of  a life-changing event talking with him - to really always think about ensembles of  models. In some 
ways, Albert was saying that our job is to find new models but also to try to reject as many models as possible, to say, “Now, 
we know something that tells us that this class of  models is not relevant or not right.”

---
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I remember him saying to us, “Why are you smoothing your models at all? That’s not something that’s required by 
the data. It’s required by your algorithm so that your computer doesn’t blow up when you try to invert the matrix. What is 
required? You should find out a way to describe all your models as they are constrained by the observations, and only bring in 
information, otherwise known as prior information, that is physically based, not there just to make your matrix invertible.” 
That changed the way we do things. Once you have a million models and their likelihood, you can ask all sorts of  questions. 
“Well, what is the probability on the smoothed version of  those models? What is the probability of  the stress changes induced 
by those models?”. That then requires different algorithms, completely different tools, and it turns out, fortuitously, that those 
algorithms are the ones that can best take advantage of  modern supercomputers and GPUs. We were lucky that the compu-
tational architectures that were coming online were perfectly suited to this genre of  thinking, and that was luck.

Mark Simons on the value of  taking a Bayesian approach to research

Debunking
Not so much, but maybe a little. In terms of  my work on long-period seismology and numerical modeling, there was a nat-
ural progression, but you can trace back what I’m doing now to what I was doing at Caltech as a grad student. Although, 
it’s evolved quite a bit. On the other hand, when I was watching all this earthquake prediction stuff, I got very worried. 
People were saying all kinds of  stuff I thought was unreasonable. Also, the way the funding was allocated to “earthquake 
prediction” really distorted the science. That’s still a problem now. I was successful in convincing the public, the government, 
and the media that you couldn’t make reliable earthquake predictions. But basically, bureaucracies have a remarkable ability 
to survive by changing names, programs, and so on, without really changing the people running them. That’s happened now.

The media in Japan are still continuing to report that the so-called Nankai Trough great earthquake is imminent, that 
it has an 80% chance of  happening in 30 years. That’s just bullshit. It’s not a scientifically testable statement. If  you have 
some scientific theory that lets you predict the probability of  earthquakes in every seismic zone based on alleged periodicity, 
and you wait 10, 20, 30 years, or whatever, you can then test the success rate of  those forecasts statistically. But if  you 
have only one statement about one seismic zone, it’s not really testable. Either an earthquake happens or it doesn’t in that 
area in 30 years. But that doesn’t prove anything. It could’ve just been a coincidence. Every year, they make the same kind 
of  announcement. They started making them in 2003 or 2006. It’s already 20 years with no earthquake. I got involved in 
debunking work in that field just because I couldn’t stand watching it and saying nothing.

Bob Geller on how becoming a professor in Japan changed his research agenda

Deep Earth
At that point, I think we were getting a better feel for what was in the deep Earth. New techniques were also developing that 
I was never involved with, but diamond cells, where you could take small pieces to very high pressure and understand the 
physical properties of  the material squeezed between two diamonds. I think it was just at that point that the community was 
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still grasping for answers such as, what are the physical properties of  these minerals that might be deeper in the Earth? When 
do they melt? What might be the speed of  seismic waves through them? Although, those were indirect measurements. Then, 
on the stress measurement, it was actually pretty active at that point. There were a lot of  people working in bore holes, trying 
to understand earthquakes and how they formed. And that work has continued and evolved, certainly. But at that point, there 
was a lot of  effort into trying to understand the forces in the Earth. I think that’s what led in part to the project I worked on.

There’d been knowledge of  some early induced earthquakes in Denver, for example, magnitude 6 earthquakes in the 
60s that were induced by deep injection of  fluids. People did experiments in Colorado out in the middle of  nowhere and were 
able to induce small earthquakes and understand them. I think people were grasping at how to measure the actual forces in 
the Earth then. And we still are. It’s kind of  an unsolved, difficult problem. There is understanding earthquakes, but there 
are also very practical issues. If  you drill a bore hole, is it going to stay open, or is it going to collapse? Things as simple as 
that. And that depends on what the forces are. That’s just one example of  what applications could be on a practical side.

Doug Schmitt on the connection between mineral physics and deep Earth research

Deep Earthquakes
The accepted theory was that deep earthquakes happen due to a phase change within the slab not happening. You have oliv-
ine in the upper part of  the mantle that has to transition at about 400 kilometers’ depth to a phase that’s stable at higher 
pressure. But it’s so cold inside the sinking plate that actually, that transition might not happen where we expect it to happen. 
It may stay unstable and go deeper and deeper. But because it’s unstable, when it finally transitions and goes into the deeper 
phase, that can happen very suddenly and can trigger an earthquake. That’s been the predominant theory, and that’s called 
transformational faulting from metastable olivine. The problem with that is, it makes predictions that you should have these 
deep earthquakes in places that are very cold, where we have slabs sinking very fast with very old plates. But what we see 
is that we actually have deep earthquakes everywhere that slabs are deep, whether they’re young and warm or old and cold.

And that’s the biggest issue. And the other thing is that we sometimes see them very deep, but not in the middle depths. 
We’ll see them at 500 to 600 kilometers, and we’ll see them down to 300 kilometers, but then there’ll be a big gap of  earth-
quakes in the middle. And that just doesn’t fit with the predictions for metastable olivine. But what I found in the numerical 
models I did is, one thing that had been missed is that metastable olivine doesn’t just depend on this temperature effect. You 
actually have to be deforming the slab fast enough to make that transformational faulting occur. It’s an instability. If  you 
deform too slowly, the transformation will occur, but it won’t occur suddenly, so it won’t cause an earthquake. What I see in 
the numerical models I do is that some parts of  the slab really just don’t deform very much. The deformation is localized. 
You’ll have a bending region where there’s lots of  deformation, and below that, there’s a part of  the slab that really isn’t 
deforming very much. Even if  there’s metastable olivine there, we might not have earthquakes.

If  that’s true, it could be that what we’ve been missing is, we haven’t been accounting for the deformation of  the slab. 
The other problem is, we haven’t actually observed this metastable olivine wedge in the mantle except in one place in the world, 
only in Japan. There are other mechanisms that could be causing deep earthquakes. There’s something called thermal shear 



30

instability, and that doesn’t depend on there being this metastable phase. What I envision is a shift from having one mecha-
nism that explains everything, this one-model-fits-all approach, to understanding that we may have multiple mechanisms that 
are causing deep earthquakes and that the deformation of  the slab itself  is controlling where the earthquakes are happening.

Magali Billen on new directions in the field prompting new directions in 
her research agenda

Deep Structure
These spectral line frequencies and their associated modes of  vibration were major discoveries. They were vital in determining 
the properties of  the Earth’s deep interior. They provided important constraints on all Earth structure models. The most sur-
prising thing to me was the discovery that the fundamental mode of  the Earth, instead of  being a single line in the spectrum, 
was split into two or three lines. The splitting of  spectral lines is very common in physics, and it plays an essential role in 
spectroscopy and the properties of  atoms. A magnetic field, for example, can split the spectrum of  an atom. In the case of  the 
Earth, its daily rotation and oblateness was responsible for the splitting.

George Backus at UCSD saw our result and was able to mathematically confirm that the rotation of  Earth was the 
cause. That we could actually measure this effect was, I thought, quite extraordinary. Also, it turned out to provide an addi-
tional constraint on the models that were developing for deep structure.

We also detected radial modes of  oscillation. It’s somewhat puzzling that earthquakes are so effective in exciting this 
type of  motion. Since the attenuation of  compressional deformation is less than that of  shear deformation, these radial modes 
ring longer. The spheroidal and toroidal oscillations die out over a period of  hours, but the radial ones may go on for days. 
It was a big surprise that a couple of  weeks after the earthquake we could still detect the radial modes with an oscillation 
period of  20 minutes or so. That was really pretty interesting. Once the digitizing and programming was complete, a lot of  
experimentation with filtering and other parameters was still necessary. Finally. it was quite exciting to watch the spectral 
results come out. No one else had ever seen these properties of  Earth before. I had a profound feeling of  discovery.

Stewart Smith on the key findings of  his thesis research

There were two main questions. One was the question of  the deep structure of  continents, and that led to a series of  papers 
that I still am writing [laugh]. A second problem, equally important, was the question of  convection in Earth’s mantle. It 
was known that some sort of  convective processes were driving plate tectonics, but we didn’t understand those processes very 
well at all. One of  the big debates was whether convection was limited to the upper part of  Earth’s mantle, above a depth of  
about 660 kilometers, in the so-called upper mantle, or whether the lower mantle was participating in plate-tectonic convec-
tion. Shallow convection was favored by many geoscientists, especially geochemists such as Gerry Wasserburg. From a series 
of  studies in subduction zones, I and my students were able to show that, in many subduction zones, the down-going plates 
kept going into the lower mantle. That hypothesis was strongly resisted at the time by the geochemists and some geophysicists, 
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including Don Anderson, who was my thesis advisor. He and I got into some pretty tough controversies over those issues. But 
it turned out that there is indeed a substantial mass flux between the upper and lower mantle.

Tom Jordan on the major issues in studying the three-dimensional structure 
of  the earth, circa late 1970s

Digital Possibilities
At that time, the instruments became broadband instruments. Earlier, I think it’s only like narrow or analog data; not digital. 
I was lucky enough to really get into the digital era during my research career. Even the terminal has windows that we can just 
operate with windows. I don’t need to go to those punch cards. Sometimes, people told me about the program. You have to have 
a stack of  punch cards. I was lucky enough I didn’t go through that. It was keyboard already. I remember my first year into 
Caltech, Hiroo Kanamori showed me the record for the 1988 Pasadena earthquake, the waveforms, beautiful waveforms. I 
had no idea, but it is beautiful, because I never see anything ugly because I don’t see ugly yet. [laugh] I don’t know broadband 
is not fancy because in Taiwan, at that time, we don’t really have the waveform.

I think we had only the analog at that time, like a drum, and then you have this pen get into these waveforms. I think 
for the late ‘90s, that becomes the digital era, so everything becomes digital, and the instruments become broadband. You can 
really access the data from site to your office. My advisor showed me that he feels so excited, but I feel nothing, at that time. 
Only like two years later, I said something like, “Now, I understand why he was excited, because before, the record looked so 
ugly, not high resolution, and it was difficult to analyze the waveform.” For my time, it was a good time for the broadband 
instruments, so we are able to determine the focal mechanism using waveforms rather than just the arrival time of  P-wave, 
the first motion. Also, during my PhD program, also the time that we began to work on finite fault, we understand the earth-
quake was not just a point but a dimension. Then using the waveform, we can map how much slip on the fault, even though 
we didn’t really go into the site. But we are still able to measure the waveform, and then maybe how much fault was slipped 
during the earthquake, and that was amazing. I didn’t know that was amazing until like five minutes later. [laugh]

Kuo-Fong Ma on the impact of  digital technology on seismology, circa late 1980s

Dispersion
The emphasis was on Earth structure derived from waves, so a broad approach to that from mathematics and computer 
modeling of  waves in the Earth. A central focus was what we called the inverse problem. Given a set of  data through waves 
arriving at seismographs around the world, how do you derive what the waves had passed through, that is, how did the 
Earth’s internal structure influence the wave’s properties. Along with that, work focused on understanding and modeling the 
earthquake source function. The issue of  earthquake prediction was always out there beyond reach but occasionally some 
event or proposal would bring it out.
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Harkrider and Press did some of  the earliest work on calculating dispersion of  waves travelling through the Earth. 
That was modeling that was just then becoming viable with the computing power that we had. Anderson and others were at 
the other end figuring out what the structure would be given that data. That was the primary focus, and in my case, it shifted 
to free oscillations, which is the ultra-long period end of  the spectrum. The great Chilean earthquake of  1960, the largest 
earthquake ever recorded, gave us the first opportunity to look at this part of  the spectrum. Benioff had always been interested 
in free oscillations of  the Earth. Early on, I think back as early as the 1950s, there had been a very large earthquake in 
Kamchatka. It produced a big, long wave. It looked like one and a half  cycles of  something around an hour in period. He 
jumped on that and thought that perhaps it was a free oscillation of  the Earth because there had been some theoretical calcu-
lations showing that the fundamental mode of  Earth vibration was likely to be around an hour. Subsequently, it was pretty 
clear that this apparent disturbance was an artifact, just a transient in the recording apparatus. But he continued to really 
look hard at it. That was his focus and that developed in an interesting way since it led to him developing instrumentation 
capable of  sensing these ultra long-period waves. Benioff was very broadly interested in waves and did a lot of  work in music 
including design of  electronic pianos. He also produced and played an electronic cello, now lost in history.

Stewart Smith on some of  the key research topics animating the Seismo 
Lab, circa late 1950s

Doublets
I had worked on different things. It was sort of  developed late in my student career. I had looked at smaller earthquakes that 
had occurred in offshore Mexico, like the doublet in ‘82. Then, I started looking at doublets all over the world, e.g., in the 
Solomon Islands. Why do doublets occur? Why were they common? Doublets are earthquakes that are about the same size 
and occur very close in time, within a day or two of  each other, like twins. I was doing that and trying to figure out some 
other things about the energy of  earthquakes. This was a period with a lot of  advancement in techniques because there were 
not many large earthquakes. There was a lull in these exciting earthquakes. People had time to kind of  dive into techniques, 
instrumentation, theories of  what was happening, the asperities or the barriers models. Then, the 1985 earthquake happened 
in Michoacán, Mexico. I actually saw it coming on the drum in the morning, and I thought, “That looks like something 
from Mexico. That looks big.”

Then, I tried to call my parents, and they didn’t answer, and I thought, “Oh, maybe they’re busy.” Until that evening, 
somebody told me, “Did you know there was a big earthquake in Mexico?” I was like, “What are you talking about?” 
[laugh] Then, I realized how big it was and how the city had been devastated. I actually went to Mexico City the next day. 
At that time, you couldn’t just ask for data from a data center like we do now in seismology, but I had this master list of  all 
the addresses of  all the seismic stations in the world. I went to the post office, I bought a lot of  international stamps, printed 
letters asking if  they could please photocopy this earthquake on this day and send it to me. At the time seismograms were 
collected from all the seismological stations worldwide, the station operators gather seismograms each month, package it and 
send it to the USGS in Albuquerque.
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Then, the USGS photocopied them. But with this process, nobody saw the data again for a year or two because it took 
time to do all these things. I short-circuited the system. By the time I got to Mexico all the letters had been sent, and over the 
next couple of  weeks, photocopies of  the seismograms started trickling in from all stations all over the world. I basically had 
the most precious possession, the list of  addresses of  the seismic stations. [laugh] And it was very exciting to be able to look 
at the data so soon. All of  a sudden, I had this amazing dataset that nobody else could put their eyes on, the body waves, the 
surface waves, everything. That became my thesis. And Hiroo was very excited. It was probably the first time we were able 
to document and determine directivity in a seismic source, how the rupture was moving. Because we had all these data, like 
it can be bidirectional or one side to the other, but we hadn’t actually seen it in a record. And this was the first time it was 
actually documented in global records. It was kind of  nice. The other topic I tackled in my thesis, stem from an earthquake 
that happened in Nicaragua, a magnitude 7.2, which occurred at intermediate depth, like 70 kilometers, and people don’t 
think too much about those type of  earthquakes at the time.

But they can be very damaging because they occur underneath the continent and are much closer to cities, like in Seattle. 
The earthquakes that have caused damage in Seattle have been intermediate-depth earthquakes. So, I started to make an 
inventory of  all the intermediate earthquakes to try to figure out globally how they act, how they work within the theory of  
plate tectonics. At the time, there were all these debates about whether it mattered how old the subducted oceanic crust is, how 
it age relates, to the angle at which it subducts. There were all these interesting things, and I wanted to put these intermedi-
ate-depth earthquakes in the context of  this whole big theory. That was part two of  my thesis. And I did a lot of  other stuff 
I didn’t put in my thesis, like the work I did with Clarence Allen on the Garlock fault. I said, “What should I do for my 
project, my qualifier?” He said, “There’s this big fault in California that nobody looks at. It’s the second-largest after the 
San Andreas, and we have no idea what’s happening with it.” I said, “OK, I’ll look at it.” That paper was my first paper 
at Caltech. It’s probably one of  the papers I got the most citations on because nobody else worked on that for years and years, 
so I was the only one to cite. And that was thanks to Clarence Allen. He said, “That’s what you should do, look at things 
that nobody’s working on.”

Luciana Astiz on her thesis research hitting a bit too close to home
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Early Warning
It’s nomenclature. Really, you can use the words for the same thing. Earthquake early warning is predicting the shaking, most 
often, the shaking coming in the next five seconds. If  you’re really lucky, you can anticipate motion a minute or two ahead of  
time if  the biggest faults break starting far away from you so that it takes time for the rupture and the waves to approach. But 
prediction’s generally taken to mean seeing earthquakes before they happen. And we’re doing terribly at that. There’s basically 
almost no progress in the last 100 years on predicting earthquakes. We’re able to say that if  there’s a big earthquake, there’s 
an increased chance of  an aftershock or even another earthquake. But it’s not enough of  a certainty that there’s much even to do 
with that warning. We’d love to predict earthquakes. There are actually a lot of  efforts here at USC and other places to still 
try to predict earthquakes. I saw a talk during lunchtime today in which they’re putting out arrays of  arrays to try to get the 
sensitivity in the vague hope that there’s something to see. It’s an active topic, but frankly, I think most of  us are pessimistic, 
yet it’s one of  the drivers for funding, so we’d love to see it succeed. But with each passing year, the chance of  something being 
missed is fading. And Caltech was a center of  earthquake prediction back in the 1970s. But it just didn’t work out.

John Vidale on the practical similarities in earthquake prediction and earth-
quake early warning

EarthScope
There was a period of  about 10 years when there were ideas and proposals floating around for drilling into the San Andreas 
Fault, putting a seismic array moving across America, having a GPS array installed in America, and developing InSAR for 
geoscience. These are all proposals that were more than 10 years old before EarthScope started. The beginning of  EarthScope 
is somewhat related to SCEC. There was a policy of  the Science and Technology Center that once centers graduated from 
the program after 11 years, NSF funding would be cut. SCEC was worried about that, and rightfully so. Therefore I set up 
a meeting with NSF and SCEC management to discuss the future of  SCEC. At the same time, I worked with upper NSF 
management to develop a cooperation between USGS and NSF whereby we could leave the Science and Technology Center 
umbrella and continue SCEC under separate funding. SCEC was so important in terms of  the earthquake hazard in Southern 
California that I and others felt it should be continued. This separate funding plan was successful.

---
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Although the continuation of  SCEC upon graduation from the Centers program was resolved, everyone agreed that the 
meeting with NSF upper managers should be maintained with an expanded agenda. Basically, we kept the meeting because 
it was with Bob Corell, who was then the Assistant Director for Geosciences, and our new Division Director, Herman 
Zimmerman, in Earth Sciences. It was a good opportunity to bring all of  these unfunded proposals that had been floating 
around for 10 years to their attention. We had a large group of  scientists come in, make presentations along with two-page 
proposals that had been solicited informally. NSF had this special account for very large projects that was at the time called 
Major Research Equipment (MRE; now called MREFC). But these four projects discussed were all intermediate-level size, 
bigger than normal grants, but not big enough to be MRE. They were sort of  in the valley of  death, as I call it. Hard-to-get 
money because it was considered if  they really wanted to do it, the Directorates could do it within their current budgets, but 
they were not big enough to be MRE-qualified.

The presentations were made, and upper management was excited, but there was still no way to fund these individually. 
I sat down with the division director and a couple of  program officers, and it was just a matter of  expanding the vision. What 
I’ve done my whole career since Caltech was to integrate multiple-technique measurements of  crustal dynamics and structure, 
so that was the idea here, to combine all of  these things. You had GPS measuring the dynamics and seismic measuring the 
structure. There was also drilling in the San Andreas Fault. If  you were going to look at the dynamics of  North America, you 
needed to see what was happening in the fault. Drilling into the fault to see the physics was important. Also, NASA had this 
incredible technique called InSAR, interferometric synthetic aperture radar, which had been around for a long time. But the 
first time they used it, they saw these V shapes in the ocean surface, and it turned out these were actually the ripples coming 
from submarines underwater, which were not normally seen. NASA had this great technique, but there was, I think, a lot of  
reluctance from the DOD to allow this into civilian hands. We were trying to figure out how to propose InSAR in a safe way 
acceptable to the DOD, so that was the fourth part of  this presentation.

We combined these four things into a single package that basically had the vision of  combined techniques to look at 
the dynamics and structure of  the North American continent. The combined vision was an appropriate size for a Major 
Research Equipment proposal. I coined the name EarthScope, which everybody liked. An MRE proposal is unusual in that 
it is submitted from inside NSF. I wrote the proposal with input from the community, organized the community, made the 
presentations to upper management and to the National Science Board, and was successful in getting EarthScope as a top 
priority in the NSF budget proposal to Congress. This was about a two-year process. That’s how it got started.

Jim Whitcomb on the parallel origin stories of  EarthScope and SCEC

Expertise
Sometimes people ask, “Are you a scientist or an engineer?” I feel like I’m more of  a scientist than an engineer, if  there is such 
a distinction. I think many of  my academic colleagues in engineering would not call themselves engineers, but engineering 
scientists. At heart, I’m a bit of  a mathematician. So to answer that question, I would need definitions. [Laugh] What defines 
an engineer or engineering scientist, and what defines a geophysicist? If  I know those, I can tell you what I am.
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Because one can answer that in many ways. The methods and approaches I use come from applied math and solid 
mechanics. In that sense, I’m an engineering scientist who applies engineering science to geophysics. At the same time, I do 
study geophysical problems and work hard to learn and even discover more geophysics, so I would be honored to be called a 
geophysicist. But truth be told, if  I couldn’t do the models and didn’t have the methods of  engineering science, I would probably 
not be in this field. I didn’t come to work on this because I wanted to explain earthquakes as a child, or because I studied the 
Earth and wanted to make models of  it. It was kind of  the other way around. I had been studying all these mathematical 
methods, and solid mechanics, and computational modeling, and I wanted to apply that to something scientifically interesting 
and societally important. Cue in earthquakes, which were brought to my attention by my Ph.D. advisor, Prof. Jim Rice, who 
was definitely an engineering scientist. I was immediately hooked. Processes that occur before, during, and after earthquake 
rupture are highly nonlinear and often dynamic phenomena of  which some zeroth-order points are still debated. Very exciting 
area to be in.

Nadia Lapusta on her path to the world of  geophysics

Extrapolation
Actually, that’s very important. My experience in California at Caltech is how I can explain myself  in Taiwan. I have to 
go back again. When I got my degree, I talked to Hiroo saying, like, “I only want to go to Taiwan or stay in California,” 
because I have to fly to Taiwan once every year. I couldn’t go to East. I know you are not in New York. [laugh] I couldn’t 
to the East Coast. That’s too far, so either in the West Coast or go back to Taiwan. Then he said, “Taiwan has such an 
important network.” As I mentioned, he convinced our government to have the Strong Motion Network in Taiwan since 1992. 
Then Hiroo Kanamori told me, “Taiwan is the only place to have the network before the large earthquake. Every country 
always has a network after the earthquake because [laugh] the budget always comes after the earthquake.” Then Taiwan is 
so wise to have this important network. It’s a good time to go back. Of  course, NCU is also very keen for me to come back, 
so they give me the title to reposition immediately. I talked to Taiwan, as you mentioned, about the data. I actually feel like 
it’s important to share the data. Then our government also learned, like, the data sharing is important.

For my time, for my generation, I was also lucky enough that when I access data from the Central Weather Bureau, 
I don’t need to wait. I can just access the data directly. I did it before. Some people just, like, five or six years older than me, 
they experienced all the hard times, like, “I studied earthquakes. I couldn’t get the data. How can I do? I made my own data, 
so I transfer to exploration.” [laugh] That’s what my colleagues say. Then, also, at the time, when I came back to Taiwan, 
I was like I don’t know anything about Taiwan tectonics, even though I studied undergraduate in Taiwan but I was not so 
into that, so I didn’t really put that into my brain. I just do that in the exam rather than really into my brain. When I came 
back to Taiwan, all my thing is California, the active faults, not about Taiwan, so I learned gradually. But, at the same 
time, that knowledge I learned from Caltech—like waveform analysis, how important to share the data, how can we learn 
earthquakes more from the waveform—I implemented all that into Taiwan.

Kuo-Fong Ma on the ability to generalize localized research
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This is a question that we have often—are synestias something that happen a lot? Or was it a quirk for our Earth? Just from 
a probability point of  view, as you grow planetary bodies and the domain of  their collisions, synestias are quite a common 
event. Maybe toward the late stage of  giant impacts, maybe more than half  would make synestias, so in that sense, I think 
of  them as a general object. We haven’t learned what changes [in planet formation] yet with that. For moon formation, it’s 
not clear. We’re going to learn from the Japanese mission to Phobos about how similar the Martian moons are to Mars. That 
might help with understanding those moons, which people do think formed from a disk, but probably a colder and not synestia 
disk, compared to Earth. Venus and Mercury could have both been synestias that lost their moons. Mercury, because it’s close 
to the Sun. Venus, possibly because the Moon spiraled in from tides that net move the Moon in rather than out because of  its 
retrograde rotation.

Those are questions we may never have any observational data for, because they’re lost. In terms of, “How special is 
Earth?” I am pursuing a line of  thought on how much did this impact influence the early chemical conditions on the Earth, 
the heat budget of  the Earth, and therefore its early evolution leading to our habitable planet. If  we decide that some pieces 
are important for making our environment, then you would want to look for that as a factor in looking for other Earth-like 
bodies. Most of  the studies of  Earth’s later evolution assume a clean slate at the end of  planet formation, without much 
memory of  the building part of  Earth. As people have taken more measurements of  Earth’s mantle, we actually see evidence 
of  materials that are preserved from before the Moon forming giant impact, and my husband has worked on some of  that, 
with noble gases. He was also a student in the Caltech department, and that is where we met. He was Ken Farley’s graduate 
student. He also was a case of  not expecting to do what he thought—noble gases [laugh]—was a career change, a direction 
change. It has led to remarkable evidence that the Moon-forming giant impact did not homogenize the Earth.

Sarah Stewart on the possibilities in extrapolating origins of  the Moon 
research to other solar system satellites
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Feedback
The way a lot of  stuff would work there is that you’d be working on something. You’d show it to your advisor. Then you’d 
take it to coffee hour, and you’d show it to everybody at coffee hour. They would be very challenging. The atmosphere at 
Caltech is certainly that if  you’re going to say something, you need to be ready to defend it. The professors and other grad 
students would challenge you there at coffee hour, and you’d start to understand maybe what are the things you haven’t fully 
thought through. What are the things you need to do to better defend what you’re trying to say? What are things that you 
tell somebody, and they just don’t even understand, so you need to figure out how to go back and explain that better? I think 
I had a lot of  opportunities to explain what I was doing at various stages; get a lot of  feedback; get familiar with what the 
arguments against it were going to be. Then you take it out, and you present it at a scientific meeting, or you get invited to give 
a seminar at another institution. Then you have another round of  maybe skepticism and questions and challenges, and you 
figure out how to respond to all of  that. I think once I’d shown my work and defended it to various audiences, and understood 
what are all the possible challenges here, what are all of  the weaknesses, and how do I fix those weaknesses, and once I felt 
that I’d heard all that, and I’d fixed everything, and I still had something that worked, and I still had a good result, and it 
stood up to all of  the challenges that people had thought of, then I’m like, yeah, OK, this is solid. This is done.

Jeanne Hardebeck on the intellectual process to get from idea to paper

First Principles
My undergraduate background was in mechanical engineering and geology in the interdisciplinary geomechanics program at the 
University of  Rochester, and I really liked the engineering approaches of  first principles characterization applied to deforma-
tion of  structural beams, fluid flow and convection, and to various elasto-dynamic problems. Bringing first principle methods 
into geophysics was really beginning to take off in the late 70s. It was the approach of  representing physical processes with 
force systems in the Earth that, through F = MA applied to a continuum, allowed you to quantitatively predict the resulting 
excitation of  elastic waves that would propagate through the medium. Seismic instruments capture the elastic vibrations with 
analog or digital recordings with precise time information. We’re able to apply the first principles theory of  elasto-dynamics 
to quantitatively analyze the recorded seismograms for attributes of  the physical forces operating at the source. Because the 
inferences are based on F = MA, we have confidence in the results, as they are not just empirical, qualitative interpretations. 

---
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Much of  geology involves very complicated systems that you cannot confidently represent from first principles. The field of  
seismology appealed to me because you can.

Throughout my entire career, that is what I have done, using first principles theory to quantitatively predict observed 
ground motions, to try to model those motions by optimization procedures that give you the best representation of  the physical 
forces that generated them. Then you try to interpret the inferred forces in the context of  some geological process like faulting, 
volcanic eruption, or landsliding, which in detail is very complicated and not fully characterized by linear elasticity. There are 
thus aspects of  the process that we cannot resolve from seismology, but we are able to resolve that part that produces seismic 
waves. That is the common theme of  my work. It is appealing to my geophysics side because of  its rigor and its foundation 
in basic continuum mechanics. It is not all that is done in the field by any means, but it’s what I have chosen to emphasize.

Thorne Lay on the value of  an engineering background in his approach to seismology

Forecasting
A large part of  it was that we used a specific definition of  earthquake prediction, but most readers ignored that definition. 
We didn’t say that earthquake research was not valuable, but that if  you expect a warning immediately before an earthquake 
happens you are dreaming. We have a lot of  information about where and how often earthquakes are likely, and about prepa-
rations that can improve safety. So, you should prepare now. You should always do the obvious things knowing that earthquakes 
are going to happen sometime, rather than waiting for a telephone call or email that says, earthquake on the way, get out of  
town. That was our message. People didn’t read that definition of  earthquake prediction, they just read the title. We focused 
a lot on the reasons why prediction is likely to fail. That’s important, because the underlying assumptions are important, 
and there has been a lot of  wishful thinking rather than good science in many prediction efforts. But we needed to spend more 
time emphasizing the main message. I learned a lot about the communication, and about what we can and cannot say about 
earthquakes. I also learned that we need good definitions of  prediction, forecasting, conditional probabilities, and warnings, 
which must be tailored to specific audiences like seismologists, officials, engineers, teachers, and the public.

We had a lot of  discussion, particularly between me and Bob Geller, about that title [Hypothesis Testing in Earthquake 
Prediction, 1996]. Did we say that earthquakes could never be predicted under any guise? Did we say we can never predict 
the location of  any earthquakes? No, we weren’t saying that. Geller insisted that we needed a punchy title. [laugh] It got 
too punchy. We decided to avoid the term “prediction” because it is such a loaded word and subject to snap judgments. So 
many of  us used the term “forecast” to mean something we can accomplish without having to say, “time to duck.” A forecast 
provides general information about earthquake probabilities, useful for planning, rather than a short-term emergency. It took 
some time for the seismological community to adopt the different terminology. The forecast terminology has now been widely 
adopted, partly because of  the reaction to our paper. Now we can write constructively using the distinction between prediction 
and forecasting. We can now provide useful information, but it isn’t going be the exact time, place, or magnitude. We said, 
“suppose you take a time interval of  10 years or whatever, we think there are some well-defined places where you’d expect an 
earthquake over magnitude 7 at a high probability within that time period.” That’s a forecast, not a prediction. That’s not 
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saying the time and it isn’t saying that it must occur at that place. We’re saying it’s much more likely. Now we can discuss, 
test, and debate the scientific information without the loaded nomenclature. In fact, the seismic gap theory was used as a 
forecast, not a prediction, and we surely debated it. Now the community has adopted this forecast terminology, and that is an 
improvement for which we take some credit.

Dave Jackson on the benefits of  the word ‘forecast’ over ‘prediction’ in seismology

We can make forecasts on the scale of  probably no better than 100 years, that this place, based on plate motions and earthquake 
history, has energy that has to be released and is more prone to have earthquakes. We’re putting a lot of  effort into trying to 
do better at that. That’s what I’ve been doing the rest of  today, working on a manuscript. But we still don’t know how to do 
that well, and we have a fairly strong suspicion that we may not be able to do much better because we believe that these are 
chaotic systems. Let’s start at the San Andreas Fault. Suppose centimeter-sized pieces of  the San Andreas Fault move a little 
every day. One out of  every ten of  those moves a tiny bit more. Of  those, one out of  ten moves somewhat more. The Earth 
doesn’t know which of  these is going to grow into an earthquake. Now, to be fair, the meteorologists have the same thing. They 
cannot tell you, “This patch of  the Atlantic Ocean is going to give rise to a hurricane.”

What they can tell you is that “Under these temperature conditions, there’s a reasonable change that something within 
there will start.” Remember, hurricane forecasting is not forecasting the development of  a hurricane, it starts when the hurricane 
forms and starts to move and then the models make pretty good predictions about which way it’s going to go, what it’s going 
to do, how big it’s going to get. But they can’t predict the occurrence of  it. In fact, there’s an interesting analysis. They can’t 
tell you why there are, for example, 20 named storms a year in the Atlantic as opposed to 2 or 200. They have no idea why 
that is. We can make very, very long-term earthquake forecasts basically in terms of  the energies involved. California’s a more 
dangerous place than Utah, which in turn is more dangerous than Tennessee, which in turn is more dangerous than Chicago. 
We can do that. And that’s not quite as useless as it sounds because buildings have long lifetimes. When engineers design a 
building, their goal is to make sure that over the useful life of  the building, it won’t collapse. We’ve had a spectacular series 
of  failures at efforts to predict earthquakes on any short-term basis.

Then, we have another thing, which is very much like what they do with the hurricanes, earthquake early warning. 
There, the earthquake has happened, and they’re warning you that seismic waves, which they know exist, are on the way. 
Tsunami warning is a longer timescale version of  the same thing. You know that tsunami is on the way, and it will arrive in 
Honolulu two hours and 24 minutes from now. In contrast, we believe that the nonlinear chaos theory aspect of  earthquake 
faulting probably will prevent us from doing any short-term predictions, and that’s based on the hypothesis that if  the Earth 
doesn’t know when the next earthquake’s going to happen, it can’t tell us. A huge amount of  effort has been put into looking 
at whether anything changes an hour or two or a day before the earthquake. So far, nothing has been observed. That would 
lead one to believe that this probably can’t be done. Of  course, there is Arthur Clarke’s law about things not being impossible. 
But no one I know can see any reason to believe that this is possible, which is not the same thing, of  course.

Seth Stein on the gulf  between generalized earthquake forecasting and prediction
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Fractal Fragmentation
That was probably the one most creative and lasting thing that I did. The idea is that faults are full of  ground up crushed 
rock. We did some observation measuring the particle size distributions. They turned out to be power-law. There was no peak 
value. It’s just a pure power-law distribution. That was around the time that all this fractal analysis was getting popular. I 
made up a really simple model for why the crushed rock looked like that, and it all had to do with nearest neighbor interactions 
between the particles - how they interact with each other. It was a very simple model and, yet, it predicted the observed value 
of  what they call fractal dimension, that is, the observed slope of  the distribution, and it predicted a lot of  things about it in 
a very, very simple way, which was satisfying. Most fragmentation models up to that point depended on assuming some initial 
distribution of  the cracks in the rock, and then activating them, and then blah, blah. But none of  them led to this fractal result. 
I got the fractal distribution directly from the geometry, how they were being loaded by each other, in a very simple way. I got 
a lot of  mileage out of  a very simple [laugh] idea.

Charlie Sammis on the value of  simple models
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Gentle Earthquakes
There are just some really fundamental unanswered questions in the business. Earthquakes themselves, the physics of  earth-
quakes, is still highly mysterious. Most people just get told the Earth is locked up, increases strain over time until it gets to 
the breaking point, and then it has an earthquake, and everything goes back to where it was. That’s kind of  a very simple 
model of  an earthquake. As it turns out, it’s just so fantastically wrong. We always get this question, “Is it overdue? When’s 
the next one?” We have no idea. For years, I gave a talk that I titled, “Why are Earthquakes so Gentle?” And that’s, in my 
view, the real fundamental mystery of  the earthquake problem. And people have tried to make earthquakes in the laboratory. 
They get some giant press, and they take rocks, and they confine them at the pressures that you would encounter 10 kilometers 
deep in the Earth, and that’s a confining pressure of  about 3,000 atmospheres.

Basically, the pressure in the greatest depth of  the Marianas Trench. It turns out if  you take any kind of  material, 
and you squeeze it together that hard, friction doesn’t allow it to move. It takes enormous forces in the laboratory to make a 
piece of  rock move at those pressures. And when it does move, it’s a very violent thing in the laboratory. People take little, tiny, 
centimeter-sized samples, and they don’t put their fingers next to the sample when it goes because it’s very dangerous. And 
if  you said that’s what an earthquake looked like, and you scaled the whole thing up to the size of  the Earth, if  it was like 
what we see in the laboratory, then the earthquakes would be just enormously violent. It wouldn’t matter how you built your 
buildings, you’d be killed by the ground shaking, jamming your legs through your head.

Of  course, earthquakes are powerful, but they’re nothing like what we see in the laboratory. In a sense, this problem 
has been hanging around for 40 or 50 years now, and it’s still not solved. At the end of  the day, it has a lot to do with our 
understanding of  the physics of  the process, but it also has to do with how we design our buildings. Because people often say, 
“I’m designing for the worst shaking in 2,500 years,” or some long number like that, as if  we actually know how to make 
that calculation. The truth of  the matter is, we’re struggling with trying to understand the physics of  the phenomenon in the 
first place. I think most laypeople and even most other scientists don’t quite appreciate how unsolved a mystery earthquakes 
are. They’re just a tremendous mystery.

Tom Heaton on the mismatch of  laboratory and real-world earthquakes

---
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Geodesy
We spent a lot of  effort building tools that we would share with the community. We built a whole software package together 
with JPL and folks at UCLA. It was the first set of  open scripts and tools. They were a pain in the ass. But, in theory, you 
could give it a raw data set, and wait two hours, and at the other end, you had these beautiful interferograms. That happened 
five percent of  the time; the rest of  it, you had to tinker. We spent a lot of  time developing the tool that we needed to allow 
us to start surveying large areas. We were running around—I call it geodetic fishing trips— saying, “Oh, I bet you there’s 
something interesting here.” It’s gotten easy enough now, and we can get to enough data that we can just look.

When you have an orbiting resource, and the data is free and open, and you have software, you’re free to go to coffee hour, 
and somebody says, “Do you know if…?” You go, “Oh, I don’t know, but I’ll come back to you in a day.” [laugh] That was 
where we were trying to go, very deliberately, and it’s continuing to evolve with Sentinel-1 and NISAR, that we enable that 
kind of  rapid curiosity-driven, rapid response—I don’t mean rapid response in terms of  disaster—but rapid curiosity response 
that you can interact with, and ask, “What is the Earth doing?” Some people say, “Well, geodetic fishing trips, that means 
you don’t know what you’re doing.” Well, we know where we’re looking and what we’re looking for. Historically, we always 
find things we didn’t expect. But that is the modern version of  being an explorer. It’s our version of  Shackleton. Let’s go to 
Enceladus. Let’s see what it’s doing. We know it’s doing something. Let’s go find out. That’s why I’m in the field, to explore.

Mark Simons on the maturation and utility of  InSAR technology

This is really a close-to-home question because when I got to CWU in 1999, we had five or six stations, and we had modems 
attached to these stations. The GPS receivers would stream to a data-logger. None of  my students know what a modem is 
anymore. Because the phone rates were cheaper at 2AM, some chron would kick in and dial up some stations over a 56k 
modem–that was actually toward the end of  the modem world–and download this data. In time, starting around maybe 2002, 
2003, GPS receiver manufacturers started putting ethernet chips on board the receivers. It was just cheaper to use ethernet, 
for them and for us. That got rid of  modems, and this is really interesting because now, with our GPS receivers streaming 
data continuously onto the internet, we had to deal with a new problem of  catch the data continuously at CWU as it’s being 
acquired. And because the speed of  light is fast, whether the data was coming from Seattle, or the coast of  Washington, or 
the coast of  Oregon, or the coast of  British Columbia, it shows up at CWU in a tenth of  a second. So we kind of  had to 
rethink how and what we were doing, and why. We were no longer using modems to download batches of  data every 24 hours 
but streaming it in continuously with essentially no delay.

So it took no thinking whatsoever to realize that if  we’re getting data from all over Cascadia, effectively instantly, we’ve 
got the makings of  a seismic network! One that isn’t built out of  conventional seismometers, where you’ve got a magnet inside 
a coil with some feedback circuitry buried in the Earth. Instead, you’ve got a GPS antenna firmly anchored to the ground 
but listening to overhead satellites, with data streaming in real time. And furthermore, since we know how earthquakes work 
if  we actually get a really big one, some of  these GPS stations are going to move five meters, say, and we’ll see that motion 
almost instantaneously. So in 2006, I wrote the first proposal, to NASA saying, basically, “Look, this is bleeding-edge, pie-
in-the-sky stuff, but we’ve got 50 stations out along the Cascadia Subduction Zone whose data we get in a tenth of  a second, 
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day in and day out, and we can build a very coarse seismic network out of  this.” And we had to be really careful because a 
good seismometer, the Pasadena Streckeisen say, has a sensitivity to velocity roughly a million times finer than what GPS can 
do by differentiating position through time. On the other hand, if  you’ve got an earthquake that’s moving your station’s five 
meters in half  a minute, you actually don’t want a super-sensitive instrument for that, you want a blunt one, for all sorts of  
reasons. So I pitched to NASA, “We think we can build a very blunt GPS-based seismic networks that will tell you, if  you 
have good coverage, the magnitude of  an earthquake within the time scale of  the fault rupture itself.” For a big earthquake, 
mid-7s say, it might be 30 seconds to a minute during which the fault itself  is actually sliding. So we basically said we can 
capture that information instantly and tell you nearly instantly how big your earthquake was. And NASA bit.

That started the project I’ve been kind of  working on for the better part of  12 years, building a strong-ground-motion, 
meaning blunt, GPS-based seismic network. We started in Cascadia, and the rest of  the world caught up in terms of  building 
out networks, so we’ve now expanded it globally. We’re pulling in a couple thousand stations from around the world. Data from 
Antarctic GPS stations come in within half  a second, so does New Zealand’s, Chile’s, Oceana, Indonesia, etc. We position 
these data within a very well-defined reference frame, and then we take those positions and send them on to the US agencies 
that are responsible, and required by law to be responsible, for certain hazards. For instance, USGS handles earthquakes, 
NOAA handles tsunamis, and NASA technically isn’t supposed to handle either, officially, but sometimes they still do just 
by virtue of  being on the bleeding edge of  technology development. We send the GPS positions we estimate from stations all 
over the world to the USE National Earthquake Information Center in Golden, Colorado. For the West Coast ShakeAlert 
earthquake early warning program, we send them to Caltech, Berkeley, and the University of  Washington.

We also send subduction zone-relevant GPS position streams to NOAA’s tsunami warning centers, and they use them 
with a variety of  different algorithms to rapidly characterize earthquake magnitude, since earthquakes have caused about 
80% of  tsunamis over the last century. They’re interested because if  the wait on the Global Seismic Network estimation of  
magnitude it’s about a 15 min delay. For instance, if  you have a big earthquake, say, in Tonga or the Solomon Islands, and 
you wait for the P- and S-waves to propagate out through the planet, and use what is commonly called the W-phase inversion 
(which came out of  Caltech, Kanamori and Anderson, early 90s), which is the standard way of  characterizing a distant big 
earthquake quickly. But that 15-min delay is greater than the tsunami inundation time at the local coastline. So if  you have 
access to GPS in sufficient coverage to characterize the earthquake, you can get a good magnitude estimate much more quickly. 
In practice, for tsunami warning, the agencies are very conservative, and they have to be. If  they have what smells like a big 
earthquake recorded on one local high-frequency instruments, they hit the red warning button, and if  there’s no tsunami they 
can cancel later. But we’ve now had a couple examples, like up in Alaska, where there was no geodetic offset, which meant 
the focal mechanism of  the earthquake is probably not tsunamigenic, and this allowed them to cancel the alert very quickly. 
That helps them because people get inured to alerts if  they’re constantly coming but then there’s no tsunami. It helps them 
avoid that problem, helps build confidence in the system, helps them have confidence in their solutions. So including GPS into 
the tsunami warning program came naturally out of  this evolution of  the technology, the same that allowed our network, 
PANGA, the Pacific Northwest Geodetic Array, to march on the heels of  the technology and surf  that wave, so to speak.

Tim Melbourne on key advances in the field of  GPS technology
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It’s about the geodetic revolution and also the density of  instrumentations. What we can see observationally now is unbeliev-
able compared to what they could see. They were trying to do it on one lousy geodetic record here and there. I don’t know how 
technical I’m allowed to be for this. Geodesy is the slow defamation of  the Earth, as opposed to seismology which is the fast 
deformation of  the Earth. When I’m feeling snarky, the difference is whether or not you include ma. F=ma is seismology, 
and no ma is geodesy. In order to track the full earthquake cycle, I think people understood theoretically for a long time that 
you wanted to capture both the slow and the fast motion. There was a generation of  efforts to capture that slow Earth motion 
as part of  the earlier efforts at earthquake prediction, and the technology wasn’t there yet. The EarthScope that put GPS 
instruments kind of  everywhere on the plate boundary, InSAR where we have satellite-based maps of  deformation—it’s a real 
revolution! The hints that I was referring to are actually offshore slow motion, so you actually need to get the instrumentation 
under the water for these really big earthquakes, like really significantly under the water and a lot of  it. There’s real reason 
to believe we weren’t able to look at the right spots.

