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Using Seismology to Probe the Earth's Insides
(1)

These lectures are called "turning data into evidence" because evidence is a two-place relation, being a datum is not, and therefore something beyond data is always needed to turn data into evidence.  We are looking at examples of the role of theory in turning data into evidence and asking whether and how the theory that does this itself gets tested in the process.  The first lecture argued that Newtonian gravity theory turned c
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Using Seismology to Probe the Earth's Insides

(1)

These lectures are called "turning data into evidence" because evidence is a two-place relation, being a datum is not, and therefore something beyond data is always needed to turn data into evidence.  We are looking at examples of the role of theory in turning data into evidence and asking whether and how the theory that does this itself gets tested in the process.  The first lecture argued that Newtonian gravity theory turned chave to be unqualifiedly true in order for science predicated on them to succeed.  Today I am going to consider seismology as an example of theory turning data into evidence in which that theory is in​dis​pensable to gaining empirical access at all, in this case to the interior of the Earth.  We do not need the theory of gravity to observe Venus high in the western sky this evening, but we do need seismological theory to observe the solid inner core of the Earth.

(2)

The claim that all observation is theory-mediated has become a cliché.  I don't care to dispute it, though I do regard it as having little content until the specifics of mediation in any given case are spelled out, which was part of what I was doing in the last lecture in discussing theory-mediated measurement.  I agree that obser​va​tions of Venus in astronomy are theory-mediated in several different respects, including corrections for atmos​pheric refraction and the finite speed of light.  But gravity the​ory itself has entered negli​gibly into observations of Venus and the other planets; the corrections astronomers make have not presupposed gravity theory, and hence when they compare it with observation, no specter of circular reasoning is lingering on the horizon.  That has made gravity research different from research into the microphysical structure of matter and research into the inner structure of the Earth.  We can't watch the motion of an electron in a hydrogen molecule, nor can we dig down hundreds of kilometers below the surface of the Earth to see what is there.  In these cases we need theory to gain any empir​ical access at all, and because of this the issue of circularity in evidential reasoning is always in play.



These do not represent the only kind of re​search in which theory is required to gain empirical access.  Another kind in​volves sciences that try to reconstruct the past, such as the evolu​tion of the Earth or the evolution of life on Earth.  They too pose problems of gaining access, but different ones.



A word of caution.  I began studying seismology 20 months ago; a year of graduate courses at MIT has put me at best at the level of a neophyte.  You would also have trouble imagining how vast the seismological literature has become in a mere 100 years.  Granted it is still far short of the 600,000 serious research ar​ticles per year in chemistry, but it is nonetheless over​whelming.  So, I am still learning here, and when this lecture is finally published, it will surely be different from today. I chose seis​mology rather than micro​physics for today for several reasons.  One is that Stanford sits on a fault system, and hence I thought seismology might be of interest to you.  Another is that I too often hear philosophers ask, "Do electrons really exist?", but never, "Does the Earth really have an interior?"

(3)

Let me frame the issue of circular reasoning with a little more care.  Many historians and philosophers of science view science as something we construct, constrained at its boundaries by obser​vation.  Questions about whether such theoretical enti​ties as electrons really exist are then tantamount to asking for evidence that we have not merely constructed them as part of our picture of the world.  Such questions have their greatest force when the evidence for, say, the theory of electron orbits has to come from data that presuppose at least key elements of that very theory.  Philosophers of science, and generally historians too, have concentrated on microphysics when debating about this.  But research in seismology into the inner structure of the Earth is no less an example of a theory whose evidence has to come from observations that presuppose elements of that very theory.  And hence the question I am going to consider today: What sort of cor​​roboration has there been for the conclusions over the last cen​tury from seis​mology about the internal structure of the Earth?
(4)

For historical reasons this question divides into two, one concerning seis​mological research before 1960, and the other, since then.  So, the lecture will divide in this way, with the second part split between the period up to the 1981 publica​tion of PREM, the Preliminary Reference Earth Model, and some brief remarks on what has been happening since then.

(5)

The internal structure of the Earth involves several things, but the one I am going to focus on is the variation of density from the surface to the center.  I first became interested in seismology when I realized that it was answering an impor​tant ques​​tion that Newton had raised in the Principia, how does the density vary?  As those who were here for the first lecture may recall, this table from the second edition of the Principia gives the calculated vari​ation of surface gravity and the non-spherical shape of the Earth under the assumption that the density of the Earth is uniform.  This is the only result in the entire book that depends on universal gravity between particles of matter, and not just inverse-square gravity among celestial bodies.  De​vi​a​tions from the table imply either that gravity does not hold between individual particles of matter or that the density of the Earth is not uniform.  His​torically, this was the source of pre​occupa​tion with how density varies below the surface, a question that gave rise to the discipline of physical geodesy and still remains one of the principal areas of research in geophysics.  Newton himself raised the question pointedly in the first edition after noting that some measurements made near the equator were suggesting a greater decrease of gravity there than in the table:



All these things will be so on the hypothesis that the earth consists of uniform matter.  If, [however], the excess of gravity in these northern places over the gravity at the equator is finally determined exactly by experiments con​duc​ted with greater diligence, and its excess is then every​where taken in the versed sine of twice the latitude, then there will be determined the proportion of the diameters of the earth and its density at the center, on the hypothesis that the density, as one goes to the circumference, de​creases uniformly.