The other thing, what I was just saying about earthquake catalogs—earthquake catalogs used to cap out around 1,000 
or tens of  thousands. We now know that we can make a million-earthquake catalog, and when we do that, and we sort of  
upgrade our analytical tools to match, there is more signal there. There’s more to look at. Hiroo Kanamori and I used to have 
a joke when I was a grad student about fruit flies. For a while, I had a picture of  a fruit fly tacked up on my bulletin board. 
The joke is that genetics made great progress when you have these many, many generations of—short generations, and then you 
can start to do population statistics. You can’t do statistics on individual events. It can’t be done. Asking about predictability is 
a statistical question, so you need populations, and you need to be able to capture seismicity rates. That’s all about having fast 
generations and little events. As we have increased our technology to be able to capture little, teeny tiny earthquakes—the way 
earthquakes work is there are ten times as many magnitude threes as fours, and ten times as many fours as fives, et cetera, all 
the way up. The smaller you go, the better your statistics, the better your ability to look at rate changes, and it looks different.

Emily Brodsky on advances in technology that suggest the quest for earth-
quake prediction should not be abandoned

Geology
The year I graduated every other student went to a faculty position. I felt rather strongly that teaching was an important 
aspect of  being a professor, and somebody who had gone from kindergarten to PhD and had never been outside the academic 
environment lacked somewhat in general experience to be a teacher. I wanted to go out into the real world for a while, so I 
traveled to many different non-academic research facilities and had many offers.

This was shortly before the first lunar landing and the expected arrival of  rock samples from the Moon. There were 
contamination problems at NASA’s lunar receiving laboratory and I was encouraged to apply to direct the lab, not because of  
my equation-of-state work, but because of  my technical skills, including those of  plumbing. Prof. Wasserburg felt strongly 
that I should help in that position. NASA and I could not agree on the conditions under which I was willing to take the job 
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and I was also looking for a location for our family with better weather. Later I served on several NASA committees dealing 
with Lunar material. I had Lunar rocks in our lab for research and took NASA-prepared Lunar samples to various schools.

Partially because of  location and partially because of, once again, the chance to build a laboratory from scratch, I 
joined Sandia Labs in Livermore. I was there for five years and insisted on doing good and academically interesting work. I 
kept going to AGU and other meetings and was approached by SUNY Binghamton to go and teach there. I took a leave of  
absence from Sandia and taught at Binghamton where they promoted me after one semester to associate professor and said, 
“You can resign, but we’ll keep the position open and hope that you’ll come back.” I told them there was no guarantee I 
would come back and took a leave of  absence from there also. On our way back from New York to California, we stopped 
at the University of  Colorado. Because of  the kind of  experiments (optical holography) I did, I interviewed with Electrical 
Engineering, Physics, and Geological Sciences. I got happily stuck in Colorado for nearly 50 years. I had joined the faculty 
of  Geological Sciences and CIRES. Geologists in general get along better than people who are only in the lab or behind the 
desk. When frustrated, geologists take their geology picks, go out and crack a few rocks. [laugh]

Hartmut Spetzler on the built-in coping mechanism geologists enjoy to 
maintain long careers

Gravity Signal
One of  the really big questions at the time was how to explain the gravity signal above subduction zones. Basically, the predic-
tion from long-wavelength studies was that you should have a gravity low over subduction zones. But most subduction zones 
have a gravity high. That was a bit unexpected. You would also expect, because the slab is sinking and pulls down on the 
surface of  the Earth, that it would have a low topography, and it doesn’t. We were trying to understand why that was. The 
first paper I did with Mike was focused on the hypothesis that if  you had a low-viscosity region in the mantle right between 
the sinking and overriding plates, that would decouple the sinking motion of  the slab from the overriding plate, you would no 
longer have a low topography or low geoid, and that hypothesis was correct. And it was kind of  interesting, partway through 
my PhD, Dan McKenzie was visiting Caltech, and I went in to explain to him what I was doing. And he was basically like, 
“Well, of  course that’s what’s going to happen. We showed that in such-and-such paper.”

And he did. He showed that if  you decrease the viscosity, you’ll decrease the size of  the topography. But the key was, 
we were actually figuring out how you could make the viscosity lower in a physically consistent way. I showed that it if  you 
took into account the fact that you were melting the mantle above the slab through hydration, water coming off of  the slab, 
you melt it to higher degrees than you would otherwise, and that would allow you to have both a lower-viscosity region and 
a more buoyant mantle than you would otherwise. And when you put that process into the numerical model, you can actually 
match the observations of  both the gravity and the topography over the subduction zones we model. It was taking a concept 
that I think was already understood from Dan McKenzie’s analytical solutions and linking it to the physical processes that 
could actually make it possible.

Magali Billen on the research question that made Mike Gurnis her thesis advisor
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Guesswork
The first step to make these observations sometimes is made just by guesswork. You notice that some buildings collapse or that 
they’re shaking in the ground and there may be some seismic stations around and you observe those. Then you make some 
guesses about what caused the shaking or what you observed. Those two steps can be quite different. The observation can be 
you just walking around and looking at things or looking at some data that somebody had shown you. Then when you try 
and make the explanation it involves more theory, sometimes some mathematics, sometimes some kind of  new observations. 
Then you get back to something that is a little bit less fixed. You’re trying to envision a theory and then you come back, and 
you test that with some new observations which, again, put you on the ground and you take some seismometers with you and 
put them in the right place at the right time.

Those four steps—I used to think when I was in high school that one person did all that. You see some geraniums and 
you plant some seeds, and you water them and see what happens and how much watering you do. But in real life most of  
the scientific steps take a long time. Just to categorize the observations that get you started in the scientific method involves a 
lot of  work. That’s what was happening at the Seismo Lab at San Rafael. A lot of  it was just putting out seismographs in 
places where, if  there was shaking, we could measure it and get the data back.

Then there’s the theoretical step of  kind of  coming up with some explanations. When you talk about possible debates, 
it’s not just a matter of  debates, it’s a matter of  different styles of  research, when people see what’s important. There are 
people who are terribly important in building instruments and making the seismographs and making sure that when the 
ground shakes that you get some data that tells you what that shaking really was rather than just some sort of  random yes 
or no or something like that. Then when you get into the third step, the step of  making a kind of  a prediction of  what might 
happen, that can involve a lot of  analysis, but it can also involve a lot of  interpretation of  what you’ve already seen. Then 
there’s the testing step which is how do you make it an experiment that will look at things that haven’t happened yet or that 
you haven’t measured yet and compare that with your theories? And a lot of  the prizes come at the AGU from that third step 
where you’re taking a hypothesis and saying here’s what I think happened and describing it in a way that it could be testable. 
Then at the very end there’s the step that may involve some statistics and that’s where I think I fit in mostly to this process. 
But what happened at Caltech was a natural evolution of  the importance of  those steps because there hadn’t been a lot of  
carefully observed earthquakes in California in 1961 when I came into Caltech. What seismologists talked about were the 
global earthquakes, the big ones, the 1960 and 1964 earthquakes. The 1906 earthquake in San Francisco, people talked a 
lot about that but there wasn’t a lot of  data on that, and so we were in the situation of  kind of  collecting data and trying to 
make a story out of  what we could see.

But in the ‘60s computers became usable. We had more data produced by Gutenberg and Richter and people like that 
in California and in the Berkeley Lab in northern California. The shift to a more analytical type of  operation was taking 
place. Frank Press coming into the Seismo Lab was very much a part of  that. He was an analyst and he had written a book 
with some colleagues about the theory of  earthquake wave propagation. This is something that hadn’t been that important 
in the early days because we didn’t have the kind of  data that would be testable by these kinds of  theories. But when Frank 
Press came in this was a paradigm shift. Maybe paradigm is not quite the right word because it wasn’t a change in the ideas 
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of  what may be going on, it’s a change in the importance of  getting observational data and then putting it into a kind of  an 
analytical theory. I came in, I didn’t know where I would fit in this sort of  balance, and it’s only after kind of  seeing different 
universities in this kind of  change in what’s important that I could get a better picture of  the scientific method. I thought I 
was going to come in and make some observations and plant some geraniums on a fault and see what happened, but it didn’t 
work that way. [laugh]

Dave Jackson on the debates animating the Seismo Lab from his under-
graduate perspective
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Heat Flow
There is a really interesting heat flow discrepancy between parts of  the oceanic crust there, with the crust more or less the same 
age. One area has super low heat flow and the other adjacent area has super high heat flow. These were found with relatively 
old equipment in the 1960s. But the first folks who went out and made marine heat flow knew what they were doing and 
got good data, even though it was old equipment and only a few temperature measurements into the seafloor. When we got 
out there, we found a sharp divide between the area that had very low heat flow for its age and the area that had essentially 
normal heat flow for its age. A lot of  that was because of  the seafloor irregularities from its formation. When formed, the 
cold area had a seafloor with many highs and lows. The hot area was relatively smooth when formed.

With time, about 300 m of  sediments covered the seafloor. Today, the cold area has a lot of  seamounts that above 
the surrounding seafloor, so fluid flow could get out of  it, especially where the sediments are relatively thin or the basalt is 
exposed. In the other area there are essentially no seamounts extending above the surrounding seafloor. This was not a tectonic 
issue, but an issue of  what was controlling the water flow. Oceanic seafloor from both areas is subducting beneath Central 
America. Others found the depth of  earthquakes in this subduction zone shows differences relative to the hot versus the cold 
areas subducting. We collected a lot of  water samples from the areas where there were seamounts. It was an eye-opener to 
understanding that even in 25-million-year-old crust, you could have fairly vigorous circulation affecting the chemistry of  
the seawater going in, exchanging in the rocks, and coming out. And I think in subsequent cruises they later found microbial 
communities down there, although I don’t know the details.

Carol Stein on some of  the interesting results from the Tico Flux Research Project

Heart and Earth
Waves in the Earth are, of  course, very well understood, clear physical phenomena with good mathematical descriptions. And 
it turns out that waves in the heart are really well-represented by a rotating electrical dipole, and the signals have a lot of  
similarity to those of  an earthquake. We even have some of  the same names, we have P-waves, QRS-waves, and T-waves 
instead of  the usual P-, S-, R-, and L-waves in seismology. Growing up at the Seismo Lab and doing large-scale comput-
ing, looking at strong ground motion and Earth structures, our skills were honed around digital signal processing, waveform 
analysis, large-scale databasing. Those have all proven to be extremely useful in cardio. And I think some of  the inversion 

---
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techniques and data analysis techniques are, or were when I came into this business, new to the cardiac field and have been 
quite useful. I actually felt quite at home in cardiology. 

Dave Hadley on the intellectual and scientific connecting points between 
cardiac and seismic waves

High Pressure
My curiosity and early inventiveness probably stems from playing in the rubble left in my home-town, Nuremberg, after WWII. 
It was a treasure chest for curious young boys. I had very understanding and tolerant parents allowing me to explore the world 
around me. In 1956 at age of  16 and after graduating from a technical school, I followed the rest of  the family ( I am the 
oldest of  6 children) to the USA. Our father had been brain drained, i.e. lured to the USA because of  his technical skills. 
I went to five different undergraduate schools, three of  them simultaneously. The last one I went to was Trinity University 
in San Antonio, Texas. There, I met a mathematics professor, Prof. H. T. Davis, which is why I majored in mathematics 
through the master’s degree. I had heard of  Caltech and asked him about it. Upon his recommendation I accepted a job in 
Pasadena with the idea of  going to Caltech. Then, in September of  ‘63, I went to Caltech and told them that I would like 
to go to school there. The people at the little company I was working for, National Engineering Science Company (NESCO), 
were mostly Caltech graduates. They called the school and said, “Yeah, you should take him. At least he’s good in the lab.” 
[laugh] I visited Caltech in September to apply, and was told: “Well, you can apply in January for next year.” I said: “No, I 
thought of  going to school this October.” Caltech, in its flexibility, made it possible for me to start in the physics department in 
October. In my undergraduate work I had almost as many semester hours in physics as I had in mathematics. It was because 
of  Prof. Davis that I majored in mathematics.

The way I honed my physics intuition was through the Feynman Lectures. I studied those and met on a weekly basis 
with Prof. Bob Leighton, who was a coauthor of  the Feynman Lectures. If  I ever got a feeling for physics, it was during that 
time. But then, when it came to research, it would’ve been a lot of  looking for new particles at various accelerators. While I 
was in the Air Force, I had worked at the School of  Aerospace Medicine in San Antonio and did a lot of  radiation research. 
This involved much travel to, I think, most of  the large accelerators that existed at the time in the United States. I did not wish 
to travel so much anymore, instead support the family we had started. I discovered geophysics and met Prof. Gerry Wasserburg 
as my first contact. He was quite interesting and recognized my skills in multi-channel energy spectrum analyzers. I had 
worked with those instruments in the Air Force. He offered me a graduate research assistantship. I also worked with Prof. Lee 
Silver a little during this time. Prof. Orson Anderson came as a visiting Faculty member. He came from the Lamont-Doherty 
Laboratory of  Columbia University, where he had started mineral physics. I was intrigued by the information which could 
be gleaned from ultrasonic measurements in the lab. I had found my interest in geophysics.

I went to Don Anderson and told him about my interest after I had read all the proceedings of  the pertinent meetings. 
And it was actually Gerry Wasserburg who found the money for me to travel to every one of  the geophysics labs I could find 
that were doing ultrasonics. These included industry as well as academic places, e.g., General Electric, Harvard and Brigham 
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Young Universities, and many others. During these travels my interest was further focused, and I was sure that I could make 
a significant contribution in material properties, relevant to Earth. At the time there was no ultrasonics at Caltech. I conferred 
with Prof  Don Anderson while still on the East Coast and told him of  my plans. He was interested in this research, and I told 
him what it would take to build the appropriate laboratory. I needed to design and purchase electronic instruments as well as 
a pressure generating facility. I also mentioned that it was really too big of  a job for one person to do, so I need a technician.” 
Don Anderson was able to provide the finances for all of  that. While I was still on this trip on the East Coast, I ordered the 
electronics for the ultrasonics, and I ordered the high-pressure generating equipment. We had to redesign all of  it because I 
wanted to go to a high temperature at simultaneous high pressure. That was the big thing at the time in experimental geophysics.

Hartmut Spetzler on his unlikely path to geophysics at Caltech

Hollywood
It was about 40 or 50 people either running an office or heading programs, and each office had a large program. It was a 
very exciting place to be. We supported every major seismological research institute in the United States and some around the 
world. Do you know the connection to Caltech in the story The Hunt for Red October?

I think Caltech has somewhere on their website, a Caltech in the Movies section. The one with The Hunt for Red 
October was particularly interesting. I was an office director at DARPA. My office was on one end of  the hall, and on the 
other corner of  the building, down the hall, was the Navy support office. They were doing submarine detection, basically. They 
had an officer there, Commander Ralph Chatham. He’d come down to my office and sort of  grill me on what my office did. I 
explained to him that we had these seismic arrays specifically designed for certain kinds of  signals and how we do background 
noise suppression and how we process the seismic data. He’d ask me who we give it to, where I was originally from. I recall 
telling him about the Caltech Seismo Lab and what it did. Unbeknownst to anyone, he was talking to Tom Clancy. He didn’t 
tell anyone about this. When Hunt for Red October book came out, it included details about submarine detection. And it’s 
had a part of  the story in there about the graduate students who wrote programs for nuclear detection at Caltech, which were 
transferred to DARPA, which gave it to AFTAC. It got one little thing wrong. It called the Caltech Seismological Lab the 
Caltech Geophysical Lab. He didn’t get the name quite right, but it got everything else right. That was me telling him how 
all this came about. [laugh] Of  course, he thought the Navy was going to kick him out, but they saw how popular the book 
was, then the film, and they promoted him.

Ralph Alewine on DARPA’s behind-the-scenes consulting in dramatizing 
the Cold War
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Industry
Yes, I did, with the caveat that it was applied research, intended to eventually make money for the company. This research 
environment was central to the institution I was in. I began my industrial career in 1980, after ten years in the academic 
world, at the Research Center for Amoco Petroleum, in Tulsa, Oklahoma. It was a remarkable institution because of  a num-
ber of  remarkable men, who were responsible for attracting many talented researchers. Those men established a great research 
environment at the Research Center. I remember when I faced my first performance review at the end of  the year. (They do a 
lot of  that in private industry, planning projects, planning the way the staff is going to spend its time, then reviewing at the 
end of  the year what you actually did, and how well.) At the end of  that first year, my supervisor said, “Leon, you didn’t 
actually do much of  anything of  what we decided a year ago. But what you did do was great, so keep up the good work.” 
That was an attitude established by the enlightened leadership of  the Lab at that time.

Of  course, we all charged our time to specific projects, hour by hour. Fortunately, for me, there was an official project 
called “Serendipity.” I charged a lot of  my time to Serendipity, and that was great because it allowed me to follow my nose. It 
had a tremendous monetary benefit for the corporation, at least potential benefits, which unhappily were not realized because 
the senior management at corporate headquarters in Chicago were not smart enough to realize that opportunity. They didn’t 
trust the novel technology that we developed. We discovered that one of  the fundamental assumptions we were using to explore 
for oil was wrong. Of  course, we always had known it was wrong, but when I arrived, we learned how to deal with that. 
The incorrect assumption was that we could use the isotropic wave equation to design our field experiments and interpret them. 
But it turns out that rock formations are really anisotropic. I was a leader inside Amoco to understand that the departures of  
rocks from that simple model are profound, and this has profound implications for how we should design surveys and how 
we should interpret those surveys.

We learned in those days how to detect natural fractures in the subsurface. This was before anybody knew about 
creating fractures by fracking (jargon for intensive hydrofracturing). Rocks may be naturally fractured over millions of  years 
of  geologic time, and those fractures govern the flow of  fluids in the subsurface, including the flow of  oil and gas. It can be 
very important to understand where they are, how they’re oriented, and so on. And we learned all of  that in the early 1980s. 
Since then, those ideas have become public, and mainstream.

Leon Thomsen on the possibilities for doing fundamental research within an industrial setting

---
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Inner Core
Yeah, well, it’s one debate right now. It’s a very interesting observation. I think it really points to new discoveries in the inner 
core. There is a story about the inner core differential rotation that was published by two [past] Caltech graduates. The idea 
is, the inner core is rotating faster than the rest of  the Earth. The primary evidence is that the seismic waves going into the 
core change over time. When we look at seismic waves ten years later, they appear to be slower or faster compared to ten years 
ago. That was interpreted as the rotation of  the inner core with respect to the rest of  the Earth. But my work using different 
dataset has indicated that the Earth’s inner core surface is actually changing, enlarging and shrinking. Because the inner core 
has a different structure, it has a different speed than the outer core, so you have shrinking or enlarging of  the inner core, which 
also changes the travel time. I’m arguing, based on what we’ve seen, that the inner core surface is shrinking and enlarging in 
human time scales, not that the inner core has a differential rotation. That has totally different implications.

If  the inner core is rotating faster than the Earth, there will be a completely different understanding of  core dynamics 
than locally changing topography. Changed topography relates to energy release. If  you add some inner core material, you 
release latent heat, and you also release some light element that will screw up the convection in the outer core, and vice versa. 
Those are really the driving forces of  it [the outer core convection]. Other than in the mantle, you have radiogenic heating that 
provides energy into the system, outer core convection is mostly because of  the solidification from the outer core to the inner core. 
I think that’s a reason why it’s so important, because we thought that [the inner core surface] had never changed [in that time 
scale]. The scale is so long that the inner core has been there that the growing and releasing was [thought to be] a very slow 
process. And we also thought the growth was uniform globally. [We] certainly see very different cases there.

Lianxing Wen on debates surrounding the structure and movement of  Earth’s inner core

About 1995, I presented a poster at the American Geophysical Union main annual meeting in San Francisco, using the idea 
that the surface of  the Earth’s inner core might have wrinkles on it. You faced the fundamental problem that the solid inner 
core is spherical. If  something spherical is rotating, you can’t really tell. You’ve got to find a marker. Then, I thought, “Maybe 
some parts of  its surface are rough in ways that are different from other parts of  its surface. If  you look at a reflected wave, 
maybe over time, the reflection from a region at the surface of  the inner core will be different at different times, if  the thing is 
rotating.” Didn’t work. [laugh] Then, one day, when I was writing a proposal to do a study of  the possibility that inner-core 
rotation might be occurring, working with Xiaodong Song, who had recently gotten his PhD from Caltech working with Don 
Helmberger, it suddenly occurred to us that more successful would be not the wave reflected from the inner core, but the wave 
that went through it.

It was so exciting because the concept was, from Xiaodong’s thesis, that the marker we would need to see if  the thing 
was moving or not would be not any roughness of  its surface, but deeply within its volume. The inner core had been discov-
ered to have the attribute of  anisotropy, which means that waves traveling through it traveled at different speeds in different 
directions. Anisotropic, means “not the same in different directions.” If  you looked at waves that went through the inner core, 
then it was like some glorified crystal, where it had different properties in different directions. As it slowly moved, the time it 
would take for a wave to go through it would be different at different times because the fast axis would’ve been re-oriented. 
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From having that idea, to finding the evidence, then writing it up, doing the figures, and submitting it, took only three weeks. 
We submitted it to Nature, and that was absolutely the most exciting time in my own scientific career.

We were fortunate to work with a person whom I’d never met, a principal illustrator for Newsweek. People at Columbia 
University said, “This is really interesting stuff. Let’s make sure that you have a good illustrator” and I was given a phone 
number. Just working with her on the phone, after about ten iterations, she generated what became the cover page of  Nature for 
July 18, 1996, showing the Earth, the fluid core, and inside, the inner solid core, and the concept of  it rotating with arrows 
around it. I thought it was a tremendous piece of  technical art that helped us to tell the story. When Nature accepted it and 
it became published, I gave a press conference with Xiaodong in Manhattan, and the next day, we flew to an international 
meeting in Brisbane, Australia, and the news of  our press conference was on the front page of  the Australian newspapers. It 
doesn’t usually happen in a person’s career that you get that kind of  global recognition. This somehow captured the public’s 
imagination, or the people who write, such as yourself, the story of  scientific discovery. It was on the front page briefly of  
the New York Times, until a TWA jet airliner crashed the same day and bumped us off the front page in the later editions.

Paul Richards on how he became involved in studying the super rotation of  Earth’s inner core

Instrumentation
I was a graduate student looking for a postdoc, when the first geophysical use of  InSAR was published in Nature in 1993, 
the cover said Image of  an Earthquake. It was the 1992 Landers earthquake. That’s the first time we (they) realized 
you could get an image of  ground surface movement at scales of  100-kilometers with 10-meter scale pixels and centimeter 
sensitivity of  a displacement. Within months, there was an equivalent paper done by JPL and Caltech together, led by Dick 
Goldstein (who originally invented the approach at JPL), looking at the Rutford Ice Stream in Antarctica. From there flows 
all the other uses of  InSAR to measure ground displacement. Flash forward, we just submitted a paper showing we can 
actually see the interior of  the tectonic plates move over the Earth at the millimeter level, using time series generated with 
thousands of  radar images.

The basic concept is quite straightforward. It’s a differencing approach, comparing two images, and trying to measure 
how things have changed in the two images. Every pixel has an amplitude, which looks like a distorted black and white 
image. Each pixel also has a phase value which obviously ranges from zero to 2π. It’s a measure of  the distance between 
the satellite and the ground. But your meterstick is the wavelength of  the radar, and it’s just telling you where you are in that 
wavelength—so zero to 2π—and then it repeats.

Of  course, the ground moves in 3D. We’re measuring the component projected in the direction that the radar is looking 
at. You can imagine looking from different directions—that’s easy to do from airplane; harder to do from satellites—and try to 
reconstruct the 3D displacement field. But, at a minimum, you have a 1D component but it’s continuous in space. Then you 
throw into the bucket things like GPS, with three components sparse point measurements, and you start to have a remarkable 
sensitivity to what the Earth is doing in 4D.

Mark Simons on the most consequential technological development during his career
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The main way that ground motions have been recorded dating back to ~1870, when they invented the first instrument to 
record seismic shaking, involves a system that can exploit inertia of  a mass within an instrument that is moving relative to 
the ground that is shaking the instrument. The instrument, being coupled to the ground, is in an inertial system. This was 
solved by putting masses on springs and being able to monitor the position of  the mass relative to everything else which is 
moving when the ground shakes. For the first 100 years, that was done with simple mechanical systems that would record 
the movement of  the mass relative to the surrounding ground by producing an analog signal either by a stylus etching on a 
rotating drum or a light beam reflecting off a galvanometer mirror on the mass to make a trace on rotating photographic paper. 
This produced paper recordings of  ground shaking, and everybody has seen rotating drums recording wiggling motions. Those 
wiggling motions were simply keeping track of  the mass’ differential motions in the seismometer. The data were recorded on 
paper with precise time being indicated.

When I got to Caltech as a graduate student in 1978, most seismic data involved such paper recordings. Global net-
work operators microfilmed the paper recordings from many stations around the world, and data archives (there was one in 
the Seismo Lab) had copies of  the microfilm, but we still had to print the microfilm and make a new paper copy. To analyze 
that, you had to manually trace the copied seismogram on a digitizing table and enter it into a bunch of  punch cards to tell you 
point by point where the ground had moved as a function of  time. You were reconstructing how the pendulum mass had moved 
relative to the ground, by having a paper recording and then tracing it. It was not very high quality, and tedious to digitize the 
signals, but that was what we had to do. That transformed dramatically in the mid-1970s, when they began to replace the 
analog recording systems with digital recording systems for both regional and global seismic stations. All the tedious process 
of  recording analog signals on paper, perhaps microfilming the record and reprinting the signals on paper, mechanically digi-
tizing it, producing a bunch of  IBM punch cards with digitized signals, and carrying boxes of  them over to the main campus 
IBM computer to enter as digital data for some processing software, was replaced by the signal automatically being written to 
computer tape as a digital signal, and eventually, onto disks that could directly load the signal onto the processing computer.

Seismologists also developed electronic force feed-back systems in the mid-1970s that would keep the mass in the instru-
ment from moving and output out how much time-varying force had been applied to the mass. That enables you to record much 
stronger shaking over a greater bandwidth when you write the signals in a digital form. It then became possible to recover the 
higher quality digital data much more conveniently, for example you can transmit the data from the field to operational centers 
in real time and make it available to many users by internet. That is where we stand today. Of  course, that advanced progres-
sively with improving computer processing power, internet connections, and other telemetry methods. But over the ensuing 45 
or 50 years, these instrumentation advances transformed the discipline to where now, when an earthquake happens anywhere 
in the world, it sends out P-waves and S-waves that bounce around in the interior and generate surface waves. As those waves 
pass by a station, the ground shaking is digitally recorded at that point with accurate timing, typically on multiple sensors that 
record the full vector motion, and the signals are transmitted to a data collection center. That center can immediately process 
signals from stations all over the world, detecting when there have been P-waves or other waves arriving at different stations 
from a common source. The associated arrival times are used to locate the event, the ground shaking amplitude and distance 
from the source are used to determine a seismic magnitude, and the complete ground motions can be analyzed to determine the 
nature of  the source, including the geometry of  faulting for earthquakes, or to detect whether it has unusual characteristics of  
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the forces that operate at the source that indicate it is an explosion, landslide, or some other type source. Much of  that type of  
processing is now done by computers automatically for regional and global seismic networks.

What research seismologists do next is to process the data further than the routine processing that catalogues the occur-
rence of  events, and we extract additional information, such as a map of  the space-time slip distribution on a fault during a 
large earthquake. To give you a reality check, when I started working in the field, it would take months to collect the analog 
data on paper copies and to digitize them, before I could even begin to do seismology with the data. What would take me 
perhaps six months to assemble the data to study an earthquake literally can be done in an hour or two with higher quality 
data. That is pretty dramatic progress, and it makes doing seismology a lot more fun. When I talk to my students about these 
old analog records (which we still utilize as the only seismic recordings available for events prior to the digital revolution), and 
I describe how we have to mechanically digitize the signals, they just look at me like, “What kind of  Luddite are you? Why 
don’t you just download a digital signal and analyze it?” Transforming global seismic recordings to a digital recording format 
involved a huge community effort that was in part spawned while I was a grad student by efforts at Caltech to convert the 
regional seismic network jointly operated with the U.S. Geological Survey to digital recording and when Adam Dziewonski 
from Harvard visited, eventually leading to deployment of  a whole generation of  new digital seismic instruments around the 
world that we use today.

Thorne Lay on the advances in seismological instrumentation and its rel-
evance for improvement in theory

Interferometry
I also worked a lot on just doing research, writing proposals for the USGS support of  the seismic array. I also became the 
liaison to JPL. I worked with people from JPL before I graduated. I was working with the astronomers who were doing very 
long baseline radio interferometry, VLBI; they utilized the big radio antennas, like Owens Valley and places like that. But 
one person at JPL actually made a portable VLBI antenna. One of  the things you solved for in VLBI, which uses very stable 
distant objects that are probably out at 13 billion light years away, was the position of  the antenna itself. This was before 
GPS, so we were trying to utilize that for measuring strain of  the crust of  the Earth. Also, I was working with some of  the 
people from JPL and others that I brought to Caltech to use the technique of  magnetotellurics to measure the electrical resistivity 
in the crust of  the Earth. I wanted to test some claims that crustal resistivity changed as a function of  stress in the rocks, 
which might be a precursor to earthquakes. I brought in a couple of  people to Caltech to work on that for three or four years.

Jim Whitcomb on his postgraduate responsibilities at Caltech
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Internet
Yes. It’s interesting that you say that. I think that was the watershed of  why we were doing things the way we were doing 
things, is we were suddenly—when I was a grad student, they were still trying to get us to work in the computer lab, because 
your desk didn’t have a computer on it when I first got there. The computers were in the computer lab. I threw a temper tan-
trum at one point and said, “Actually, I’d like to work at my desk. Could I have a computer at my desk, please?” That was 
a novel concept and I think I was probably one of  the first students in the lab to have a computer at my desk. Then of  course 
everybody did. Then what happened immediately after that was that my hands went out, because the desks weren’t built for 
computers. Nobody knew what we were doing to our bodies at that time. I went out, and then Sarah Stewart, Magali Billen, 
and Ben Weiss—I mean, we all went out one after another. All of  our hands went. I road-tested the occupational therapists 
and then we all ended up going to the same PT. In retrospect, they totally didn’t know how to treat it, either. They treated it 
like you had a hand injury and put me in splints, and I was trying to type in splints for a while, which made everything worse. 
No, there was a real change, and we didn’t yet know even how to do it that way. It changed the kind of  science we did. The 
fact that to me the resource was IRIS, not Caltech’s network. And, it physically changed how we had to actually do stuff.

Emily Brodsky on the impact of  the internet on seismology, circa mid-late 1990s

Instrumentation
Although I am primarily a theoretician, I’ve had a few significant long-term projects where I’ve been in the lab building things 
(e.g., my work with Brad Sturtetvant and Joanna Austin at Caltech), and also some field work particularly at Mount St. 
Helens (after the 1980 eruption when I mapped the blowdown direction for the destroyed trees, and then later worked with 
Brad to develop lab analogs) and on the Colorado River after big flood of  1983. Theoreticians always need data against which 
they can test a theory. A theoretician in the geosciences faces a very different challenge than, say, many engineers, physicists or 
chemists. We’re more like astronomers in that we generally can’t control what data we have. We just have to take advantage of  
what’s out there. Particularly in my case where I was looking at active processes like volcanic eruptions or floods on big rivers.

This is a little bit of  a lateral leap, but as an example of  this kind of  accidental opportunity, in 1980 I developed my 
supersonic flow theory for the eruption of  Mount St. Helens. Basically, I proposed that the lateral blast of  that eruption was 
like the discharge of  a supersonic rocket nozzle through the north flank of  the mountain. I had to teach myself  rocket nozzle 
theory. In doing that, I discovered that in many textbooks, they use a semi-quantitative analogy between gas dynamics and 
shallow water flow in flumes. So I started studying that. Basically, with certain simplifying assumptions, the equations of  
conservation of  mass and momentum are the same. I discovered that teaching geology students the shallow water flow theory 
first really helped then when I got to the compressible gas dynamics, because water flow is something they can go out and see. I 
can say, “Okay, when it rains in Pasadena, go out and look at the gutters in the street, and see what kind of  waves you see.”

I was developing that and thinking about this analogy when there was a big flood on the Colorado River through the 
Grand Canyon in 1983, only three years after the Mount St. Helens eruption. There had been a massive rapid snow melt in 
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the Rocky Mountains, and the Bureau of  Reclamation had to release more water through Glen Canyon Dam than they had 
released since it was built and closed in 1966. A huge wave—it was reported to be 15 feet tall—got set up at Crystal Rapids, 
about 9 miles downstream from Phantom Ranch. People were getting hurt. The Park Service eventually had to close the river 
to rafting. I just had this insight—I remember I was walking home through a meadow in Flagstaff when it hit me—that this 
wave was the river analogy to the shock waves I had studied in gas dynamics at Mount St. Helens.

What followed is actually kind of  funny—I phoned the Park Service and said, “I think I know what’s causing that 
wave. Can you get me in to see it?” Their reply was “Yes, if  you’ll tell us what to do about it.” [laugh] So I had the rare 
privilege of  being helicoptered down into the Grand Canyon. I sat at Crystal Rapids for a day just watching this wave. The 
ideas that I had sent me on a research program for about five years, documenting the hydraulics of  the ten biggest rapids on 
the Colorado River in the Grand Canyon. Just another lucky convergence of  my background with geologic events!

As another example of  serendipity, I was studying the minerals that were formed at Meteor Crater by the impact of  
the Canyon Diablo meteorite. Quartz was transformed by the high pressures into polymorphs called coesite and stishovite and 
then melted glass. I needed to know the thermodynamic properties of  these minerals in order to interpret some of  my obser-
vations. The geophysicists were using theories for thermodynamics that Debye and Einstein had proposed. I tried applying 
these theories to quartz and they just didn’t work, so I had to come up with my own theory. Eventually I brought in Raman 
and infrared spectra to look at the properties of  how the atoms vibrated. That was just, again, an accidental outgrowth. I 
had the fortune that when I asked Gene Shoemaker, my thesis advisor, if  he minded if  I took some time away from studying 
the rocks to develop this theory, he just said, “Oh, you’re a free person. Do whatever you want.” That was a blessing! These 
thermodynamic papers were an accidental outgrowth of  my Ph.D. thesis but are actually some of  my most highly cited work. 
Again, it was one of  these accidental things.

Sue Kieffer on the value of  being involved in instrumentation as a theoretician
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Landslides
Interestingly enough, landslides and liquefactions are almost completely separable on the map. The reason is, liquefaction 
happens in soils, and soils tend to be flat. They tend to be the result of  a depositional environment from fluvial, oceanic, and 
lake sedimentation. As you go steeper and steeper, the particles of  the sedimentation get to be larger and larger, and you get, 
say in Los Angeles, an alluvial plain, an alluvial fan, very steep, rocky slopes. As you get to these rocky slopes, you have the 
potential for landsliding. You tend to separate landsliding and steep slopes from liquefaction in flat areas that have soft sediments 
that can ultimately be wet through water saturation from the groundwater table. Our estimates of  landslide and liquefaction 
could almost go on the same map because the areas that are steep that shook have potential for landsliding, and the areas that 
are flat that shook have potential for liquefaction. It gets more complicated than that, and you want to get more geotechnical 
information to understand the strength of  the soil and the rock on the slopes, and as you bring those parameters in, you get a 
better sense of  what areas are going to slide, given a certain level of  shaking, and what areas are going to liquify. It’s really an 
interesting course of  evolution for how we make ShakeMaps. We need to know how the ground is going to amplify the shaking.

In basins, it amplifies due to the soils of  the basin, and the shape of  the basin can reverberate energy. And steep slopes 
and rocks tend to not amplify as much as sediments do. We did not have a map of  the amplification around the world, and 
so we developed a proxy for that by taking simply the topographic slope, which is really well-known around the world, and 
estimating what the soil properties were as a function of  slope. We now have maps of  the world we can use in ShakeMap 
to estimate the shaking levels, where we predict shaking based on the slope. It turns out further that people live where it’s 
flat, and they don’t live on slopes, with the exception of  the Hollywood Hills and other really expensive real estate. In gen-
eral, populations are dense where there’s water and in valleys around big mountains. Those tend to be places that, one, have 
earthquakes, that’s where the mountains came from, two, tend to have water, and three, are on flat land, and those flat lands 
amplify shaking the most.

These things all go together. The reason we made topography as the background layer on the ShakeMap is that if  you 
look at Los Angeles, Pasadena, La Cañada, you’re looking at slightly different basins, and they all show up really well when 
you look at topography. Angeles Crest Highway’s going to be through the rocks or mountains, Pasadena going to the east, 
and then Los Angeles going to the south is in the flat area that’s basin. And those, again, tend to shake the most. Showing 

---
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topography on a ShakeMap is not just for a geographic location, but it’s also a description of  what areas are going to shake, 
and it certainly rings true when we get the actual measurements.

David Wald on the distinction between the circumstances that lead to land-
slides and the phenomenon of  liquefaction

Lamont
Lamont as an Earth science observatory goes back to 1949, when Maurice Ewing, then a faculty member at Columbia, 
took advantage of  a gift of  the Lamont family estate to the university. He said it would be a wonderful site to build what 
they then called a geological observatory, which became an Earth observatory. Ewing was a physicist and very interested in 
seismology, the structure of  the Earth, the nature of  the seafloor, and oceanic crust. He brought with him, as one of  his almost 
brand-new PhDs, Frank Press, who became a staff member at Lamont before Caltech hired him away to bring him to direct 
the Seismological Laboratory in 1957, I believe. Lamont, early on, was a really strong player in the development of  global 
seismology, making use particularly of  surface waves, but more generally of  quantitative methods, the power of  the computer, 
to understand large earthquakes and the structure of  the Earth. In 1953, I believe, Ewing acquired Lamont’s first ship, so it 
became a seagoing oceanographic institution that carried out any kind of  measurement they could make in marine geology and 
geophysics. Almost everything was new. What was on the seafloor? How old were the ocean basins? What was the thickness 
of  the crust in the oceans? What was the relationship between the crust beneath the oceans and the crust beneath the continents?

The seagoing work, seismology, and other aspects of  geophysics were the original strengths of  Lamont, all guided by 
Ewing and a small, very dedicated staff. Lamont was very instrumental in forwarding what became known as the plate tec-
tonics revolution in the 1960s, the concept of  rigid plates moving in steady relative motion, accounting for most of  the world’s 
earthquakes, volcanoes, and eruptions of  fresh magma on the Earth’s surface or seafloor. While those basic ideas came from 
elsewhere, Lamont, by virtue of  its years of  collecting marine data, had archives of  deep-sea cores, magnetic anomaly profiles, 
and seismic data, so that when these concepts were first being put forward in the early 60s, it was scientists at Lamont who 
could go to these huge libraries of  marine and seismic data and test the ideas that became the underpinnings of  plate tectonics. 
The observatory was a real hotbed of  global geophysical research and synthesis in the late 1960s.

Sean Solomon on the founding mission of  the Lamont-Doherty Earth Observatory

It really goes to 1949, when the Columbia Department of  Geological Sciences had a very ambitious member, Professor Maurice 
Ewing, who had made a name for himself  in the second World War for his study of  the oceans and the deep understanding 
of  aspects of  the ocean that were important for the US Navy. He could not build seismometers in Manhattan because it was 
too noisy. At the time, a man called Dwight Eisenhower was the president of  Columbia, and he had the problem that Maurice 
Ewing was threatening to leave and accept an invitation to lead a new department at MIT. MIT was going to give him a 
country estate, where he could do the work of  building seismometers in a quiet environment. Eisenhower said, “Hey, we can 
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do that…” and offered a suburban property, which had been given to Columbia, as part of  the estate of  Thomas W. Lamont 
(who had long worked in finance with J.P. Morgan).

So in 1949, Maurice Ewing initiated a new observatory, as it was then called – the Lamont Geological Observatory. 
It included extensive efforts to study the world’s oceans, as well as the work of  designing and building seismometers —- which 
was done successfully with his first graduate student, a guy called Frank Press, who subsequently became the director of  the 
Caltech Seismological Laboratory, and who left Caltech in 1965 to head the Department of  Earth Sciences at MIT, then went 
onto fame and fortune as Jimmy Carter’s Science Advisor and served two terms as president of  the US National Academy of  
Sciences. All of  this sprang from Frank Press’s early role as Maurice Ewing’s graduate student building seismometers. And 
they built what is still today called the Press-Ewing seismometer, which was technically a great advance because it enabled 
measurements of  what we called long-period seismic waves, which provide information on the deep structure of  the Earth; 
and they were deployed at a small number of  sites in the 1950s around the world, so successfully that they then became the 
backbone of  a larger global deployment in 1962 and ‘63, known as the World-Wide Standardized Seismographic Network.

All of  that work sprang from Maurice Ewing, who went on to make discoveries that the oceans were utterly different 
from the continents. They had a very thin crust. Maurice Ewing was just a powerhouse. He led so many new projects. In 
answer to your question, the key individual was Maurice Ewing, the founding director of  what became the Lamont-Doherty 
Geological Observatory. It was changed more generally to be the Lamont-Doherty Earth Observatory, as we know it today. 
But the tradition has always included a program in the oceans, and it’s a place that has the reputation not so much for theory, 
but for the practical matter of  building huge databases so that when theories came along, like the theory of  plate tectonics, 
they could quickly be evaluated and thoroughly analyzed; and the ramifications of  that theory made practical because of  the 
datasets that we had at Lamont, built up over decades by Ewing and others.

Paul Richards on the administrative origins of  Lamont-Doherty Earth Observatory

Leadership
I’m going to be maybe a little bit out on the edge here, but I think if  you look in the national laboratory system, you will see 
an over-representation of  Earth scientists in their leadership. I haven’t done a statistical study on this, but even when I was 
at Sandia, which might’ve had 100 or so Earth scientists, we always had a few in very upper management. Why is that? 
And I mentioned my friend Susan Hubbard, a geophysicist, who’s the CRO at Oak Ridge. Mark Peters was the lab direc-
tor here, he’s a geochemist. Everywhere you look, there’s some connection to Earth science. My view is that it’s the inherent 
interdisciplinarity of  Earth science that helps people think broader, systems thinking, and enables people to have a leg-up in 
leadership. I think that’s very important. I also got a lot of  help at Sandia from a lot of  really good leadership programs that 
helped develop skills. I think it also helped that I like working with people and always have. I wouldn’t have run the Seismo 
Lab softball team if  I didn’t enjoy doing that. Maybe I enjoy telling people what to do, I don’t know.

I had to do a career story talk when I was the vice president at Sandia few times, and I always showed this picture of  
the Seismo Lab softball team because when I was there. We were just starting to get students from China. They came, and 
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they’d never played softball or baseball. They had no idea how to do it, but they all wanted to play, to be part of  the team. 
And we played in the Caltech C-league, which was the lowest one at the time. They would let us play 10 people on the field, 
but everybody batted. When I first got there, we were called the Strike-Slips, but after that, we were called the Tremors, and 
that was because we had a little bit of  a schism after a while. Some of  the better players, led by Terry Wallace, wanted to go 
up and play in the Caltech A-league, which was fast-pitch. But he took some of  the good people up, and I think that might 
be when the name-change happened. But I was running this team, and we had these people who had a wide range of  skill. 
And I would have to say in the skill range, I personally was probably in the bottom third. We had a wide range of  skill, and 
every inning, you could put different people on the field, and you went through your batting order.

Before every game, you had to put together a batting order, and you had to decide, “I’ve got five people who are really 
never going to get a hit here. Do I disperse them in the batting order or put them all in the same place and hope we can get 
through this to the people who can actually get on base?” And where do you put the people who have never touched a softball 
in their lives and couldn’t catch one to save their lives? Usually, you put them in short field and hoped the center fielder could 
get over there and help them. That was an easy fix. But I felt that was a good training for management and leadership because 
I had to get people to go along with me. Of  course, there were several types of  people. There were people who really wanted 
to win, there were people who were there to drink beer, and then there were people who sort of  wanted to win and help you 
figure out how to win. You had to work that, work with people, and get them to figure out that what you were proposing might 
be okay, then get them to do it. Occasionally, we won some games. I honestly don’t think we won a lot, but it was still fun. I 
enjoyed it. I think there were a lot of  opportunities in those types of  activities to learn how to be a leader.

Marianne Walck reflecting on leadership as fostered at Caltech and in Earth science

I think the Seismo Lab will continue its intellectual leadership in the fields or seismology and geophysics, for several reasons. 
It has unique traditions that enable collaborations and pursuing important problems together from different points of  view. 
Many institutions admit graduate students to join a group of  a particular faculty. In contrast, we admit graduate students as 
a group and encourage them to pursue projects with different faculty as well as in different areas. But beyond that, even after 
their first year, many students do not settle into one group but often work with two or more faculty on projects motivated by 
their evolving interests. The same applies to postdocs. As the result, new collaborations are frequently born, catalyzing new 
and better science.

This atmosphere as well as the overall excellence of  Caltech should allow Seismo Lab to continue to attract the most 
talented and creative young people, faculty as well as students and postdocs. As long as that is retained, I think one can expect 
the Seismo Lab to continue to play an outsized role in terms of  its effect and the science it does. Moreover, Seismo Lab benefits 
from unusually strong connections with other equally excellent areas at Caltech, such as the rest of  Geological and Planetary 
Sciences as well as many parts of  Engineering and Applied Science, including civil engineering, solid mechanics, and applied 
mathematics. These connections reinforce the strong theoretical underpinning of  scientific inquiry in the Seismo Lab. For a 
while now in the Seismo Lab, observations, their rigorous mathematical analysis, and physics-based modeling have been tightly 
intertwined. For example, all geophysics students are required to take a graduate course sequence in Continuum Mechanics 
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(a core theoretical subject of  engineering sciences) or its equivalent. This is quite an unusual requirement for a geophysics 
program that speaks volumes about its philosophy.

Finally, one of  the distinctive features of  the Seismo Lab is the fact that it plays a prominent role in providing a vision 
and direction for the Southern California Seismic Network, together with the USGS. Ultimately, important new information 
will come from improved and novel observational networks. We already have a high-density, high-quality conventional seismic 
and geodetic network in Southern California that has been built in large part with Caltech leadership. Providing continuing 
intellectual responsibility for the network and helping the USGS improve it in Southern California gives us an edge because we 
ask questions like, “What new information do we need? How can we obtain it? How will we use it?” I think it’s something 
that will keep distinguishing the Seismo Lab. It sharpens the vision for what future goals we would like to achieve by thinking 
how the network in Southern California needs to evolve, as well as setting the tone for the rest of  the world. Some exciting 
current developments are pushing the limits of  detection to smaller and much more numerous earthquakes that can tell us a 
lot about changes in the subsurface over time; DAS – Distributed Acoustic Sensing by fiber-optic cables; and Community 
Seismic Network. And Earthquake Early Warning is part of  that as well. We are currently thinking how we can evolve the 
network to optimally capture both source processes of  a large earthquake when it occurs AND evolving phenomena between 
large earthquakes – smaller seismicity, slow slip, fluid flow. Exactly the kind of  exciting and challenging interdisciplinary 
problem that makes Seismo Lab unique.

Nadia Lapusta on the unique strengths of  the Seismo Lab

Frank was very buttoned-up. But he was loyal. Everybody admired him because he was so smart. He’d gone to City College 
of  New York, then he did his graduate work at Columbia under Maurice Ewing. He was Maurice Ewing’s big super-genius 
achiever. He was a buttoned-up guy, but he was consistent and loyal, and he would always have time to talk to you. And of  
course, he had a wife, Billie. Very, very warm person. He was the guy. One other thing about being at the Seismo Lab, I would 
say at least two or three times a week, we’d get in our cars and drive across Pasadena to the Caltech campus because we had 
a seminar to go to. There was a thing called Geology Club, and the chairman of  the geosciences department was a geologist, 
Bob Sharp, in a lecture hall in either Arms or Mudd, with Gerry Wasserburg and all of  these hard-nosed field geologists 
sitting in the front row. We’d go back and forth, back and forth on Del Mar Boulevard, parking over at a parking garage 
that I think is still there on Wilson Boulevard. I was the first to get my PhD out of  that gang, and that was mainly because 
I had done my undergraduate work at MIT. Cecil Green was very important, he was the founder of  Texas Instruments and 
GSI, Geophysical Services Incorporated.

He was a Texas guy. But he was the first research staff member in Texas, which is where exploration for oil was going 
on. He was the first to discover what you could do with seismology. My chairman at MIT, when I was an undergraduate, I 
went into his office, and I said, “Everybody in the freshman physics lecture is obnoxiously tight-assed.” They all wanted to 
build nuclear bombs or something. I said, “I want someplace where they do geology or interesting stuff instead of  just trying to 
become important members of  the “We Built the Atomic Bomb” generation. This was 1950, so the atomic bomb was a big 
deal. If  you were a physicist, you had status in the world, and you knew it. I went in as a freshman and said, “These guys 
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can sit in the front row and try to impress their lecturer with how smart they are, but I just want to know what’s interesting.” 
He said, “You want to go over to the geology department.” It turns out the geology department chairman was a guy named 
Shrock, who had written books about fossils and sedimentary rocks. But he was a smartie. He discovered Cecil Green down 
there in Dallas and said, “I’ve got something for you.”

Everybody who was not in our group at the Seismo Lab, some people who were a little older, ended up being affiliated 
with things Cecil Green was doing in Dallas as young scientists working for him. There’s a building called the Green Building 
at MIT, 23 stories high. When I was an undergraduate at MIT, we were in an older building, and we kept track of  how 
much money was in Texas Instruments’ stock by keeping a big chart on the wall showing how many stories it’d gotten in the 
Green Building. [Laugh] This was Cecil Green. When Cecil was much older, he invited about 100 people who had been 
part of  his evolution of  geophysics to the beach at the tip of  Baja, California. We’ve got this picture of  all of  us, all the 
names we know. Don Anderson, Charles Archambeau, Shelton Alexander. Everybody’s in this picture. And people who were 
post-docs at MIT in the 50s, before the Green Building existed.

Bob Phinney on the Seismo Lab leadership, circa late 1950s

Life Beyond Earth
I’m going to disappoint you because I’m going to disentangle two different things. I think the potential for life is very rich. 
The possibilities are high. As I said, my working hypothesis is that there’s plenty of  life out there. It starts early and often 
wherever it can. It’s a hypothesis, and it’s, in principle, falsifiable. That’s different from what many people focus on when they 
say life. They think of  “intelligent” life, or life that can communicate with us. That part is still, I’d say, very much in the 
realm of  speculation, whether or not we would find evidence of  other technological entities out there that could communicate 
with us. My enthusiasm for lifeforms being potentially present in a lot of  places is just a recognition that we humans are 
just a weird end-member of  – and I don’t mean the most advanced, we’re just the tip of  a twig on a tiny branch on a bigger 
limb on the Tree of  Life.

Much of  that life can reside under very unusual circumstances, very demanding conditions, and under a great variety 
of  conditions. When you think of  life as we know it, it’s mostly microbial, microorganism; not macro-organisms, like plants 
and animals we can see. From that point of  view, I think there’s a lot of  potential for life being out there. Looked at from 
that point of  view, yes, we will have to be looking for bio-signatures. These might be spectroscopic indicators for certain 
molecules in atmospheres that we might be able to convince ourselves are more likely the result of  biological or life processes 
than inorganic processes we might otherwise expect. And that really comes down to some combination of  geochemistry and 
geophysics, but also combined with astronomical observations of  the spectra of  atmospheres, the kind of  data that’s just now 
beginning to come to fruition empirically.

Raymond Jeanloz on the possibility that we are not alone
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Lithosphere
It was basically incorporating ideas or implications that were required by plate tectonics to the idea of  the occurrence of  great 
earthquakes like the 1906 San Francisco Earthquake. One of  the earliest things I’m proud of  in my career was the work 
that I did on the 1906 Earthquake, which suggested that these slow movements that occurred and that I was able to extract 
from data after the earthquake, these slow movements that were aseismic were related to these non-elastic processes that were 
occurring at the deeper levels of  the Earth’s crust and in the uppermost mantle. At the same time, laboratory rock mechanics 
experiments were revealing differences between the behavior of  rock at the level where earthquakes occur, where the processes 
are mostly elastic and produce sudden fault slip and that in the deeper regions where the materials were hotter, and they tended 
to flow rather than snap and slip in earthquakes.

Wayne Thatcher on determining the boundary between the thick and 
thin lithosphere

Everything we do is the lithosphere, which is the outer solid shell of  the Earth. My interest has always been in that part of  the 
planet. I do not have direct research with the deeper interior. The lithosphere is something which cannot be uniquely defined. 
It’s the outer shell of  the Earth, and we can define that in three ways. We can define it in terms of  its mechanical properties, 
which is probably the best. It’s the rigid outer shell that floats above the weaker asthenosphere, the softer shell. Second, it can 
be defined chemically because it’s chemically distinct from the rest. Third, it’s thermally different from the rest because it’s the 
cold outer layer of  the Earth where temperatures cool. All those things are closely related entities, but depending on how we 
define the lithosphere, it has different properties and different thicknesses. The existence of  this entity is settled science. Plate 
motions are settled science, much more settled than when I was in school because with space-based geodesy, we can actually 
measure the motions of  plates very accurately. We know plate tectonics is very settled. We know what the lithosphere does is 
essentially settled science.

I would say the unsettled science questions include when the lithosphere formed and started acting the way it does today. 
We’ve been looking back about a billion years to big structures in the Midwest, like the stuff you see behind me on the image 
there. We don’t know when the lithosphere formed and started acting the way it does. We don’t know how mechanically strong 
it is, and that makes a big difference in terms of  earthquake physics. From that, we in turn don’t understand what controls how 
often large earthquakes happen. We have a fairly large effort in that here in terms of  how the energy is stored in the lithosphere. 
What we don’t understand at the deepest level, you might say, is why is it of  our three neighboring planets, Earth, Mars, 
Venus–you’ll sometimes hear that called the Three Bears paradox - Earth is just right, Venus is too hot, Mars is too cold.

When I got into this business, in 1971 when I hired on with the seismology group at MIT as an undergrad, we had 
not yet imaged the surface of  Venus, and we were all convinced it would look and behave very much like Earth. We also figured 
Mars would probably behave just like Earth, because plate tectonics is the theory of  how the lithosphere works. It turns out 
Mars and Venus–Venus is almost identical in size to the Earth; Mars is a bit smaller–do not behave the same way. And we 
do not either understand very well how they’re behaving, although we know it’s not like on Earth, we know they don’t have the 
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kind of  plate tectonics, and we don’t know why they don’t behave that way. It not like quantum mechanics, which presumably 
works on other planets. But if  you go to Mars or Venus, plate tectonics doesn’t work. That’s where we are.

Seth Stein on some of  the key debates regarding the lithosphere during his career

Los Alamos
My father was put through school by the ROTC way back in the 50s, and he got his Ph.D. at Iowa State at Ames. He was 
a uranium chemist, and Los Alamos became our home. I actually grew up in Los Alamos when it was a closed city. As a 
youth I didn’t know growing up in Los Alamos was any different than some other town in America, and to be perfectly honest 
I thought things everywhere else were kind of  strange. In our city, we had to go through a gate. Then, later on, in Los Alamos, 
we were a federal reservation, so we were on daylight saves time in 1959, and the rest of  New Mexico wasn’t. As a young 
child, that’s incredibly painful because all the television shows are at the wrong time, and you know the guy living just across 
the mesa has a different bedtime than you do. But on the other hand, the opportunities that come from such a unique community 
are kind of  are extraordinary. Not until you really leave and go somewhere else do you have any idea how fortunate you are. 
I had a differential equations class in high school because a Laboratory scientist was willing to teach something like that.

In those days long ago, we didn’t have advanced placement in High School. But if  some scientist wanted to teach dif-
ferential equations at the high school the teenagers benefited greatly - so we got a chance to do a whole lot of  things like that. 
We referred to Los Alamos as being on the world’s longest cul-de-sac. It was built for secure reasons, but it also gave you a 
tremendous opportunity to be in the wilderness, and in fact the town sits on the flanks the first declared super volcano, the Jemez 
Caldera. That’s part of  the mix of  being from Los Alamos. It’s a great place, great opportunity, wonderful climate. But not 
until you leave do you really understand that. Later in life, when I hired people, I could often tell in a relatively short amount 
of  time whether they were actually going to be successful or enjoy Los Alamos. We have the world’s greatest ultra-running 
community. Many people who are really successful in Los Alamos love the outdoors, love to run ultra-races, love to ski. We 
have our own ski hill five minutes from downtown. Never snows anymore because of  climate change, but nevertheless, we 
have all these kinds of  things. There is a personality at Los Alamos that remains even today. It’s distinctly different than 
Livermore, for example, and I find that really interesting, and it tells you something about the people there. The opportunities 
that are there are framing. They’re an important part of  making you who you become.

Terry Wallace on his deep roots in Los Alamos, a generation before becom-
ing LANL Director



67

M

Mansion
When I first arrived in 1957, I was assigned as a TA with Gerry Wasserburg on campus. Beginning in winter quarter, I 
was given a research assistantship with Hugo Benioff. At that point, I began to spend some time at the Seismo Lab. They were 
just in the transition to Frank Press being the new director. He came there in 1955, I guess, but he was not appointed director 
until 1957. It was a grand experience. There was this mansion on the hill filled with interesting people. Hugo Benioff was 
my advisor at that point. Frank Press was director and Charles Richter was still active. Beno Gutenberg was not really active. 
He was in the office sometimes, but he was not interacting very much with students. But that was the crew—Benioff, Press, 
and Richter, and an incredibly interesting group of  grad students. Frank attracted a bunch of  people and there were about 
half  a dozen of  us in those days and it was really a tight crew. Anderson, Archambeau, Healy, Harkrider, Ben-Menahem, 
Alexander, Phinney; it was really a lot of  fun. We were a very tight personal group. We had lunch together quite often and 
our families became friends as well; it was an exciting place to be. We had a number of  visiting scientists over the years, Keiiti 
Aki, and Leon Knopoff among others who contributed greatly to the environment. I believe Kanamori may have had his first 
contact with the Seismo Lab as a visitor. He became a good friend later and helped me find housing when I went to Tokyo 
on sabbatical in 1968. Incidentally one of  the remarkable experiences at the Lab was the morning coffee break held in the 
basement, sitting on a bench next to the furnace. Frank was very good at stimulating interesting conversations. I really valued 
that time, both as a student and later as a faculty member.

Stewart Smith on his exposure to the founding generation of  the Seismo Lab

First, let me give you a little bit of  background to the atmosphere at the Seismo Lab, if  I may, to address your question. At 
that time, there were probably a half  a dozen faculty members in seismology at the Seismo Lab. None of  them was more than 
ten years older than most of  us graduate students, and nearly all of  them had gotten their PhDs at Caltech under the previous 
director of  the Seismo Lab, Frank Press, who had left Caltech the year before I arrived. They were all young guns, hot shots, 
bright, knew they were bright, but had the wisdom probably because of  the atmosphere under which they had been graduate 
students, to be very respectful and tolerant of  us graduate students. I felt, and I think we all felt, that we could express our 
ideas without fear of  being judged or being wrong. We were usually pretty taken by our ideas, and the faculty indulged us in 
that semi-fantasy, I suppose. We were made to feel very special in a way that definitely increased our self-confidence, made us 

---



68

bolder, made us work harder, made us uber-ambitious, for good or ill. That was a wonderful aspect of  the Seismo Lab at that 
time. Don Anderson was definitely the leading light. Soon after I arrived, I guess, he was ultimately named the director of  the 
Seismo Lab. My own thesis advisor, Jim Brune, was a much quieter person but also with a very strong ego and a scientific 
brilliance that certainly matched anyone at the Seismo Lab. The other faculty worked their asses off, they revered science, and 
they were, again, like everyone else at the lab, ultra-ambitious.

Wayne Thatcher on what the old Seismo Lab was like, circa mid-1960s in 
the San Rafael hills

Well, it was a headland, if  I may say. When I visited in 1973, it was still an island at the old lab back in the Hills, which 
had been the office of  Gutenberg, Richter, and so on. But when I arrived at the lab in August 1974, they had just moved to 
the new structure on campus. One of  the reasons for that was to have more modern facilities, but another reason was that they 
were looking forward to more interaction with the division, with geologists on campus. They built it so that there was this 
connecting corridor, which would go through the library between I think Old Mudd and New Mudd. We had direct access 
to the geologists. I suppose we were so busy, frankly, doing our seismology, that we very seldom had much interaction with the 
geochemists in particular and a few geologists. We were taking some classes, but we were so busy that there was little interaction.

And that was quite regrettable because it took me becoming a faculty member later on in a different university in order 
to realize what the contributions of  people like Gerry Wasserburg had been, and I mention him as an example because he 
was on my qualifiers committee. But I didn’t have much idea about what Gerry Wasserburg was doing. An exception to this 
were the planetary scientists because they were also in a new lab on the first floor of  the new Mudd Building. Also, we were 
living in some absolutely phenomenal times. I was there in 1976 when Viking landed on Mars, and we had, in a sense, been 
involved. Don Anderson was, of  course, very strongly involved with the seismology experiment on Viking, even though it didn’t 
work exactly as planned. And for example, I’d written a paper developed from a term paper I wrote in Don Anderson’s class 
on building seismological tables, travel time tables, from Mars from scratch, from a couple of  values we had, an estimation 
of  the moment of  inertia, mass, and so on.

These things sat completely unused for 40 years, and it’s only very recently that, with the Insight Mission, we had 
some insight [laugh], some data to infer something about the structure of  Mars. To my great surprise, I found out that the 
new models they have for Mars were within the range of  the models I had written in that paper. Another phenomenal result 
was the beginning of  the Voyager missions, which was toward the end of  my stay at Caltech, these missions to the outer 
planets of  the solar system. It was somewhat different, but at some point, people discovered the rings of  Uranus. I was there, 
and one day, “Wow, Uranus has some rings.” That was from the occultation of  a star during an Earth-based observation 
of  Uranus. And within 24 hours, Peter Goldreich had written a theory of  why Uranus should have rings. [laugh] We were 
pretty close to the JPL people. And there was so much going at the time in terms of  planetary exploration.

Emile Okal on the transition year that brought the Seismo Lab to South Mudd
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The Seismo Lab had an important tradition. Under the main floor of  the stately Donnelley Lab with ornate bedrooms and 
grand living room there was, in the bowel of  the building, among the heaters and boilers, the coffee break room. Held every 
mid-morning and mid-afternoon, this is the place where people came to talk about their ideas and works. In the early 1960’s 
one of  the major topics that came up was can we distinguish earthquakes and underground nuclear explosions. This came 
about especially because lab director Frank Press was a Science Advisor for the nuclear treaty being negotiated in Geneva in 
those days. He would come back from Geneva to the coffee break and talked about the key seismological issues at the meeting. 
One would think explosions generate essentially symmetric radiation in all directions, but gradually it was found out that the 
Nevada explosions was not spherically symmetric. Late on, Archambeau theoretically answered the question. Otherwise, plate 
tectonics and the rotation of  the Pacific Basin - an idea that Dr. Benioff proposed after studying circum-Pacific structures - 
loomed bigger and bigger.

Francis Wu on the debates that animated the old Seismo Lab, circa early 1960s

In the late 1950s, the Office of  Naval Research and the Air Force were involved in funding seismology at sea, and the insti-
tutions involved were Columbia University, Scripps Institute of  Oceanography, La Jolla, and Caltech. Shortly thereafter, I 
think Berkeley got heavily involved. There were just four institutions that were active. Now, there are probably 150 institutions, 
plus other countries. I’ll bet if  you gave them the chance, the Ukrainians would join. It’s that kind of  thing, part of  a thriving 
institutional setting for doing science. But it was just Caltech, Scripps, Lamont, Woods Hole Oceanographic. That was it. 
When I came to the Seismo Lab, it was in 1959, and I was a graduate student at the Seismo Lab. My advisor was Frank 
Press. The cast of  characters at that time, I was just looking at one of  these imaging programs that enables me to read license 
plates in a strange city. I discovered where the Caltech Seismo Lab was when I came. It was North San Rafael Boulevard in 
Eagle Rock. It’s on the other side of  the Rose Bowl up in the hills.

The homes up there are still pretty fancy, but of  course, there are no Seismo Labs there anymore. They’re just really 
fancy homes you put in the hills near Pasadena. I remember, we had two labs at this campus location, this site in the resi-
dential area on San Rafael Boulevard. One was down the hill, and it was where the equipment was located. In those days, 
it was just one room with what they call a concrete pier, where we put the instruments. In 1959, if  there was an earthquake 
in Southern California, it would be reported to the news media by Caltech, and it would come from one instrument located 
in a concrete pier down in the hill in this residential area. Then, there was a facility, a bunch of  desks, and there were two or 
three employees who read those seismograms. A seismogram in those days was a piece of  paper this wide, this long that was 
wrapped around a drum. Then, the drum rotated so that every so many hours, the pen would come back, repeat where it was, 
and shift along. You’d have a specialized piece of  paper. The public got used to having a seismogram consist of  a piece of  
paper that was this high, this wide, wrapped around a drum. The wiggly lines on there were the seismograms.

You could get 24 hours, 24 rotations. This is an ancient technology. Nowadays, of  course, everything’s digital. Nowadays, 
when you have any object that has got seismometers or people who do seismology, or study earthquakes, study local earthquakes 
in some place, study international earthquakes, they will have a lobby with a place with a fake copy of  this recording device 
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so that the public can come in and look at it, even though it’s digital. There are hundreds of  them around the world now. The 
Caltech Seismo Lab had a building down there in the woods. There were orange and lemon trees. Being an eastern boy, I was 
amazed that these Southern California citrus trees had no flavor at all because they weren’t produced by corporate research, 
they were just what happened to be growing in the backyard of  the lab. Then, about 100 yards away, up the hill, was the 
lab in which all of  the academic guys and graduate students hung out. It was an old-fashioned building. They don’t build 
buildings like this anymore.

If  you came in the door, you looked up there, there was an office that kind of  came out, and there was Beno Gutenberg 
sitting there. And he would come out. Then, down in the basement with the other labs was Charles Richter of  the Richter 
scale. Frank Press was in a director’s office, but it was in another part of  the building. They had Frank Press, who was the 
young hot shot straight out of  the East Coast after his rapid rise out there working with Maurice Ewing. Frank Press was 
the director of  the Seismo Lab. But Beno Gutenberg was the senior eminence. Of  course, we hardly knew him at all. And 
Charles Richter was in the basement, helping his buddies make pics on these film recordings. Then, Hugo Benioff was there. 
I have no idea what his history is. But we were all in this building, and it was a sprawling wealthy person’s mansion in the 
wealthy suburbs of  Pasadena. Of  course, as soon as I got there, the same year I arrived, a whole bunch of  other students 
arrived who had all heard about Frank Press and wanted to go to Pasadena to be at the Seismo Lab.

There was this explosion of  bodies into this building in the woods. This was all people who ended up becoming profes-
sors somewhere else later. There was a guy named Jack Healy, Shelton Alexander, Don Anderson, David Harkrider, Charles 
Archambeau, Stewart Smith, Ken Watson. Then, as a toss-in, there was also Jim Hayes, who was not at the Seismo Lab, 
but he was a beginning graduate student in geology, and he had an office assigned to him on the Caltech campus. All of  us 
had offices assigned, a desk, a wastebasket, a place to plug something in, in Ames or Mudd Hall, which were on the Caltech 
campus. We Seismo Lab denizens spent our time in the countryside, out in the woods, hanging out together. It was some decades 
later that there was a new building put on the Caltech campus, and the Seismo Lab moved into that.

Bob Phinney on the old Seismo Lab

The Seismo Lab was in the San Rafael Hills because it was sitting on granite, hard rock. It was a place where you could 
record seismic waves with good fidelity and low noise. Creating new instrumentation was a fundamental part of  Lab’s 
research program. Hugo Benioff invented the fused-quartz strainmeter back in the 1930s, and Francis Lehner developed the 
lunar seismometer in the early 1960’s. Frank Press had been very involved in developing seismometry back when he was in 
Lamont, and he continued those interests when he came to Caltech in 1955. He was a key player on the Berkner Panel and 
argued successfully for the establishment of  the World Wide Standardized Seismographic Network, which featured Press-
Ewing long-period seismometers.

Frank had left for MIT two years before I arrived at the Lab, but he became my mentor and a close personal friend. 
After his death in 2020, I was asked to write his retrospective for the National Academy, which was published in PNAS three 
months later. In going through Frank’s career and documenting his contributions, you have to be impressed by the leadership 
role he played on the international stage for the eight years he was Seismo Lab director. When Frank first came to Caltech 
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from Lamont, he tried but failed to convince the Caltech faculty to start a program in oceanography. Consequently, Caltech 
was poorly situated when plate tectonics came around. The faculty did not participate that much in its initial development. 
In fact, it was hard to learn what was going on in plate tectonics if  you were a student at the Lab because nobody there knew 
much about it. I remember asking Clarence Allen in 1967 what was going on with this new theory of  plate tectonics. He 
seemed sort of  skeptical but said it was very interesting and worth following.

I and my fellow grad student, Bernard Minster, wanted to learn more about plate tectonics, and we decided that the 
best plan was to actually do research in plate tectonics. We developed a numerical method for modeling present-day plate 
motions, and our estimates were used for a long time as a plate-tectonic standard. Those early papers on plate motions papers 
are still my most referenced publications.

Tom Jordan on the siting rationale for the old Seismo Lab, and its connec-
tion to the research interests of  the Lab’s leaders

I didn’t know anyone there except for Dave Harkrider. But I walked in and thought, “Oh, this is great, throwing a party for 
my arrival.” [laugh] But it was Dr. Richter’s going-away. He became an emeritus, and he would still come to the Lab. One 
of  the things you had to do as a first-year grad student at Caltech was serve your time, at least once or twice a week, in the 
measuring room. The measuring room was in the basement of  the Seismological Laboratory. All the records were on paper, 
mostly photographic but some ink. There were two parts to this. One was the part they would report on earthquakes around the 
world. The Pasadena station reported to the International Seismic Center in England and to the USGS National Earthquake 
Service at the time. Somebody had to do this reporting. You had to read the records, determining the time of  arrival, pick out 
all the different phases, the PCP for example. You had to recognize the phases and report all the times and amplitudes so they 
could do the magnitudes and things like that. Violet Taylor ran the record room, and she was an amazing seismologist. She 
knew everything about reading seismograms. She was in charge of  teaching the young grad students how to read the records.

You had to do this, serve your time. As a matter of  fact, I’ve had for 50 years in my desk my magnifying lens I was 
issued when I first showed up in the measuring room and used for reading records. I’ve still got the same lens I used to read the 
seismic records 50-some years later. We all had an office in the Seismo Lab. Usually, you started out within the living room, 
and they had three or four desks there. I had a desk in the living room of  the Seismo Lab. It was right behind the library. The 
library, of  course, had all the research books, theses, publications, reprints. All of  that’s now in the new Geological Sciences 
building at Mudd. Actually, we went back there two years ago. We were taking our grandsons to Hawaii. We stopped by 
Caltech. Tom Heaton was a student a year or two behind me. Tom was very nice about meeting us on a Saturday, showing us 
around the new labs, and showing us around the campus. My wife and I had visited the Seismological Lab a couple of  times 
when we came through Los Angeles for travel. I stayed at the Seismo Lab from 1970 through when I left in May of  1974.

Right at the time I was leaving Caltech, everything was moved to the main campus. People were literally exiting the 
Seismo Lab as I was leaving. When I started out in the living room. Tom Jordan and Bernard Minster had to room in the 
back just off the kitchen, then they left just about the time I was ready to get into my thesis-writing, so I moved into the offices 
they vacated, which were right behind the kitchen. The kitchen was occupied by a Seismo Lab staff member named Laslo 
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Lenches. He was an indispensable part of  the Seismo Lab. He was a Hungarian refugee who fled in 1956 when they had 
the uprising and came to America. He was an artist. He was in charge of  what we’d call graphic design these days. You 
could hand him a piece of  graph paper, and he would turn it into your view graphs, glass plates with negatives sandwiched 
in between, to give a presentation. If  you were publishing something, you had to create nice charts and graphs, whatever your 
work was. He was the graphic artist for the Seismo Lab. If  you were writing a proposal for a research project, you needed 
Laslo. If  you were getting ready to go to a meeting, you needed Laslo. You had to book your time with him ahead of  time to 
get all your material ready to go to these meetings. It was before you could do it yourself.

Ralph Alewine on attending Charles Richter’s retirement party

I think it was a really wise move. One of  the things that was really important about geophysics at Caltech, and this was 
true in general, is that the Seismo Lab, over the decades, moved into two directions: whole Earth geophysics and Earthquakes; 
the physics of  the whole Earth, the integration of  seismology with other disciplines, would’ve been hard to really accomplish 
up there in the San Rafael Hills. I would’ve felt more out of  place there, or even had no place there. When it was up there, 
all by itself, it was really just about earthquakes. Although Gutenberg wrote a book called Physics of  the Earth and thought 
about the whole Earth. And Hugo Benioff thought about deep-focus earthquakes and their relationship to tectonics, although 
he didn’t get it right. But they were thinking about these big things. And I think it’s important to be within a community of  
other Earth scientists as well as other physical scientists to sort out and integrate a lot of  these things.

Now, with the web, it’s both good and bad. The good thing is that it allows people to collaborate easily. The bad 
thing about the web is, it allows people to collaborate easily. [laugh] Why is that a bad thing? It works against this local 
community of  people working intimately together. I’ve made scientific advances, and whether they’re important or not other 
people can judge that, side by side other people who have different skillsets here in Seismo. Then, I’ve done things with remote 
collaborations because of  other people’s interests. But that local work builds up something special, whereas the remote work 
does advance science and allows people to communicate with one another, it doesn’t build institutional foundations. It tends to 
wreck all foundations that exist because information just moves so easily. Thinking about the physics of  the Earth, at some 
level, most of  Don Anderson’s career was spent on campus, and he’s the guy who filled Gutenberg’s shoes to think about the 
whole Earth as opposed to just the earthquakes. And I think the work that was done was better, having it here on campus; 
most of  Don Anderson’s work unfolded within the “Seismo Lab” although he thought broadly about things. That’s one big 
trend, thinking about the Earth and you need a lot of  different people. The other theme unfolding in Seismo was the physics 
of  earthquakes, and this is something I could watch during my career.

It’s actually not my research at all, but I could see it in its synergistic aspects, which happened in that regard, especially 
between people in the EAS division and here within the Seismo Lab. I think that happened nicely, and I think that in-person 
collaboration on campus allowed Caltech to play a very important role in defining how earthquakes worked in the last several 
decades. I think it’s better because Earth science is diverse, it is good for people to interact and collaborate with one another in 
person. It’s more effective and more satisfying. And I think we would’ve just become too narrow. I think it was a good thing to 
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move. It would’ve been fun there, and yes in some sense, with the internet, it could’ve been fun. You’d work very closely with 
several colleagues. But just several. And now, we’re seeing yet another explosion here within the Seismo Lab with Zach Ross. 
It’s quite extraordinary because he’s at the cutting edge and collaborating with people equally at the cutting edge in computer 
science and computing. And there have been other trends, too. Everything I talked about with parallel computing happened on 
campus. I still like things that are small. I like the fact that the Seismo Lab is small. But yet, we’re easily within this larger 
community of  individuals, both here within these several buildings in Earth sciences, then also in other disciplines. I think 
that’s really important.

Mike Gurnis on the decision to move the Seismo Lab from the mansion to campus

Mantle
At Caltech, Don Anderson started me working on the three-dimensional structure of  the mantle, and that’s what my thesis 
ended up being about. I then went to MIT as a post-doc and very soon was hired by Lincoln Lab at MIT, which was 
studying what they called “seismic discrimination,” jargon for how to tell the difference between earthquakes and explosions. 
Because a very important application of  seismology was (and is) to try to learn how to monitor a potential nuclear test ban 
treaty and it was very confused by the fact that the Earth has lots and lots of  earthquakes, and they look quite a lot like explo-
sions on seismograms. It was a big project for many, many years to upgrade seismology to better be able to tell the difference 
between earthquakes and explosions. Major tools used for this purpose at the time were large seismometer arrays. These were 
patterned after radar arrays, and they can be used to detect weak signals by processing the outputs from large numbers (hun-
dreds) of  distinct sensors deployed in a pattern over an area. But they also provide direct evidence about the heterogeneity of  
the propagation medium, the Earth in this case, and made it clear that this heterogeneity had to be accounted for in the seismic 
discrimination problem. So, this dovetailed nicely with the subject of  my thesis, and extended it from North American upper 
mantle to the entire mantle. I worked on seismic discrimination for five years at MIT, then joined the US Geological Survey 
and moved to Colorado and then five years later to California. In California, the USGS was doing research on earthquakes 
in the hopes of  predicting them. That was the main thing they were trying to do. I would say it never worked. I was still 
studying how to determine the structure of  the Earth and how to use that information to locate and identify earthquakes, and 
then got diverted into studying volcanic earthquakes.

About the time I got to California, there were some large earthquakes in California at Mammoth Lakes, which is 
situated in Long Valley Caldera, a volcanic area on the eastern side of  the Sierra Nevada. These earthquakes were very 
strange in all sorts of  respects. No one expected them. Instead of  being a typical situation where there’s a large earthquake and 
then aftershocks, there was a large earthquake, and then a day later, another large earthquake, then another large earthquake, 
then another large earthquake. There were four large earthquakes. It wasn’t a main shock-aftershock sequence at all. And 
when people tried to study the source mechanisms of  these earthquakes, they couldn’t get a sensible answer. I remember one 
paper given at a scientific meeting where somebody showed all the seismic data relevant to the largest earthquake. There were 
hundreds of  data, from networks in California and Nevada. This person said, “I just threw out all the data from Nevada 
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because I couldn’t get a double-couple answer.” That means an answer that corresponds to pure shear slip on a fault, just 
two rocks sliding past one another.

That’s always been the official theory for what causes earthquakes. And this person was doing this crazy thing. They 
said that half  the data have to be thrown away because they didn’t support the right kind of  answer. It should’ve been a 
wake-up moment. When you don’t understand something, that’s great. There’s something you can do there. I suspected that the 
motion on a fault didn’t have to be only simple shear, that cracks could perhaps open or close, or that faults could be curved. 
There were various other possibilities. The rocks could be anisotropic (their properties could be different in different directions). 
In fact, all rocks are anisotropic, at least to some extent. I wrote an article in Nature showing that the Mammoth earthquake 
data were perfectly consistent with a more general family of  source processes, and soon got a letter from Gillian Foulger, an 
English and Icelandic graduate student, who had found lots of  similar earthquakes with apparently anomalous mechanisms 
in Iceland. So we got into studying what came to be called non-double-couple earthquakes, and particularly geothermal earth-
quakes. Volcanoes and geothermal areas have high fluid pressures. That’s why they are economically important: we can use 
the high-pressure fluids to drive turbines and generate electricity. High fluid pressure means there are likely to be cracks being 
forced open or closing, something more than just the simple sliding of  two rocks past one another.

Bruce Julian on the path from thesis topic to keeping an open mind in one’s research

Media
I have to share with you a funny story about the 1971 Sylmar earthquake. In those days, the Seismo Lab, sitting in the San 
Rafael Hills, had almost no infrastructure for dealing with the press. It had a black telephone. Moreover, there was very 
little infrastructure for rapidly producing earthquake information following an earthquake. I lived with my colleague Bernard 
Minster over in Pasadena, and we happened to be up and dressed at 6:01 in the morning on February 9, 1971 when the 
earthquake struck. It was a pretty good shake in Pasadena, intensity 7 on the modified Mercalli scale.

We jumped in my car and were the first to reach the Seismo Lab. As we ran up the stairs, we saw Clarence Allen right 
behind us. In the lobby of  Donnelley Lab were some drum recorders, and the way we would quickly locate an earthquake was 
to measure the time between P-waves and S-waves on these drums. But of  course, the drum will rotate, and you then have 
to get underneath it to see the wiggles – it was not very efficient. We had to fire up the old Bendix G-15 computer, which 
was full of  vacuum tubes and took 15 minutes just to warm up. We had no idea where this earthquake was or how big it 
was. The black phone in the lobby was ringing off the hook. Clarence said, “Jordan, answer that call,” so I picked up the 
phone. Little did I know that I was being patched – at that time, they patched phones – into several news services. I tried 
to explain, “Yes, there’s been a large earthquake in the LA area, and we’re in the process of  locating it. We can’t yet give 
you a magnitude because the instruments have gone off scale. We have to go down to the vault and get other (strong-motion) 
recordings to calculate the right magnitude.”
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Immediately, out over the LA airwaves goes a story that “the Richter scale was broken”. By the time that story got to 
Europe, the Seismo Lab had been destroyed. Parents of  our European grad students were frantic. One of  the things you could 
take away from this account is how much our ability to respond quickly to earthquakes has improved. Seismo Lab has been 
the key institution in making that happen.

Tom Jordan on the flurry of  activity and some confusion during the 1971 earthquake

Megathrusts
I had started working on Sumatra’s coral reefs, above the Sunda megathrust fault in 1990. Throughout my earlier academic 
life, my main research projects had been in California, and I was most well-known for my work on the San Andreas Fault, 
where I developed a new way of  looking at earthquake faults, by which I could tell a history going back through the geological 
layers, back thousands of  years. This kind of  research eventually became known as paleoseismology. I’d had the idea, when 
I first proposed my PhD thesis at Stanford in 1974, that if  I could uncover the fault’s ancient history at many sites along 
the fault, I could understand how and when the various segments of  the fault broke and how they and other faults nearby 
interacted to change the spatial and temporal pattern of  events – the sort of  data that would be necessary input to under-
standing the physics of  earthquakes and for forecasting future destructive ones. But about 15 years in, by the late 1980s, I’d 
started to realize that doing that for the San Andreas was going to take longer than my lifetime, [laugh] and longer than my 
students’ lifetimes, and my grand-students’ lifetimes. So, why was I still doing this if  in fact I wasn’t going to get anywhere 
near solving the problem? It turns out California is such a mosaic of  earthquake faults that even getting just the evidence for 
what has happened, let alone working on the mechanics of  why it happened, was really a task that was going to take many, 
many decades, given the limitations of  radiocarbon dating, the funding available and the time it takes to acquire the data.

So, I started looking elsewhere in the world, because coincidentally, Gerry Wasserburg and his student Larry Edwards 
had just developed a new technique that was far more precise than radiocarbon, with dating errors of  just a few years – on 
coral. Their technical success convinced me that I should look for a place in the tropics where I could use corals to do what I 
had been trying to do on the San Andreas Fault. To make a long answer even longer, those constraints led me to pretty much 
the only place in the world where it was plausible – above the subduction zone offshore Sumatra. A decade after I’d started 
working there, a structural engineer in Singapore named TC Pan, who was following my work because he was interested 
in how big earthquakes in Sumatra might affect the buildings in Singapore, got a hold of  me and asked me to give a talk 
sometime when I was on my way to Sumatra, and tell them what I’d been learning. I went there in about 2000 and then 
returned every couple of  years to give an update.

Just as we were making good progress on the Sumatran work, the megathrust unleashed the giant 2004 earthquake 
and devastating tsunami. I don’t think I’d ever devoted as much time to professional work as I did in the two-year aftermath 
of  those two events. By the end of  2006 I was exhausted and had far too many irons in the fire. So I asked the chairman of  
the Division, Ken Farley, if  I could do a sabbatical to devote my full attention to finishing up our work on the Sumatran reefs. 
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He wasn’t keen on it, because I had had my first sabbatical in 1995 and a 3-month-long one in 2003, but he reluctantly 
okayed it. I had a choice of  either going to Oxford, where they would be willing to pay for half  of  my housing, or I could go 
to Singapore, which would pay for all of  my housing plus pay me funds to cover other living expenses. I thought, “Well, I’ll 
go to the geological backwoods of  Singapore.” I went there for a 9-month stint, beginning in early 2007. During my first 
week there, the president of  the university, Su Guaning, who I think had done an advanced degree in EE at Caltech, called 
me up into his office and brought in the provost and his American advisor, Haresh Shah, a Stanford earthquake engineer, who 
happened to have been one of  my professors in grad school. Unbeknownst to me, Haresh had pitched to them that they should 
try to steal me away from Caltech to start a new research center.

They enticed me with mention of  a new billion-dollar national program. The government’s intention was to fund five 
big new research institutes to do something that would bolster their national security and accelerate their economic development. 
I had in years past been teasing TC and Haresh about how little money they were putting to understanding geohazards in 
Southeast Asia, so they suggested that I propose a $150 million project. So while I was on sabbatical in Singapore, I wrote 
this little seven-page proposal. To my astonishment, it was shortlisted just four months later. In November, I came back to 
Caltech, wondering what I would do if  it were actually funded. During the first three months of  2008, I was flying back and 
forth to Singapore every few weeks to make presentations to, among others, their Ministry of  Education, National Research 
Foundation and finally the prime-minister’s Research Innovation and Enterprise Council. By January 2008, it was pretty 
clear this was going to happen, and I decided it would be a great new lease on my professional life and chance to explore living 
in a part of  the world so very different from the US. The question was, “How do I break the news at Caltech, and can I get 
a one- or two-year leave of  absence, so that in case this adventure goes south, I can come back?” Caltech wouldn’t give me 
longer than one year leave of  absence, so I had to basically either fish or cut bait. So, I cut bait.

I went to Singapore in the middle of  2008, and then with about S$250 million (about US$200 million) I built 
the Earth Observatory with a faculty about half  the size of  Caltech’s Division of  GPS. As part of  that, I hired one of  
Jason Saleeby’s former grad students, Charlie Rubin, to head up the Asian School of  the Environment. I was impressed by 
how successful he and his wife had been in creating a strong geology program at Central Washington University. We’d pretty 
much finished the job by 2020, so I quit a year before my contract ended. I also left early because, although I had begun with 
substantial autonomy, as the decade went by the bureaucracy at the university had become so controlling and stifling that I 
had lost most of  the momentum needed to continue to grow the Observatory and the School. My experience there slowly made 
me realize that Caltech’s laissez faire approach toward faculty was pretty good in terms of  leaving us alone to do our jobs.

David Baltimore summed it up pretty well in a single sentence at a luncheon meeting in the library with a delegation 
of  Singaporeans, headed by Tony Tan, the deputy prime minister of  Singapore at the time. In anticipation of  creating a big 
biotech entity – it became their Biopolis – they were visiting the U.S. to learn about biotech. He and his coterie came to Caltech 
because of  its reputation of  bringing on board so many biologists who had done such wonderful scientific and economic things. 
I had asked to be invited to the luncheon, because I had been working on the Sumatran reef  for a decade and wanted to bring 
to the attention of  the Singaporeans that much of  the Sumatran reef  had died in 1999. At one point, the DPM looks over 
at Baltimore, and asks him something like this: “I’ve visited Harvard and MIT and now Caltech, and I’m so impressed by 



77

the group of  people you’ve put together and what they’ve been able to accomplish. But I’m curious, how do you organize these 
people?” Baltimore just chuckled and says [laugh], “You don’t organize these sorts of  people! You just find them, bring them 
to your organization, give them the resources they need and then you stand back and watch the magic happen.” The DPM 
looked a bit perplexed, for reasons I only later understood. Singapore and its universities are very top-down. Faculty, staff and 
students and micromanaged. It’s pretty much the antithesis of  the modus operandi at Caltech.

I realize now that’s one of  the most important things about Caltech – for example, never in my entire 31 years there 
did I ever have to talk to an auditor or was I asked to raise more research money or to do a better job teaching. All that was 
expected of  me was to do research and teach as best I could. I had never heard of  a citation index until I went to NTU, 
where they are used to determine pay raises and, can you believe it, to distribute annual bonuses. I’d never heard of  counting 
how many people looked at my papers. Culture shock! In contrast, all I was told at Caltech was, “Just do your thing. Just 
follow your passion.” That turns out to be a rarer thing than I had thought.

Kerry Sieh on the research project that led to his move to Singapore

Microcracks
The opportunities seemed endless and the variety of  research going on was overwhelming. At this time there was still great 
hope of  learning to predict earthquakes. My group got involved in studying failure mechanisms in rocks. Toward that end 
we built a pressure vessel with two orthogonal sets of  pistons and a very thick glass window. This enabled us to put heavily 
instrumented rocks under true triaxial stress and observe the failure side, which we did while taking holograms. We were thus 
able to observe the surface deformation as internal cracks were coalescing leading to eventual failure.

Moisture plays an important role in creep and failure of  rocks. In trying to understand this moisture effect we were 
looking for very dry rocks as one extreme. This led to the study of  Lunar rocks. Since rocks are very complicated and fail by the 
coalescence of  microcracks, we needed to understand single cracks. We became aware quickly that the surface tension between 
rock surface and liquid in a partially saturated rock plays a major role in addition to e.g. the crack geometry and connectivity, 
viscosity of  the fluid etc. We designed and built equipment to measure moduli and their attenuation on rock samples and 
single cracks in the seismic frequency range. To study scattering of  acoustic waves from single cracks we built and calibrated 
a seismometer that worked in the megahertz range. In collaboration with Prof. Robert Sani from Chemical Engineering we 
studied the scattering of  Lamb waves from a single crack – a precursor for a possible instrument for early detection of  small 
cracks. There are many more examples, e.g., the use of  a Seismic Vibrator (huge truck) for time dependent studies of  fluid 
movement below ground, archeological study of  a Mayan area in El Salvador covered by volcanic ash, deformation of  the 
human skull due to simulated blood flow through tumors, using Earth tides to study time dependent changes due to contaminant 
fluid flow underground, and others.

CIRES provided a structure for doing research, excellent support in terms of  administration, research opportunities and 
space, but especially the exposure to many fascinating scientists and visitors. In the late 1980s CIRES got a new building on 
campus. We were doing very acoustic noise sensitive Q (Sound attenuation) measurements at the time and were able to get a 
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pillar going all the way down to bedrock that was insulated from the rest of  the building. Geological sciences provided mainly 
a platform for teaching and a wider interaction with colleagues. I served as chair for in the department of  geological sciences 
and thus had two good homes at the university of  Colorado.