In other words, try a linear variation of density next, and then, if needed, keep refining until the measured shape of the Earth and the variation of surface gravity match the calculated values.

(6)

The left hand side of this slide is also from the first lecture.  By the end of the eighteenth century they had made some progress on determining the density variation.  Deviations from Newton's table had given them a correction to the difference in the principal moments of inertia of the Earth versus a uniformly dense Earth, and the lunar solar precession had given them a correction to the polar moment.  These corrections entail that the density is greater at the center than at the surface, but they are not enough to give the precise variation of density.  Over the next 100 years several proposals were made about the variation of density below the surface of the Earth, but all on the basis of some further hypothe​sis, often a hypo​thesis whose chief merit was mathematical rather than physical.  Several people along the way suggested that maybe gravity measure​ments alone are in principle not enough to uni​quely de​termine how the density varies.  The required impossibility proof was finally given by Georg Kreisel in 1949, before he immigrated to Stanford and began focusing on the foundations of mathematics.

(7)

I need to give you a short introduction to seismology. Seis​mometry dates from the middle of the nineteenth century when reverse pendulums were first used to measure waves propagating from earthquakes, with whole networks set up in Japan and Italy.  Sensitive, well-behaved seismometers date from the end of the century. The figure here is historic interest.  It appears to be the earliest extant recording of an earthquake on the other side of the Earth from the seismometer, which in this case was in Pots​dam, responding to a quake in Japan on 17 April 1889.  It goes without saying that the goal was to study earthquakes in an effort to do something about the catastrophic damage they can cause.  The view at the time was that the material of the Earth is so irregular and complex that any wave propagating from an earthquake would be too scattered and transformed by the time it reached a distant seismometer for it to tell us much of anything about the medium through which it had passed.

(8)

All this changed with three papers by Richard Dixon Oldham.  The first was a report on a large earthquake in 1897 in which he gave reason to think that seis​mo​meters were detecting two dif​ferent kinds of waves, just as they theoretically should if the earth is a regular elastic medium: compression or p waves in which the volume everywhere locally expands and contracts, and slower traveling transverse shear or s waves in which the volume remains constant, but oscillates in shear back and forth, with a distinct plane of polarization.  Oldham's 1900 paper developed the argument for being able to detect p and s waves much further by comparing waves from a number of earthquakes recorded at dif​ferent places.  His watershed 1906 paper claimed that the waves were re​vealing a sharp discontinuity in the Earth between what we now call the mantle and the core.  I will come back to this.  For now, simply notice how he plotted the time it takes for a p and an s wave to propagate from the earthquake site to seismometers located at different angular distances around the earth.  This, in other words, is a plot of travel time versus distance, and you can see right away that two waves are propagating from a source, one faster than the other.

(9)

The theory dates back to a discovery Poisson announced in 1829: two kinds of waves can propagate in a contin​uous elastic medium, compression waves and transverse waves that travel at a slower velocity.  Stokes extended the mathema​tical development of Poisson's theory in a classic paper, which in fact is about the transmission of polarized transverse light waves in an elastic ether.  So, much of the mathematical theory behind seismology was inherited from efforts to use the propagation of polarized light waves to reach conclusions about the ether.  Later Lord Rayleigh developed a theory of vertical waves propagating along the sur​face of an elastic body, and Love extended this to the case of horizontal waves propagating along the surface.  I am going to ignore surface waves today because they provide comparatively little information about the inner structure of the Earth.  But I will not ignore the related free oscillation modes -- that is, the way it vibrates at distinct frequencies in the manner of a musical in​​stru​ment.  The theory of this sort of vibration in a sphere had been developed by Lamb in the early 1880s and refined by Love in his prize-winning essay of 1911.  



All this theory sim​ply assumed a linear elastic medium.  That, by the way, is not a redundancy.  Elastic displacement does not have to be linear.  Indeed, it never really is.  The linear theory represents a mathematical simplification obtained by drop​ping all but the first term in an infinite Taylor series.  The theory also assumed that the material is isotropic -- that is, it has the same properties and hence transmits waves in the same way in all directions.  That is a simplification of a dif​ferent sort: if the material is isotropic, you can character​ize its elasticity with just two parameters, while if it is fully anisotropic, you need 21 parameters.  Finally, the nineteenth century theory as​sumed the material is homogen​eous, the one assumption in this list that was immediately given up in seismology, since the whole point was to determine how the Earth is not homogenous.