Hartmut Spetzler on how a narrow research question can lead to an eclectic 
research agenda

Mineral Physics
We’re not sure how much melting goes on in the deeper, mostly solid region of  the mantle. The melting that I was referring 
to earlier is certainly occurring at Earth’s inner core-outer core boundary, because seismologists confirm the absence of  shear 
waves propagating throughout that layer. Thus, we know the outer core is liquid and hot, but how hot is it? I set out to answer 
this question by developing a new technique to detect melting of  iron-rich materials at high pressures. Concerning the outer 
silicate-rich shell, there is no such region in the mantle like the outer core. Also, the higher the pressure, that is the deeper inside 
the planet one looks, the higher the melting point is for silicates and oxides, but how high are the melting points of  mantle 
phases? It is not a simple problem, though —I wish it were just like butter and you could throw it into pasta and watch it melt 
and take its temperature, but these are rocks (alloys, in the case of  the core), and they are multi-component. These questions 
form the basis for some of  the experimental techniques that I am developing.

The multi-component nature of  rocks means that the whole rock isn’t going to melt at a single temperature, and during 
this process certain elements will diffuse out of  the solid part of  the rock, like iron for example, which has a chemical potential 
with preference to a melt. However, another solid phase (mineral) might consume some of  that iron, which in turn can drastically 
affect that mineral’s physical properties. With subduction zone processes, “water” is typically involved, but is it restricted to 
certain depths? or can some of  this water be transported deeper into the planet and for example, facilitate convection? Water 
or hydrogen-oxygen compounds are classic types of  fluxes. Adding hydration to solid materials affects geophysical properties, 
such as density and viscosity, in significant ways, but these effects are still not quantified for complex silicates and dense oxides 
in the deep Earth. At the high pressure and temperature conditions of  the deep Earth, it is not energetically favorable to bind 
“water” as H2O into mantle minerals, the deep Earth region no longer looks like serpentines or biotite or amphiboles, where 
molecular water is bound into these crystal structures. Higher temperatures and pressures inside of  the Earth shift the preference 
of  hydrogen to be bound either as hydroxyl (OH) or exsolve completely from the rock. Considering Earth’s chemically complex 
petrology, it is not surprising that we still don’t know how deep “water” can be transported inside of  the planet. These are 
important unsolved problems, because it has been suggested that water plays a crucial role in sustaining plate tectonics on 
Earth. Hydrated rocks are less viscous, which may facilitate deep convection. Hydration can affect recrystallization which 
may facilitate motion along plate boundaries and enable subduction processes to persist over long stretches of  geologic time. 

This is very exciting, because it has been shown that some of  this water can be stabilized in crystal structures down to 
at least 400, 500 kilometers of  depth. More recently, there is evidence that dense oxyhydroxides coexist with subducting oceanic 
basalt at depths below 500 km and retain this “water” in their crystal structures—at this point it’s hydroxyl (OH) —all the 
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way down to the Earth’s core-mantle boundary. We’re talking about almost one and a half  megabars of  pressure (140 GPa) 
and very high temperatures here, about 3,500 kelvin, yet still not extreme enough to destabilize this hydrous phase. Working 
together with my colleagues in the Seismo Lab, we are using specific experimental techniques that I have developed and geody-
namic modeling of  paleo subduction, to corroborate anomalous seismic observations with the presence of  these hydrous rocks 
in the deep Earth. It leads us to think that some of  these volatile elements like hydrogen are being transported throughout the 
entire volume of  the mantle, not simply exsolving at shallower depths to produce arc volcanism, for example, never to see the 
deeper parts of  the planet. If  hydrous minerals, born out of  reactions with subducted oceanic basalt, are stable throughout most 
of  the deep mantle, then these phases may help explain some of  the distinct chemistries of  ocean island basalts, like Iceland 
and Hawai’i that are thought to originate at very deep depths in the mantle, compared with shallower-produced mid-oceanic 
ridge basalts. Are they different because they are sampling paleo slab chemical heterogeneities, providing clues about ancient 
subduction processes on Earth? These are ongoing scientific pursuits, relevant to Earth’s history, and I’m really excited about 
the new experimental results we are obtaining! 

Jennifer Jackson on designing experiments to understand the temperature 
of  Earth’s core and the behavior of  minerals during subduction processes

I started to think about physics, but it was very competitive at Caltech. I tried electrical engineering but, fortunately, I attended 
the first-term class of  Bob Sharp, the chair of  the geology department, and he just was captivating. He was a glaciologist. I 
never studied glaciers, but he was just fascinating, and it drew me into geology. When I finished at Caltech, I wanted to go 
to graduate school in geophysics, and so I applied to a number of  places. The thing that attracted me to Columbia was the 
seismology program, and the first few years, I worked in seismology. Then a new professor came from Bell Laboratories to set 
up a high-pressure laboratory, and study mineral physics. He didn’t have any graduate students, and the seismology professors 
had a lot of  graduate students, so I sort of  figured I might get more attention from him. The rest is where I finished my PhD.

As an undergraduate, I only spent time as a visitor at the Seismo Lab. We’d go out and see some of  the materials. This 
was back when people like Gutenberg and Richter and [laugh] Benioff—well, maybe not Gutenberg—but Richter and Benioff 
[laugh] still were alive. It was sort of  like field trip for the undergraduate [laugh] students. At that time, Frank Press was 
the director. Then later on, as I was transitioning from Columbia to Australia for my research faculty position in Australia, 
I spent 10 months at Caltech as a postdoc, funded by Don Anderson, who thought I was going to work on high-pressure 
mineral physics. But, at that time, a few underground nuclear explosions occurred in Nevada and the Aleutians, and I got 
sucked into analyzing those. I don’t think Don ever forgave me because [laugh] he didn’t really count beans so much [laugh] 
but he probably was paying me out of  his mineral physics grant. [laugh] But one of  the advantages of  being there is that 
Hartmut Spetzler had been setting up the high-pressure laboratory for Don, and I got a chance to interact a lot with him and 
with Rick O’Connell. He’d finished his PhD, and he was doing some experiments with Spetzler.

Bob Liebermann on his path from physics, to glaciers, and ultimately to 
his academic specialty
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My association with Caltech started in 1960, when I was an undergraduate. I came to Caltech expecting to major in nuclear 
physics, but in my sophomore year, I encountered Professor of  Geology Bob Sharp. He was a fantastic teacher. At that point, 
I realized that I didn’t like any of  my physics professors, except for Richard Feynman, of  course, but I liked all the geology 
faculty I met and the upperclassmen in geology. On that flimsy line of  argument, I changed my major from nuclear physics 
to geophysics. I graduated in 1964. I went to graduate school, since in those days, the Vietnam War was going on. It was 
important to stay in school, otherwise I would have soon been carrying a rifle through the jungle in Vietnam. I thought I could 
help my country better by being a productive scientist, so I applied for graduate school at Columbia, and was accepted (thus 
retaining my deferment from the military draft).

There, after various changes of  focus, I did a PhD thesis in mineral physics. I did a post-doc in France and another 
post-doc at Caltech with the Seismo Lab. That brings me back to your focus, Seismo Lab history, so I’ll say a few words about 
that. I was in the research group of  Professor Tom Ahrens, who was a leading experimentalist in high-pressure mineral physics. 
He did an experiment that was never done before, nor since. In his lab, he had a naval gun with a barrel about 15-meters 
long. He fired projectiles through this barrel into a mineral sample at the end of  the barrel. During the microseconds of  the 
impact, he made x-ray measurements of  pressure and density of  the mineral. He was exploring experimentally the properties 
of  the high-pressure minerals which exist in the lower mantle of  the Earth. My job was to provide a theoretical complement 
to that experimental program. I had decided that my PhD thesis was a dead end, and I needed to approach this problem from 
a different viewpoint. Since the experiments were so difficult, I decided that the theoretical approach should be based on the 
most fundamental physics we know, relativistic quantum mechanics. I refreshed my understanding from previous course work, 
and I started to build a computer program to do the necessary calculations. I got funding for this from IBM, because they 
figured that if  my research was successful, others would emulate it, more computers would be sold, and they would get their 
share of  that business. They had a very enlightened view of  academic research.

I built a program to do the calculations. In those days, computers were extremely expensive and slow, and with very 
limited memory, compared to today. The process was quite laborious, but I was making good progress, using the Seismo Lab 
computer. At one point, however, IBM said, “Why don’t you come on up to Palo Alto on the weekends, and use our computer 
instead?” So, for a number of  months, I would fly up there on Friday afternoon, live in a motel, and work all weekend 
intensively, using their computer, then fly back to Pasadena on Sunday evening. I carried my box of  computer cards with me, 
north and south. It was a big project. After I left Caltech, I worked on that at SUNY Binghamton for another six years. 
But in the end, I did not succeed in that project. The idea was to calculate the properties of  minerals at high pressure, then 
compare those properties with the seismic velocities in the deep interior that we infer from seismic data received at the surface. 
The point was to decide what the Earth is made of. I did not succeed at that. However, I’m pleased to report that nobody 
else has solved that problem either, in the last 50 years. So, part of  the advice that I give to young people is: don’t choose a 
problem which is too hard.

Leon Thomsen on how his Caltech education provided a perspective that 
allowed him to pivot in his research career
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Missions
It came when I was an undergraduate. Caltech, as you may know, was at the forefront of  exploration of  the planets, the 
earliest spacecraft missions, through the Jet Propulsion Laboratory, which they managed and still do, but also through the 
interests of  faculty members. And I realized early on that there were key faculty members with whom I interacted who were 
interested in planetary science and asking questions about other planets. And some of  them were involved in planetary mis-
sions. I will never forget the Mariner 4 mission, which was the first spacecraft to visit Mars and successfully return data, 
because that probe flew by Mars in the summer of  1965, and it was the first time we’d had any close-up images, outside 
of  a telescope, of  the surface of  another planetary body other than the Moon. Several Caltech faculty – Bob Leighton, who 
had taught me freshman physics, Bob Sharp, who had taught me Geology 1 and was instrumental in my switching majors 
to geophysics midway through my undergraduate career, Bruce Murray, whom I was going to know better after that summer, 
Gerry Neugebauer, who taught some lectures in an astronomy course I took – they were all central to the first imaging exper-
iment on an interplanetary spacecraft.

The imager was very primitive by modern standards. It was a vidicon system, and the probe didn’t have the commu-
nications system permitted by modern technologies. The data rate was very, very low. But Caltech had set up televisions on 
the campus that summer, and as the images were beamed back to Earth by the Mariner 4 spacecraft, you could go to several 
places on campus and see each image develop one line at a time on a television screen. Eventually, if  you had the patience, 
you’d get a view of  the surface of  Mars, the first close-up view that humanity ever obtained. I was fascinated, watching 
those images returned. There weren’t very many at all. It was a flyby mission with a low-data-rate communication system. 
I believe there were maybe 20 images in all. Either due to poor luck or the vagaries of  celestial dynamics, all of  the images 
came from one particular portion of  Mars that was heavily cratered and was not representative of  the entire planet, but looked 
lunar-like in the high density of  impact craters, which gave rise to the view that persisted for a number of  years – until the 
first orbiting spacecraft was successfully sent to Mars – that Mars was an ancient planet without any modern geological 
processes going on today.

I took courses in the physics of  planetary interiors from Don Anderson and Bob Kovach, and I was deeply impressed 
that planetary science, just during my tenure as an undergraduate, was becoming a discipline, a legitimate field of  study to 
which serious scholars from the fields of  geology and geophysics were turning a portion of  their research time.

Sean Solomon on the research that fostered his interest in planetary science beyond Earth

Modelling
Well, the risk was just that it had not been done before, and it is sort of  a risk in that there’s so many other lower-risk, 
interesting scientific problems out there. Relative to other PhD thesis topics, and the skills that I had, I guess, there were other 
opportunities. But this one was, at that moment, there was a theoretical sense that this, on paper, should work. But when you 
get to real applications, there’s messy things. Data are corrupted. Your problem is never set up in the way that you really want 
it to be. There are things you hadn’t thought about … applications. It took us a long time that even when we demonstrated 
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things could work in 2D, in principle, this should work, we demonstrated it on a paper, but then the question is, will this 
really work with a real problem? It works on paper. It works with a simple, made-up problem. That’s where the risk—it felt 
less risky by the time we demonstrated it. But, in the end, we got somewhat lucky and published the paper in Science, so that 
was a great thing for my career, just from the standpoint of  getting a wide audience there. But really, it was just being able to 
demonstrate unequivocally that it works.

That’s the beauty of  the problem, is that this [new] model of  the Earth is much, much better than this [previous] 
one. We can say that through all kinds of  different ways. That’s a much easier way to convince someone of  the merit of  the 
approach. I’ve always felt like there was going to be—that’s what the high risk is. It’s going to be out there. It either didn’t 
work or it did work, roughly. If  it didn’t work, that would be very clear too. [laugh] There’s all kinds of  things that could be 
improved and done better. If  I look back at my last years as a grad student, it was insane. On our [computing] cluster, 15% 
of  the jobs would fail, the hardware wasn’t functioning, there’s hundreds of  thousands of  seismograms to look at. I was like 
living in the Seismo Lab. I was stereotypical—just so obsessed with that stage in my life. That was probably a good thing, 
and something I’ll never revisit. But it was driven by, “Like, I think this problem’s going to work.” That sort of  built upon 
itself  where I wanted to be there. I didn’t want to do anything else but that problem.

Carl Tape on the risk of  pursuing thesis research based on new high-performance computers

Moon
The only real working model for the origin of  the Moon is that it grew from a disk of  material around the Earth, and a giant 
impact would have made that disk of  material. Exactly how, we don’t understand yet, but the fact that the Moon probably 
formed from a circum-earth disk is widely accepted based on the available evidence. The physics of  it was reproduced fairly 
well with computer models, meaning you could have a Mars-sized body hit the 90% grown Earth and make a disk that was 
mostly made from the mantles of  the bodies, because the Moon has a very tiny iron core. So, it’s one of  the things the giant 
impact explains. The Moon has evidence of  forming under hot conditions, so having a hot vaporized disk aided that chemis-
try. The model was developed with the idea that this impact would have set the angular momentum of  the Earth and system 
and set the length of  day today. When you have those constraints and the mass of  the Moon—you have to make a disk big 
enough to make the Moon—you get this grazing Mars-sized body that comes in near the escape velocity of  the young Earth.

What I didn’t know until I was an early professor is that the geochemists did not like what they saw. They didn’t like 
something very specific that I didn’t appreciate. In these computer simulations, most of  the disk is made from the body that hit 
the Earth rather than being ejected from the Earth. When we look around the solar system and measure every meteorite that 
falls to the Earth, you quickly learn that the relative proportions of  isotopes of  stable elements like oxygen, titanium, chromium, 
are different for every planetary body, and these particular elements have different isotopes, because stellar nucleosynthesis makes 
different proportions of  these isotopes, and our solar system was literally seeded by little grains that formed in the death of  other 
stars that were then recycled into making our star. But every planetary body got a different amount of  these presolar grains, 
and so every planetary body has a different set of  isotopes. You can use it like a thumbprint, like a fingerprint to tell what 
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body different materials came from, and you can group meteorites this way and infer a distinct numbers of  parent bodies. The 
puzzle was that the Moon is the same as the Earth in these particular isotope systems, and if  the Moon was made mostly by 
another planetary body striking us in the early history of  the solar system, we would have predicted that it would be different. 
As a young professor, the nuance of  the problem escaped me, because I basically was watching two communities. One, the 
physicists had said, “This is the only answer. This is the only thing that gives us the length of  day, the mass of  the Moon, 
the fact that it doesn’t have a big iron core.” The geochemists were like, “Your answer doesn’t work. It just violates [laugh] 
these principles of  chemistry that we’re seeing, and you physicists must be wrong.” [laugh] This was atypical. You don’t 
usually see such loggerheads where each side is completely convinced that they’re right, and obviously they both can’t be right.

Sarah Stewart on the debates surrounding the origin of  the Moon



84

N

Network
The priorities were, in a bigger picture sense, to move from analog instrumentation to digital instrumentation. You can think 
of  analog as your old hi-fi stereo. If  you turned the volume up too high, the music would be distorted. The same thing hap-
pened with our instruments. If  the earthquake shaking was too big, it would be recorded as distorted data on these old analog 
instruments. What we wanted at that time was to acquire and install digital instruments that would always be on scale no 
matter how strong the ground shaking was. That started out with a project called TERRAscope. When I arrived at Caltech, 
the first station that acquired digital data was here in Pasadena and had been operating for a year or so. The next step was to 
raise funds to install additional digital stations. This new equipment also provided real-time data that required modernizing 
the data processing algorithms, which was important at that time as well as today.

Egill Hauksson on the major priorities for the Southern California Seismic 
Network at the point when he joined Caltech

Nuclear Detections
Sure, that was a lot of  what Don Helmberger and David Harkrider did. They had funding from the DOD to estimate the size 
of  a nuclear device based on usually the body waves and the time release of  the energy of  the explosion. But again, it wasn’t 
going to the test site and doing things in the near field. It was working with far-field data. I did not do that kind of  work in 
grad school. I kind of  knew about it, but I learned a lot of  what I needed to know about underground nuclear testing just on 
the job. One of  the main motivations for this project was that the attenuation of  seismic waves is very different around the 
Nevada test site than around the Kazakh test site. Nevada’s in a tectonic area, the rocks are all ground up from faulting and 
movement. But in Kazakhstan, it’s the interior of  a craton. It would be like the difference in sound when you strike a cheap 
wine glass or a fine crystal wine glass. The seismic waves travel further and with more clarity in the more competent rock.

Those who didn’t want a test ban with the Soviets had one perspective. They said, “We think the Soviets are probably 
cheating on the agreed threshold of  not testing above 150 kilotons.” That camp was using the same attenuation factor for 
both test sites whereas another camp said, “That’s ridiculous because it’s a completely different type of  geology.” Lynn Sykes 
and Paul Richards, not people from the Lab, were some of  the big names who emphasized that the difference in Q was not 
being taken into account. This was one of  the big things we were trying to find out with this project. In order to test that, 
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we detonated a small calibration explosion of  conventional explosives in Nevada, where the Soviets had their three seismic 
stations, and in Kazakhstan, where we had our three seismic stations, same source, same equipment, same distance from the 
stations, to compare the signals. NRDC arranged for a group of  congressmen and their aides to come out to our recording 
trailer in Kazakhstan and watch the explosion be recorded.

We knew the travel time for the signal from the explosion to arrive, and we’d practiced ahead of  time, saying, “OK, 
the explosion’s been set off, and the waves are maybe halfway here.” And it was decided that I would be the one telling the 
story. [laugh] So the cameras are on me, and all the Congressmen are standing around, when, all of  a sudden, 15 seconds 
too early, the needle on the drum starts to move. And I realized right away that this wasn’t the signal of  the explosion, which 
would’ve been much more high frequency; this was what we call a teleseism, an earthquake from far away. So I said, “Wait 
a minute. Oh wow, there’s an earthquake coming from somewhere else. This isn’t the explosion.” And then, a few seconds 
later, the needle started to go faster, which was the higher-frequency signal arriving from the explosion not very far away. And 
these Congressmen were like, “Oh my God, this woman’s a genius. She can tell the difference between an earthquake and 
an explosion just by looking.” [laugh] It was just so bizarre that this happened because they saw in real time the difference 
between an earthquake and explosion. But in this case it wasn’t because the sources were different, it’s because one of  the 
sources was very far away. It was an earthquake in New Zealand, so the Earth had filtered out the higher frequencies, and 
the wave path was coming through a different part of  the interior of  the planet.

Holly Eissler Given on the role of  seismology and nuclear verification in 
the Soviet Union

Nuclear Explosions
One of  the things Don Anderson had me doing at first, in addition to computing travel-time curves, was looking at seismograms 
from nuclear explosions. At the time, the US was testing lots of  nuclear explosions underground in Nevada and occasionally 
elsewhere. One big trouble with trying to figure out the structure of  the Earth is that you don’t know exactly where the earth-
quakes are. You need to know the Earth’s structure to compute earthquake locations, so it is a chicken-and-egg situation. I 
was talking about travel-time curves and so on, and I just glossed over how you know where an earthquake was and when it 
occurred. Of  course, to get the travel time, you need to know when it occurred, and to get the distance, you need to know where 
it was. Using an explosion, where you do know when and where it occurred, solves these problems brilliantly. They were, as 
I said, testing nuclear explosions in Nevada, which are equivalent to pretty big earthquakes. Some were as big as magnitude 
6 or larger, and they generated beautiful, simple seismic waves.

An earthquake may actually rumble on at the source for several seconds, or even minutes for a big one, so you get very 
messy-looking seismograms. And if  you are trying to unravel later arrivals caused by triplications in the travel-time curve, it is 
very difficult. You need sources that generate simple pulse-like waves. Nuclear explosions were a really good thing to use. They 
were of  short duration and generated simple signals, you know where they were, and you knew when they occurred. And they 
were being well-recorded by the by special seismometer networks operated by the Air Force. Don had me looking at lots and 
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lots of  seismograms to try to figure out all these later arrivals having to do with structure in the upper mantle. And it became 
obvious, and it was obvious anyway, that the structure actually wasn’t one-dimensional, it varied in all three dimensions. The 
geology at the surface corresponded to things underneath, too. Using nuclear explosions, since they were then pretty abundant, 
would be a good way to study the three-dimensional structure.

Bruce Julian on the research value of  studying nuclear explosions from a 
seismological perspective

Nuclear Energy
I think the international security role of  nuclear has been neglected. If  we retreat from nuclear energy in this country–and we 
still have 93 operating reactors that produce almost 20% of  our electricity and more than half  of  our carbon-free electric-
ity–we lose our place at the table internationally. Russia and China are both eager to build additional nuclear power plants 
across the world, and we really want US technology, safety standards, fuel cycle standards, and nonproliferation standards 
to be part of  that mix because it’s all wrapped up together in terms of  people’s perceptions about nonproliferation. And the 
other thing, with different fuel cycles, you have the potential to use fuels that are much less attractive as far as proliferation 
potential. Current light-water reactor fuels do produce plutonium, so you have to very careful about how you deal with the 
spent fuel. How can we do this? We have to engage in the conversation, and I know that the US DOE right now has a big 
effort on trying to address the uranium shortage we could be facing due to the fact that we’re not purchasing uranium from 
Russia right now, and typically about 20% of  our uranium for our power reactors comes from Russia. That’s not to mention 
the issues with European natural gas dependence on Russia and other things. We’re working very hard right now with the 
Department of  Energy to develop a strategy, and we have some experts from Idaho National Laboratory who are working 
with them on that strategy.

Marianne Walck on the interplay between nuclear energy viability and national security

Nuclear Security
I’d say the optimism is as warranted as ever. The actual process has historically been cyclic. We go through periods of  crisis. 
Of  course, during the Cold War, the Cuban Missile Crisis stands out as an important one, but there were other crises as well. 
There are also crises in confidence, times at which one or another nation decides it has to pull back and rearm itself  or advance 
its armaments. These are cyclic processes. For me, the underlying optimism is, we still have to keep on talking with each other. 
These are enormously powerful technologies. They’re almost in a different universe as technologies; as technical people, it 
means something to say the power that nuclear explosive technologies have is on the order of  a millionfold or 10-millionfold 
that of  conventional chemical processes and explosives.
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And we need, as scientific, technical, engineering people, to understand what that implies, what the consequences could or 
would be, and therefore, how we might mitigate and control those consequences, including the social and political consequences 
that might lead to the terrible use of  some of  these technologies. You could ask the same question about biotechnologies that 
are also potentially very, very powerful in their own way. Not in the sense of  physical destruction, but in other ways; and 
certainly, in terms of  the possible casualties, biological weapons are also horrific to contemplate. Nuclear technology is not 
alone in our acknowledging that we humans have gotten to a point of  creating technologies that are very powerful, and the 
question is, are we emotionally, intellectually, socially strong enough to control those technologies we’ve created? How can you 
not be optimistic? The alternatives are really not something to be contemplated.

Raymond Jeanloz on the case for optimism on international nuclear security

That was such an exciting time for me. It was the year I turned 40, and I had been at Scripps for ten years, traveling around, 
building new stations. My kids were little, and I was just ready for something else. Especially when I would go to some of  
the more difficult countries to work in, I would try to get a contact at the US embassy or else call the desk officer at the State 
Department and say, “I’m coming, I work for University of  California.” In countries where the embassies weren’t very busy, 
they sometimes would talk to me, and I’d end up talking to these really smart, bright people who were Foreign Service officers. 
And I thought, “ I would like to have a job like that.”

John Filson is a wonderful man; he was sort of  a father figure to me. He was at the USGS, and he had been seconded 
off to ACDA, Arms Control and Disarmament Agency, during the negotiations for the CTBT. John and I were the main 
people who made the deal about which IRIS stations Scripps was going to do and which stations USGS was going to do. 
I called him up and said, “John, I’m meeting these fabulous people doing science support at US embassies. How do I get a 
job like that?” He said, “I don’t know, but let me ask around.” At that time, I didn’t even know about the Foreign Service 
Exam, which I took many years later. After a couple months, John called me back and said, “I don’t really know how you 
would get a science job in an embassy. But why don’t you think about this thing that’s being built in Vienna for the CTBT? 
They’re going to need people who know how to build stations, and you certainly know how to do that. And they probably 
want to have technical women.” I thought that sounded really cool. He said, “Call Ralph Alewine. He’ll know what to do.”

So I called Ralph, who I knew from having worked on the project in the Soviet Union, and I said, “I want to go work 
at this place in Vienna. What should I do? Should I fly out to DC and talk to you about this?” Ralph was enthusiastic, and 
after a while he said “OK, I’ll call the Executive Secretary and recommend that he hire you.” [laugh] And it just happened 
like that. I remember the afternoon that I got the call from the head of  personnel asking me to fill out paperwork, I was just 
so thrilled. I was so excited, I couldn’t focus, so I left work early and went to Nordstrom, where I bought this gorgeous Jones 
New York suit in my favorite fuchsia color for my new work wardrobe. [laugh] And when I got to Vienna, it was great. 
Nothing existed yet. I was the second person in the seismic section there, and I was the highest-ranking American in my tech-
nical division. Really, it was a clean slate. My division director was this extremely charismatic, smart man, a seismologist 
from Mexico named Gerardo Suarez. Everyone adored him. Gerardo told me, “When you move over here, bring your field 



88

boots, bring your notebooks in your air shipment, and hit the ground running. We have to get to work and start building the 
stations.” The very first agreements for the IMS - International Monitoring System - stations were based on the Memoranda 
of  Understanding that we used at Scripps to build IRIS stations. It was super exciting.

Holly Eissler Given on her work for the Comprehensive Nuclear Test Ban 
Treat Organization

Being a Helmberger student and going to every one of  these research meetings on seismology for nuclear test evaluation, which 
were the national forum for things like trying to outline the next treaty perspective, opened lots of  doors. At the same time, 
we’d had 100 years of  seismology, but the instruments that had been deployed, like the World-Wide Seismic Network, were 
deployed because of  questions about nuclear explosions after the late 50s, were pretty antiquated. Between Harvard, UC San 
Diego, and Caltech, there was this movement to make a consortium to be able to revitalize the instrumentation in seismology. 
This was IRIS, the Incorporated Research Institutes for Seismology. And I was one of  the founding members. Frankly, I 
benefitted from being the right age and the right time to be part of  the revolution on how seismology was done.

To be able to be part of  IRIS when it was founded, and I was on the committee to work on instrumentation, again, 
opened lots of  doors to that. I later became chairman of  IRIS. I was the president of  the Seismological Society of  America. 
I was on the government committee for the AGU that wrote the first position paper from the AGU/SSA answering a question 
President Clinton asked: “can we verify a comprehensive test ban”. All those things came together from, really, the fact that 
we had antiquated instruments in the 80s and were trying to figure out how to solve a problem. And suddenly, we were able 
to do that. But many of  my colleagues were in the same boat. The invention of  the world wide web, new seismic instruments, 
real time communications, all caused a revolution in geophysics. This also was setting national security technology, if  not full 
policy, in the 90s and beginning of  this millennium.

Terry Wallace on the connection between his academic training and his 
entrée to national security policy

I was involved in all the research for seismology, for nuclear test detection, and that included basic research with universities, 
applied research, we had cooperative agreements with other countries, Norway, Finland, Germany, France and even the Soviet 
Union. It was the main supporter of  seismology in the United States. DARPA modernized and revolutionized seismology 
in the United States and around the world. They put the very first standardized stations around the world, they converted it 
all to digital. When I came along, we were interested in detecting extremely small signals and processing those. We needed to 
develop specially designed seismic arrays. It took a lot of  research and experimentation to get just the right type of  array for 
nuclear explosion monitoring. That’s what I did. Also, I was involved in all the arms control negotiations as a delegate for 
the Department of  Defense and technical expert. There were two comprehensive test ban treaties. The first one was in early 
1970, and it was not successfully complete a treaty, but led to discussions on monitoring stations and data processing. Next 
was the Threshold Test Ban Treaty that limited the size of  nuclear explosions, so we had to get into fine details of  how big 
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exactly US and Soviet nuclear explosion were. We negotiated a joint verification experiment involving two nuclear explosions to 
test the seismological verification techniques. Going along in parallel was multi-year work of  technical experts in the Geneva-
based Conference on Disarmament. I led the US delegation to this group. we conducted some large-scale global technical tests 
to test different monitoring technologies and strategies.

Our work with the Conference on Disarmament led to negotiations and completion of  the Comprehensive Nuclear Test 
Ban Treaty. I also represented the Defense Department to these negotiations which was finished up in 1996. This involved 
setting up a worldwide system of  monitoring nuclear tests and nuclear activity under the operation of  a new organization based 
in Vienna, Austria. All of  the new seismic arrays we had developed were incorporated into the new International Monitoring 
System. There were 50 of  these array-type systems around the world. Additionally, here was a network of  low-frequency 
acoustic sensors, another kind of  array we had developed. Then, there were new ultra-sensitive atmospheric radionuclide 
detectors, where you would detect atmospheric radioactivity. We had to develop and test how you would process all of  this data 
really fast and efficiently. The headquarters for this system are in the UN buildings there in Vienna, which they share with the 
Atomic Energy Agency., The data processing center was set up there and is still running today. Many of  the technical staff 
and scientists were trained in our US program. It’s the centerpiece for international nuclear test monitoring around the world.

Ralph Alewine on his work at the intersection of  seismology and national 
security at the Department of  Defense
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Observation
What I see in seismology and geophysics more broadly is that simple observations and simple explanations of  them have already 
been done. Of  course, if  there’s a new large earthquake, you can learn a lot by applying existing approaches, but suitably 
large earthquakes happen rarely, especially in Southern California. New additional knowledge now more reliably comes from 
more detailed, more sophisticated observations, which reflect more complex phenomena. They may help a lot eventually with 
seismic hazard and so on, but they are very hard to interpret. The interpretation increasingly becomes non-unique because 
you’re increasingly trying to say something about either a complex temporal evolution, or a complex detailed distribution etc.

To understand these observations, you have to combine the observational science with some physics-based modeling. It 
used to be that one group of  scientists did observations, another did modeling, and they just compared notes. I think increasingly, 
the future, at least in part, are the people who do both or at least collaborate very closely from the very beginning, all the way 
to designing the field or lab experiments and numerical models. Only if  you deeply know both worlds can you even design 
an optimal observational network or a laboratory experiment to capture new observations that can constrain physics-based 
modeling. Modelers, if  they really want to have an impact, need to dive deeply into results of  observations or laboratory 
experiments to combine the modeling with the real world more closely. This means that, increasingly, novel results will come 
from observational scientists who are also modelers, or at least understand modeling very well, and the other way around. 
Ideally, it’s the same person doing both, which is great because it improves observational methods as well as how the models 
are done. Scientists like this will be the most successful.

Nadia Lapusta on likely paths of  success for the upcoming generation of  geophysicists

My community would challenge what you mean by direct observation because yes, grabbing a sample and looking at it is, 
in some sense, a direct observation, but so is probing the interior of  a planet using acoustic seismic waves. In fact, you can 
come up with a conceptual argument that it’s almost the better way to do things. With our eyes, we have a limited range of  
wavelengths with which we can look at things. With seismology, at least for Earth, there’s a very broad range of  frequencies 
or wavelengths, many orders of  magnitude compared to the narrow window we have for our eyeballs. Better than that, we can 
see two kinds of  waves. Light is just transverse waves corresponding to shear waves in seismology, but seismology can also 
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look at pressure waves. There’s actually a great richness that comes out of  seismology in terms of  studying Earth’s interior, 
and now the interior of  Mars, and hopefully, with time, other planetary interiors. We even have some hope for the possibility 
of  observing the elastic oscillations, seismic oscillations of  large planets with the beautiful work that’s been done in so-called 
helioseismology on the oscillations of  the Sun, and there’s hope in the community that at some point it’ll be possible to also 
see the oscillations of  the giant planets. Things are quite complicated, there are lots of  winds, currents, and things that need 
to be looked at. But that’s a very exciting domain in terms of  understanding the materials, and also the dynamics of  plane-
tary interiors.

I’d be remiss if  I didn’t mention the other important process that is characteristic of  planetary interiors, which is the 
creation or sustainment of  a magnetic field. The magnetic field for Earth, the magnetic field for the planets in general, the 
internal magnetic field originates deep inside the planet in the stirring of  electrically conductive fluid. For Earth, it’s the 
iron-rich core; in the cases of  Jupiter and Saturn, it’s the metallic form of  hydrogen or hydrogen-helium mixtures, as is the 
case also for the Sun. And this is where my area comes in because we normally think of  hydrogen as being a transparent 
gas, but at the conditions existing inside the giant planets, it’s no longer a gas, it’s a fluid. And indeed, it’s a fluid metal. It’s 
more like mercury in that it’s electrically conductive, it’s shiny, it’s reflective, and we’re quite enthusiastic about determining 
the properties of  metallic hydrogen because at some level, it’s actually the most abundant material in our Solar System. For 
example, it’s what makes up the bulk of  the interiors of  Jupiter, Saturn and the Sun, and is also present in other giant planets. 
To varying degrees, it may even be present inside Earth as an alloy constituent. But we’re very interested in the properties of  
metallic hydrogen for these planetary astronomical applications, and also because of  the fundamental physics and chemistry 
that’s involved.

Raymond Jeanloz on the meaning of  deep Earth observation absent deep Earth drilling

Origins
When I was in this environment, I thought it was all routine, but having experienced a few different academic institutions 
throughout the years, I could look back and see how unique the environment was. Richter and Benioff provided the link to 
Gutenberg and Press was the clear symbol of  the future. Press brought in a much larger group of  students than before. When 
the seismology was moved to San Rafael Hills the solid granite/schist rock provided a suitable site for seismic recording. 
While the Lab was still clearly connected to the campus as all classes were conducted there, the lab is a self-contained unit. 
In the early 1960’s Richter had his large seismogram reading room, with big tables and seismograms stacked in the cabinets 
around them. I have the wonderful memory of  Richter reading the seismograms of  a big earthquake on the drum recorder 
by the staircase. It was perhaps in 1965, Richter determined the approximate location and the magnitude. I have the image 
of  him singing something like: “This one looks like one from 193-.” He’d go downstairs and find the record. “See? That’s 
history right there.” Dr. Richter had two women assistants. He would have them find the seismograms and make more com-
parisons. We were all there helping, looking at waves. That kind of  education was priceless. Hearing all the humming, the 
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understatements, it was a wonderful experience. I and my colleague tried to replicate the seismogram reading experience with 
our seismology students in Binghamton.

Francis Wu on the intellectual heritage that made him feel connected to 
the Seismo Lab’s beginning

Oscillation
One of  them was the so-called baseline shift. Tom Jordan, in his doctoral thesis, looked at the earth’s modes of  free oscillations, 
which are like long-period surface waves. From the measured periods of  the modes of  free oscillations he and Don Anderson 
derived an earth model, that differed significantly from previous earth models. There was some speculation that this discrep-
ancy was because the free-oscillation data sampled the Earth uniformly, whereas the previous models reflected primarily the 
composition of  the Earth under continents. However, what should’ve been known at the outset but was only worked out a bit 
later was that if  you were looking at free oscillation modes with periods of  1,000 or more seconds, and you’re comparing the 
earth model inferred from those to the earth model inferred from body waves, like the famous Jeffreys-Bullen model, based on 
body waves with a period of  one or two seconds–there’s a phenomenon called physical dispersion due to anelastic attenuation. 
This is very well-known in physics. It’s why red light travels slower than blue light in the atmosphere, why a prism divides 
things up. If  you want to compare an earth model derived from long-period observations to one derived from short-period 
observations, you have to correct for anelastic attenuation, which was initially not corrected for. There was a paper by Hsi-
Ping Liu, who was a post-doc then, with Anderson and Kanamori, published in 1976, where they made that correction. And 
the baseline shift went away. That was one issue.

Another issue, which is still sort of  ongoing, didn’t involve Caltech but a paper by Forsyth and Uyeda, who were then 
at MIT, about what the driving forces of  plate tectonics were. When you get a paper to review, it’s supposed to be a secret. 
The situation is often complicated, as in this case, because the authors had already presented their ideas in seminars and at 
scientific meetings, so their theory was public, even though their specific manuscript was not. Of  course, everyone respected their 
priority and no one at the Seismo Lab tried to rip off their work. But on the other hand, many people at the Seismo Lab were 
really interested in the topic. So these authors’ theories were a lunchtime discussion topic for two or three weeks. The fruits of  
these discussions, in condensed form, were fed back by the reviewer to the authors, and I think this helped them to sharpen up 
their paper before it was published. It has about 1300 citations now, by the way. That kind of  discussion was very educa-
tional for a young scientist. Lots of  hot scientific issues were always being discussed like that while I was at the Seismo Lab.

Earthquake prediction wasn’t really a major issue while I was at the Seismo Lab, although it was sort of  a periph-
eral issue. There were some guys the late 1960s in the Soviet Union, as it was at the time, in what’s now the Republic of  
Tajikistan, in a place called Garm, and they claimed to have seen humongous changes in seismic velocities before earthquakes. 
They said that the in-situ seismic velocity went way down, then back up, then you had the earthquake.
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This was just crazy stuff. But somehow, it took on a life of  its own. In 1973, there was a paper by Jim Whitcomb, 
Jan Garmany, and Don Anderson. Whitcomb was a post-doc at Caltech at the time, and Garmany was an undergrad student, 
my classmate, who worked at the next desk to me in the old Seismo Lab. Anderson was Don Anderson, of  course. More or less 
simultaneously, another group at Columbia University’s Lamont-Doherty Geological Observatory published similar papers 
claiming to have seen these humongous velocity anomalies before earthquakes. None of  these were really changes in actual in 
situ seismic velocities; they were changes in apparent velocities, which is another animal altogether. Clarence Allen and Don 
Helmberger measured real velocity changes from quarry explosions and found there wasn’t much of  anything. From my vantage 
point as a young grad student, that was pretty effective debunking effort. But in public, the supposed velocity anomalies were 
really hot stuff in terms of  publicity.

Bob Geller on some of  the major ideas that animated the Seismo Lab 
during his graduate work
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Paleoseismology
In March 1971, there was a meeting of  the Cordilleran (Western) Section of  the Geological Society of  America, hosted at 
UC Riverside by its Geology Department, my undergrad school. I was a 20-year-old junior then and was asked to man the 
registration table as the participants walked up—”Here’s your badge” and so on. I’m sitting there at the table and up walks 
this disheveled fellow who said his name was Charles Richter. Like most people, I knew almost nothing about him except that 
he had invented the Richter scale. I’m like “Buh buh buh buh buh buh” [laugh], but I manage to sign him in. Later on I had 
some time to go listen to a few talks. This was the first time I had ever been to a professional meeting. I went in to listen to 
a talk by a couple of  consultants from an organization called Woodward-Clyde, headquartered in the Bay Area. They had 
been approached by the city of  Fremont, which wanted to build a new civic-center complex. They knew that the Hayward 
Fault ran through the property, and they didn’t want their new buildings to be built across it, so they asked their consultants 
how to avoid that? The consultants’ novel approach was to dig a long excavation across where they thought the fault was and 
thereby to expose it in the broken sediments. I was impressed by their use of  geology to solve a seismological problem.

Coincidentally that Spring, I was taking two key geological classes. In Structural Geology I was learning about dif-
ferent types of  faults – strike-slip, thrust and normal – and how to analyze them and their associated deformations, mostly 
for mining and for petroleum exploration, which is where most of  us went in those days after we graduated with our PhDs 
or master’s. In Stratigraphy and Sedimentation, I was learning basically how to interpret geological layers. How do you tell 
whether they’re marine or terrestrial, or windblown, riverine, landslide, or glacial, or whatever. Because that classwork was 
on my mind, it occurred to me that a geologist could do a lot more than just locate an active fault by digging a trench across 
it. Why not use the successively deposited layers of  swamp mud and peat, or river sands or a lake clays, to tell when in the 
sequence of  deposition of  the fault ruptured and broke the surface. Successive ruptures would be successively buried, radiocar-
bon dates could tell when each one happened, and thus you’d get a history of  earthquakes extending hundreds and thousands 
of  years into the past, substantially lengthening the time covered since the invention of  the seismograph. That was basically 
the day that paleoseismology, the idea of  using landforms and layers and structural geology to interpret seismic history, was 
conceived. It was a five years later before it was actually born, and an additional 10 years before my USGS mentor Robert 
Wallace named the baby “paleoseismology.”

Later in 1971, my most influential undergrad professor, Wilfred Elders, showed me a little red and white pamphlet 
from the National Science Foundation, advertising that they had $3 million to distribute during the summer of  1972—the 

---
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year I was graduating—for student-originated, environmentally oriented studies. The NSF SOS program, it was called. Elders 
suggested, “Why don’t you write a proposal to do something environmental?” Over the next week or so, I developed the idea 
of  figuring out the prehistoric history of  the San Jacinto Fault, which runs through Colton and San Bernardino, practically 
in UCR’s backyard. It seemed to me that it would qualify as an environmental project. So I put together a team of  undergrad 
geologists, geophysicists, economists and social scientists and we were awarded a whopping $25,000, which paid me a salary 
of  $1,000 for the whole summer. I’d also been offered a job working for ARCO in Alaska and flying around in a helicopter 
and stuff. But I decided to stay in awful smoggy Riverside, much to the horror of  my lungs. I figured it would be more fun to 
be my own boss than to work for an oil company. Moreover, it would be environmentally related. So we dug trenches across 
the San Jacinto Fault, mapped the walls of  the excavations and brought the 14C samples back to UC Riverside’s nascent 
radiocarbon lab. Unfortunately, the analyses were poorly done and yielded no reliable dates, so that first attempt at creating 
a paleoseismologic record was a flop.

I went to grad school at Stanford that Autumn, but nobody there, or anywhere else for that matter, was doing this sort 
of  thing. Everybody was working on older stuff. In fact, in those days, because most geologists were trained to find petroleum 
and minerals, universities trained them to interpret old rocks – old igneous rocks for copper and gold and zinc and so on, or 
old sedimentary rocks for oil and gas. Those rocks were the important rocks. When you had young layers on top of  them, they 
were called the “overburden,” because they were basically a nuisance. But perhaps you know, as an historian of  science, about 
the time I entered grad school people were starting to be concerned about what we were doing to the environment. The concern 
wasn’t about climate change then, it was mostly about pollution. I went to Stanford, even though nobody was working on the 
“overburden,” because it’s just a few miles from the San Andreas Fault.

It was tough to realize though over the course of  my first grad-student year or two, that there was no interest in what 
I wanted to do. I was told by one professor to “either sell your ass to me and do something along the lines of  what I suggest 
or find another advisor.” [laugh] That was a shocker, but it certainly got me to focus on finding a solution. I’d been pretty 
unhappy during my late teens and early twenties, for reasons we can talk about later if  you wish, and that academic brick 
wall just drew me deeper into my melancholy pit. But, fortunately for me, seismologists, in concert with the USGS, had just 
laid out an escape route, although I didn’t know it at the time. It was called the National Earthquake Hazards Reduction 
Program (NEHRP), motivated by the destruction caused by the eye-opening 1971 San Fernando earthquake. That led to 
about a $50 million allocation by Congress to the USGS to study earthquakes and to make the country safer with respect to 
earthquakes. The Survey set aside about $5 million for university researchers. NEHRP came into being in 1975 or 1976, 
right when I had to figure out how I would avoid “selling my ass” to a professor whose work didn’t really interest me.

After that encounter, I started thinking that I may have to leave Stanford, or study to become a high school teacher or 
something else. As I explored my options, I made an appointment to see Clarence Allen, since I was down in Southern California 
for Christmas with family later that year. I rented a car and drove up from Newport Beach. I pulled under Clarence’s bay 
window – the Lab was still up in the mountains then – and promptly realized that my seatbelt was broken, and I couldn’t 
get out. [laugh] What could I do? I’m stuck in my seatbelt. I can’t crawl out, and the eminent Professor Allen is probably 
watching me from his window. So, I got my pocketknife out, cut the seat belt off and went up to see Clarence. I asked him if  
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it might be possible to transfer to Caltech for my PhD. I suspect Clarence’s assessment was that I was in trouble, so he wasn’t 
so keen to bail me out. But he sent me in the right direction – to Richard Jahns, the Dean of  the School of  Earth Sciences. 
He had been a Caltech professor while Clarence was doing his PhD in the 1950’s, and I think he might have been the only 
full professor up til then to have left the the Geology Department for a greener pasture. I was a bit disappointed, but I went 
back up to Stanford and talk to Jahns, or “Doc” as I came to call him. He suggested that I work on the San Andreas Fault, 
not the San Jacinto, because it was a bigger and more consequential target. He gave me $300 to go down into the Southern 
California desert and scope it out. I did a couple of  observations of  tiny offset streams that looked like they were offset during 
the last earthquake. I came back up, and Doc opined that it was enough to write a proposal to NEHRP. We did that, and 
to my amazement, it was funded. He basically saved my hide, and NEHRP made it possible for me to do what I wanted to 
do. Two and a half  years later he told me as I walked out of  his office with my thesis under my arm, “Kerry, I have to tell 
you now that actually when I gave you that $300, I figured I was probably just giving you enough rope to hang yourself.”

[laugh] Actually that was a while after I’d already been hired at Caltech, because I was hired a few months before 
I’d finished at Stanford. What had happened was that Clarence Allen and Lee Silver had heard of  what I had been able 
to do and had gone to the chairman of  the department at Caltech at the time, Barclay Kamb, to suggest hiring me. I was to 
give my first talk about this work at the December 1976 meeting of  the AGU in San Francisco, but I was still finishing 
writing it up. I still needed about a year or so to finish. I hadn’t even started thinking about what I’d do after I finished my 
PhD, other than supposing I’d have to find a postdoc somewhere. So during the AGU meeting, Barclay takes me out to lunch 
on Polk Street, to a little vegan place where the choice was either lima bean or pumpkin soup. Lima beans had made me sick 
when my parents forced me to eat them as a child, so while I had pumpkin soup Barclay offered me a job. I thought he meant 
a postdoc with Clarence, but no he said he was offering me a job as an assistant professor. I was dumbfounded and told him 
that I didn’t think I’d finish my thesis until the end of  the coming year. He said he wanted me to come sooner than that. I 
asked him if  I could wait until I finished my PhD. He then totally bluffed me, saying that it might not be available that far 
in the future. [laugh] So, I came before I had finished. He set me up in my office and paid me $500 a month less because I 
was only a lecturer at that point, not a professor yet because I didn’t have my PhD. Anyway, I finished up my PhD within 
a few months. Incidentally, my start-up was an shaggy old yellow rug, a desk and a barely functional old drafting table. 
Fortunately, I was able to bring my NEHRP grant with me.

Kerry Sieh on the circumstances of  creating a new discipline in seismology

Periodicity
Yes, the reason I’m hedging here is that earthquake prediction is a magnet for really bad science. There must be 100 years of  
really bad science based on attaining the holy grail of  predicting earthquakes. When you start to get into the idea that certain 
things are periodic, that leads very nicely into the idea, “If  it’s periodic, and it’s been some amount of  time since it happened, 
you can predict when the next one is going to happen.” And yes, we do that with these slow-slip events, but only these slow-slip 
events, and only one part of  Cascadia under Puget Sound. But one of  the things we’ve really come to understand, both with 
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Cascadia and with other subduction zones around the world, is that there are certain questions in science that are essentially 
unanswerable and almost not the domain of  science to even attempt to answer. For instance, what’s the weather going to be at 2 
pm in Pasadena on June 19, of  the year 2351? There are so many nonlinear dynamics, many of  which we don’t understand 
but will control, to first order, the answer in there that it’s not really a scientific question to ask. If  you go to the earthquake 
fault world, what we find, and what instrumentation in Cascadia and elsewhere, is that there’s not just a big earthquake, then 
500 years of  nothing. What we see instead is a very nonlinear, complicated world where you have slow-slip events that can 
trigger other slow-slip events, which can in turn trigger real earthquakes that people feel, and then that seismic slip triggers 
other slow-slip events, which then propagate down dip, or up dip, or sideways, which then trigger other earthquakes. There’s 
feedback going on between slow and fast slip occurring on many faults and happening on a continuous basis. So to say, just 
because you’re seeing a 200-kilometer north-south distance of  a 1,500-kilometer subduction zone exhibit a periodicity of  14 
months, between, say, 1988 through 2022, that it means anything for the greater subduction zone is just not supported by the 
observations we have. It’s an extrapolation unsupported by any observation or theory we can defend with data.

So we’ve come to the conclusion that in the absence of  any paradigm-shattering discovery, the predictability of  earthquakes 
is nonexistent. And the combined seismic and geodetic instrumentation we’ve studied in Cascadia shows this to be absolutely 
true. There are a couple beautiful examples of  such unpredictability made in the Ecuador subduction zone by a French group. 
It’s a very active subduction zone, and they have had many big earthquakes. Recently they had a small earthquake, which 
triggered a slow-slip event such as we see in Cascadia, which then triggered another slow-slip event, which then triggered a big 
earthquake, which then triggered another slow-slip event, which propagated back up to the original location of  the first slow 
slip event and kicked off a big aftershock right there, all over the space of  a couple years. To be able to use that observation to 
make some measurement of  predictability is nuts.

Tim Melbourne on the key distinctions between earthquake periodicity 
and earthquake predictability

Planetary Science
I think Frank, from his graduate student days, had a pretty inclusive grasp of  seismology. He developed instruments, he 
worked on seismic theory, he worked on seismic data. And he was voracious in applying new ideas to the studies of  earthquake 
sources and Earth structure. A lot of  new ways of  looking at the Earth through seismology came out of  that group. But he 
was involved in some broader debates that were going on in the Division of  Geological Sciences. And he lost one. I think 
that was a factor in his eventual move to MIT. In the 1960s – I got a lot of  this information later rather than seeing it as 
an undergraduate – the Caltech geologists were debating how much emphasis they should place through new hires on two 
promising fields. One was planetary science, but the other was ocean science and marine geology and geophysics in particular. 
Of  course, Frank, as a product of  Lamont, knew the power of  those last fields and had argued that Caltech should grow in 
that discipline and hire enough faculty who worked in that area to be a powerhouse in those fields. But I understand that the 
faculty decided they couldn’t do both and that the proximity of  Jet Propulsion Laboratory, the novelty of  planetary science, 
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and the opportunities presented by spacecraft missions – maybe colored by the professional interests of  some of  the then current 
faculty – led them to choose planetary science over oceanography as a field to emphasize. That wasn’t so much a scientific 
debate as an institutional debate.

Sean Solomon on some of  the institutional choices that led to Caltech’s 
de-emphasis on oceanography during the Frank Press era

Plate Motion
What can we understand about the relationship between the large-scale structure of  thermal convection and dynamics in the 
interior, and plate motions? It turns out that solving that geoid problem, the gravitational field problem, didn’t directly address 
that. It was later that I began work with David Engebretson, Yanick Ricard, some of  my own students at Berkeley, where we 
were able to explain that that large-scale structure, which occurs at a scale that’s kind of  larger than plate tectonics—if  you 
look at the density structure of  the Earth’s interior, the seismic structure, at first it doesn’t look anything like plate tectonics. You 
say, “Well, what’s going on here? We thought the hot stuff was rising under ridges and cold stuff sinking under convergence 
or subduction zones.” It turns out if  you integrate that history over about 100 million years, and you keep track of  where all 
the cold stuff goes, it looks almost exactly like the large-scale structure. I would say explaining that was probably the second 
major accomplishment in my career. I wrote a paper with a guy—David Engebretson is a guy who does plate motion recon-
structions. By using those reconstructions over the last 120 to 200 million years of  Earth history, we were able to explain the 
relationship between the density structure in the Earth’s interior and the history of  plate motions.

Mark Richards on the questions that formed the basis of  his thesis research

Plate Tectonics
It happened pretty quickly. The major papers by Harry Hess and Bob Dietz postulating seafloor spreading were published in 
the early 60s. A key paper was written in 1965 by J. Tuzo Wilson, who first used the term plate tectonics. He put forward 
the transform fault hypothesis that was tested by Sykes in 1967. That hypothesis turned out to be correct, and a series of  
papers were written in ‘67 and ‘68 that really established plate tectonics as the dominant theory. By 1969, you had to be 
pretty out of  it (or a continental geologist) to not believe in plate tectonics.

Tom Jordan on the timing by which plate tectonics transformed from a 
debated hypothesis to established science

Near the end of  my graduate studies, plate tectonics emerged as a major theory in Earth Sciences. The tools that I learned came 
in handy. I remembered looking back on Taiwan and thought, “Oh, by golly, that’s right on a plate boundary.” Seismic jolts 
were common as I can still recall vividly the strong earthquake one October morning in 1951, located about 150 miles from 
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Taipei where I was attending junior high school. The weather bureau, in charge of  seismic monitoring there, advised schools 
to let students go home, because a big one would occur again that afternoon. We happily went home, but the prediction did not 
come through - in fact, we still can’t really predict earthquakes. But the global understanding of  the outer 600 km or so of  
the Earth that plate tectonics that began to emerge led me into fascinating studies. It led me to projects on South Island, New 
Zealand and in China (more specifically in Yunnan and Tibet). The camaraderie of  the cooperative research projects with 
U.S. and the in-country scientists as well as the knowledge gained from on-the-ground data gathering and ensuing analyses 
made the research work fun and rewarding.

After one year deployment of  11 broadband (STS-2) stations along the NS highway across Tibet in 1991-1992, and 
a year and half  deployment of  a cooperative array in southern Tibet and Nepal (jointly with researchers from University of  
Colorado, China and Nepal) in 2001-2002, I acquired a keen sense of  the power of  plate tectonic processes and subsurface 
probing using seismic means. Wishing to understand a system more completely I then organized an international, multidisci-
plinary project in 2004, after a major (Mw7.6) earthquake, to explore the tectonic processes of  the island and in the ocean 
around the island, the so-called TAIGER project. Taiwan’s mountain has been shown to grow at a very rapid rate of  more 
than 1 cm/yr in the last couple millions of  years. Geologically it is very young, and the uplift is among the fastest in the 
world. For TAIGER, we marshaled hundreds of  seismic stations across mountains to record local and distant earthquakes 
as well as artificial sources in order to image the subsurface structures, and the U.S. academic marine research vessel M/V 
Langseth deployed and retrieved ocean bottom seismometers and set off shot air guns in the ocean and recorded their signals on 
strings of  towed hydrophones and we also mapped subsurface electrical conductivity with magnetotellurics. The field works 
took 4 years to complete and a few more years more data analysis. We had most of  our basic results published by 2014 but 
further interpretation is still ongoing.

Francis Wu on the advent of  plate tectonics and its impact on his career

The state of  the field, and maybe the state of  the theory worldwide, was that it was pretty much accepted, but for a couple 
of  absolute diehards, Sir Harold Jeffreys, for one, who was only at the time approximately 75 years old, and a Russian 
scientist by the name of  Belousov, who was still pushing the theory of  the oceanization of  the continental crusts, which was 
that the continents would sink, and as they did, they would become ocean. But these were really exceptions. It was essentially 
the basis, interestingly enough, for the research we were doing. But I wouldn’t say it was the Book because nobody had really 
found the time to write big books on it. People were too active and just kept doing research. And surprisingly, at Caltech, I 
never had a class on plate tectonics. This was something which was explained on notepads, on chalkboards, and so on, but 
we need ever had a formal class in plate tectonics. When I moved to a faculty position, the first thing I did was to try to put 
together a class on plate tectonics. How do we know what we know about plate tectonics? Towards the end of  my career, it 
had evolved into something like a 700-page set of  notes, to which I gave the title, Everything You Always Wanted to Know 
about Plate Tectonics but Were Afraid to Ask.

I think the idea of  continental drift is fundamentally an observational one, which goes back all the way to Wegener 
and even before that. I did some research at some point, and you’d be amazed to find that some of  the mapmakers of  the 
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16th century noticed the coherence of  shape between South America and Africa, and you can find notes there referring to them 
have been separated. And then, Lomonosov, in Russia in the 18th century, was perhaps one of  the most enlightened people in 
science in the 18th century. He clearly wrote somewhere that there was a motion of  the big masses. This is an observational 
thing that the continents had drifted, for all kinds of  reasons, be it their shape, the presence of  some paleontological evidence, 
paleoclimatic erosional evidence from glaciers, or the paleomagnetic evidence that came later. These are observations called 
continental drift.

We asked, “Why?” This is what led to the scientific demise of  poor Alfred Wegener, which is that people like Harold 
Jeffreys asked him, “Why do the continents move?” This is something I used to teach my students. If  you’re asked a question 
you cannot answer, don’t try to BS your committee by providing some fuzzy answer because they’ll nail you down. This is 
exactly what happened to Wegener. Jeffreys told him, “If  you tell us that the continents move, what drives them?” Instead of  
saying, “I don’t have the slightest idea, but I think they move,” he said, “Well, it may be a tidal force,” and Jeffreys wasted 
no time showing that the influence of  the tides was six orders of  magnitude too small or so. Poor Wegener was ridiculed by 
the rather stuffy members of  the Royal Society in England and people like that, because instead of  saying, “I don’t have the 
slightest idea,” he tried to make an answer up. Plate tectonics really came alive when people said, “This could be convection. 
If  it’s convection, there has to be an upwelling somewhere and a downwelling somewhere.” It became a dynamic theory instead 
of  purely a static observational one, a kinematic one.

Emile Okal on the state of  plate tectonics research during his time in grad-
uate school, and its distinctions from continental drift

That’s a tricky issue, and no one wants to say so. Certainly, one could argue that mineralogy is a mature field because we 
know most of  the minerals that are important but they’re developing new ideas, new ways of  looking at mineralogical pro-
cesses, new questions, especially for environmental issues. I think for plate tectonics, in most places around the world, we sort 
of  understand to the first order what’s happened. I think that there are still a lot of  interesting questions. I don’t think we 
really understand details of  how it works. But it certainly is a more mature field than 30, 40 years ago in the sense that we 
are confident of  the basic model and have answered a lot of  questions.

Two big issues are the plate boundaries and the motion of  plates. In the 70s, all we could do was determine three-mil-
lion-year averages from the magnetic anomalies on the seafloor, earthquakes, motion directions, and transform faults. And we 
could only outline the big plates, which there were about 14. Now, we’re probably somewhere around 100. And we didn’t really 
understand the difference between what was going on a plate boundary that we thought was a really narrow, 100-kilometer 
feature. I think with GPS today and overall better understanding of  how deformation is distributed when we have plates, for 
example, colliding, we’re starting to separate out this issue of  inter-plate, what’s happening within the plate boundary zone, 
and intra-plate, in the middle of  a big plate. We now, with GPS especially, can start sorting out what’s really a motion 
of  a smaller area that’s acting like a rigid plate. Another big issue is how continents break apart to form new ocean basins.

I think the biggest issue, really, is how the plates move. At least to me, it’s kind of  what really is going on, the interaction 
between the rigid plate above and the asthenosphere, the more fluid-like material below. Of  course, how to forecast when the 
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Earth finally fails, and you get the earthquake is unknown. It doesn’t help the average person, but we’ve made huge progress 
understanding why earthquakes occur and where they do, which was a big mystery, certainly, before plate tectonics. But I 
think one of  the big issues is just trying to figure out when earthquakes will occur, and it requires better forecasting. There, I 
don’t think we’ve made much progress, other than we know there have been earthquakes before. However, we’ve made a lot of  
progress with the paleoseismic record, when these earthquakes have occurred in the past, but it’s clearly a very irregular process.

Carol Stein on how to determine if  plate tectonics can be considered a mature field

First of  all, plate tectonics. When I entered grad school, plate tectonics and continental drift were mostly considered heretical 
ideas that were probably wrong. Within a period of  a few years, pretty much the entire field of  Earth sciences generally, and 
seismology in particular, was totally persuaded that this was the way the Earth works.

Plate tectonics certainly changed everything in Earth sciences and certainly in seismology. Since then, I don’t have an 
immediate response, other than to say that the implications of  global plate tectonics for seismology continue to be explored and 
exploited. That’s something that has produced a number of  surprises over the decades—these slow and silent earthquakes that 
I mentioned, the recognition that earthquake processes from very long periods like those that are measured geodetically to the very 
highest frequencies, hundreds of  hertz, are all part of  the same process and are interrelated in continually fascinating ways.

Wayne Thatcher on the biggest surprise he has witnessed in the field since graduate school

When I arrived, no. The conventional wisdom was that continents didn’t drift. In fact, I talked many years later to a professor 
at Caltech, I won’t mention any names here, who had himself  been a student at Caltech and had wanted to write a term paper 
about the continental drift hypothesis and was told by his professor he wasn’t allowed to do that, I’m sorry to say. [laugh] 
I hasten to point out that this particular professor was an early one to change his mind on this question, and made many 
contributions, but people tended to have a closed mind about that question. And I remember when I first found out that that 
wasn’t really right. There was a geology-club talk in the evening once a month or so, and at one of  them Bill Menard, from 
Scripps, gave a talk about the fracture zones in the oceans. In about the last 10 minutes of  his talk, he suddenly digressed and 
said, “I’m going to show you something brand new,” and showed us these profiles of  the magnetic stripes on the Reykjanes 
Ridge near Iceland in the Atlantic Ocean, which just showed beyond a shadow of  a doubt that the ocean floor was spreading 
and making a tape recording of  the reversals in the magnetic field.

There was no way around it. Things were moving horizontally on a very large scale. It was referred to at first as 
seafloor spreading because I think people imagined that the ocean floor was squishy or something. “Clearly, the Reykjanes 
Ridge is spreading, but maybe the continents still aren’t drifting,” and something in between was taking it up the motion. But 
Bill Menard’s talk made it absolutely clear that the seafloor was spreading from the Mid-Atlantic Ridge, and by inference, 
probably from the East Pacific Rise and other similar features in the oceans. It had to be. That was in 1965. About three 
years later, it suddenly became obvious that the ocean floor wasn’t squishy. It consisted of  large plates that were almost perfectly 
rigid, and the concept of  plate tectonics came along. Jason Morgan, at Princeton, and independently Dan McKenzie, who 



102

was visiting Caltech as a post-doc at the time, and Bob Parker at Scripps, realized that the Earth’s surface was behaving 
like rather rigid plates, and you could use a simple mathematical theory due to Euler to describe the relative motion of  points 
on different plates. That was in 1968, and the actual term plate tectonics came along a few years after that. For a while, it 
was called “the new global tectonics”.

Bruce Julian on the paradigm shift in thinking about plate tectonics during 
his time in graduate school

The biggest debate, of  course, was whether plate tectonics was a reality, and I spent six years at Columbia doing nothing 
relevant to [laugh] plate tectonics. But it was such an exciting time to be there. Studies in the Tonga region by Oliver and 
Isacks and Sykes revealed the way plates were subducted beneath the trenches in the Tonga Trench. Things were developing 
in England. The name “plate tectonics” was given to it by a British scientist. But Oliver and Isacks and Sykes called theirs 
“new global tectonics,” which was an accurate description of  the phenomenon, but it wasn’t sexy enough to be plate tectonics. 
I guess McKenzie and Parker and others won out on that one. But even if  you weren’t working on that, there was just no 
escaping how exciting that was.

Bob Liebermann on witnessing the plate tectonics revolution at Columbia, 
circa late 1960s

I was able to start doing marine geophysics cruises because I was invited to participate in a research cruise down in Antarctica. 
The person who was in charge of  this cruise was Carol Raymond, at JPL. She had done her PhD at Lamont-Doherty 
Earth Observatory from Columbia University. Even though she was at JPL, she had a project that involved doing marine 
seismology, seismic reflection profiling, on the Antarctica margin. She asked me if  I would go along, and I said, “Yeah, that 
would be great.” But, of  course, she was the PI on this project, and I just went along so I could learn how to do things. Also, 
we brought a couple of  students. This was in late ‘92, less than a year after I actually got to Caltech. I was trying to find 
students who wanted to go, and I ended up with one grad student, Judy Zachariasen, one of  Kerry Sieh’s students, and an 
undergrad named Katie Quinn, who also wanted to go. Carol also hired people to help with technical work She had to bring 
a bunch of  equipment because the ship we were using was the Nathaniel B. Palmer, which is an icebreaker, but it didn’t have 
its own geophysical equipment, such as a seismic streamer. To do studies of  faults on the seafloor, you need a seismic reflection 
system. She had to get all that. She borrowed it all from Lamont, and so she borrowed some technicians from Lamont also to 
help run it. We had a set of  people who were from Lamont doing all this work, and then we had the Caltech people. Then 
[laugh] because it’s an NSF Polar Program ship, they had also put on two men who were from MIT Ocean Engineering, 
who were working on an underwater automated remotely operated vehicle to study the seafloor. They were going to test it on our 
cruise because we were out for six weeks, and they were going to try to use it in shallow water under the ice. They ended up 
trying to use it near Deception Island. They were just working on their instrument while we were there doing the geophysics.
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Actually, it was a great cruise. We got some really good data. Jane Dmochowski used it for part of  her PhD thesis. 
That got me started on trying to work with other scientists, particularly Steve Cande from Scripps Institute of  Oceanography, 
to do other cruises to study plate motions. I’ve ended up, because of  that, being out on 10 cruises myself  on the Nathaniel B. 
Palmer, some of  which were not in Antarctica. That ship could go anywhere in the oceans. But for one summer, in 2003, 
they had to send it up to the Arctic. A project up there was supposed to be run by the Canadian icebreaker, but the Canadian 
icebreaker had a problem and had to back out, and so the US sent their icebreaker up there. Since they were sending their 
icebreaker, they actually had to leave from New Zealand, and then go up to Hawaii, and go up to Dutch Harbor, Alaska, 
and then spend six weeks doing whatever that project was, and then come back.

We ended up with this fabulous opportunity to collect data on the legs between New Zealand, Hawaii, Dutch Harbor, 
and then we had to take a six-week break while this other project was going on. [laugh] The ship had to come back, so then it 
was coming back from Dutch Harbor to Honolulu to New Zealand. Earlier, I had used the ship to teach a marine geophysics 
class, and I had had Rob Clayton come with me. We had gone first to do this class across the South Atlantic because the ship 
had to go from Cape Town to Punta Arenas. We asked NSF to let us get on board to teach a class for the students to learn 
how to use this equipment, do the surveys, do some seismic reflection profiling, and learn how to do marine geophysics. For the 
next class Mike Gurnis came along too, while the ship had to go from Ventura to New Zealand one November, and NSF let 
us bring about 20 students. This class from California to New Zealand, was basically paid for by the Antarctic Program. 
Then they paid for everyone’s plane tickets to get home again. Some of  us stayed on board because we had another project to 
do, a seismic reflection profiling in the Ross Sea, ending up at McMurdo. It was a great opportunity for me to get involved in 
something I never would’ve thought I was going to do. It was facilitated because I happened to be at Caltech, near JPL and 
there were people from JPL who needed us to help.

Joann Stock on becoming involved in plate tectonic research via ocean 
cruise research trips

Absolutely, it’s true. But the interesting thing is, the Seismo Lab prepared for the next revolution, which was the integration of  
it all, and we played a huge, pivotal role in that. When plate tectonics happened, it happened primarily because of  observations 
made at sea, and those observations were made because of  World War II, primarily in secret. There’s a new book by Naomi 
Oreskes called Science on a Mission. Fantastic book, I learned a lot by reading it. I had no idea how much data, especially 
after World War II, was secret, which was critical for plate tectonics. And part of  the reason it got held up is because it 
was secret. But to get back to your point, the Seismo Lab missed out on the plate tectonic revolution because the data that 
was integrated was actually primarily bathymetric and magnetic data. Then, the first thing that happened to validate plate 
tectonics was seismology, and it was done by people at Columbia, not here.

But suddenly, all the things Caltech had discovered, especially by Benioff, were understood within the plate tectonics 
context. In some sense, because we were focused in on earthquakes, at some level, we weren’t at the core of  it all. We weren’t 
an oceanographic institution doing all this top-secret research for the Navy, we were doing research on earthquakes, funded at 
the time by the Air Force, which wanted to detect nuclear explosions. The Navy wanted to detect submarines. Their top-secret 
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institutions discovered it, not the Air Force’s. It was no flaw of  Caltech, it was just the way the dice fell. And it’s really quite 
interesting. One of  the stories of  the Seismo Lab, in the mid-1960s, when the plate tectonics revolution was unfolding, Frank 
Press left in a huff. He would later become Jimmy Carter’s science advisor, then later, president of  the National Academy of  
Sciences. He loved Caltech, but he left here because he wanted to steer our program into oceanography. We’re a landlocked 
institution that wasn’t doing oceanography at all.

We have a little facility now down at Corona del Mar. But the institutions which were going to define the future were 
already developed. It was so extraordinarily well-funded by the military that we couldn’t catch up. Frank wanted to do this, 
and the Caltech faculty said, “No, we’re not going to do that. We already know how we’re going to get to the future, and it’s 
through the planets because we’re ahead of  the game with JPL. Forget about oceanography, we’re going to go to the planets.” 
Frank left, and when he went to MIT, he developed, I believe, the MIT-Woods Hole joint program, which allowed Woods 
Hole to become a top-tier academic program. Caltech couldn’t have done that. There was a national committee that thought 
in order to move forward in terms of  seismology, Caltech needed to develop a seismology program back in the 1930s. And we 
did that. But at the same time that was going on, the National Academy of  Sciences said that they needed to invent this thing 
called Woods Hole Oceanographic Institution right on the water, and they invested in that. World War II happens, all this 
data is collected secretively, and plate tectonics happens. But what was happening in the Seismo Lab, especially with Don 
Anderson, with the mantle of  Gutenberg, was related to the physics of  the Earth. When we came around to figure out how 
plate tectonics, convection in the interior, and all that worked, in some sense, it was the Seismo Lab and Seismo Lab students 
that did that, period. That next big revolution happened, and a lot of  people played a role in that, but Caltech did not miss 
the boat. We were central to all of  that.

Mike Gurnis on the idea that the plate tectonic revolution passed by Caltech

That would go back to my graduate study years at Caltech, but for quite some time, I dove deeply into the Earth and its core. 
But at a certain point of  my career, I thought it would be interesting to look at the shallow part as well because we live at 
the surface and there are just more people who are interested in the shallow Earth. China and East Asia are very active in 
terms of  earthquakes. The planet’s very active with volcanoes and earthquakes. These are the manifestations of  our dynamic 
planet. And being a seismologist, obviously, earthquakes are an important phenomenon to study. In terms of  China and East 
Asia, what really stands out for me are the earthquakes in the high mountains. They’re very active, they’re still deforming, 
you can measure it with GPS, and that sort of  thing. In terms of  China, there’s another very important aspect. There are 
so-called intra-plate earthquakes, which happen well inside the plate. That’s also something that doesn’t fit into our standard 
theory of  plate tectonics where we normally expect earthquakes to happen along a plate boundary or near a plate boundary.

The plates are rigid, so you don’t expect too many earthquakes inside the plate. I spent a lot of  time, a little over 20 
years, at Illinois and in the Midwest, and there are earthquakes within the plate as well. New Madrid is the most prominent 
one. And I’ve always been intrigued. These earthquakes are well inside a plate, well inside a continent, and where a lot of  
population is. Beyond the question of  science, earthquake hazard is a very important issue. In China, for example, you have 
a devastating earthquake like the 1976 Tangshan earthquake and several other ones that were within the plate and that 
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were large, strong, and damaging. And these are all well within the plate boundaries. What causes those earthquakes is very 
interesting scientifically.

Places like the Himalayas are irreplaceable. But it could help understanding how, over time, the landforms have changed 
in other places as well, from the Central Asia and the Middle East, for example, Iranian all the way to the Alps. This type 
of  continental collision is an important problem around the world, and it happens on land, which means that there are pop-
ulations. And in the interior as well, and how it happens. I think those are two key questions facing seismologists, geologists, 
and people who are interested in how the planet evolves, which have implications for societies.

Xiaodong Song on his focus on plate tectonics in Asia

Praise
This was the best compliment that I heard from a certain person, which was Gerry Wasserburg. Gerry was a professor at 
Caltech, and he made a comment at some point to me along the lines of, “Tom Ahrens is someone who invents things in the 
lab – invents equipment, invents types of  measurements – and does things for the first time.” He invented ways to melt rocks, to 
make them molten before the shock wave experiment occurs so you can study molten rocks. He invented ways of  understanding 
this thermodynamic path of  shock and release to look at phase changes, and then made these temperature measurements that 
were – there are very few people in the whole world that were doing these, trying to make shock temperature measurements. He 
did things like sample recovery. He had four different guns. [laugh] It was just this nonstop – it was like every thesis involved 
building something totally novel and new. That was an incredible learning experience. He had great lab staff that were there 
for decades that just held the whole thing together by just depth of  knowledge. At some point, I had this “I’ve got to make a 
decision” conversation with him, and we were overthinking everything as grad students might do, and basically asked a rather 
straightforward question of  the two things that were really special about GPS that I could leverage for my interests. One was 
the telescopes, the access to telescopes. The other was this shock wave facility that didn’t exist in most places.

Sarah Stewart on hearing high praise for Tom Ahrens

Prediction
I do not think that earthquake prediction is possible in the sense that the public would perceive it. That is to predict the place, 
time, and magnitude of  significant earthquakes with sufficient accuracy so that people can take proper actions. Regarding 
the specific ranges of  time, location, magnitude, and accuracy, different people give somewhat different ranges, but what is 
important is that the prediction must be useful for saving lives and protecting properties.

As I said earlier, the earthquake process is stochastic. An earthquake is a rupture process in the Earth initiated by a 
failure caused by local stress concentration. As such, if  we know every detail of  the spatial and temporal distributions of  
the stress and the strength in the Earth, it may be possible to deterministically predict when and where a catastrophic failure 
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(i.e., an earthquake) would occur. Thus, one could argue that an earthquake is a deterministic process, and we should be 
able to predict it. However, what I mean is that with the presently available technology, we cannot determine the stress and 
strength distributions in the crust in sufficient detail. Thus, we need to use some probabilistic or empirical approach, and 
call an earthquake a stochastic process. This is why I say we cannot predict earthquakes deterministically. There are many 
processes involved. Even if  we understand the basic physics of  each process, the interaction between them is not predictable. 
This is like a freeway accident. There’s a physical reason why a collision occurs, you can understand why it happened, but 
you can’t predict the following chain of  events after that because there are lots of  drivers, some of  them may be drunk, some 
cars may have defective brakes, etc. This is why we say that the process is unpredictable deterministically. The earthquake 
process is something like that.

Hiroo Kanamori on why earthquake prediction is not possible as defined 
by what the public would find useful

So far, I still feel it’s almost impossible. But that’s also when I study earthquake physics, I say like, “If  you don’t know 
how the earthquake was nucleated, then you have no way to predict the earthquake.” So far, at this moment, we still have 
not yet solved this big question: how the earthquake was nucleated, and why the epicenter is at that epicenter, and why this 
earthquake stops somewhere, and not going to magnitude 7? Why did it stop at magnitude 5? If  these kinds of  topics are not 
yet well-defined, earthquake prediction becomes just by statistics. What I’m saying is while the statistic was not wrong, it’s 
somehow still gives some numbers. It depends on how you really want to learn from this earthquake prediction by statistics or 
by probability. For a long time, probability, I think that’s important. As I mentioned about earthquake hazard for this issue 
about nuclear power plants or those important infrastructures, we still have to know what’s the probability, how active was 
the fault, even though we still have a lot of  unknowns. But, for that part, I think that’s important. But I don’t name this 
earthquake prediction. I named it like probability for testing probability for the ground shaking intensity.

Kuo-Fong Ma on the prospects for earthquake prediction

No, it is fundamentally unpredictable, and that is not a religious statement. There are several examples, very notable examples, 
and beautiful examples of  earthquakes that had precursory phenomena before them. That’s undeniable. What’s also true 
though, is that if  you look at the ensemble of  earthquakes, when you look very carefully from an observational perspective, 
most of  them don’t have something we can detect. But it’s more subtle than that. For instance, consider the 1992, the Landers 
earthquake. It was followed 7 years later by the Hector Mine earthquake in 1999. They are right next to each other. The 
Hector Mine earthquake started at a location where there were lots of  aftershocks from the Landers earthquake. One of  them 
became the Hector Mine earthquake. If  you look at that example, what it tells you is that it’s not about predicting when 
earthquakes are going to occur. It’s actually predicting when earthquakes are going to stop. In other words, an earthquake has 
started, your job is to say, “Is it going to stop at a magnitude 1, or is it going to stop at a magnitude 7?” If  you think about 
that, when you talk about predicting earthquakes, you’re not talking about predicting when there’s going to be a magnitude 
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1 earthquake. That’s not what people expect when you discuss prediction, and people are being disingenuous if  that’s what 
they’re thinking about.

The better question is, “Is it going to become a magnitude 7 or is it going to stop at a magnitude 2”? If  you think about 
it that way, it is crazy to think that you can predict that this specific earthquake is going to become big or small. Now, people 
say, “OK, well, we’re not going to predict that earthquake, but we’re going to say some time in the next two months, we’re going 
to be statistical about it.” Are you telling me that you think that sometime in the next two months or the next year or the next 
five years, you’re saying that this swarm of  seismicity or this strain event that’s going to lead to a storm of  seismicity in which 
one of  those earthquakes will become a magnitude 7? I think it’s as simple as that. If  you go to a subduction zone, which is 
different from the strike-slip environment from the Hector Mine and Landers area, our community has gotten good enough to 
look at the distribution of  slip as a function of  time over these earthquakes that become magnitude 9 earthquakes. If  you look 
at, for instance, the Sumatran earthquake, it went on for almost nearly 1,000 kilometers. When you look at the beginning of  
that earthquake or the magnitude 8.4 Arequipa earthquake, if  you were to stop them in their first 30 seconds, they would look 
like your routine magnitude 7 to 7.5 earthquake. There are other magnitude 7 earthquakes that look identical to them if  you 
would just put them in that location. But something happened 30 seconds into it. It got to a location that was ready to go, then 
took off with a lot more slip for a lot longer distance. Once you make that leap, when people talk about earthquake prediction, 
what they really should be talking about is when do earthquakes stop—predicting when earthquakes stop—you realize it’s 
a fool’s errand. I’m really not trying to be flippant about it. I think it’s a disease of  unethical self-aggrandizement—to be 
blunt—if  people say, “I’m working on something that I think will lead to earthquake prediction”.

Mark Simons on the need to reframe the questions and goals surrounding 
earthquake prediction

What happened was, there was a kind of  perfect storm in Japan, during the mid-1970s. Some seismologists were hyping 
up the supposed imminence of  the “Tōkai earthquake” based on the idea that earthquakes occur in cycles. The Tōkai district 
runs along Japan’s Pacific Coast, from the Izu Peninsula to Nagoya.

There was a seismologist who, at the time, was in the lowest-ranking faculty position at the University of  Tokyo, 
which was then called research associate in English but is now called assistant professor, although it’s not like an American 
assistant professor. He was going on TV and appearing in magazines, saying that a magnitude 8 earthquake “could happen 
tomorrow” in the Tōkai district. I was still at Caltech at the time, but his hyping of  this in the Japanese media got sensa-
tional publicity and caused a quasi-panic about the supposed imminence of  this quake. And there were more senior people 
in Japanese academia saying the same thing based on the supposed periodicity of  earthquakes. Of  course, Don Anderson at 
Caltech and Bruce Bolt at Berkeley, at that same period in the 1970s, hyped up the danger of  a supposedly imminent quake 
(“the Big One”) on the San Andreas Fault in Southern California. As we all know now, 40-some years later, nothing has 
happened there either. The zeitgeist of  academic seismology all over the world then was making medium- or long-time scale 
predictions of  supposedly imminent earthquakes based on periodicity. Since few if  any of  them have happened 40 years later, 
there’s probably a scientific lesson in that for us. But let’s leave that for later and get back to the mid-70s.
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Based on the hype of  the supposed imminence of  the Tōkai earthquake, a few scientists got together with politicians 
in Japan and got the parliament of  Japan to pass a law allocating huge amounts of  money, to set up a system for the prime 
minister to be able to actually issue a warning to the public that a magnitude-8 earthquake would occur within the next 3 
days in Tōkai; the issuance of  this warning would result in evacuations, closures of  highways and schools, etc. That’s a 
step or two beyond anything the US ever did. When that system took effect, maybe it engendered a belief  among the ordinary 
people in Japan that earthquakes were really predictable. It’s probably a lot like when the Bush Administration in the early 
2000s said that Saddam Hussein had weapons of  mass destruction. They said it over, and over, and over again, and it sort 
of  took root for a while in the popular consciousness, and the media were happy, for the most part, to go along. The people 
who opposed that, like the Dixie Chicks, were marginalized.

In Japan, in the late 1970s, there were several seismologists who were highly skeptical about the whole prediction thing. 
One of  them was Hitoshi Takeuchi at The University of  Tokyo. He was a well-known seismologist maybe one generation 
before Hiroo. When Takeuchi had just become a full professor, Hiroo was hired in his lab as a research associate in, I think, 
1962, and he had that position until 1966. He was on leave from that position when he was a post-doc at Caltech from 
1964 to 1966. Anyway, when Takeuchi became a full professor, he was Carl Sagan before Carl Sagan. He more or less 
stopped doing research and started being a TV personality, writing books, doing that sort of  thing. But he was publicly very 
skeptical about earthquake prediction. His views were reported in the newspapers, but the next day, they went back to reporting 
on the official government line, that earthquakes could be predicted.

When I came to Japan in 1984, every year on September 1, which is the anniversary of  the 1923 Tokyo earthquake, 
they had a little ritual on TV, where the six members of  the committee that was tasked with being convened if  supposed 
precursory anomalies were observed, were whisked, as a drill to simulate the real thing, by the police with sirens flashing to 
the headquarters of  the meteorological agency. Then, they had a mock meeting to review mock anomalies. They duly said, 
“Hey, these are anomalies,” and a mock notification was made to the prime minister, who issued a mock proclamation that 
the Tōkai earthquake was going to happen within three days. And this was all on TV, on the semi-government channel NHK. 
And they did that every year. This mock drill that assumed the Tōkai earthquake could be predicted went on every year until 
1995, when the Kobe earthquake hit. I’m not sure exactly when, but shortly after that, the mock drill was taken off TV, even 
though they continued to carry it out for a while. I think they were sort of  embarrassed by the whole thing.

Finally, in 2018 or 2019, they sort of  fessed up in very obscure language that the imminent prediction of  a large 
earthquake wasn’t really possible. The law authorizing the prediction to be made still exists on paper, but they’ve toned down 
what they’re doing. Now, what they do instead, this is all a charade, and they know it’s a charade, and everyone knows it’s 
a charade, but in order to keep their funding, they’ve toned their activities down to the idea rather than making a definite 
prediction that the Tōkai earthquake will occur within three days, they just will make a statement that there’s a somewhat 
greater than normal chance that a great magnitude-9 earthquake in the Nankai trough region, running from Shizuoka, where 
the Tōkai earthquake was supposedly going to occur, all the way to maybe the western tip of  Shikoku, the smallest of  the 
four main Japanese islands, will occur in the next week or so. There have been large earthquakes at the Nankai trough in 
the past, some along the entire length, and some along only parts of  it. There are obviously going to be more in the very near 
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geological future, but that means hundreds or even thousands of  years. We’ll obviously have a number of  great earthquakes 
there on that time scale in the future, but maybe not any time soon, on a human time scale.

Under the present system, if  there’s a magnitude-6 or 7 earthquake in the Nankai Trough area, the six-person mete-
orological agency advisory committee will issue a statement saying, “It’s maybe somewhat more likely than normal that 
a magnitude-9 earthquake will happen tomorrow.” Let’s make up some numbers. Say, there’s going to be a magnitude-9 
earthquake like that every 200 years. Not necessarily along the whole segment, but perhaps along part of  it. That’s not a 
periodicity, just a rough averge occurrence interval over geological time. That’s 70,000-some days.

So let’s say chances at random of  a magnitude-9 Nankai earthquake tomorrow are 1 in 70,000. If  the advisory 
committee tells you, “Because of  the recent seismic activity, that chance has gone up a little bit. Now, it’s ten times more likely 
than normal, 1 in 7,000 tomorrow rather than 1 in 70,000,” what are you going to do? That’s too low a gain in probability 
to do anything other than what you should’ve been doing anyway, like making sure you had a week of  bottled water in your 
house and so on. Making sure that your bookshelves were bolted to the wall or that you have these flexible gadgets to keep them 
stuck to the ceiling, so they won’t fall over in an earthquake. Things like that, you should’ve done anyway. This is all just a 
charade for them to keep their funding and keep the advisory committee system from being abolished.

By now, the public and the media don’t really believe anymore that earthquakes can be predicted reliably, within at most 
three days before they occur. I suppose, what I’ve been saying to the public for the last thirty years or so may have had some effect.

Bob Geller on what was happening in Japan in the 1970s that fed into 
optimism that earthquakes could be predicted

We know that earthquakes are intrinsically predictable. It’s a physical system, and it obeys the laws of  physics. We can see 
the tectonic plates moving. We have a decent idea where the faults are. It’s just a question of  if  we can ever understand enough 
detail to see what’s coming next. It’s entirely possible that one needs to know everything with an impossible precision in order 
to know where the fault’s going to break in the next big earthquake. But it’s also possible that there’s something to see that we 
haven’t figured out.

It’s certainly true that there are going to be earthquakes in the next thousand years. The tectonic plates move, the ener-
gy’s going to the strain. It’s inevitable. The question is just how specific we can be about when the next earthquake’s going to 
strike. We know it’s going to happen. The question is about the distribution of  possible times. Is it anywhere between now 
and 500 years from now? Or can we say it’s somewhere between 50 and 60 years from now? Can we recognize it a week 
ahead of  time? It’s all a question of  specificity.

John Vidale on the nuances of  what exactly earthquake prediction means

I should have a ready-to-go answer on earthquake prediction. I teach 100-level GEOS120 here. But, usually, I always steer 
the discussion toward the point that we don’t understand the physics of  how, with these two frictional contacts—you could 
be talking about it at molecular level—of  two materials in contact, how you can measure those stressors, and then know 
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when they’re going to fail. It’s really like a material science friction aspect. To be honest, [with] a lot of  work in seismology, 
we’re looking at the effects of  what happens after the earthquake happens. We’re just looking at the waves that emanate out 
from that. There are some seismologists who are pursuing, like: “Let’s drill straight down into the fault zone after Tōhoku.” 
Emily Brodsky, I think, another Caltech alum, led this effort in Tōhoku. Let’s drill down after the magnitude 9 before this 
thing heals. Let’s get some information about what just happened on a magnitude 9 that slipped 50 meters. Think about 
that. That means relative to two sides, a block of  land under the ocean the size of  probably like Washington or something 
sliding 50 meters. It’s a staggering thing, and so you’re going to have this sort of  frictional melt of  rock and things like that.

I think seismologists have occupied this wave propagation realm, and they are getting clues to what’s happening. But 
when you really get down to it, and try to understand the stressors, and it’s frictional. Friction is a very complicated field 
of  science that touches on things outside of  what I would call seismology. That’s a long answer. But prediction, the sort of  
forecast of  looking at patterns of  tons of  earthquakes, where they occur during aftershock, seismologists are good at that. Dots 
on a map evolving with time, are they related to each other? Are these aftershocks? Can we forecast where we expect there to be 
based on overall plate tectonic stressors in a region? But this term between forecast and prediction is a big difference.

I think seismology goes to it a little bit toward forecast, saying, within this given time in this place, do I expect an 
earthquake? The Hayward Fault in the East Bay, San Francisco, with a long record of  recurrence, that gets at the realm of  
very high likelihood in our lifetime: within the next 40 years or so, there’s going to be a magnitude 6.5 to 7 on the Hayward 
Fault. That’s why we put so much attention on that because that’s not a guess. It’s a good example of  where we’re sure. But 
on the day, what day is it going to happen? What size will it be exactly, like, how it’s going to rupture, we can just sort of  
try to do our best to get what would be realistic scenarios. Give me 1,000 examples that are plausible on that fault. That’s 
hard to convey to the public. Well, which one is going to happen? I don’t know. Here’s 1,000. That’s our best guess. You 
can explore all the effects from those 1,000 earthquakes, and that’s probably our best hope for trying to convey to the public. 
We have to be able to convey this notion of  variability. Even with regard to when and how it’s going to happen, we can get a 
pretty good idea on, I think, what the shaking effects would be, and that’s partly driven by geological evidence in the past too.

Carl Tape on the degrees of  specificity that define what earthquake pre-
diction really means

I’m more confident that earthquakes could be predictable. I’ll give you a reason for this. In the past, I was very skeptical that 
earthquakes could be predicted. The first reason is that there are a lot of  things that could be different in the field than in 
experiments. We know that earthquakes occur when rocks move with respect to each other, and we also understand in general 
terms that you make things overcome that friction, and it will occur. But I think in the field, it’s much more complex than 
that. It’s not a simple block, and what’s between [and] the friction coefficients are not necessarily what we understand in the 
lab. But I’m more [leaning] toward now that they can be predicted. One example we’re looking at is induced earthquakes, 
and that’s one thing I’m focusing on right now. Because we know the seismicity, and we know what we did to the Earth and 
internal stress. One example we looked at is a gas field in China in the Xinjiang province. There was an oil field, and they 
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emptied it and turned it into a gas storage field. They imported gas in the summer, and they extracted gas for domestic usage 
in the winter. With that process, it created perturbation of  stress and generated earthquake.

We’re looking at those histories, injection-extraction histories, which occur with seismic activity. And we find that the 
seismicity occurs when material is injected. And that’s not surprising because injection will compress things. But the seismic-
ity occurs not proportional to how much you inject, it’s proportional to how fast you inject it, so we were lucky we had their 
operating history. In other words, what we suggest is that when you have a fault, and you push that fault to a certain extent 
toward failure, then all of  a sudden, you change the stress, because the friction coefficient is not static and has a dependence 
on the stress changes you have, that creates an earthquake. Because the major earthquakes occur when you suddenly shut down 
the operation during the injection or increase the operation during the injection. Both ways, that can create seismicity. That 
pointed to a direction that if  we understand the stress field, and we understand how the fault behaves with respect to the stress 
field, we might be able to predict earthquake.

Lianxing Wen on cause for optimism in the field of  earthquake prediction

Preparation
Most of  the buildings in 1906 were short wooden buildings. And short wooden buildings have to carry the same load as any 
other kind of  building. They carry all your books, or a meeting with 20 people in it. When people built wooden buildings, 
they had to be stiff enough that you could put those loads in them, and they wouldn’t bend so much that it would crack all 
the walls every time you put in books or a bunch of  people. And wooden houses or structures tend to be very robust because 
of  that. They’re light, and they’re braced enough that they don’t flex much when you put a load in them. If  you get an earth-
quake, then they flex. You’ve got to patch all the walls. But you expected that in an earthquake. But because they don’t crack 
when you put regular loads in them, they’re very resilient in earthquakes. California’s very lucky that most of  our structures 
are low-rise, wooden structures that are very good in earthquakes, but they’re really bad in fires.

Some people say, “1906 wasn’t the earthquake, it was the fire.” I don’t know. But it was a disaster. We almost lost 
San Francisco again in the 1989 Loma Prieta Earthquake. They got some big fires going. Fortunately, there were no winds, 
and they were able to get it out. But a lot of  people were worried we might’ve lost San Francisco again in 1989. But in 
the meantime, California’s also built a number of  tall frame buildings, which are buildings that have columns and beams. 
It used to be when people tried to build against earthquakes, they tried to make it as strong as possible. You’d look at it and 
say, “How much force would it take to actually shear this thing over?” They’d brace it, put in walls and things. They made 
things strong, but it turned out that when they did that, it made things very stiff. Because they put in lots of  braces and walls. 
When you shake things in an earthquake, as you make it taller, if  it’s stiff, you end up with enormous forces at the base of  
your building, and you just can’t make a tall building that’s stiff and strong enough to go through earthquakes.

In the 50s and 60s, there was kind of  a revolution where the engineers began to realize, “I can make it flexible instead. 
I’m going to give up on trying to make it so strong. I’ll make it flexible so when the bottom moves, the top is kind of  vibrating 
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back and forth around it, but everything’s not moving as a unit.” When you make it flexible, it turns out all the shearing 
forces decrease in the structure. They really pushed towards flexibility starting in the 50s and 60s. And suddenly, when they 
did that, they discovered they could take height limitations out of  the buildings, so they could make them kind of  indefinitely 
tall by making them flexible, provided that the ground motion doesn’t get too big. If  you have a tall building, and I move the 
base enough, then the weight of  the building is trying to rotate the base of  the building. If  it’s vertical, it’s all in the vertical. 
But if  it gets out of  vertical, then it puts a torque on the base of  the building. And if  it’s flexible, there’s a maximum angle 
that it can lean over and be stable to gravity.

And that maximum angle corresponds to displacement of  the roof  of  most tall buildings. It’d be about two meters of  
the roof  of  the building relative to the base. In any kind of  shaking, the motion of  the roof  is roughly twice the motion of  the 
base in the earthquake, so any kind of  ground motion that’s more than about a meter, and tall buildings are in jeopardy of  
becoming unstable and collapsing. Most records people have seen that they’re using to make these judgments are smaller than 
a meter. The ones that are bigger than a meter, they’ve removed from the dataset because they’re oddballs. Of  course, those are 
the most important records. For an Earth scientist–of  course they’re meters.

That’s how plate tectonics works. That’s why there are mountains here and all these landforms came from big displace-
ments of  the ground, and they all happened in earthquakes. From an Earth science perspective, if  I said, “I’m telling you, the 
ground’s not going to move more than a meter in a future earthquake,” an Earth scientist would say, “That’s crazy.” That’s 
not the way it’s talked about. Right now, in the earthquake engineering business, the process is largely secret. Everything’s 
done in proprietary reports. Earth scientists don’t know what the engineers are doing. We’re not allowed to know what the 
earthquake engineers are doing. I’ve been privy to that because I spent half  my career trying to learn it.

Tom Heaton on the resilience of  our current infrastructure in the event of  
a massive earthquake

Large earthquakes in any given region, including Southern California, are rare and irregular. Their relatively short existing 
record cannot be used to provide tight bounds on the timing, location, and scenarios of  future earthquakes. Just to give you an 
idea of  the uncertainty, the relative plate motion across the San Andreas Fault in Southern California is about three centimeters 
per year. Every year, if  the fault is stuck, it accumulates a deficit compared to the plates of  about three centimeters per year. 
When a large earthquake happens, one that has a magnitude of, like, 7.8 or 8 that we’re waiting for on the San Andreas 
Fault, we know, from past events, that it will have an average slip of  several meters. But we don’t know exactly how much. 
Is it going to be 5 meters, or is it going to be 10? It’s part of  the irregularity of  the earthquake process that depends on the 
evolving fault conditions and properties that we are trying to understand through field observations, laboratory experiments, and 
computational modeling. And if  average earthquake slip differs by one meter, that is an equivalent of  33 years given tectonic 
loading of  3 cm/year, everything else being equal.

That is why, to say something useful about upcoming large earthquakes, we need to understand how the entire process 
works. We need to understand loading due to motion of  tectonic plates, slow imperceivable creep on faults, smaller earthquakes 
that occur much more frequently than large ones. Computational modeling that simulates all of  these phenomena with occasional 
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resulting large earthquakes puts all this information together with the known physics, such as equations of  motions - essentially 
Newton’s laws but extended by solid mechanics to continuous solid media, and known properties of  rocks and faults, such 
as elasticity of  the rocks and evolving friction of  faults. The goal is to reproduce existing observations and see what kind of  
potential large earthquake scenarios are implied in the future.

In my opinion, we will never be able to make a relatively tight earthquake prediction, for example, that a large earth-
quake in Southern California will occur within the next year, much less within weeks or on a specific date. This is because 
we now know that this highly nonlinear process depends on small-scale processes and properties from the surface all the way 
to the seismogenic depths, and it is impossible to know the relevant properties in enough detail to make specific timing and 
location predictions.

Generally speaking, the fault gets loaded, then some small patch somewhere is ready to rupture, and it starts ruptur-
ing. This earthquake rupture, in many places, starts from such a small dimension deep in the earth, you can’t even tell from 
observations how small it is, it appears like a point. The laboratory-based physical laws say it could be on the order of  one 
meter. Imagine rupture starting on a scale of  one meter at a 10-kilometer depth. Then, depending on the conditions around 
the patch and how slip alters fault properties, it may be a small earthquake. Maybe you’ll get a magnitude 1 or 2 because 
the fault next to it is very far from failure. Or it could be anywhere up to magnitude 8. And all of  that depends on the dis-
tribution of  fault properties as well as fault structure all the way down to 10-20 kilometer depth. That’s not feasible to ever 
know in enough detail.

But it is not all hopeless. We can still say something useful about upcoming large earthquakes. Some average properties 
of  the fault structure can be estimated from matching ongoing slow slip and smaller earthquakes, and this may not change 
appreciably in 10 years. Everything will just be a little bit more loaded. If  you understand the relevant processes and properties, 
even averaged over much larger dimensions, you can still say something about the range of  possibilities of  how a plausible 
large earthquake would propagate. We don’t know exactly where and when it would start but, based on available knowledge, 
we can simulate different scenarios and say, “In all of  these scenarios, these places get strong shaking, these places get large 
amounts of  slip,” just because of  some known large-scale features. “Don’t build a hospital here.” To give you an example, 
the San Andreas Fault is the biggest fault in California, and we know from the past that the biggest earthquake will happen 
there. The Southern portion of  the San Andreas Fault, next to LA, appears locked and waiting for the next large earthquake 
to catch up with the plate motion. Then, there’s this funny creeping section right in the middle of  California, next to Parkfield. 
It’s about 100 kilometers long on the surface of  the Earth, and all of  these faults go maybe 10 to 15 kilometers into the Earth. 
And the whole 100 by 10-15 km fault section keeps up with the plate motion by just creeping several centimeters a year, as 
told to us by GPS and InSAR. It does not need to have large earthquakes. And by the way, one question we need to answer is 
why it is creeping. Wouldn’t it be nice if  all the faults were creeping like this? Then, we’d never have big earthquakes. Then, 
north of  that section, all the way to San Francisco and beyond, the Northern San Andreas Fault is again locked.

Many people and hazard models say that if  there are large earthquakes on the San Andreas Fault, they’re going to 
happen either only on the southern part or only on the northern part because the creeping section will serve as a barrier to 
earthquake rupture. This is the prevailing wisdom. So, without knowing the details of  when an earthquake would start in 
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a predictive sense, we can still ask whether a plausible earthquake rupture can propagate through that creeping section, we 
can ask that question based on our models and all the best-known physics on a larger scale. Because if  it can, you can have 
a Southern California earthquake propagate through the creeping section, go into Northern California, and rupture there as 
well. First of  all, it’s going to be a much larger event, more destructive for more regions. But beyond that, current preparedness 
measures say that if  there’s a big earthquake in LA, all the storage in Northern California, food, water, other necessities, can 
be transferred to Southern California. And the other way around. But what if  there’s an earthquake that affects both areas? 
They wouldn’t be able to help each other.

Our models show, and we published a paper on this in Nature in 2013, that based on data from the laboratory and 
our best knowledge, earthquakes can rupture through such creeping sections if  they’re large enough. Now, we’re working with 
one of  the students on a more specific model for this particular section of  the fault. It’s not a prediction. We’re not predicting 
that a large earthquake will propagate through the creeping section, we’re just saying it could, under certain circumstances. 
And now, some people have done paleoseismic studies in the field that have found that indeed, that creeping section has been 
seismically ruptured in the past.

If, based on these and more studies, people decide the creeping section can be ruptured, then the earthquake preparedness 
measures of  the state of  California may change. It would be prudent to be prepared for the possibility of  an earthquake that 
affects Southern California including the LA and San Diego metropolitan areas as well as the northern part of  California 
including San Francisco. It doesn’t matter where exactly the earthquake will nucleate for that, doesn’t matter if  it will be 
today or 10 years from now. That is one example of  how we can use physics-based modeling to identify earthquake scenarios 
that are not obvious from past observations, and make helpful conclusions, even without being able to tell when exactly such 
an earthquake will occur.

Nadia Lapusta on feasible goals in understanding future earthquakes and 
earthquake preparedness

I’m probably going to answer in a way that’s odd. If  anything, I was surprised how often things survived. These kinds of  
earthquakes, there’s magnitude sevens on the coast that happen often enough, and you see these tiny hotels, a few stories, maybe 
one, two, or three stories tall, they survive the earthquake impacts and they’re basically sitting right on top of  it. It always 
blew my mind how well they did for the number of  earthquakes that were happening there. Typically, it wasn’t always the 
case, obviously. There were situations that were a lot worse. But it did surprise me in some of  these smaller communities. I 
guess I saw that the more complex the infrastructure, the more the potential problems. Mexico City, for example, had a lot more 
damage in previous earthquakes, but it’s a much more complex situation than what’s going on. It’s not fair just to say it’s the 
buildings and whatnot, because Mexico City itself  is on a basin, and there’s a huge amplification that happens anytime a 
wave enters the basin. But certainly, the larger the city, the more complex it is, the more things going on, and the more people, 
the much larger the vulnerability, and so the much greater potential for disaster. The other things I saw is that people don’t 
follow building codes.
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Actually, Mexico City has really good building codes. The problem is people wouldn’t always follow those building 
codes. That could be because of  money; it could be because of  just ignorance. There are different reasons. There was one 
building that collapsed, because the store keeper on the bottom floor, for example, wanted to have two stalls next to each other. 
Then broke the wall that was between the two of  them so they could expand the size of  the store. The building collapsed 
during the earthquake, because it no longer had that support wall. The person that did this obviously didn’t fully realize the 
importance of  that wall that was there while they were trying to expand their business. So, those are the kinds of  situations 
that are really sad. I guess education is key in a lot of  these situations.

Allen Husker on what he learned about earthquake preparation and miti-
gation during his time in Mexico



116

R

Ranges
I was particularly interested in the structure of  Southern California, particularly around what we call the Transverse Ranges, 
why the San Gabriel and San Bernardino Mountains straddle structures that all more or less trend north-northwest when here 
we have this east-west feature cutting right across all of  that. And that always struck me as kind of  strange. Why was that 
there? The gravity and seismic data indicated that although most mountains have some kind of  root that thickens the crust, 
but the San Gabriels seemed to have no root. Why is it not isostatically compensated? Also, Sue Raikes, who was a graduate 
student at the Lab at the same time, started looking at the structure within the upper mantle and looking at waves coming 
from deep earthquakes around the world. We noticed that there was a high-velocity structure that was largely beneath the 
San Gabriels but that extended off into the Mojave and didn’t appear to be offset by the San Andreas. It raised the questions 
about where is the plate boundary at depth? How far does it extend to the mantle? Is the crust just sliding over the mantle, so 
there’s a decoupling that extends across the plate boundary? That was intriguing. When I did my thesis defense, I’m told that 
after I left the room, we had a visiting Russian scientist who jumped to the board and said, “OK, Candidate passes. Now, 
we vote on who believes him.” [laugh]

Dave Hadley on expanding an intriguing question into a thesis topic

Real Time
It’s a fairly ambiguous term obviously because you can interpret it how you want to. If  you go back 20 years, it took us about 
a half  hour more to generate a magnitude and location of  an earthquake, say, the Northridge earthquake in 1994, and we 
were happy about that. At the time, we called that near-real-time earthquake information. Now, we’re looking at trying to 
get earthquake early warning to people in the seconds after an earthquake initiates. Early warning has the goal of  getting 
information to people before the shaking reaches them. It’s not always going to be able to do that, but that’s the goal. What 
I work on, as soon as the magnitude and location are determined, we can then infer what’s going on in terms of  the shaking 
level and potential impact of  the earthquake. In that sense, near-real-time is dependent on where you are. In California, that 
would be a minute and a half  to two minutes after an earthquake. We can get a magnitude and location that’s robust enough 
to start generating our secondary products, like ShakeMap and PAGER. But around the world, we don’t have the density of  
instruments, so it takes more time for the density to get to a sufficient number of  instruments for us to get a robust magnitude 

---



117

and location. And that can be up to 15 minutes if  you’re in a country or island where there aren’t a lot of  seismic stations 
around. Near-real-time is a flexible term that means as quick as possible. [laugh] I think in the lexicon, it’s commonly assumed 
to be the minutes after a significant earthquake, but not hours.

Earthquake prediction was always a goal, and that hasn’t borne fruit. It seems like it’s almost an intractable, poten-
tially impossible. But earthquake early warning’s certainly tractable, and yet, even if  fully successful, it’s not going to change 
the outcome, to a large degree, of  many of  the devastating earthquakes we’ll see in the future. The buildings will still shake 
and collapse, there still will be catastrophic losses, human, economic, and infrastructure. Knowing that, we’re trying to get 
information out as quickly as possible to respond appropriately, to have the proper resources and knowledge of  what’s happened 
as quickly as possible, to trigger the downstream aid and response agencies that need to get into the field, including Urban 
Search and Rescue, and really facilitate the response to earthquakes. For an earthquake in a very rural or remote country with 
bad infrastructure in the middle of  the night, it can be half  a day or longer before we know what’s going on. If  we stick to 
the median and try to look at ground truth, we can infer what’s going on within 10 minutes of  the earthquake now.

We can’t know everything about what’s happened unless we have the detailed infrastructure like we have in California 
with thousands of  seismic instruments. But we can make inferences, and that’s what we do. A combination of  what we record 
remotely and the inferences we’ve developed over time with seismological tools to estimate the shaking distribution, locate if  
there’s a significant population exposed to that shaking distribution, and then, with some understanding of  how vulnerable 
that population is to shaking, we can make a rough assessment of  how deadly and damaging that earthquake is going to be. 
These differences in the vulnerability of  the population are just extraordinary. The difference between a really well-engineered, 
building-code-centric area like California and, say, Iran or China is roughly three or four orders of  magnitude difference in 
the fatality rate. With that knowledge, we can make a quick assessment of  which earthquakes around the world are going to 
be important, which ones are going to be deadly, and which ones are going to need what level of  response.

David Wald on the definition of  real time earthquake shaking, and decou-
pling these goals from earthquake prediction

Data collection and processing used to be, in the old days, that there was a drum recorder with photographic paper that 
recorded the data. Then once a day or every two days, somebody would go into the darkroom and take off the photographic 
paper, take it to a processing room where they would develop the record. Then it was visible to the human eye, and somebody 
could measure what was on the record. That was a couple of  days. But scientists who were working during that time period, 
they maybe wanted records from half  a dozen places around the world, so they would have to write letters requesting records 
for the earthquake that happened two or three days ago, and that letter would go via a ship or some other slow method to, say, 
Europe, from the US, and then the people there, who had the record, they had to make a copy of  it and mail it back. That 
was months to collect all the data.

Today, because we have digital technology, we have the internet technology, we have computers at every site that cre-
ate digital data from the sensors that of  course are analog, and those data are shipped out every second from each site, and 
they sample the sensor 100 times a second. Those data are then collected here at Caltech without any delay, and no human 
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intervention. It’s all automatic. Then identifying the earthquake waves and associating them into an event, calculating a location 
and a magnitude, and figuring out the configuration of  the fault—no human is involved, and the information is sent out what 
we call near real-time. That, on our normal earthquake catalog, is like a minute and a half  to two minutes. But earthquake 
early warning works much faster. There, you’re talking about four to five seconds to get the information out to the user.

Egill Hauksson on the definition of  real time earthquake monitoring

Richter Scale
Richter was a great seismologist. If  you read his paper on the magnitude published in 1935, and also some later papers, he 
was very clear in saying that it was an instrumental scale. He didn’t want to go to energy or even to physics, he wanted to 
measure the wave on the instrument and give a size parameter like magnitude. He intentionally avoided physics because it 
takes time, and you introduce your personal interpretation. He wanted to get it out very, very quickly. That made perfect sense 
for public relations. But in a way, it’s empirical. From a scientific point of  view, it isn’t entirely satisfactory because it’s hard 
to relate to some physical property of  the source. Of  course, later, Gutenberg and Richter related it to energy.

Richter used a particular instrument, the Wood-Anderson seismograph, and used the waves with a period of  about 1 
second, measured the amplitude at some distance, and computed the magnitude. It could be done very quickly and was still very 
useful for quantifying the earthquake. In my case, in the 1970s, instruments were much better, computers were available, and 
seismology became more quantitative. In the early days, we dealt with the problem more empirically. We thought as scientists, 
we should do it more physically. That’s the reason I studied long-period waves and analyzed seismograms more quantitatively, 
but a lot of  analysis was involved to take care of  the details. For the 1960 Chilean earthquake, we knew that the rupture 
zone was very long, about 1,000 kilometers, yet the magnitude was 8.4 to 8.6, comparable to smaller earthquakes in Japan 
with a source dimension of  100 km or so. One is 100 kilometers, and the other is 1,000 kilometers, yet they have the same 
magnitude. That sounded rather strange, and I wanted to see what was happening. With Richter-type measurements, no 
matter how large the event is, the magnitude saturates at around 7, because only short-period (about 1 to 3 sec) waves were 
used. I’m not criticizing, that’s just the way it happened. We needed to have something more representative of  the physics of  
the source rather than just some number. That was the ‘77 paper. Then, Nature asked me to write to explain what it meant. 
I wrote a paper in 1978, which explains the magnitude scale Mw, but the principle was in the earlier 1977 paper.

Hiroo Kanamori on the value of  the Richter scale for quantifying large earthquakes

[laugh] It was the Richter Scale. Richter started at the Seismo Lab in 1927 – I want to say somewhere in there. For decades, 
he was the one scientist who was most willing to talk with the media, so people started to see his name like in the local papers. 
But there’s a letter from a seismologist at Berkeley, Perry Byerly, who was there for decades, a contemporary of  Richter. He 
was talking about the magnitude scale, and a reporter asked him what they should call it. Byerly apparently answered, 
“Call it the Richter scale.” That’s really where the iconic name recognition comes from because that caught on. The paper, 
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the Richter scale, it was published in 1935, and there’s some debate about, controversy about this too in some quarters. It 
was a single-authored paper published in 1935 that developed, presented this first ever scale to rank the relative severity of  
earthquakes, and it was tuned for Southern California.

In this paper, Richter acknowledges, I think, Gutenberg for suggesting making the scale logarithmic, because you have 
a huge range of  earthquake magnitudes, and if  you want to collapse a big range of  numbers, the logarithm is handy. I think 
he acknowledges Wood as well. Then one part of  the scale he developed draws on earlier work from a Japanese scientist. My 
reading of  that paper was it really was his baby. It was a project that he was substantively leading, and that the insight and 
the inspiration and the perspiration was his but with some input from colleagues along the way. Once the scale was introduced, 
the idea quickly took off, and Gutenberg was quickly involved with subsequent developments of  the scale – and other people 
as well. If  you do something that’s really notable and useful in science, it’ll take on a life of  its own. It’s sort of  a hallmark 
of  a really seminal contribution. Eventually there was a buzz that, well, it should’ve been the Richter and Gutenberg or 
Gutenberg and Richter scale – and I don’t think so. I think that it’s appropriate that Richter’s name be on it. There’s a 
further point that if  you talk to seismologists today, they will tell you that we don’t use the Richter scale anymore. We should 
call it some other magnitude scale. It’s true. It’s a subtle point but the way we measure magnitudes is different, and the scale 
was—people realized that the formulas he came up with didn’t really work well for big earthquakes. The way we measure 
magnitude is different. But if  you think about magnitudes, we report magnitude 3, magnitude 6, magnitude 8. There are no 
units on those numbers. It’s not joules or mega-joules or anything. It’s a relative scale that Richter came up with. He defined 
what a 3 is. He defined what a 6 is. He defined what an 8 is. He referenced 1906 as probably close to 8. Those definitions 
are still in use. We are using his scale, so I think should be reporting magnitudes as equivalent Richter magnitudes. I think 
seismologists have confused people over the years by saying, “Well, it’s not the Richter scale.”

Sue Hough on why Richter became a household name

Rotation
Yes. In terms of  rotation, I think there are still a lot of  people who don’t believe. It may not be a majority, but certainly some 
people. The debate has gone through different stages. The first stage is the fact that initially, we observed the travel time of  
seismic waves change with time, with years and with decades. At the beginning, people thought, “That’s not real.” It went 
through the stage of  trying to determine whether the temporal change of  seismic waves through the inner core was real or not, 
and that took almost a decade or so. It was very difficult, and the signal is kind of  delicate, there could be artifacts, and so 
on. But that debate, I think, has been well-resolved. I think very few people doubt that such a phenomenon, seismic waves 
through the inner core or some part of  the inner core changed over time. Another part of  the debate is the interpretation. What 
causes the change of  the travel time? And I mentioned two categories of  interpretation. One is some type of  rotation. The 
other one is no rotation, but some type of  change. For example, the change of  the inner core topography. And this debate is 
still going on rigorously right now over the last couple years. We actually have a paper under review right now, and there’s a 
paper from one of  my colleagues coming out of  Science Advances, saying the inner core oscillates. This is still under debate 
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and may take more time, but I’m proud that part of  my observation until this day has been quite consistent, remarkably, and 
holds up to a great extent.

Science is always a process, as you know. But in such a continual pursuit, surprises come up. In terms of  the inner 
core, I’m very hopeful. Modern seismology, in a way, is only a little over 100 years old. Plate tectonics is just a little over 50 
years old, established in the late 60s, how much we’ve learned about how Earth works, the earthquakes, the structure of  the 
interior, and so on. From the beginning of  modern seismology until the early to mid-1950s, people discovered very quickly 
the major layers of  the Earth. The inner core itself, the new phenomena we’ve observed are also relatively recent, the rotation, 
the 3D structure, 20 or 30 years old. One way to try to settle some of  these debates would be with more seismometers. Even 
though we have a lot of  seismometers, we’re still missing key observations. For example, we have very few stations under the 
ocean and in high latitudes. The Arctic and Antarctica are not well-instrumented. But for 3D anisotropy — essentially, the 
structure of  the inner core is three-dimensional and anisotropic — you do need observations from different angles and different 
places. Those key observation are still to come.

Once they’re available, in terms of  the deepest interior, it would be revolutionary, I think. Another part would cer-
tainly be advances in terms of  tools and methods, such as fuller information of  waveforms. Even though we looked at the 
waveforms in the early days, the tool we used was only approximate. Nowadays, it’s more powerful with computational 
tools. And we will be able to model, to image, to use the information in a waveform more fully, and that would also be very 
helpful. Obviously, there are other advances, for example, in terms of  experiment, in terms of  the predictions of  the material 
properties of  the inner core, which also can serve as a guide for structures to look for. For example, what really causes such 
a 3D anisotropic structure? What kind of  material, what kind of  phases, and how has it evolved over time under extreme 
pressure and temperature to arrive at the structure that we have for the inner core today? I think all those advances will be 
important in the coming years and decades.

Xiaodong Song on the debates over the motion of  Earth’s inner core
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San Andreas
I used the $300 that Dick Jahns pulled out of  a petroleum fund to fund my walking and bicycling along the south-central 
350 km of  the San Andreas Fault – from San Bernardino all the way to near Paso Robles, halfway between LA and San 
Francisco. This was the middle of  summer of  1975, so it was like 100 degrees out most days. It was never below 85 
and sometimes it was like 105, so it was miserable. [laugh] But I’d measure these little offsets of  young channels and other 
landforms, five meters here, ten meters there, thirty meters here, twenty meters there. After every few weeks in that sweltering, 
dried out desert and steppe, I’d be so worn out, both physically and psychologically, that I’d drive back to Stanford and have 
my once-a-month meeting with my Doc. Eventually he’d told me my sketches weren’t accurate enough and that he’d spend 
a few days with me to teach me how to make a properly surveyed map of  a few of  the best offsets. He came down with me 
for about five days and taught me how to make a map using a plane table and alidade — old tools of  the surveying trade. 
You could survey in [laugh] maybe 200 points a day, and then you’d draw the contours by hand. Now, you can do 50,000 
points in a second using today’s laser-based instruments or satellite imagery, and the computer draws the contours for you in 
a few seconds. It’s astonishing how much faster we can make observations these days. He and I made two or three maps, and 
after I’d made a few more the following Winter with the help of  my brother and an undergrad frat brother of  mine, I started 
working on a chapter about the offsets produced during the great southern California earthquake of  1857.

People already knew a lot about the 1906 earthquake, because it happened after the creation of  geology departments at 
Berkeley and Stanford and the USGS and after a few seismographs and geodetic monuments had been installed in the State. 
We knew basically seismologically and geodetically what happened, that there had been a rupture of  about 400 km of  the 
San Andreas Fault, from down near San Juan Bautista up through Point Arena, and that it was accompanied by the “elastic 
rebound” of  the adjacent crustal blocks. But all we knew about the 1857 earthquake were the historical records published 
in 1955 by the Seismo Lab’s first director, Harry Wood. To compare the slippages in 1906 and 1857, I went back to the 
famous big thick volume on the 1906 earthquake, and I constructed a graph of  slip along the fault from the ten or so places 
where measurements of  offset fences and roads had been taken. And then I did the same with the 150 or measurements I’d 
made along the 1857 rupture farther south.

You might ask, why bother? Well, it was the just a few years after the plate tectonic revolution of  the late ‘60s and 
early ‘70s, and so I wondered if  these measurements, combined with the rate of  plate motion, could be used to estimate how 
often these great fault ruptures might incrementally, seismically shift the plates past each other. If  the recently determined rate 
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of  horizontal slip between the Pacific and North American Plates, about 60 mm/yr, and if  the San Andreas Fault forms the 
plate boundary between them, then the recurrence of  these great earthquakes would be their slip in 1857 and 1906 divided 
by 60 millimeters a year. Well, the largest slips in 1857 and 1906 were about 10 meters and 5 meters, respectively, so these 
earthquake ruptures should happen about every 160 years in Southern California and every 80 years in Northern California. 
Whoa! It had already been 120 years since 1857 and 70 years since 1906, so were we due for the next great earthquakes? 
But looking at the details, the slips varied markedly along each rupture. How do you use the irregularities in slip within the 
plate-tectonic paradigm? Do later earthquakes fill in slip where they were low in the historical earthquakes. Or are these 
irregular slip functions characteristic, and the San Andreas not carry all of  the plate motion? Nearest L.A. and Palmdale, the 
1857 offsets were about four meters, but up in the Carrizo Plain, they were more like ten meters. I wondered if  earthquakes 
happened twice as often near L.A. than farther north. Well one way to figure that one out is to measure the slip rate at both 
locations. Another is by doing excavations to reveal sediments that would allow me to date ancient earthquakes.

So, for the slip rate story, I started looking for a place where I could determine the slip rate. I found this place halfway 
between L.A. and San Francisco, halfway between Caltech and Stanford, that had no name. I ended up naming it Wallace 
Creek, for the fellow who was one of  my mentors at the USGS. It had a little 130-meter offset on it, a beautiful dogleg, first 
recognized way back in 1909 but not studied then. I started work on the landforms and stratigraphy of  Wallace Creek during 
my PhD, but I didn’t finish until several years after I’d arrived at Caltech. That involved interpreting the offset landforms and 
then hand- and machine-digging exposures of  the key sediments. It turned out that the 130-m offset had accrued in about 
3700 years, so the slip rate there is about 35 millimeters a year, surprisingly only about 70% of  the plate rate. That was a 
strong clue that other faults also played a role in the slippage of  the North American past the Pacific plate.

I also looked for a place to do the slip rate farther south, to see if  the slip rate was slower. I came across a place called 
Pallett Creek, which also had a little 130-m dogleg in it. I guessed at the time that it would be about twice as old as the 
offset at Wallace Creek. I raced down there in my little Toyota, and I found that the wall of  the little canyon consisted of  
interbedded peats and gravels and sands. That made it a no-brainer to do radiocarbon dating. I grabbed a sample from the 
bottom of  the canyon wall and another from right near the top, thinking that the radiocarbon lab would return a date of  
10,000 years at the top, and 20,000 at the bottom.

Six months later, in early 1976 I got back dates of  just 2000 years at the bottom and 200 at the top. That threw me 
for a loop for a few minutes. How can 130 meters accrue in just 200 years?” Well, it turns out it’s not an offset. It turns 
out that as the stream flowed down toward the Mohave Desert, it hit a little bulge along the fault, which diverted the stream 
by 130 meters. I was looking for a slip rate site, but I instead ended up with a paleoseismic site. Accidentally. I got pretty 
excited realizing that if  I could find the fault cutting through that 2000 years of  peats and sands and silts, I could recover a 
history of  ancient earthquakes. I couldn’t see the fault because of  all the slough off of  the sandy banks, so I took a shovel and 
started following one layer of  peat along the canyon wall—ch ch ch ch ch ch ch—and toward the end of  the day, I suddenly 
hit this break in the peat layer – the fault. Later, during the summer, I came down with my brother and my wife—he helped 
with the manual labor, she did the cooking—and we started making excavations. Still later, in the Autumn an undergraduate 
friend of  mine came down with me to help survey new machine-dug trenches and string up grids to guide the mapping of  the 
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trench walls. That was the beginning – we ended up with an average interval between big earthquakes of  about 160 years. 
It took another decade to refine it down to 130 years, with a very large coefficient of  variation of  105 – one of  the intervals 
was only 44 years long, and another was about 300. By the late ‘80s, then, the important question had become, why are 
the intervals so irregular?

Kerry Sieh on his thesis fieldwork at the San Andreas fault

SCEC
In 1990, there was an organizational meeting for doing something about Southern California earthquakes, because basically, 
the USGS was mostly concentrated in Northern California, and there was a lot of  pressure, both scientific and otherwise, to 
pay more attention to Southern California. And I attended that organizational meeting. I was only about a year into being 
at NSF. I attended that meeting, participated in it, then we backed away as NSF representatives when it became clear that 
NSF would be approached for funding. They wrote a proposal to a special program that NSF called Science and Technology 
Centers, and I became the program officer in charge of  the review of  SCEC. I put together a panel to review it, and it was 
successful. Then, I was the program officer in charge of  that center. That’s how SCEC got started.

Almost from the beginning, SCEC became an attractive place to study earthquake science for people all over the world. 
Its initial focus was on Southern California, mainly because if  you look at different ways of  computing hazard, Southern 
California probably has the greatest earthquake hazard in the United States. There was a need there. But the basic premise 
behind SCEC to start out was to try to pull in as many different kinds of  data being gathered by different people at different 
universities and broaden the tools and people working on earthquake hazard and prediction. Basically, the US Geological 
Survey and about six or seven universities started out as the members of  SCEC, but now it’s got something like 1,000 sci-
entists from 100 institutions participating in one way or another. It’s really using Southern California as a laboratory, but 
the applications of  the research are worldwide.

Jim Whitcomb on the impetus to create the Southern California Earthquake Center

I came back to California to lead SCEC in 2000. SCEC had been established in 1991 as a multi-institutional consortium 
under the Science and Technology Centers program sponsored by the NSF. That funding lasted only 11 years, so SCEC was 
scheduled to disband in 2002. I was invited to USC to help plan a new phase of  the center, which we called SCEC2, and 
I worked with the other SCEC participants to put together a series of  successful proposals that funded the center for the next 
five years. The success of  SCEC2 led to a series of  follow-on five-year programs, now numbering up to SCEC5.

As department head at MIT, I had learned a lot about the growing dominance of  systems science. MIT’s department 
is very broad, comprising meteorologists, oceanographers, geochemists, geophysicists, and planetary scientists. It became clear 
to me how much of  the department’s research program was organized around the study of  complex geosystem, such as climate, 
plate tectonics, and the geodynamo. To do science at the geosystem level, you need an organization that can bring together many 
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disciplines and harness the computer power necessary to develop and apply very large scale models. I went to USC with the 
intention of  transforming SCEC into an organization for earthquake system science, and it worked fairly well. By the time I 
stepped down as director in late 2017, SCEC had grown to involve over 1,000 scientists at 70 institutions. My 15+ years 
as director of  SCEC were a lot of  fun and an amazing ride.

Tom Jordan on the origins and mission of  the Southern California Earthquake Center

Science Communication
Carefully. I think you treat people as intelligent people, and you tap into what they already know. If  it’s anything one-on-one 
or with anything live where there’s any feedback whatsoever, you check in with what they know and what they think. That’s 
extremely effective. It’s effective in teaching, it’s effective in any form of  communication, to make sure that you’re having a 
conversation and not monologuing. In general, most people are cognizant of  the fact that they want earthquakes to be predict-
able, and most people are cognizant of  the fact that they have been told it’s impossible. You acknowledge that they already 
know both of  those realities. Once you’ve got it on the same page, you can carefully say, “These are the reasons I’m a little 
optimistic” and they’ll hear it. You want to first ground yourself  in what they already know.

Emily Brodsky on managing public expectations about what seismologists can accomplish

Seafloor Magnetism
We ended up going on a ship called the R/V (Research Vessel) Vema. The big thing for oceanic institutions was having a 
ship to go out and do research at sea. A major plate tectonic question was the age of  the seafloor around the globe. Scientists 
have been able to determine this, in part, with information about the Earth’s magnetic field. The Earth’s magnetic field direc-
tion “randomly” reverses over time. While the average time is about 50,000 years or so, sometimes the interval is shorter and 
sometimes much longer. As new oceanic crust forms it is “imprinted” with the direction of  the then present field. Examining 
the magnetic anomalies (measured less the expected one) shows the reversal history of  the Earth’s magnetic field. A magne-
tometer is an instrument that is used to measure the Earth’s magnetic field. Determining the seafloor’s magnetic anomalies and 
knowing the Earth’s reversal history, one can figure out how old the oceanic crust was and how fast the oceans were spreading.

We also gathered data about the seafloor depth. We used equipment to image the geologic structures below the seafloor 
using seismic reflection techniques. In addition, they would take a core, going down five meters at most, to understand the sediment 
and sedimentary history, and from that, you could get some other interesting aspects. There was also measuring gravity. To be 
in the game, you needed a ship. The Vema actually started out as a luxury sailing yacht that the folks at Lamont purchased 
and put an engine and the equipment on. It was sort of  getting up in years is the kindest way I could say it. When I was on it 
although a huge amount of  science had been done. I was actually on the third and fourth last science legs, each about a month 
long. The equipment was relatively old compared to other institutions and their ships. Before I went on the Vema, I took a 
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month-long science cruise on another ship, just helping out with folks measuring heat flow. I remember they looked at all the 
new equipment in amazement. But it was a lot of  fun, and we got a lot of  good data, answered some questions but not others.

Carol Stein on fieldwork experience for her thesis on earthquake deformation

Seismic Gap
That hypothesis starts by presuming that plate boundaries, and some very long faults, are divided into independent “segments”, 
lined up end-to -end. Each segment is then assumed to be controlled by a “characteristic earthquake,” big enough to release 
the accumulated stress on that segment. Then there is an assumed characteristic “recurrence time” needed for enough stress to 
recover for another characteristic earthquake on that segment. The idea is more than a century old, but it has been in the form 
of  a “gut feeling” until the 1970’s. Then seismologists looked at the history of  big earthquakes around the Pacific rim (“the 
ring of  fire”), selected some really big ones, and associated those with what seemed to be segments. In some places there had 
been two or more large events that seemed to have been on the same segment. Then the average times between those quakes 
was used to estimate the characteristic recurrence time. Other segments had just one quake big enough to call characteristic, 
so the recurrence time was assumed longer than the elapsed time. The fact that some sequences of  apparently characteristic 
earthquakes occurred on individual segments got the seismological community very excited, and there were published tables 
listing the approximate magnitudes and recurrence intervals of  over 100 segments. Then approximate probabilities were 
assessed for the occurrence of  the next characteristic earthquake on each segment within the next 30 years. When the elapsed 
time was long compared with the estimated recurrence time, that segment was called a “seismic gap.”

The theory was beautiful for several reasons. First, it was wonderfully intuitive. We know stress accumulates, is released 
by big earthquakes, and plate tectonics drives the stress accumulation. Also, very important, it is, within limits, a testable 
hypothesis. If  big earthquakes occurred where the calculated probabilities were high, and many did, that lends support. It set 
out target dates for future earthquakes with some probability, so some statistics were involved. But given that there were 120-
some locations around the Pacific Rim where there was good data and you could use this hypothesis to at least estimate when 
an earthquake of  a given size was due, that was an intriguing hypothesis. I bought into it at first. Kagan and lots of  other 
people did as well. Frank Press bought into it big-time [laugh], published some papers about earthquake prediction that were 
based in part on that hypothesis. Also, the seismic gap theory is a dangerous idea. Okay, you had a big earthquake. Now can 
you relax? Can you rebuild your cities after a San Francisco earthquake and not worry about future earthquakes for another 
hundred years? Not a good idea.

So why did we declare the seismic gap hypothesis dead? The main reason is that one needs to look at the overall 
performance of  the model, using a prospective approach: count successes and failures using quakes that occurred after the 
probabilities were published. The proponents were looking only at the successes, and retrospectively. We noted that here were 
many low-probability segments on which large earthquakes occurred, and high-probability ones where none occurred. We 
compared the seismic gap theory results with a simpler “null hypothesis,” assuming that the rate of  big earthquakes on each 
segment would be equal to its rate before the probabilities were calculated. Guess what? The null hypothesis performed better. 
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Even more damning, many huge earthquakes occurred where the characteristic magnitudes would not have allowed them. The 
2011 Tohoku earthquake, magnitude larger than 9, was an example, and we thought that failure was so egregious that we 
had to call the gap theory a failure. The RIP was saying, okay, that hypothesis is not working, especially the characteristic 
magnitude part. Let’s abandon that model and move on to something that is consistent with the data, at least.

Dave Jackson on when to start, and when to abandon, a scientific hypothesis

Seismic Waves
Don Anderson actually gave me my first idea, which was to look at something called P’P’, which is seismic waves that travel 
through the Earth’s core, reflect from discontinuities in the mantle on the other side of  the Earth, then come back down and 
are recorded on the other side of  the Earth. He saw this interesting paper, so I started looking at P’P’. Then, basically, in 
order to invert the data, I found that there was a great deal of  uncertainty in the models of  the core of  the Earth. There were 
lots of  different layers that people were proposing. They didn’t agree with each other, so I had to know what the structure of  
the core was because all these waves I was looking at that were P’P’ were basically going through the core twice, so I needed 
to know the core structure very accurately, so then I started looking at core structure. That led me to visit MIT, where they 
had data and programs to look at arrays of  seismometers, especially an array called LASA up in Montana, which actually 
measures what’s called the phase move-out, the time delay of  the phase as it comes up, which identifies which part of  the 
core that particular signal came from.

After doing all that, I finally discovered that all of  these complicated cores could be simplified, and there was really 
only basically one layer there, so I made a new core model and then utilized that to analyze the P’P’ data. In the middle of  
all this, the San Fernando Earthquake happened in 1971, so everybody dropped everything and went out in the field to find 
the fault or started looking at seismic data. I started looking at the first motions of  seismic data, which you could invert for the 
earthquake focal mechanism. There were all sorts of  initial ideas for the focal mechanism mostly based on already-mapped 
faults in the area. Basically, data showed right away it was a thrust earthquake on a fault that was not mapped, so that 
helped people in terms of  where they would go out in the field to start looking at the fault itself. That became another part 
of  my thesis, the focal mechanism of  the San Fernando earthquake and its aftershocks. And with that, I got a quite detailed 
picture of  what the fault looked like in terms of  its shape with depth. It turned out to be quite a complicated structure. Then, 
we also went out in the field to help map fault offsets and things like that. It was quite interesting.

My thesis turned out to be in three parts: P’P’, structure of  the core, and San Fernando earthquakes. [laugh] I ended 
up spending six years at Caltech getting my PhD. But the thing that’s a trap is that it’s so much fun that you’re really not in 
a hurry to get out. Finally, a lot of  people just have to say, “Okay, I’m going to cut it off here and graduate.” [laugh]

Jim Whitcomb on Don Anderson’s role in the development of  his thesis research
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I showed that some of  the most commonly observed seismic waves, as they traveled through the Earth, acquired certain observable 
aspects that conveyed information. For example, at the base of  the Earth’s mantle, right above the fluid core, did the mantle 
just go right down to the interface with the Earth’s fluid core with no changes, all the way to the bottom? Or were there features 
at the base of  the mantle whose properties could be studied from seeing their effects on seismic waves that just touched, in their 
ray path, the base of  the mantle? To study the frequency-dependent characteristics of  diffraction of  seismic waves was the 
main feature. Then, I discovered a phenomenon of  tunneling. As it’s described in physics, it’s the concept that waves can get 
through a barrier by tunneling through it without the energy needed to go over the top. There’s a certain mathematical process 
by which mathematically, the waves of  interest exponentially decay in certain directions, and if  they meet the right conditions 
on the other side of  the barrier, some of  the energy can leak through the barrier and propagate successfully on the other side.

I showed that those properties, developed within the context of  quantum mechanics, could be applied successfully to 
explain observable features of  seismic waves. And this gave us information, again, about parts of  the Earth’s deepest interior. 
Another example: you would have a wave that would go downward nearly in a vertical direction through the mantle, go a 
long way down, but some little part of  the energy would be reflected back up from a transition region in the mantle. Part of  
the energy would be reflected from the transition zone, but most of  the energy would go straight down. To the extent that one 
could observe that weak reflection, what information did it give you about the transition zone itself ? How thick was that 
transition zone? What percentage jump in properties from top to bottom could be estimated by processing the reflected signal 
correctly? Those are the kinds of  things I was able to work on.

This was a small part of  the overall activity at the Seismo Lab. But a lot of  the main activity was trying to get a better 
understanding of  the fault systems to learn how old the faults were, if  they’d been operating for 10 million years, 50 million 
years, 100 million years. Those were the large-scale issues at the intersection of  geology and seismology. And Clarence Allen 
played a leading role in that perspective of  seismological research. How is California put together? As the new ideas about 
plate tectonics began to emerge, it became apparent why different parts of  California were of  different age. How had they come 
together? What was the larger role played by the San Andreas in the big picture of  plate tectonics? How did the interaction of  
the San Andreas fault in the northern part of  the state, around Eureka and so on, then going out into the northeast corner of  
the Pacific Ocean and the northwest corner of  the United States in the Cascade region, interact with the rest of  California? 
People were trying to understand the large-scale way in which the whole continent had been assembled. The discovery that truly 
gigantic, magnitude 9-class earthquakes must’ve occurred in the Cascades region, was made by several people — including 
a major contribution by Tom Heaton and Hiroo Kanamori at Caltech.

That didn’t happen until long after I left the Caltech campus. But those were the kinds of  issues that people were 
working towards, to try to understand how the whole Western United States was put together. How did structural geology 
convey information that could be brought to bear? Seismology is the study of  how things are moving today, but to put it in the 
larger perspective, we must relate it to information coming from structural geology on what must’ve happened in the past — for 
example by going to certain fault structures today with massive amounts of  land-moving equipment and building a big trench 
across a fault system in order to study the layering and how it has been re-arranged by past earthquakes. Kerry Sieh, when 
he was on the faculty at Caltech, working with others, tried to understand the evidence from damaged trees and trenching that 
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enabled an understanding of  the last few-thousand-years of  plate motion from damaged structures on faults that could be, in a 
sense, exhumed, at least in their near-surface properties. A lot of  completely different technologies and techniques were applied 
in seismology, some of  them pertaining to study the last ten or more million years, some of  them over the last few weeks, some 
of  them over the last few centuries. A whole different range of  time scales.

Paul Richards on the relation between his thesis research and some of  the 
broader questions animating the Seismo Lab at the time

Seismograms
I was so lucky that the late ‘90s became digital. I was like, it’s only four, we’re working on analog data, because I was 
working on the 1989 Pasadena earthquake, the 1992 Landers. It’s all digital. I saw some people digitizing all this analog 
data. I was like, “What a fool. Why do you want to waste the time doing that?” But then here, I become more mature in 
seismology. I realized how important those analog data is because an earthquake comes once every 100 years. All these big 
earthquakes, the record was very precious. I began to study the 1906 Mason earthquake, and that earthquake was very 
important. It’s because it’s 1906. It’s a magnitude 7 event, but the surface rupture is so short, only like 15 kilometers. People 
don’t understand why. When we look at the waveform, actually, I went to Tokyo. I went to Tokyo University to get the data 
because Taiwan, at that time, was a colony of  Japan. The important data is always missing because everyone is taking the 
data away, and never returns the data. We couldn’t identify those records in Taiwan. Here, I go to Tokyo University, and 
then, as I mentioned, Kenji Satake was in ERI, in charge of  this archive. Then he said, “Kuo-Fong, this is the whole section 
for Taiwan. You go for it.”

Then I dig this out and analyze the record, and I realize the driving force is underneath. It’s not the surface one. The 
surface one is the one light your eyes. But the real driving force is underground, and the surface one is just a sidetrack. That 
is important for our Taiwan Earthquake Model. It’s a fault system. It’s not just the one you saw at the surface. It’s the 
whole fault system. Then I began to study 1916, another earthquake in the Central Weather Bureau under the center range, 
and 1920 magnitude 8 earthquake. Because of  the Taiwan Earthquake Model, I help to understand what’s an earthquake 
hazard, and then I understand how precious those historical records are, and I put myself  into that. At the same time, I also 
feel if  you are a junior scientist, it’s difficult to put your career into those topics because you don’t know whether you can get 
any answer out, or whether you can have any publication if  you want to get promoted or get a tenure position, because of  the 
risk. You might put a lot of  effort, but nothing comes out because of  a lot of  uncertainties. I also studied the 1604 Quanzhou 
earthquake in China. That’s a magnitude 8 earthquake, but it’s not from a subduction zone. It’s like a historian, and I enjoy 
doing it. But it’s something you put in, and you don’t know whether you can have an answer.

Kuo-Fong Ma on the value of  century-old seismograms
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Creating a seismogram from first principles based on Earth structure with a computer. Don Helmberger was huge in this. 
Cagniard-De Hoop. And then, Dave Harkrider did more of  the surface-wave stuff and matrices. Don Anderson was doing 
normal modes. You could do this at different wavelengths, so body waves, surface waves, but just trying to mimic what the 
Earth had shown you from first principles and saying, “If  the Earth model is this, this is what my seismograms ought to 
look like.” I still remember Terry Wallace putting together something that I thought looked not that great, but he was very 
excited about it because it was a strong-motion synthetic. Now, it’s quite routine to create models of  entire wave fields, and 
we have magnificent computing power.

When I got to Caltech, they had just bought the Prime mini-computer. My spouse, who graduated from Caltech a 
year before me, had to use decks of  cards and go over to the computing center at Caltech. I didn’t have to do that. We had the 
Prime right there in the building, but we had to go to the computer room to sit down at the computer terminal. Later on, each 
graduate student office got its own terminal. That was great. I didn’t even see a PC until I got to Sandia. It was a different 
world for computing then. And of  course, the fidelity at which we could model seismic wave fields was quite different back 
then. That’s what everybody was excited about.

Marianne Walck on creating synthetic seismograms

Seismometers
Seismology, as of  1920, seismometers were these behemoth, big, heavy instruments that mostly recorded what we call tele-
seismic waves, so waves you’d never feel from large earthquakes around the world. A magnitude 8 happens in Japan, and the 
waves are a very, very slow, long period, and these seismometers would detect them. But they weren’t good at recording local 
earthquakes. The Seismo Lab was founded initially to look at local earthquakes, and they realized that there really wasn’t an 
instrument that fit that bill. Wood teamed up with John August Anderson to develop a different type of  seismometer. It should 
have been called the Anderson-Wood Seismometer, but most people call it Wood-Anderson. I think models still exist at the 
Seismo Lab somewhere. It’s this nifty little device, very different design than had been used in the past, designed specifically 
to record local earthquakes.

That was a really key step. There weren’t off-the-shelf  seismometers that they could’ve installed at the time. Then 
there was still a gap that those instruments – Wood-Andersons – get blown off scale if  there’s a big earthquake nearby. They 
were designed to be very sensitive, able to record waves from small local quakes. By the ‘30s, there was another phase in 
instrument development that wasn’t done at Caltech, to come up with strong motion instruments that would actually record big 
earthquakes on scale. This gets back to what we talked about earlier: instrumental seismology diverged early on based on the 
instrumentation. You had these sensitive instruments to record local earthquakes that would get blown off scale if  anything big 
happened. Then you had instruments that would only record big earthquakes. So there were two parallel tracks in seismology 
for a long time. As the instrumentation’s gotten better, the tracks come together.

Sue Hough on the Seismo Lab’s founding purpose both to utilize seismic 
detectors and to improve the technology of  detection
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ShakeMap
Early on, while I was at Caltech from 1988 to 2003, there was a slowly evolving seismic network of  broadband instruments 
called TERRAscope, which evolved into TriNet. It’s expanded further out into Southern California and ultimately turned into 
CISN, which is the California-wide seismic network collection. And in my graduate work, I was studying earthquake sources, 
but also looking at the new data that was coming in from these new instruments that were now in real time with continuous 
telemetry, so we could see what was happening as the shaking occurred. As I crossed the street and did a post-doc with Tom 
Heaton, Jim Mori, and Steve Hartzell of  the USGS, continuing to work with Caltech, of  course, I started developing ways 
to take the seismic records, and rather than trying to understand the earthquake’s source, trying to just ascertain the shaking 
at each seismic instrument. At first, it was a pretty sparse dataset.

We’d have a few key points where we’d have shaking recording, and I wanted to make a useful product that would 
infer the shaking everywhere else with the tools we could develop on inferring shaking from seismological applications and 
inferences we’d made. We really had a problem with sparse data and inferring the shaking levels everywhere else. It was a 
really fun problem. Over time, as the instruments became more ubiquitous and denser, we’d have that shake map, a map of  the 
shaking distribution after an earthquake, better-informed because we’d just have more instruments, and the inferences became 
less important. If  you think about it, and you go to some other place around the world that doesn’t have dense instruments, 
you’re going to have more inference. ShakeMap is built-in.

We’ve developed the tools to predict the shaking even without any recordings from just the magnitude and location, and 
what we know about the earthquake’s source, its depth, location, the shaking due to soil versus rock and other amplification 
features. We made a system called ShakeMap that will give us an estimate of  shaking, and the more instruments you put 
into it, the better the constraints and the more accurate that map’s going to be. California gets a very good ShakeMap after 
any earthquake in the region, and that can be used to infer what’s happened in terms of  potential damage and what people 
would experience. And it happens within 5 to 10 minutes of  an earthquake. Again, the challenge of  that is to rapidly ingest 
the seismic information, infer from that what really happened with additional information about what you know about the 
magnitude and location, and make your best estimate of  shaking. That’s really what ShakeMap does.

David Wald on the origins and goals of  ShakeMap

Shock Waves
As part of  the work of  understanding the origin of  the Moon, we became very interested in what it takes to vaporize rocks 
and minerals with a shock wave. We can recreate that experiment at a special facility at Sandia National Lab called the 
Z machine, which is a big capacitor bank that can discharge a current that’s shaped very precisely. That current is used to 
launch five-centimeter-tall, centimeter-wide aluminum plates to up to 40 kilometers per second, which is the orbital velocity 
of  the Earth around the Sun. So, you can reach all the planet formation in these labs. I have students and postdocs who are 
looking at vaporization of  common minerals in the mantle, like olivine and bronzite, and understanding when they melt and 
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vaporize, and we now see new features related to residual strength in the crystal that we’re trying to understand. I have students 
using what we call hydrocodes to model giant impacts between planetary bodies using material models that we’ve improved 
with our lab data in order to predict more reliably how much melts, how much vaporizes, and where does the material end up 
during accretionary growth of  the planets.

Sarah Stewart on the connections between research on the Moon’s origins 
and current research on shock waves

Skill Building
I think the biggest thing I learned at Caltech was that to succeed as a scientist requires a different and almost orthogonal skillset 
than to be a good student – or a good administrator, for that matter. And this is what I was, a good student. In college, I did 
really well because I knew what the laws of  physics were, I learned them, I accepted them, I applied them to the tests and 
problem sets, and I succeeded by following the rules. I’m a rule follower. But you don’t succeed at Caltech just by following the 
rules. To succeed at Caltech, you have to question the rules. You have to question all the laws of  science. And this is something 
I either was afraid to do, or didn’t know how to do, or wasn’t good at doing. So I learned that about myself. I also learned 
that I do my best work in situations where I feel supported and part of  a larger team, so that’s what I tended to seek out, and 
perhaps why I had such a peripatetic career. The human dimension is very important to me. I also learned to spot who was a 
rule follower and who was rule challenger, and this served me well when I worked with all the different personalities on these 
large complex programs. And I learned how to deal with adversity, somehow. Caltech really made me tough.

Holly Eissler Given on her education beyond seismology

Slow Earthquakes
I guess the easiest way to describe it is to explain where I started. My research—this isn’t where it started. The starting point 
for everything I’m about to say is looking at tremor and slow slip. In the early 2000s is when they first found out there was 
something called slow earthquakes—when the scientists found this out, first discovered them. My interest spawned shortly after 
that. The slow earthquakes have tremors associated with them. A slow earthquake could be just like a regular earthquake, but 
instead a magnitude 7 earthquake, say, normally lasts for about 20 seconds—the duration of  the rupture, like how long it 
takes the rupture to occur. In the case of  it being slow, it could be months for that same rupture. So, it’s really slow. It takes 
that rupture a really long time to propagate across that full fault trace. So, if  it’s many months, it’s slow. It doesn’t trigger 
the normal waves. The seismic waves don’t come out of  it, so it’s not as dangerous. My interest started there and the tremor 
associated with it. As it’s moving, it kind of  vibrates as it’s moving very slowly and creates this low vibration that’s called 
tremor. You can see tremor on seismometers, and the slower rupture, you can see it with the same techniques we use to study 
tectonic movement.
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So, it’s really slow. I started there, and then I started looking at the tremors. The tremors are really interesting, and there’s 
a lot you need to have developed different techniques for detecting them. Some of  those techniques are called cross-correlation 
techniques. Basically, you see the wave form moving, so if  you have two different parts of  the waveform that look similar to 
another part of  the waveform, you can compare them. It’s just comparing the waves from different parts of  the waveform to 
see if  you can find similarities. It’s that similarity you can use to locate it. They found little signals within the tremor called 
low-frequency earthquakes. Basically, it’s tiny earthquakes that are occurring inside the tremor. Then we realized that these 
tiny earthquakes, if  you add them all up, it creates the whole tremor episode. You can find these point sources and use that 
to locate where it’s coming from. Otherwise, it’s difficult to find. So, there are these techniques that we started off looking at 
for these small positions of  where it’s located. It turns out we can use these to find lots of  things. Another professor in the 
Department at Caltech here had a paper where, using the same technique, he found a million new earthquakes in Southern 
California that nobody had noticed before. We had done the same thing previously, looking for the tremor sources with some 
other colleagues. This is where I spawned the interest. This technique is really powerful. You can use it in different places.

From there, I started exploring other places to use this, detecting earthquakes in general, and also, I had always had 
an interest in planetary seismology. One of  the ideas at the time was the Europa mission. They were going to send a mission 
to Europa and try to land a seismometer on there that has since been scrapped. In order to develop the techniques that might 
be feasible for detecting icequakes on Europa, we looked to floating ice in the Arctic. Norwegians had put out arrays on the 
floating ice in the Arctic many years ago, around 2010, a whole series of  them around that time. The data is free on the web, 
so most seismologists will, after they’re done with an experiment, put this data in a repository that everybody will have access 
to. Nobody had looked at the data in a long time, so we downloaded it and tried to run these techniques on it. It looked like it 
was really promising. Then machine learning came along. We said, “Oh, this is perfect.” We then applied machine learning 
to it and found that you could detect the icequakes really well, so that was an interesting technique. I started working with this 
post-doc who had come from NASA and was also using the same machine learning code for moonquakes, so I branched out 
and worked with him because he was using the same code for moonquakes, for icequakes. It turns out ocean-bottom seismom-
eters have a lot of  noise as well. So, you have all these noisy sources, so how do we detect the quakes in it? This technique 
was also really useful for detecting earthquakes on the ocean-bottom seismometers. It’s the same detection technique across all 
these different sources.

Allen Husker on the origins of  slow earthquake research

Smoking
Of  course, in those days everybody smoked... And what you smoked told who you were. Full professors (Don Anderson, Dave 
Harkrider, Tom Ahrens) smoked cigars. I especially remember Dave Harkrider. He had a huge fan (one meter in diameter) 
on one of  his desks, but since he used to keep the window and the door closed, the smoke had nowhere to go; it was just being 
moved around in his office. In those days, nobody was teaching mantle convection, so Dave’s office was a welcome illustration 
of  the process of  convection of  a fluid in an enclosed container.
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Assistant professors (Don Helmberger, Bernard Minster) smoked pipes. If  you went to their offices and asked a scientific 
question, they would think, draw on the pipe, and discover that it was off and had to be re-lit. There followed a complex 
thermodynamic process: a new pinch of  tobacco, matches which would inevitably fail a couple of  times, several puffs aimed 
at the ceiling, all of  this taking quite some time, so that when the answer to the student’s question came, the delay gave it 
the quality stamp of  a very profound and well thought statement — which of  course it was in the first place. And a special 
mention goes to Gerald Wasserburg over in Geochemistry who smoked cigarettes, but through a gold-plated cigarette holder, 
which he would cock upwards, giving him the classy aura of  Franklin Roosevelt.

Emile Okal, on what stands out in his memory on how the Lab has changed over the years

Software
The late 1990s was a period in which, I would say, the computational needs of  most of  the faculty except me were met with 
fairly large servers in the Seismo Lab itself. We were already fairly far into the Unix workstations, more than a decade, I 
suppose. Most of  the work was being done on those workstations themselves. But for me, they just weren’t enough. From the 
mid to late 1990s, we had actually moved into a time when we had our codes, the work I did in geodynamics using the finite 
element method, we had things that scaled on parallel computers. Just before I arrived, Caltech had what was called the Intel 
Delta on campus. After parallel computing was invented at Caltech in 1984 or ‘85, people could do quite a bit. And because 
of  Caltech’s lead in this particular area, Intel donated the Intel Delta, which I actually never used. That was the early 90s. 
And that was the fastest computer in the world, I think, at least on a university campus, and Caltech had it. Then, there 
was the Intel Paragon. These used the Hypercube architecture. Intel Corporation wanted to get involved with this because 
it was their chips running it. They figured a big computer needed a lot of  Intel chips. And they built several of  them. They 
were basically very large versions of  the computers built at Caltech or in local several companies, which eventually folded. I 
was able to use those machines. Then, somehow, in that period of  time, I think they were supported by NSF, but I forget the 
actual details. We had some very large HP supercomputers on campus, these were national facilities. Caltech, for a period 
of  time, competed in this arena of  supplying or hosting what was called Big Iron. I was already used to using these sorts of  
facilities, first when I was a post-doc, when the San Diego Supercomputer Center was one of  these facilities, then when I was 
at Michigan, I continued to use these facilities. I continued to do this at Caltech. But we basically had sort of  tapped out. I 
using some of  these workstations. There was one paper in particular in the mid-90s I wrote with Shijie Zhong and actually 
didn’t scale on big parallel computers. This was when we first introduced faults into the codes, an article in Science magazine, 
I think in 1995. There were, like, five runs in this paper, and each one took five weeks to compute.

We had one big really nice workstation, at the time, with a lot of  memory. We actually, for that one paper, just ran 
solid for nine months, I believe. This other code then became available, CITCOM, which was originally written by Louis 
Moresi. Before MPI became available, there was a distributed way of  distributing this on a set of  workstations. It wasn’t very 
efficient; it was overwhelmed by communication costs. Then, Shijie took the code, and he introduced this thing called MPI, 
which suddenly became the de facto standard in parallel computing, and largely is to this day. It was basically a rewrite at 
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Argonne of  cubics, the original message-passing language written at Caltech for parallel computers. We were able to start 
using this software, but we were also able to use one of  these in-house machines with a different piece of  software that used 
shared memory. It was a different model for parallel computing. We were all set with CITCOM. We basically needed a 
bigger computer. The parallel computers that were out there weren’t enough. Caltech brought in this guy, Paul Messina, from 
Argonne National Laboratory to run CACR. And one of  the people they brought in as a staff scientist was Tom Sterling. 
And he basically came up with this concept that you could take all of  these workstations, put them together with an ethernet, 
use message-passing, and build your own homegrown supercomputer. They called it Beowulf. Jeroen and I wanted to do this.

I had already gone through all of  my startup money, but Jeroen and I pooled our resources in the Seismo Lab with some 
other faculty members for an NSF equipment grant. Then, the computing paradigm had changed so much between when we 
wrote the proposal and when we got the money that we decided we were going to build our own Beowulf. I forget how many 
processors we actually had, but Jeroen and I set up an assembly line in the computer room of  South Mudd. Interestingly 
enough, before I arrived, from the 1970s on, on the second floor of  South Mudd, we had a giant machine room. We still sort 
of  had it, but people kept carving it back. As workstations and supercomputers got smaller and more powerful, the room got 
smaller. They took space away from it. But it had a raised computer floor, you could put wires under it, lots of  air conditioning. 
Because the Seismic Network operations and staff kept growing, competing with TriNet, TERRAscope, all that stuff, it got 
squeezed. Then, Jeroen and I wanted to build a big computer again because the paradigm had changed. We basically bought 
all the parts, and we bought really good parts. We made sure we spent more money on the fans. And these basically were going 
to be desk-side computers. We built this thing and had it up and operating in about two weeks, and our graduate students and 
post-docs would serve time on the assembly line. We built maybe 200 workstations. Probably more. Then, we went to Home 
Depot or something like that and bought these warehouse shelving units and assembled it. I even got a pinched nerve because 
I was working in there, assembling all this stuff. There were two rows, and on the two outer faces, on each side, there’d be, 
like, 100 computers or so, which meant 200 processors because we had dual processors in each box. On the back side, the 
covered part, we needed to have all the wires, so we bought all these routers on the inside, and all the ethernets were connected 
and stuff like that. There was originally a window there, too. We covered that up for air conditioning systematics. And this 
was great. On one side, we’d run CITCOM, and on the other side, we’d run SPECFEM. And we’d switch depending on 
what the students really needed. We got some really big calculations done with SPECFEM and CITCOM. Two things 
emerged from this collaboration. One, the Seismo Lab needed its own big supercomputer. We had gutted our room because we 
needed more room. The other thing was, we were running this high-performance computing with a lot of  people. We needed 
to develop software in a more modern way.

Mike Gurnis on the impetus for high power computing and better software, circa mid 1990s
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Source Models
The big debates I recall occurring at the lab having to do with seismic sources were centered around how a nuclear explosion 
can excite certain kinds of  waves that only earthquakes excite. Some large underground explosions look like earthquakes some-
times. There was one professor there, Charles Archambeau, who came up with a source model. The debate was around his 
source model that had a pressurized cavity at the explosion point, then there was another boundary outside of  the cavity where 
stress would change. He came up with a model in which he could explain some of  this tectonic effect, essentially. Turned out 
his student, Bernard Minster, showed that the model was not exactly wrong, but inappropriate because his model included 
the explosion part, but the extra boundary also made another source that was artificial.

There was debate on what was wrong with that model, what was going on, all related to the tectonic release problem 
in underground nuclear explosions. Where do these waves come from that make it look like an earthquake rather than a pure 
explosion? That was one debate that was related to what I was doing. If  you could model a source better with synthetic 
seismograms and realistic models of  the Earth, maybe you could come up with an answer for some of  these things. Another 
debate that occurred towards the end of  my stay there. Bernard Minster became a professor at the Lab, and he worked on two 
things I thought were really quite good. One was the effect of  attenuation on biases you see between Earth models created with 
body wave data compared to surface wave data. His attenuation model showed that there was a phase shift that could adjust 
for those biases, which was really kind of  neat. The other thing he worked on was the source problem as well.

Tom Jordan and Bernard came up with a way to model plates’ motions simultaneously with all sorts of  different 
kinds of  geophysical data, spreading rates at mid-ocean ridges, the trend of  oceanic fracture zones, seismicity rates, I think. 
They came up with a nice inverse formulation to do that, which many people have basically taken and used over the years. 
That was very nice. When Tom Jordan was a student and towards the end of  his tenure, he got involved with the stochastic 
inverse. Inversion theory started to become a thing in geophysics, and I think seismologists pushed that with modeling big and 
strange datasets. Part of  my thesis was applying inversion theory to model earthquakes.

Chuck Langston on the relation between his thesis on quantifying earth-
quakes and broader debates at the Seismo Lab

Sourcing
We were trying to define what an earthquake source was. We didn’t really have the data. It was when the modeling of  
earthquake sources started. With techniques like moment tensors to really see the difference between earthquakes, there was a 
realization that the existing instrumentation of  the time would only let you see a very narrow band of  the signal, and the way 
we were measuring magnitude, any large earthquake would be a 7 or a 7.2. But it was a 9. But the way we were measuring, 
it would come in as a 7.2 because we were only looking at, say, 20-second waves. Here, Hiroo Kanamori proposed, “ to 
measure amplitudes at longer periods because the 7s don’t have as much content in the longer periods, say a factor of  ten, like 
200- or 300-second waves, which is really hard to imagine. A 300-second-long wave takes five minutes. In your head, you 
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don’t really have a concept of  a wave that takes five minutes. But very large earthquakes produce those. And that’s how Hiroo 
defined Mw. That was very exciting.

Now, we could really, truly distinguish the big earthquakes from the large ones. I was also interested in understanding 
how deeper earthquakes connect to shallower seismicity at subduction zones, that was part of  my thesis. And that’s something 
that people have kind of  forgotten, and it’s still there. Is there any connection? Is there any transfer of  stress from the shallow 
part of  the subduction zone to the deeper part of  the subducted slab? I don’t think that’s been resolved yet after 30 years 
because it’s hard to do. There’s not as many intermediate earthquakes, and the truly large earthquakes come once in a blue 
moon or less. That part was exciting to me. Because that might be able to tell us, at least a little bit, of  the state of  stress at 
the subduction zone, for instance. We see an earthquake ready to happen. That’s something that we don’t know. Other things 
that were exciting, the instrumentation started to be digital. In Mexico City, we had records that were still on drums, being 
recorded in analog way. When I went to the field and put stations in the field, I still had to smoke the paper with a very 
smoky candle. You’d smoke the paper, then put it very carefully, so as not to smash it, in this cylinder, let it record, then get it 
out very carefully, then put a fixing solution like varnish on it. And you measured things like that.

When I started at Caltech, digital recordings started happening. All of  a sudden, you could see them in your computer. 
You could rescale up, down, or stretch time in the seismic traces, and you could maybe see the real start of  earthquakes that the 
previous instrumentation didn’t allow you to see. The realization that, say, a magnitude 5, a magnitude 7, or a magnitude 
9 all start the same way, so you don’t know what the magnitude will be when they start out. And that was something that 
was being debated. People didn’t have a model of  asperities in subduction zones, proposed by Hiroo. There was a big debate 
between Hiroo Kanamori and Keiiti Aki about asperities and barriers. “What is the mechanism? Is it this runaway rupture 
of  an earthquake that stops because there’s a barrier? Or is it breaking these asperities, and it just runs out of  steam because 
it uses the energy to break the asperity?” Not because I’m a student of  Hiroo Kanamori, I would say the asperities model 
won, I think there’s a little bit to be said about this barrier concept, which we see, for instance, in Southern California, when 
faults are not continuous, when there’s a large step-over.

We have seen it, say, in the Landers earthquake, that some earthquakes are able to jump from a rupture in one fault 
to another and get bigger and bigger. But some of  them, there’s this geologic actual barrier, and they just stop. That was all 
being debated at the time. The techniques of  moment tensor inversions were being established. Now, they’re routine, and people 
know about them. They don’t even think about it. But at the time, we were validating different methods. There was Adam 
Dziewonski on the East Coast, and there was Hiroo Kanamori on the West Coast. We were kind of  trying to figure out who 
was right, which method was better and if  they differed. If  magnitude results were 0.1 different, why was it? How were we 
measuring it differently? We were trying to establish standards. There was a lot of  first-order science that was done then. I 
didn’t want to graduate, it was just so much fun. People kept on telling me, “You’re ready to graduate. You have enough.” I 
was like, “Why should I graduate? I’m having fun here.” [laugh] It was a very exciting time, actually.

Luciana Astiz on advances that improved techniques in earthquake mod-
eling and sourcing
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Subduction Processes
My interest was always in great earthquakes. Of  course, I was interested in small earthquakes, but they’re very difficult to study 
because you have to have higher resolution in instruments. With less resolution, we can understand big earthquakes. I studied 
great earthquakes along the subduction zones from Chile, Alaska, the Aleutians, Kamchatka, Kurile, Tohoku, and Nankai. 
We found that the size distribution is somewhat different. In Chile, a big single stretch, 1,000 kilometers, failed in one event, 
but in Japan, it doesn’t happen that way. Most events are maybe 200 kilometers at most. The reason for the difference is that 
the plate boundary is not continuously locked. We call the locked patch an asperity. Some of  the patches are big, but others are 
smaller. The plate boundary is like this, and this dark spot is what we call asperity, where the stress accumulates. In between, 
it’s weak, and the stress doesn’t accumulate. If  the plate boundaries are like this one, this patch will repeat breaking over and 
over again, so you have a fairly regular occurrence of  events. This, I thought, is more or less happening in Chile or Alaska. 
But as we come to Japan, it gets more heterogeneous. It’s a matter of  evolution of  plate-boundary structure over millions of  
years, and the contact zone property may change. If  this happens, you have a more heterogeneous sequence. Sometimes you 
have small events, sometimes you have a big event as a result of  interaction between asperities, and the interval may not be 
very regular. This is essentially what I thought.

Because of  the different nature of  the plate boundary structure along the subduction zone, we have different styles of  
earthquake sequences. Suppose we have four patches, for example, and most often, they go independently and fairly regularly 
in time. But sometimes a failure of  one patch may trigger the adjacent ones, and the result can be a very large event. If  each 
event is 8.5 or so, then if  three or four of  them happen together, we get almost 9. The Sumatran earthquake of  2004 was like 
that. That’s why it was surprising to many people. I had seen this kind of  situation earlier for the 1906 Colombia-Ecuador 
sequence. So, it was not a big surprise to me. My thought was that by studying great earthquakes one by one very carefully, we 
may be able to determine the difference in characteristics of  great earthquakes for different regions. Then, we can come up with 
different hazard mitigation measures. If  it’s a regular sequence, we can prepare for that. But in some places, it doesn’t happen 
that way, and sometimes it gets very big. We have to worry about those events, even if  they’re relatively infrequent. That’s 
the whole idea. My approach is to look at big earthquakes from various regions one by one very carefully, using good records.

Hiroo Kanamori on the relation between seismicity and subduction processes

In a subduction zone earthquake, the oceanic plate goes down under the continental plate. We discovered something new about 
it, during post-earthquake GPS measurements in Mexico in 1995. A postdoc named Ken Hudnut got me involved in a project 
working with colleagues from the US and Mexico to set up a GPS network in Mexico to study the deformation at the northern 
end of  the Middle America Trench. We set up this network without any long-term funding and measured it once, and six 
months later there was a magnitude 8 earthquake nearby. I went to Hiroo Kanamori was the director of  the Seismo lab at 
the time, and I said, “Oh, could I get emergency money to go and help reoccupy these GPS stations to see what happened?” 
He said yes, so he found some money and we got an amazing result. The slip moved down the subduction zone slowly in 
the days after the event. No one expected that at all because no one had ever been able to leave a GPS receiver running in a 
good position to observe this. We left a GPS receiver running because we needed a [presumably fixed] reference point for our 
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network. Then we saw it moving, which could only be explained by deep slip happening. Tim Melbourne found this deep 
slip as part of  his PhD. People already expected that after you have an earthquake, you could still have slip on the same part 
of  the fault. But this was different because it was not on the same part of  the fault. The reason we knew this is because the 
coastline initially had gone down, and then it started going up as the slip on the fault kept moving underneath the coast. That 
was just wild. GPS hadn’t been around that long, and people thought everything would’ve happened during the earthquake, 
and so it didn’t matter if  you had a few months’ delay before you did a post-earthquake survey. But what we found was that, 
actually, you should stay there the whole time, because the whole thing could be still moving. Tim Melbourne, for part of  his 
PhD, looked at some other events with some GPS data from the Germans and the Japanese. He could show that after some 
earthquakes, there was this continued slip down at depth; in other places, there wasn’t.

Joann Stock on new avenues of  research and thinking in the area of  sub-
duction zones

Surface Waves
Until slightly before that time, mostly what people used in seismograms was the times the waves arrived and sometimes the 
polarity, this way or that way. Hiroo Kanamori was among the leaders in trying to use the full waveform, to actually match 
the wiggles using more sophisticated models of  the Earth and more sophisticated models of  the earthquake source. There were 
two people like that. These two people who pretty much made the lab on the earthquake side, I’ll leave out Don Anderson’s role 
in deep Earth structure, were two waveform modelers of  enormous distinction, Don Helmberger, who worked on body waves, 
and Hiroo, who worked on surface waves. Surface waves are generated by bigger earthquakes, and Hiroo was also interested 
in their tectonic meaning, which made him very unusual at the lab. He was really interested in what these earthquakes told 
you about the subduction process. Of  course, that came from having grown up and been educated in Japan. He really had 
enormous breadth of  knowledge and interest.

There used to be a joke, I think it was by Bob Geller, that we were supposed to come up with some topic and force 
Hiroo to admit he didn’t know anything about it. I don’t think we ever succeeded. Bob, at one time, talked to him about the 
generation of  the geomagnetic field in the core, and Hiroo started offering his views as to how this worked. [laugh] He was 
interested both in earthquakes as a physical phenomenon and the development of  new technologies to study them. And those 
have become very, very standard. He has a wonderful combination of  different kinds of  skills, the ability to work with and 
see things in seismograms, the ability to conceptualize the underlying physics and math, and the ability to conceptualize the 
geology. The ideal seismologist would have all three of  these attributes. Most good ones have one, a few have two. He’s prob-
ably the only one I’ve known who had all three.

Seth Stein on Hiroo Kanamori’s contemporary research, and the game 
among students to stump him
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Superswells
I carried over some of  the work I’d been doing as a post-doc, and I largely continued using heat flow measurements that had 
been already made and were available in the database, to understand other problems. Initially, it was working largely in the 
same area. I did expand areas that I was using heat flow to try to understand what was going on. One of  the big areas that 
I expanded into, and I don’t know if  you’ve heard of  this, it’s not trendy anymore, was called the South Pacific superswell. 
There’s a shallower than typical area around Tahiti with lots of  little islands, and a lot of  vulcanism in what we call hot 
spot tracks like the Hawaiian Islands. One of  the big debates about five years or so after I graduated was what was really 
causing this area. At the time, there were two competing ideas about what was going on beneath the crust when you had a hot 
spot like Hawaii. One idea was that the area around Hawaii or these other features, like Iceland, was elevated because most 
of  the area down to maybe about 100 kilometers had much higher temperatures.

The other was that most of  the uplift was due to dynamic forces of  the mantle pushing up and raising the area. The 
problem was that when you looked at the elevation at Hawaii and the others where the hot spot had passed, the subsidence 
of  these island chains could be viewed as either a thermal process like cooling as the oceanic lithosphere moves away from the 
ridge crest, and everything cools, or this dynamic push-up by forces, so as the crust moves away, everything kind of  subsides 
down. I had attended a talk about this at AGU, proposing that the South Pacific Superswell area had been reheated such that 
the oceanic lithosphere, the strong part of  the oceanic plate, had been thinned. I came away thinking, “No one’s looked at the 
heat flow data for that area. Is it really hotter?” A colleague and I looked at the data, and I found that it wasn’t any hotter 
than similar age crust elsewhere. People asked how it compared to the theoretical cooling curve then used at the time giving the 
best reference curve for how heat flow should vary with age. We did that, and it looked sort of  OK. Someone said, “That’s 
great, but you’ve got to look at the depth and heat flow of  the same age crust elsewhere to see how this area compares”, so 
we did that. We concluded that the Superswell area’s heat flow was not unusual. However, to explain the shallower seafloor 
depths, would require much higher temperatures, so we should’ve seen super high heat flow if  it was a thermal process, So 
obviously a thermal process was not producing this anomalous area. This led me to look at global heat flow data with age 
and a new reference model that better matched the observations.

Carol Stein on applying her expertise in heat flows to a new area of  research

Support
I think I was very naive when I went [to Harvard]. I didn’t really worry about it. I probably should have thought about 
these things much more. When I was almost up for promotion to associate professor, which is untenured at Harvard, Caltech 
offered me a tenured position. I said “No,” and I stayed at Harvard for an untenured position. I don’t know what I was 
thinking, or why I took that risk. Because it’s a risk, right? At Harvard, it is really hard. When I was there, 17% of  junior 
people were getting tenure. I remember going to see the dean when this was happening. He said, “Normally I don’t meet with 
people at your stage of  your career. You’re an assistant professor and you don’t have tenure. Harvard is an institution for the 
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senior faculty.” This is what he said to me. These were his words. And that’s really what Harvard was like. He said, “I 
can’t offer you anything, but I still hope you’ll stay.” That’s sort of  what I got. I stayed.

Yes, I did get tenure later, so it turned out okay. But it shows you one fundamental difference between Caltech as an 
institution and Harvard. Harvard really is an institution for senior people. Caltech is the example of  an institution that just 
excels at bringing in outstanding young people, giving them everything that they need, bringing them through the ranks, and 
getting them to do their best work at the institution. That’s my model for how an academic institution should be run. I still 
think Caltech is a brilliant place in this regard.

Jeroen Tromp on leaving Harvard for Caltech, and the cultural differences 
he came to appreciate as a result

Survey
This coordination is integral to USGS operations in Pasadena. Caltech was in Southern California, running a seismic network 
going back to the 1920s. The US Geological Survey was not in the earthquake-monitoring business for most of  that time. 
There were governmental agencies that installed specialized strong-motion instruments to record big earthquakes, going back to 
the 1930s. But seismic networks were really run by universities. Then in 1977, the government launched the first ever federal 
program aimed at risk reduction, so the NEHRP, National Earthquake Hazard Reduction Program. It really should’ve been 
called risk-reduction program. But at that point, the USGS became the lead agency within NEHRP for seismic monitoring. 
That’s when the USGS got into the earthquake-monitoring business.

In California, when NEHRP was launched there were two existing seismic networks, one operated by Berkeley in 
Northern California, and the one operated by Caltech in Southern California. The state is split diagonally [laugh] sort of  
this way. People call it the Gutenberg-Byerly Discontinuity, jokingly, because Beno Gutenberg was in Southern California, 
Perry Byerly was in Northern California, and they sort of—I don’t know—somehow agreed on which turf  would be covered 
by which network. It really should be the Wood-Byerly Discontinuity because Harry Wood, not Gutenberg, was the driving 
force behind the seismic network in southern California. But, in any case, there were these two seismic networks that were 
both quite small—small numbers of  instruments. When the USGS started to get involved with earthquake-monitoring, in 
Northern California they set up a group in Menlo Park, and they established a separate USGS network. That is, the USGS 
scientists in Northern California did not team up with Berkeley, so they ended up with two kind of  parallel networks. It is 
a legacy that has reverberated through to the present. Whereas in Southern California—and I’m not sure who the folks were 
who were spearheading the USGS part of  it, but from the start they worked in partnership with Caltech, running a seismic 
network that was then very much expanded with additional resources.

USGS-Caltech network operations began in the late ‘70s. At that point, the Pasadena office, its whole reason for 
existence was operating a seismic network in collaboration with Caltech. I joined the office in ‘92. At that time, all of  the 
scientists in the office had been focused on what we call network seismology, looking at using seismic networks to record and 
study earthquakes, typically to locate them, determine the magnitudes, that kind of  thing. I was hired to—boy, this gets into 
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the weeds—to look at ground motions, so how strong does the ground shake when there’s an earthquake? This kind of  research 
used to be separate from network seismology: “strong motion” versus “weak motion” seismology, using different types of  data to 
address different types of  problems. When I was hired, I was the first person in Pasadena who, from the ‘70s, wasn’t focused 
on classic network seismology. From the beginning through 1992, the USGS-Caltech collaboration had remained focused. 
Over time, the Pasadena office and the USGS has broadened its portfolio, so now there’s a lot more going on than network 
seismology. Some of  the USGS research is done in close coordination with the Seismo Lab. Some of  it’s more independent. 
But the network is still run as a joint project, and a lot of  the research is still highly collaborative.

Sue Hough on the origins of  the Seismo Lab and United States Geological 
Survey partnership

I was not browbeaten by anybody—well, perhaps with one exception—I was given the impression that I should do what I 
found interesting and exciting. I was hired to follow on research on measuring and understanding the spectra of  earthquakes, 
basically the impact of  this Jim Brune 1970 paper that I referred to. After a couple of  years, I got interested in the 1906 
Earthquake and geodetic measurements related to it and abandoned seismology. In retrospect, it was probably a pretty brash 
thing to do at the time, because I had no guarantee that this research would be as important as it ultimately turned out to be. 
But I was self-confident. I thought I knew what was important. In that sense, I was certainly correct. And lucky. Just by 
osmosis the Survey’s distinct role began to sink in, by being among scientists who did appreciate and value the dual role of  
the USGS in pursuing curiosity-driven science but in the service of  bringing a better understanding of  earthquakes and their 
societal impacts.

It was even better than working as a professor for the government, because by and large, the research that I was doing 
was not expensive at that time, didn’t involve any field work. I had total freedom to pursue what I was passionate about. I 
had no administrative responsibilities. I didn’t have to teach, and I didn’t have to scramble for funding by writing half  a dozen 
proposals to NSF each year to get one of  two of  them funded. So, it was better than being a professor.

Wayne Thatcher on the best-of-both-worlds opportunities offered by a 
career in the USGS
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Taiwan
Taiwan is a small island that we have active for almost every 10 kilometers. [laugh] You understand that, actually, for some 
distance, you will notice our topography. You might see this ground deformation that’s associated with the fault, either on the 
surface or underground. For the number of  earthquakes that every month, maybe we might have a chance to have a magnitude 
6, or you feel the ground shaking almost once a couple of  weeks, I have to say, especially Eastern Taiwan. The earthquake 
behavior or seismicity is very high in Taiwan, and it’s very dense. Historically, I have to say that because of  that, we have a 
large earthquake. I think maybe like every 100 years, we have two or three damage earthquakes.

What I mean by “damage” is to the magnitude like 7. That usually causes very large casualties. Maybe we call it 
like number beyond 100, that is, we call it a damaging earthquake. Of  course, now, I would like to bring the science into 
this practical exercise, even for the government policy, to reduce the impact. As I mentioned, I do the ground motion to the 
buildings, and I want to inform our people in Taiwan, saying that earthquakes are something we cannot avoid. But, at the 
same time, we can do better is to reduce the impact. That can be done in terms of  policy and also self-awareness. Maybe 
like 10 years ago, I published the Taiwan Earthquake Model for the Earthquake Hazard Map, which is actually popular 
in California. You see California has a map from time to time. But in Taiwan at that time, we didn’t really have this open 
access to really understand what kind of  level of  hazard you have in your location because there’s a lot of  impact for that, the 
housing prices. There’s a lot of  business behind that. However, it’s good now because this open data policy, and also there’s 
social media and all these kinds of  communications, people actually feel like they have the right to know what kind of  risk 
they are in, and then how can we do better to let them know, at the same time, to give them the solution? They don’t just want 
to know. They also want to know then, “What can I do?” Then government actually becomes nervous because if  they have 
no solution, they don’t want to open this message to people. Somehow, it’s somehow an internal process, but I think it’s going 
to the right direction. Not to mention one more thing is because now it’s a very hot topic about this semiconductor business, 
Taiwan is one of  the most important countries to export and import, and the US is talking about all these chips and so on. 
Then we are a densely, high-tech company in Taiwan, but we have also this impact from the ground shaking. What I tell 
them is I try to bring this knowledge to let them know, or either they have issues or they can make a better preparation about 
what might happen in 20 years, 30 years, 50 years. That’s how I try to provide this knowledge—not just to the government, 
to people but also to those important industry partners. They know what kind of  risk they are facing.

---
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For historic earthquakes, we do, as I mentioned, we have a good record for 400 years. When I was a student in 
NCU, I was an undergraduate in the Department of  Earth Sciences at NCU. At that time, it was called the Department of  
Geophysics. Then I just learned, actually, geophysics is very new to Taiwan, basically. Let me see how many years. Maybe 
less than 40 years, 50 years. When I was a student, our professors had something about seismology, but they are not trained 
in the seismology. They are usually trained but, of  course, physicists are very important to this field as well. They basically 
are physicists or mathematicians; however, they bring in knowledge of  geophysics. Then we have a very—I forget how to 
name this in English—but somehow another generation, somehow one couple of  generations older. He is the one who actually 
brings into the government, and say, “Hey, we have an earthquake once every 30 or 40 years. We have to build on the seis-
mic network.” That was 1976 or something. I was not around for those at all. But when I got my degree at Caltech, after 
Caltech, I could come to know what’s going on [laugh] for all this history. I have to say we are lucky to have this very wise 
scientist. He proposed to our government to have this network.

At that time, Taiwan’s economy was booming. Then, at that time, he said, “That’s something we have to pay attention.” 
Also, because of  the history of  Taiwan, in history, in 1932 up to 1950s, we are colonized by Japan, and then Kuomintang 
coming to Taiwan after 1949. When I learned of  why the earthquake hazard or the impact from earthquakes was ignored 
for so long, it’s because the change of  the government every 30 years at that time. Also, a large earthquake comes almost once 
every 30 years. In the 1980s, the government was here maybe from the 1950s. Of  course, also at the time, they don’t have 
enough energy or financial aid [laugh] to do basic science maybe. But, somehow, earthquake impact was not so—got a lot 
of  attention like Japan. That’s something related to the history of  Taiwan itself. Then, at the same time, for the earthquake 
once every 30 years, it’s also so easy to forget because now when I educate the undergraduate students, they had no idea about 
the 1999 Chi-Chi earthquake, which for me was such an important impact event in my life. [laugh] I’m senior, but I’m not 
really that old yet.

Kuo-Fong Ma on the unique and historic Taiwanese approach to seismology

Techniques
Throughout my life, I always lived in downtown Mexico City, where it really shakes when there is an earthquake in the Pacific 
coast. I must’ve felt in my life about 12 earthquakes larger than magnitude 7 before I went to Caltech. When you have felt 
this many Earth shakes, you’re very aware that there are these phenomena called earthquakes and that shapes your life. In 
high school, I actually learned about plate tectonics from my geography teacher in Mexico City of  all places. She said, “The 
people who study these are called geophysicists.” I wrote it down because I’d forget by tomorrow, I’ve always been kind of  
forgetful. Then, when it became time to decide what to study at the university, I thought, “What was that word?” If  I went 
into the science school, I would have to do either physics or math first, then go into geophysics. But in the engineering school, 
there was this new degree called engineering in geophysics, where one could learn all these geophysical techniques more applied 
to the oil industry, mining, and geology.
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By the time I arrived to the Seismo-Lab, I had this great foundation on techniques, but not about the interior of  the 
Earth or anything like that. In Mexico, there’s a requirement that to graduate, you need to do one year of  national service 
as part of  your degree. If  you had a non-paid internship, you only had to do it for six months, and if  it was paid, it was a 
year. I got mine at the Institute of  Engineering, working with Dr. Singh and Dr. Haskov, who were interested in earthquakes. 
They were both geophysicists, who were interested in connecting with the engineering community more closely to give them the 
data to keep Mexican cities safe. Thus, I had that awareness of  seismology contributing to society very early on. There was 
this almost applied science sense. Like, “It’s fun to learn about the Earth, about how it works inside, and about all these 
practical issues too because we’re studying earthquakes because we also want to understand, say, amplifications in the Valley 
of  Mexico, or because we want to understand how different the earthquakes are from each other.” I would say I had that keen 
awareness. And I guess my last year at the university, two professors from Caltech visited UNAM, Drs. Hiroo Kanamori and 
Don Helmberger. I remember meeting them.

They went there to look at the data that the Mexican scientists had gathered for the Petatlán earthquake in 1979. 
They were talking about all this data, and I was an intern on the edges, listening. At the Institute of  Engineering, we were 
seven or eight of  us students(interns), and we were a very close-knit group. Two of  them had gone to the United States to 
do a summer internship in Wisconsin. And they had brought with them all these applications for schools in the US. At this 
time, there was no internet, and Mexican mail was notorious, and still is, for losing things or arriving very late. They figured 
while they were in the States, they would gather all these applications to enter many schools. They basically handed them to 
us like, “I have two of  these, who wants the other one?” And I got an application for Caltech. I thought, “OK, I’ll apply.” 
But honestly, I had no idea what Caltech was when I applied. [laugh] I was like, “It’s the place those two professors came 
from.” But there was no awareness. And when I asked my professor, Krishna Singh, what Caltech was like, he said, “Oh, 
it’s a small school in California.” That was it. [laugh] I think he didn’t want me to get nervous and feel intimidated. If  he 
had told me, “If  it was the place with the most Nobel Prize-winners,” I would never have applied. 

Luciana Astiz on the effect of  living with and studying earthquakes in 
Mexico prior to joining the Seismo Lab

Theory
Technology can do earthquake early warning. Once we have acquired about four seconds of  data since the quake began, we 
can tell you approximately how big it is going to be. We’re not going to be able to tell you that it’s much bigger than, say, 6.5 
or 7, because it takes time for a major earthquake to develop. It takes a couple of  minutes for a magnitude 8 to develop, and 
you don’t know the final magnitude until that process has completed. So, I see it more that earthquake early warning will be 
the mainstay of  providing extremely rapid information and allow people to protect in place, and to enable people to safeguard 
various things. It can be automated, and various automatic processes would be triggered to protect against ground-shaking.

The other aspect of  it is basic research. It is incumbent on us, the current generation, to collect the best possible data 
for the earthquakes that we are having, and then in the future hopefully somebody comes along and is able, maybe in a few 
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rare cases, to say, “Yeah, there is a pattern here that might apply.” The fundamental issue here with our datasets, like with 
many other datasets, is that we can look backwards and say with a certain degree of  accuracy, “This is exactly what hap-
pened there.” Being able to look forward is a much more challenging problem. Maybe somebody will develop that as part of  
a different field, like computer science, and will allow us to make more progress on this particular problem.

Egill Hauksson on the interplay of  advances in theory and technology to improve early warning

Tomography
Seismic tomography, this idea of  finding something about the subsurface or the interior structure of  something without directly 
going there. I like to think that the direct version would be probing into someone’s body directly to get information, which we 
try to avoid. We don’t want to go into someone’s body. Similarly, going into the Earth at the shallow level is drilling a well. 
Drill directly down at sort of  $20 million apiece. Just go make some holes and see what’s down there. That’s expensive, and 
so you also want to avoid that. Both of  these things motivate trying to get information indirectly by sending waves through 
and measuring them as they come out. That’s what tomography is. We’ve got sources, which are usually earthquakes, and 
then we’ve got stations or receivers that record these waves. For me, the big breakdown in seismology is source and structure: 
trying to understand the structure of  the Earth, and also trying to understand these earthquakes, and both of  these are very 
interesting to me. With tomography coming out of  my research at Caltech, and where we’re headed now [in my group], we’re 
interested in understanding the structure, meaning, the variations and variability beneath our feet. My own interests are in the 
crust, the upper 30 kilometers of  Earth where a lot of  interesting things occur in terms of, yes, that’s where oil and gas is, 
and these sedimentary basins. It preserves the tectonic history of  how the Earth came to what it was.

This, you could argue, is just a curiosity-driven question. But if  you look at the motivation for the EarthScope Array, 
this biggest-ever rollout of  stations across the Lower 48 and then to Alaska, the motivation was to understand the evolution 
of  our continent. Like, how did we (the North American continent) come to where we are? When people start to probe “why 
do we care,” it gets to the level of, well, think about space exploration. We’re not really looking to colonize other planets and 
extract minerals from other planets. It’s just curiosity-driven and human nature. Why are we here? How long have we been 
here? How did this place get to where it was? For me, those are the driving questions. I’m not primarily driven by societally 
relevant questions. I like to pursue them when they’re right in front of  you, and we steer our priorities based on the needs of  
funding, and the training that’s offered out there. But ultimately, you have your own curiosity, and you don’t really change that. 
You can go one way or the other, but that’s why we’re in academia, to have the freedom to pursue the things that we think are 
interesting or things that we think we can contribute toward.

Carl Tape on technology that allows observation without requiring close physical proximity

At that point, there was a revolution in seismic tomography and geodynamic systems with viscous flow. Seismic tomography, 
at that point, they had seismic data, and they were trying to build a three-dimensional picture inside Earth. It was like a CT 
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scan of  the entire Earth using seismic waves. You see the large scale [structure] popping up, you see high velocity and low 
velocity. The debate, at the time–well, there was a minor debate about who had the better resolution, but the debate was really 
what that velocity anomaly meant. If  you see low velocity, the easy way to interpret it is because it is relatively hotter. Same 
material, relatively hotter, so the seismic speed is relatively slower. Or you could have something compositionally different. For 
instance, you have more iron there, and that appears to be relatively slower. I don’t think that came to people’s minds yet, that 
interpretation. But a lot of  debates assumed those temperatures were there. What did that tell us about the convection system 
inside? Either that the convection system is uniformly one layer from the top to the bottom, or the convection is actually two 
separate layers, and one’s separated from, like, 670 kilometers, with the upper layer and the lower mantle separately convect 
on their own. That was the major debate in chemistry and also in geophysics, and everybody was trying to get arguments 
based on the tomography we were seeing.

The geodynamic part was that we knew the Earth was viscously deforming. That was also a famous geodynamic 
framework developed by Caltech professor Brad Hager and his student Mark Richards. And we knew it was circulating 
and also could explain the gravity data that became available in global scale from remote sensing. But there were internal 
inconsistencies. The induced topography we had was inconsistent with what we saw at the surface and the model was also 
inconsistent in explaining the plate motions, especially the shear component, the rotation component. That was, I think, the 
major debate. Later on, we saw the low velocity that had sharp edges, I started questioning, that is really hotter or something. 
Because if  it’s hotter, it has very different consequences. If  it’s hotter, it’s going to be lighter. Lighter is going to rise. But it 
could also have more iron, just more iron, they’re also slower, but they’re heavier. And heavier means they’re very comfortable 
there. They just sit there. That’s also the part I was trying to get into there because I thought, “Is it going to be forever?”

Either you had low velocity that’s–well, heavier or lighter. After graduate, I was focusing on the edges to see how they 
changed, to see whether not just the velocity is slower or faster, but the transition from that particular chunk of  material to 
outside material. If  you have very smooth transition, it means that the temperature could explain it. But if  you have very 
sharp transition, the temperature cannot explain it. Because everything sitting there has to be a long period of  time, tens of  
millions of  years. And the temperature is going to diffuse, and it can’t maintain the sharp transition. Looking at those features, 
it really could bring us a step forward. Then, I’ll start to look at the data and methods trying to constrain that feature. And 
that feature is also difficult to constrain because you have the wave propagation that you will have the entire Earth to digitize, 
and computation is expensive, but more importantly, the computational ability cannot give you that kind of  frequency to match 
the data, or you cannot use those kinds of  details to constrain your high-precision structure.

Lianxing Wen on the big debates at the Seismo Lab, circa mid-1990s

Tsunami
I coined that term in 1971, I think. Any earthquake that generates a tsunami is usually called a tsunamigenic earthquake. 
A tsunami earthquake is a subset of  it. It is an earthquake that doesn’t produce strong shaking but produces a large tsunami. 
The 1896 Sanriku, Japan, earthquake and the 1946 Aleutian Island earthquake are the two extreme cases of  this. The 
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1992 Nicaragua earthquake and a few others are thought to be. They’re not very common, but when they happen, they’re 
usually very devastating. We don’t call the 2004 Sumatra earthquake a tsunami earthquake. It’s a tsunamigenic earthquake 
because it also produced strong shaking. In the case of  the 2011 Tohoku earthquake, it’s a bit more subtle. It did produce 
strong shaking, but the tsunami was extremely large and devastating. It has the element of  a tsunami earthquake, but at 
the same time, it had the properties of  regular earthquakes, too. Normally, we don’t call the Tohoku earthquake a tsunami 
earthquake. But technically speaking, I would say it’s half  tsunami earthquake and half  regular earthquake. Other cases 
were pretty much obvious. Tsunami earthquake is kind of  a handy term. It’s a slow earthquake that happens in the ocean.

Hiroo Kanamori on the definition of  a tsunami earthquake

Turbulence
The answer to that question is in two parts. The first is, what can we do right now, at this instant in time, based on present 
scientific knowledge? At the present time, we have no reliable and accurate way of  predicting earthquakes, where we define 
prediction as an imminent warning of  a large earthquake with enough specificity in magnitude, time, and place to justify 
issuing an alarm. I think all reputable seismologists or other scientists would agree to that statement. There are a few fringe 
scientists making all kinds of  bizarre electromagnetic observations or whatever who are claim they can make predictions now, 
but they’re not taken seriously within the scientific community, and they have no real data to back up what they’re doing. We 
can’t do it now. The second of  your questions is asking about the science. My personal feeling is that earthquakes are too 
complex and nonlinear a phenomenon for them ever to be predictable with enough accuracy and reliability for issuing alarms. 
On the other hand, that’s speculation about how science will evolve. We can never rule out the possibility that someone will 
find something new in the future. But until that happens, we can say, based on the present scientific knowledge, it’s not possible.

I have one more point I always make in that context, which is that if  you go back 120 or 140 years to the dawning 
of  seismology, interest in prediction has waxed and waned. But at some level, there’s always been somebody speculating about 
earthquake prediction. None of  those efforts over the past 140 years have panned out. On the other hand, in terms of  what 
we know now scientifically about earthquakes, and in terms of  our instrumentation for observing earthquakes, that’s gone 
right off the charts over the last 140 years. We’ve made tremendous progress in basic science and instrumentation that didn’t 
lead to any progress toward earthquake prediction. Make of  that what you will. There are any number of  other fields where 
you have very complex, nonlinear systems that make it either impossible to make predictions or put some severe limitations on 
the accuracy with which they can be made. For example, turbulence in fluid dynamics. Once turbulence starts to happen, all 
bets are off about how the system will evolve. That seems to be true of  earthquakes. As far as whether 100 years from now, 
people will be able to predict earthquakes or not, my guess is no, but that’s only a guess. I probably won’t be around in 100 
years to have to take responsibility if  I was wrong. But I’ll just put that on the record.

Bob Geller on the distinction of  earthquake prediction reflecting a lack 
human capabilities vs. the idea that the underlying processes are funda-
mentally chaotic
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Upper Mantle
It was the first paper I wrote about a little-bit-shallower upper mantle underneath Southern California. It was more about 
illuminating some of  the lateral velocity variations around the Transverse Ranges, and I came to some conclusions that were 
a little different from what previous people had done using an interesting technique called relative array diagrams from Chris 
Powell. She was the one who first showed me how to do that. With regards to the upper-mantle structure and profile, I had 
data that probed essentially the upper mantle beneath the Gulf  of  California as an active spreading center. That’s the paper 
I’ve written that has actually been cited a number of  times, and it had a very large gradient above the 400-kilometer discon-
tinuity, and I was able to see some fairly fine structure on the 660. And I think the 660 has held up pretty well as the right 
depth, although I’ve lost track over the last 20 years what people are thinking these days. And then, I did some cool stuff with 
Rob on wave-field continuation for the upper mantle, some different ways of  looking at these seismic profile data. But it’s 
some good data. I’ve been pleased that some of  my data profiles have been included in some textbooks, which was sort of  fun. 
And then, I did a comparison of  the Gulf  of  California with the Cascadia Zone, and it was a different gradient above the 
400. Just some basic knowledge, which I think has held up reasonably well, about the upper-mantle structure.

Marianne Walck on a key conclusion of  her thesis

---
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Venus
That was because I had a graduate student, who’s quite well known now, Bruce Banerdt, who is the head of  the Mars 
program at JPL. While working on his PhD he did part-time work up at JPL. At the time, radar images of  the surface of  
Venus came out which showed intricate fracture patterns, and we were all surprised. The surface of  Venus is very hot, and 
everybody thought it would be characterized by ductile flow structures. In fact, it appeared very brittle, and it had all these 
cracks and these crack patterns. The question was, what are they telling us? Banerdt and I worked on how could you interpret 
these fracture patterns to measure the thickness of  basalt flows on Venus? The answer to why you have brittle fractures on 
Venus, is because the rocks are very, very dry. As soon as you take all the moisture away, the rock becomes brittle, even at fairly 
high temperatures on Venus. If  it had the least little bit of  water, it would flow. Like most of  the problems I have worked on, 
something interesting showed up and I backed into it.

Charlie Sammis on how he became involved in studying the surface of  Venus

Volcanism
I started to get interested in the certain style of  volcanism that we associate with features like Hawaii and Yellowstone, 
otherwise known as hot-spot volcanism or intraplate volcanism; that is, volcanos that are not clearly associated with plate 
boundaries. For example, familiar plate boundaries volcanos to you might be Mount Saint Helens, Mount Shasta, Mount 
Rainier on the West Coast, Fuji in Japan. These are all associated with convergence or subduction zones where one plate is 
going underneath another. That is the most common subaerial form of  volcanism. The most common form of  volcanism on 
the Earth occurs at mid-ocean ridges for plates to spread apart. I don’t work on that so much. But this intraplate volcanism 
is interesting because it comes from the Earth’s deep interior and what we call mantle plumes or plumes of  hot stuff rising 
probably from the core-mantle boundary. India is an enormous outburst, what’s called the Deccan Traps, which was simul-
taneous with the extinction of  the dinosaurs, which still remains one of  the great geological mysteries of  all time, is we have 
one mass extinction and two causes. The Deccan Traps eruptions, which occurred at the initiation of  a new mantle plume 
that is now currently active at Reunion Island in the Indian Ocean. Of  course, we have the Chicxulub impact at the same 
time. In fact, one of  the recent controversial papers that Walter Alvarez and I wrote together was suggesting that the two might 
actually be related, in an odd way. that I won’t spend a lot of  time going into, unless you want to.

---
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I’ll give you a little background. The last four major mass extinctions in Earth’s history are all closely associated in time 
with enormous volcanic eruptions of  this style. The largest mass extinction we know of  occurred at the end of  the Permian 
period, the Permian-Triassic boundary, and that’s associated with an even larger set of  volcanic eruptions in Siberia known 
as the Siberian Traps. The one just before that, and the one just after that, at the end-Triassic, was also associated with a 
large—we call these flood basalt events, because they’re literally floods of  lava. The Deccan Traps in India would have covered 
the state of  California in about a kilometer-thick lava formation in less than a million years, to give you some idea of  how big 
these things are. The—what geologists call a uniformitarian view—would say, “Obviously the mass extinction at the K-T 
boundary, the end of  the dinosaurs must have been associated with these volcanos in India just like the others.” And yet the 
evidence is that this large impact and Chicxulub crater, Northern Yucatan Peninsula, is actually the cause of  the extinction.

Then you have to say, “Could there be some crazy way that the impact and the volcanism could have been related? 
Could the impact have triggered a volcanic event?” That’s something people have speculated about for a long time. Generally, 
the answer is no. I don’t know if  you know who Walter Alvarez is; he discovered the Chicxulub impact, and he’s my closest 
friend on the faculty at Berkeley, still. For 30 years, we’ve been scratching our heads over this perplexing problem. What 
we suggested in our 2015 paper is that there seems to be evidence that—the Deccan Traps eruptions in India were already 
occurring at least a million years before, or probably more, than the extinction boundary and the impact, so we know that 
the impact didn’t cause the volcanism fundamentally, but we did find evidence that the volcanism accelerated the volume rate 
of  flow, and also the geochemistry changed at that time. We wrote a paper suggesting that the impact may well have shifted 
the mode of  volcanism and caused it to accelerate and therefore perhaps contributed to the mass extinction. This is a prob-
lem I’ve been working on since then. The tests that we did, I worked with the Berkeley Geochronology Center. We did very 
high-precision argon-argon dating of  the formation. Actually, the formation is right around the time where we predicted that 
this change in mode might have occurred. Lo and behold, it comes out within 30,000 years, the precision of  the method, of  
the K-T boundary, of  the impact, actually. That’s something we’re still interested in. It’s controversial. I’m not wedded to 
the idea, but I’m certainly curious about it, and it has been a lot of  fun.

Mark Richards on the connections between volcanoes and mass extinction events

At an active volcano there are a lot of  things you can look at right now, with satellites, and air quality monitoring, and ash 
measurements…. for the modern eruptions. But if  there’s an eruption 10 million years ago, we have to reconstruct what 
happened by looking at the geology. Then it becomes very important to know what happened in the modern so that you could 
go back and look at these deposits, and to try to intuit them. [laugh]

When I went to do my PhD, I had been working for the USGS, and I was working on borehole geophysics, and 
hydraulic fracturing stress measurements because of  the Yucca Mountain project. I thought that was really cool. But one of  
the problems is that when you are working on drill holes, they’ll call your group to go do your measurements, and it might 
be 2 a.m., because they’re drilling, they get to a certain depth, and then the drillers stop, and they take a break, and then it’s 
your turn. You spend a lot of  time working at weird hours of  the day or night, which I didn’t actually mind because at Yucca 
Mountain, in July, I’d much rather be working in the middle of  the night than working at noon. But when I went to do my 
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PhD, I thought, “I want to sleep at night, so I want a mapping project.” [laugh] I ended up doing a PhD in Baja California, 
Mexico, mapping a set of  faults in volcanic rocks, formed by faulting related to the opening of  the Gulf  of  California. No 
one had mapped these rocks, and so there wasn’t any information as to how old [laugh] they were, where these volcanoes were, 
the source of  the volcanoes, or any of  that stuff. I had to figure how to do all that. [laugh] That was my PhD.

Then when I actually had my own grad students later, I thought those were good projects for grad students to map 
places that were not really well known, and to figure out what had happened in terms of  faulting and volcanic eruptions. As 
we started working in more of  the area, we realized that there are deposits in different mountain ranges that came from the 
same supervolcano eruption 12½ million years ago. We didn’t know about it because no single research group had looked at 
all these mountain ranges. Someone might study one, and it wasn’t easy to get very good ages on volcanic rocks back then, so 
they might get a big error on it. Then someone else worked in another mountain range, and they got some other ages, and no 
one connected that it could actually have been the same eruption.

The reason we figured out [laugh] that it was the same eruption was because I had students doing detailed mapping, 
but also because we had a Paleomagnetics Lab here at Caltech. Joe Kirschvink, who was in charge of  the Paleomag Lab, 
thought it was fine if  students wanted to go work in his lab, where they could look at the magnetization directions of  the cores 
from the volcanic rocks. It turned out that this particular eruption had occurred at a time when the Earth’s magnetic field 
was pointing in a very funny direction. The Earth’s magnetic field reverses direction periodically. Right now, if  you take a 
compass, it points to north. When the field reverses, that same compass needle points south. The field is switching. It’s not 
very often. It turned out that this particular volcanic eruption happened at a time when the field lines were pointing in an 
unexpected direction because the field was in a transition from normal to reverse.

The magnetic direction of  the deposits from this particular eruption 12½ million years ago were just totally, completely 
different from anything else you would find in the rest of  the volcanic layers above or below. The field lines all were horizontal, 
which didn’t make any sense because at 30 degrees north latitude, the field lines should be steeper. Because of  this ability to use 
the paleomagnetics as a way to connect things, we realized that this was a gigantic eruption, and it all happened really fast, 
and that it actually covered a big area of  northwestern Mexico. It helps us tell how far apart the Baja California Peninsula 
moved away from mainland Mexico because we could match the two sides back together, and we got a really good match 
[laugh] from these volcanic rocks because we could correlate them not just with the standard techniques, like the geochemistry 
and composition but, actually, the magnetization. At Caltech as an institute, having access to all these people to talk to and 
all these different lab opportunities, that really made a big difference.

Joann Stock on how volcanology fits into her overall research agenda
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Vortices
I’ve had several projects since [retiring in 2010]. One of  them occupied much the last two years. There is a strange little 
volcano, Volcán Bárcena, on an island west of  Mexico. It has some very unusual linear grooves going down its flanks that do 
not look like patterns formed by rain. I worked with a colleague at the University of  Santa Barbara, a colleague at Illinois, 
and Joanna Austin at Caltech in Aeronautics. We came up with an explanation that these features were formed by vorti-
ces—longitudinal vortices aligned in the direction of  the flow and existing in the boundary layer at the base of  the flow. We 
worked out some properties of  the flow by inverting the properties of  the grooves to properties of  the boundary layer. It took a 
long time. I usually haven’t had to spend two years on what turned out to be a fairly simply concept.

Now, I’m working on some data—and this is a long story that connects back to Caltech. When I was at UCLA as 
an assistant professor after I graduated from Caltech, I realized that I wanted to study volcanoes, but I had never done any 
research on volcanoes. I decided that geysers might be an analog for volcanoes and that maybe I could at least understand a 
system that was just simple boiling water. That was in the mid-1970s and almost 50 years later, I’m still working—I’ve 
got, right here on my desk—on my 1984 data from Old Faithful.

I did my Ph.D. thesis work on the effects of  shock waves on the rocks when a meteorite hit in Arizona and formed 
Meteor Crater, near Flagstaff. Although rocks are generally incompressible, meteorite impacts generate such strong pressures 
that the rocks are very compressible and act like fluids. The only place at Caltech to learn compressible fluid dynamics was 
in the aeronautics department, and I either took, or audited, compressible fluid mechanics from Brad Sturtevant. After Mount 
St. Helens erupted in 1980, Brad got interested in the ideas that I had proposed for the eruption dynamics, and we started 
collaborating. One of  the great things that happened when I was visiting there to work with Brad occurred when I was sitting 
outside eating lunch on a bench by the Millikan pond. Jim Westphal, a professor of  planetary science came by, sat down and 
we got talking. Out of  that grew the idea to put two probes into Old Faithful. The first one was a pressure-temperature sensor 
probe, and the second one, more than ten years later, was a miniature TV camera. That was a real challenge, but Jim was a 
brilliant experimentalist. We rigged up this little camera that had to be encased in ice, because we were lowering it into steam 
and had to have its own illumination system because the conduit is dark. We took videos of  the properties of  the conduit. Jim 
put together a lovely little 16-minute-long video that has become quite popular-”A Short Voyage Towards the Center of  the 
Earth.” One piece of  it was actually used in an IMAX film about Yellowstone! That was a really productive time, and I 
was really glad to be able to come back and interact with colleagues as a professional geologist rather than as a grad student.

Sue Kieffer on current interests in volcanoes which connect to her Caltech 
thesis research
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W

Waveform Modeling
That was sort of  a natural, relatively easy process. Once I found something interesting, I tried to learn the tools, the wave-
form modeling tools. It turned out Don Helmberger had used this tool for many studies, including a study of  the core-mantle 
boundary. But he didn’t use this tool to study the core. It needed to be modified a little bit for the core. I spent some time trying 
to modify it and trying to generate the so-called synthetic seismograms, seismograms generated by humans. But the idea was 
that once you generated a synthetic seismogram, you’d be able to match the real seismogram, the observed seismogram. I spent 
some time trying to modify the tools. Just to give you one example how Don would motivate a student, after we finally got it 
to work, Don would always refer the codes to be “your codes”. Really, I did very little. But it’s just one way he was so good 
at motivating students, which made you feel that you are doing something useful. You just tried to understand the waveforms, 
and in the process, we found out that the models of  the inner core boundary vary greatly. You had all kinds of  models. Not all 
of  them could be right. It just meant that at the time, people hadn’t really had a good handle on it, and data were limited. So, 
we started to model it with waveforms to be able to have a better constraint about it. It was my very first scientific publication 
and I consider it to be one of  my best papers. One figure was later used in a classic textbook.

As we went on, we started to realize that there were more questions. Another question at the time that became obvious 
was the question about anisotropy. That idea had been proposed, but there were different controversies. Then, we tried to find 
data and see whether we could add some new observations and new constraints into such a debate. Essentially, once you dive 
into this new field, you start to find problems. Some problems are small, and some problems are major. You choose one to work 
with, determine the right tool, then you try to find observations, and you move on. In terms of  development of  my thesis, it 
was quite natural to me. The key was finding the right problem and the right approach. Also, having the right people to talk 
to. One more thing I’ll mention about Don is that different professors have different styles, but he was very hands-on. Some 
other professors were very hands-off. Don liked to talk to students. In fact, quite often, there was a line for students to talk to. 
At the beginning, my office was a little bit further away from his office, and I would have to go to his office, peek in, and see 
whether he was available or talking with some other students. Sometimes I’d come back at a later time.

Sometimes he’d have a note that said, “See me,” which meant he had time available, or that he was interested in what 
was going on, or he had new ideas on something. I think for someone like me, who was less experienced, it was very effective 
in terms of  really getting onto the right track with this type of  hands-on experience. I mentioned all the other things, like other 
professors and peers. Those were also very helpful. We’d have coffee hours twice a day, morning and afternoon. People would 

---
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talk about what they thought and interesting things. Also, you knew what other people were doing, more senior students, how 
they were doing research. There were seminars going on constantly. I think those are all natural, and that was the environment 
the Seismo Lab provided, which all helped students to grow how they needed to put together a decent thesis. I would say once 
you were on that track, if  you wanted to do some outstanding things, that’s different. But if  you just wanted to do cutting-edge 
and decent PhD research, it seemed to be a pretty natural process. I mentioned that different people have different personalities. 
And we did have students who failed exams or struggle. Personality sometimes plays a role in that. For me, I just like to learn, 
and I like to talk to people. I think for me, it was quite helpful.

Xiaodong Song on the available tools that drove his thesis research

Whole Mantle
The big debate that started here at Caltech and other places in the 1970s, largely because of  Don Anderson here in the Seismo 
Lab, but also because of  geochemistry at Caltech, was this view of  the interior of  the Earth that the whole interior of  the 
Earth was stratified. Plate tectonics, subduction, this region in the upper mantle all the way down to the transition zone — 
down to 660 km – was the upper part of  the stratification. And then, below that, we have no earthquakes. That’s the lower 
mantle. It’s the largest part of  the Earth by volume. The debate was between upper-mantle convection and whole-mantle 
convection, either there was this strict layering at 660, or there wasn’t. That was the big holy grail of  geophysics, between 
upper-mantle and whole-mantle convection. And Geoff Davies and Tom Jordan [later at USC], another very prominent 
Seismo Lab graduate, were on one side of  the debate, whole-mantle convection.

But 95% of  the community, most of  the geophysicists, and all the geochemists were on the layered convection side. 
But there was a lot of  stuff that just didn’t piece together. And Geoff then started to formulate the hypothesis that you could 
reinterpret the geochemistry in terms of  whole-mantle convection, but it required one to put this on a physical basis, under-
standing how convection would work and how geochemical anomalies would be transported in the mantle. Then, I developed 
the fluid-dynamic basis and the geophysical basis by which to do that. That was specifically my thesis, to bridge this gap of  
taking the whole-mantle model and seeing if  I could connect it with geochemistry, with different studies I did under the men-
torship of  Geoff, trying to interpret the Earth in terms of  whole-mantle convection. Even by the time I finished my thesis and 
came to Caltech in ‘86, the consensus was still with layered convection. But I stopped that immediately and started to work 
on other topics. That topic eventually got resolved by the Seismo Lab, primarily, I think, the best work was done by Seismo 
Lab graduate Steve Grand, a professor of  geophysics at the University of  Texas. You could see in his PhD thesis all of  the 
plates returned to the interior of  the lower mantle very clearly, just like Geoff’s model. Geoff was vindicated by the seismologist 
in a famous paper that was written in the mid-1990s, by Steve Grand coauthored with Rob van der Hilst, who came from 
a different academic tree than Caltech. That was sort of  the nail in the coffin.

Mike Gurnis on the broader ideas in the field that influenced his thesis topic
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World War II
I liked working on electronics, radios, TVs, circuits, and all that. I was pretty good at these things. Then, around that time, 
Professor Chuji Tsuboi who was around 55 years old was developing what he called a surface-ship gravity meter. A gravity 
meter measures the Earth’s gravity. Seventy percent of  the Earth’s surface is the ocean, so if  you want to measure it in the 
ocean, then you need to develop a gravity meter that can work on the ship, which moves up and down quite a bit. He thought 
maybe I could be useful for making new instruments. He didn’t pay much attention to my geophysical background. I didn’t 
have much of  it, anyway. I was kind of  recruited as a handyman to help with his project. That’s how I moved to geophysics. 
However, before that, I liked the connection between physics and nature. During World War II, in 1945, I was living in 
Tokyo with my parents. Bombs were falling all the time, every day, so I was relocated to a mountain area as an elementary 
school student. It was a very nice place, very close to the Japanese Alps, and for the first time in my life, I saw snow-covered 
majestic mountains higher than 3,000 meters nearby. I was impressed by seeing those mountains: how they were built, and 
what is going on there. I had an interest in nature, so I had that background, then I was good with instruments, so I was 
recruited to the geophysics program. In the beginning, I worked on the gravity meter, not seismology.

For almost my entire bachelor’s program, I worked on developing instruments. Of  course, I took some courses, so I 
did have some basic training in physics, geophysics, and seismology, but I didn’t work much on seismology. Then, I went to 
my master’s program, and for testing instruments, we came here on a big ship. The instruments didn’t work very well on the 
shaking ship because it was a very rough sea. However, the good thing was that I had a chance to visit the Caltech Geology 
Department and the Seismo Lab, though only for two days. Professor Aki was at the Seismo. Lab as a post-doc. He was a 
famous seismologist in Japan. Then, I also visited the Scripps Institution in La Jolla, and many geophysicists were working 
on gravity, heat flow, seismic work, and everything. I was very lucky to be exposed to modern science. Even around 1960, the 
situation in Japan wasn’t very good. It was only 15 years after the War, and it wasn’t really good. The university facilities 
weren’t very good, there was only very primitive equipment. To be exposed to modern science at the Seismo Lab and Scripps 
was quite exciting. I continued that work as a geophysicist rather than a seismologist. By then, I got interested in high-pressure 
experiments on minerals and rocks, so I was doing that from 1960 to 1964 at Tokyo University. Then, luckily, Dr. Richter 
came to the Geophysics department as a Fulbright Scholar. Also, Professor Dix, a Caltech geophysics professor, came. That 
was just after I got my degree in 1964. Two professors from Caltech visited the University of  Tokyo! However, I didn’t talk 
to Dr. Richter very much because I was a bit afraid of  talking to him. [laugh]

Hiroo Kanamori on his experiences during World War II, his education at 
the University of  Tokyo, and his first contacts at the Seismo Lab
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X

X-ray Diffraction
I consciously moved away from the shockwave experiments. That requires a very big laboratory and lots of  funding. Quite 
frankly, I kind of  felt sorry for how hard Tom Ahrens had to work to maintain the funding to sustain that lab. I decided to go 
in a different direction, which was to use the relatively newer technology of  diamond-anvil cells, very miniaturized. Actually, 
this also reflects on personal style. Even though I’d been in a lab, where you have big bags of  propellant, big samples, big 
diagnostics, I kind of  liked the miniaturized world of  diamond-anvil cells. A lot of  technology was becoming miniaturized 
at the time. A lot of  detectors were making it possible to study samples in tiny specks, synchrotrons were becoming available 
for doing X-ray diffraction and spectroscopy. A lot of  technologies were becoming available to emphasize small samples.

I developed a small-scale lab for diamond-anvil research at Harvard, consciously moving away from shockwave 
experiments. But it’s not that I abandoned the science. I was still interested in the science of  shock waves, and either through 
collaboration or maintaining communication with Caltech or other labs that did this kind of  thing, I maintained an interest. 
Ironically, I didn’t know it at the time, but my senior colleague at Harvard, Francis Birch, had been one of  the pioneers in 
developing shockwave experiments. And I didn’t fully understand or appreciate this because his effort in this area was during 
the Manhattan Project during World War II, and he talked, I’d say, not at all about his war years or experience. In many 
regards, he was considered kind of  the father of  geophysics or the greatest geophysicist in the US for the 20th century, a fantastic 
individual. Very quiet, very reserved New Englander. He was always very, very nice to me. He had been a visiting professor 
at Caltech for maybe six months or so, so I’d known him a tiny bit as a graduate student, but I didn’t really get to know him.

When I moved to Harvard, he had the office next-door, so I got to know him a bit. He was very charming, always 
incredibly friendly and supportive to me. He gave me some problems to work on, some of  which I’m still working on. Very 
generous in that sense. But he did not tell me anything about his war years. I think I was aware that he worked at Los 
Alamos in the Manhattan Project, but I knew nothing about what he had done. It was only later on that I realized that a 
lot of  what I had worked on as a graduate student, for example, shockwave experiments, really came out of  the Manhattan 
Project-related research. I say this because I’m just a little bit sorry that had I known more what questions to ask, he might’ve 
been more forthcoming. I have to say, though, I asked enough questions that I knew he was just not willing to talk about his 
war experience. And I respected that. I was not going to press him on it. Of  course, when he died, a lot of  this history became 
available, I think because it became declassified.

Raymond Jeanloz on the research possibilities offered newly miniaturized technologies

---
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Yield
I stayed in close contact with Don Anderson until he died. He and his wife Nancy visited and stayed with my wife and me in 
New York. And I was very much a part of  the small group of  people that initiated the IRIS Consortium. I took a 12-month 
leave from academia, and I went to Washington in the Ronald Reagan Administration in the unit that analyzed claims of  
Soviet violation of  arms control treaties. Because I was based in Washington in 1984 and 1985, the people who were about 
to set up the IRIS Consortium asked me to chair the effort to find the first full-time president for IRIS, an executive who 
would set up and run the whole consortium. I worked very closely with Don Anderson, even more than I did with Freeman 
Gilbert and Adam Dziewonski, to make sure that we were choosing the right president for what became a very successful 
operation. My committee wrote the job description for the IRIS president. We advertised, and we were able to recommend very 
good candidates to the executive committee. They chose one of  them, Stewart Smith — who, by that time, had moved on from 
Caltech and become a professor at the University of  Washington.

He became, very successfully, for more than ten years, the IRIS president who established the overall framework in which 
that consortium does its good work. I stayed in touch with Caltech. There was one difficulty. A really excellent seismologist, 
Don Helmberger, and I unfortunately came to a disagreement over a number of  years on the interpretation of  seismic signals 
from the largest underground Soviet nuclear test explosions. The technical question was whether the yield of  these largest 
underground Soviet explosions had exceeded a restriction on their allowed size. In 1974, the Nixon Administration had 
successfully, with Henry Kissinger’s help, concluded a bilateral arms control treaty — just between the US and the USSR — 
that said yes, underground testing is allowed, but neither the Soviet Union nor the United States will carry out underground 
tests larger than 150 kilotons. Then, time rolled on, 1976, ‘77, ‘78, ‘79, and the size of  the largest underground Soviet 
explosions appeared to some people to exceed the allowed limit, which became a celebrated cause. There were disputes, and 
I did not always agree with some of  the things that people at Caltech and elsewhere were saying about those claims. In the 
end, I think it’s fair to say that we concluded that the Soviets were not in violation, but at least for some period of  time, there 
was a subset of  people in the United States who were prepared to accept that there was a serious violation going on, so we 
disagreed with each other, and that was unpleasant.

Paul Richards on a debate about the outer limits and potential treaty vio-
lations of  Soviet nuclear test explosions

---
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Yucca
For the proposed nuclear waste repository at Yucca Mountain, they wanted to see how stable it is. They had a disadvantage in 
terms of  looking for places to store the nuclear waste they were looking at land that the US government owned. They weren’t 
looking anywhere like in New England because that’s all owned by other people and there’s nowhere you could find to put a 
waste repository. On the other hand, in the western US, there’s still a lot of  land that was owned by the government, such as 
the Hanford Nuclear Reservation, Rocky Mountain Arsenal, Southwest Texas and New Mexico in these salt domes. Yucca 
Mountain was one of  the places they were looking because it was adjacent to the Nellis Air Force Base, and they had been 
doing nuclear testing there since the nuclear program started. They’d been doing bomb testing, which meant it wasn’t very 
close to communities of  people who were living there. It also had this advantage that all the groundwater drains into Death 
Valley, which is not an inhabited area, and no one’s using that groundwater for drinking. Even if  they had a leak, the theory 
was you wouldn’t contaminate an aquifer that was providing water for millions of  people.

All of  what we measured we would report in the scientific literature. Our key findings were that Yucca Mountain was 
very close to failure on preexisting faults. This was not a good place to store nuclear waste. In retrospect, they sort of  knew 
this because [laugh] of  a very funny thing that happened when they were drilling the holes out there. They had drilled a bunch 
of  holes to get samples and to make measurements, even before I worked on that project. But what would happen is as they 
tried to drill a hole, and tried to fill it with water, the hole would just fracture, and the water would flow away underground 
because the stress field was not strong enough to keep water in the hole all the way to the surface. The water table out there 
was really far below the ground surface, and that was because the ground itself  was under what we call an extensional stress, 
and it can’t actually handle the weight of  the water in a drill hole. The people who were drilling figured this out. They were 
like, “We’re just losing tons of  water into this mountain.” They switched to drilling with air foam, which is not as dense as 
water so it doesn’t put as much stress on the drill hole so, that way, they could drill successfully. They already knew it was 
not a place that was stable when they just tried to drill it. It’s very unusual actually that you would drill a hole, and have so 
much trouble, and lose so much drilling fluid. But it was because the stresses were not strong enough in terms of  horizontal 
compression to keep everything there.

Joann Stock on her study of  Yucca Mountain on behalf  of  the U.S. 
Geological Survey
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Zone
Continental drift is kind of  the older version. We don’t really talk of  that as a modern theory anymore, because it was based 
just on the notion of  the magnetic sea floor record. But plate tectonics more generally, there are some things that we understand 
pretty well, I would say, which is that we understand the nature of  what we call the oceanic lithosphere or plates, how they 
cool and thicken as they move away from ridges, and how their buoyancy changes, and therefore why they sink at subduction 
zones and things like that. But we don’t understand very well yet—well, some people think we understand it better than 
others; I would say that I am on the side that we understand some things pretty well—that the primary driving forces for 
plate motions is probably derived from subduction zones, that is, where plates sink, because we view the ridges, where they 
spread apart, as largely passive features. I could spend a lot of  time talking about why that is, but we don’t think that those 
ridges are generally underlain by active upwelling structures. In fact, the active upwelling structures are what I was talking 
about before, these mantle plumes, but they do not explicitly seem to drive plate spreading motion. Although you do find a lot 
of  mantle plumes near ridges, so it’s kind of  a complicated story.

There are other questions about whether or not there is some degree of  chemical heterogeneity and layering in the man-
tle—whether, for example, the deeper mantle below, say, 1,000 kilometers or so, is inherently more dense, intrinsically more 
dense, and therefore resistant to kind of  whole-mantle mixing. The evidence that that may be true is pretty weak. On the 
other hand, we know that to some extent it has to occur because there’s lots of  chemical heterogeneity in the mantle and the 
dense stuff is always going to be preferentially sinking. The question is, is that dynamically important? There’s still a lot of  
questions out there. I’m sure if  I had a half  an hour to think about it, I could tell you a whole bunch more.

The other thing that I think is really often forgotten and fascinating is that we have two neighborhood terrestrial planets, 
solid planets—Venus and Mars. All three—Venus, Earth, and Mars—their tectonic regimes, so to speak, are completely 
different from each other. Mars is a one-plate planet, Earth has plate tectonics, and Venus has characteristics of  lots of  litho-
spheric or—the upper surface is very dynamic, but we don’t see the character of  plate motions that we see on the Earth. We 
see more continuous deformation. Probably the biggest thing that sets at least Earth apart from Venus is that we have water, 
both at the surface and in the rocks on the Earth, that creates a zone of  weakness beneath the plates and allows the plates to 
move around with some independence. The problem of  planetary perspective—why do we have plate tectonics on this planet, 
which we happen to be here—we evolved on this planet, and we probably evolved on this planet because there’s water here, 
and the cycling of  water into the deep interior is probably in no small part responsible for plate tectonics, so the fact that we 
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live on a plate tectonically active planet is not an accident. The question is how common is that, how unique is the Earth. 
When we look at extra-solar planets, should we be looking for those characteristics as places that might harbor life?

Mark Richards on subduction zones and the areas of  plate tectonics that 
are well understood, and not

From a seismological, geological, or geophysical standpoint, there’s really nothing unique about it other than that it’s ours. 
It’s under Washington, Oregon, Northern California, and British Columbia. In terms of  rates of  convergence, it’s actually 
fairly slow, quite a low convergence rate, just under 4cm/year. That means you don’t tend to see as much activity as you do 
when you go to very, very active places like Japan or Costa Rica, for instance, where if  you stay there for any extended period 
of  time, you’re going to feel an earthquake. That’s not the case in Cascadia. It’s also a beautiful part of  the world, that was 
important to me as well. Then, in time, the geodesy showed that the Subduction Zone is actually extremely active, the fault 
itself. You’ve just got to know how to look at it to see the activity. It has this phenomenon called slow-slip earthquakes, and 
for the first six or seven years following their discovery they were only detectable through the crustal deformation measurements 
that GPS provided.

In time, seismologists in Japan, using a very quiet network of  borehole instruments, were able to tease out a seismic 
signature to these slow-slip events. Once they showed the world what the seismology looks like during one, everybody else could 
tune filters and build arrays, and now, we see these events routinely. It’s a very esoteric seismic signal, just a form of  noise, 
really, and a high-frequency signal. Much of  the initial work on this phenomenon came out of  the GPS crustal deformation 
measurements in Cascadia. And it’s a gift that keeps on giving, because one of  the things we figured out was that unlike 
most earthquakes, which are unpredictable, in one part of  Washington state and Southern BC, these slow-slip events have a 
drum-beat regularity every 14 months. So you could assign network deployments around their anticipated date and be ready to 
capture it, which is really a remarkable thing in seismology. We published that paper in 2001, in Science, and that drum-beat 
periodicity we observed then is still going on today, 22 years later. But that’s a very special part of  the Cascadia Subduction 
Zone, other regions have other periodicities or none at all. So, this is just one aspect of  Cascadia that’s very interesting.

Another interesting aspect is that the earthquake culture in Cascadia, meaning Seattle, Portland, Everett, Olympia, 
Eugene, is not nearly as developed as it is in California. When you combine a lack of  earthquake culture, which is manifested 
today in nowhere near Japan-level building codes along with a historical legacy of  dangerous buildings that wouldn’t be built 
today, unreinforced masonry and the like, and then you combine that with a very big, nearby subduction zone fault and you 
do have the makings for a substantial catastrophe. The odds that we see it in our lifetime are pretty small, however. It’s been 
320-some years since the last one, and we know the recurrence interval. But when I’m teaching about the slow slip events 
in my classes, I use the analogy that if  you’ve got your head in the guillotine, and the blade up there creaks a little bit, that’s 
interesting. [laugh] That’s a little bit what these slow-slip events are like.

Tim Melbourne on the uniqueness of  the Cascadian Subduction Zone
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Certainly, throughout the period, Richter, Benioff, Frank Press were all leading seismologists of  the world. Soon after the new 
additions of  Bob Phinney, Steward Smith and Don Anderson all had their new directions and excelled in what they did. As 
I began to attend national meetings (AGU -American Geophysical Union- and SSA -Seismological Society of  America) I 
noticed that all the senior graduate student, Dave Harkrider, Archambeau, Nafi Tokoz were all becoming a force in the field. 
That when people say, “Wow, look at that. Somehow, it works.” Certainly, Frank Press, as chief  advisor to the nuclear 
negotiation, attracted a lot of  attention. Nuclear discrimination was a major focus in those days. It’s interesting because plate 
tectonics had started to ferment in the world around that time. But by and large the lab folks were not particularly involved 
in global tectonics. It is interesting that at Lamont, where much ideas came from, geology, geophysics (including seismology), 
and marine geophysics were integrated. However, Lab folks were working on fundamental seismological methods and theory, 
and those came in handy later.

I wasn’t too aware about the progress on the subject of  Pangaea made around the world on this subject in the early 
1960’s. Actually, at most universities in the US, for that matter, the topics did not flourish. But I was already educated by 
my paleontology professor in Taiwan. He found that on different continents at high latitude had warm-water corals and vice 
versa, implying the movements of  continents. I did not learn much about paleontology but, when I gradually learned about 
global tectonics around the time of  my thesis research, I accepted it readily. But it is said that in the US academic world before 
1960 or so, if  you advocated for continental drift, you would be viewed as a person with less scientific credibility. But global 
tectonics and all that was comprehensive and was all data-based. So, as I was digging into details of  earthquake mechanism 
and radiation of  seismic energy, the global tectonic theories was very convincing. By the way, Dr. Benioff probably was excited 
about global tectonics as the Benioff Zone was one the very foundations of  the theory.

Francis Wu on the Seismo Lab’s early contributions to what would become plate tectonics