(10)

Given the topic of my lectures, you should automatically ask, what was the evidence for all this theory?  That question, it turns out, is both historically and logically a little wrong-headed.  What Poisson did was a purely mathematical exercise.  Navier and others, including Cauchy, had shortly before proposed an equation that amounts to F=ma for continuous media.  Poisson's monumental memoir re-derived this equation and then devel​oped math​e​matical solutions for a number of applications of it, in​clud​ing in an addendum his solution for the trans​mission of waves.  So, historically no one asked about the evidence for the theory, for it was essentially nothing but an application of Newton's laws of motion.  It turns out that that was not an in​appropriate view.  The twentieth century has given us a much deeper understanding of continuum mechanics.  It consists of two parts.  The foundational part involves such basic principles of classical physics as F=ma and the conservation of momentum, framed for continuous media.  Supplementing this are so-called constitutive equations for different kinds of media, such as elastic or plastic solids and fluids, whether isotropic or ani​sotropic, etc.  In contrast to microphysics, no need has arisen to modify the foundational principles of continuum mech​anics.  Consequently, the question of evidence almost always concerns only whether the proposed constitutive equations hold for the medium to an acceptable accuracy.  That question was slow to arise in the nineteenth century when only simplistic constitutive equations were even considered, and the standards of accuracy were those of engineering, not those of exact science.

(11)

This is an example of seismic waves from an earthquake.  The top plot records vertical motion and the bottom, horizontal.  You can see that the p wave arrives first at the top, followed by a so-called pp wave, which is a compression wave that does not tra​vel directly from the earthquake site to the seismometer station, but instead reflects off the surface of the Earth on its way.  Next comes the arrival of the s wave followed again by reflected s waves.  As you can see, the huge effect comes from the Rayleigh and Love waves arriving later -- that is the waves that have tra​veled along the surface of the Earth instead of through its in​terior.  These, along with s waves near the earthquake origin, are the waves that cause most of the damage in earth​quakes.  They are so much larger because there is no mater​ial on the outside at the surface of the Earth to limit the mag​ni​tude of the displacement.  Again, I am going to ignore them today.  The most important thing for you to see in this slide is that the kind of wave does not announce itself.  Substantial skill is needed to stick on the labels you see here. 

(12)

This is an example of seismographs from a closely spaced array of seis​mo​meters.  You can see the onset of the pri​mary p wave and the primary s wave as well as the large surface waves.  My point with this slide is that you can see the time between the arrival of the p and s waves increasing the further the seismo​meter is from the earthquake.  The second wave, which his​tori​cally is what s actually stands for, clearly travels at a slower speed than the primary wave, and both of them travel faster than the surface waves.  These are real research data, not something I have taken out of a book.

(13)

So, what was Oldham's breakthrough in 1906?  Notice what he says at the outset, after his summary of the past:



The object of this paper is not to introduce another specu​lation, but to point out that the subject is, at least partly, removed from the realm of speculation into that of knowledge by the instrument of research which the modern seismograph has put in our hands.


These are data from 14 earthquakes.  Notice how well-behaved the two primary travel times and the separation between them are.  This was the evidence that they represent p and s waves.  The fact that the curves flatten with greater distance indicates that their velocities increase with depth into the Earth, and hence the path they follow is curved.  Oldham's main point was that the discontinuity at 130 degrees results from an abrupt discontinuity in the Earth, with a core different in mater​ial from the rest.  In fact, he was misinterpreting the data.  The jump is not a dis​continuity, but the arrival of a reflected wave, and hence it was not evidence for an internal core.  You really do need theory to turn data into evidence.  Regardless, Oldham's paper had quite an effect, especially in Germany.  Emil Wiechart's group put a great deal of effort into extracting evidence from travel time data over the next few years, and by 1914 his protogé Beno Gutenberg had developed evidence not only for the core, but for locating it within 10 kilometers of our current value.

(14)

These diagrams depict ray paths through the Earth.  At any abrupt change in density, a wave divides in two, part reflecting off the boundary, and the rest refracting across it in accord with Snel's law.  Notice how much of a change of angle occurs at the core-mantle boundary, and also along how many different paths waves can travel from an earthquake, at 12 o'clock in the dia​grams, to any one point on the surface.  These different paths are called "phases," designated by labels that summarize each path. A PKP wave, for example, is a phase that travels through the mantle, is refracted into the core, emerges, and then contin​ues through the mantle to the surface.  The data that Oldham had singled out and everyone was using con​sisted of travel times versus distance.  Discontinuities in the Earth's structure were inferred from anomalies in the travel times.  Gutenberg's main evidence for both the core-mantle boundary and its location centered on the so-called "shadow zone" between roughly 100 and 140 degrees, where p waves cease to arrive.  These diagrams, of course, are classroom constructs.  Actual wave paths have to be inferred from travel time data.

(15)

A key step in getting the internal structure of the Earth is to locate major discontinuities, if only because reflection, re​fraction, and diffraction at these boundaries distinguish one so-called phase from another.  The first discontinuity to be estab​lished was the crust-mantle boun​​dary, by Mohorovičić in 1909, using refraction data.  The crust varies in thickness, from less than 10 kilometers under oceans to 50 and more kilometers under continents.  The core-mantle boun​dary is now placed at 2891 kilo​meters.  Harold Jeffreys finally settled the question of its com​position, using tidal effects that implied a much higher rigidity in the mantle than in the core, not seismological data; but seis​mological data have subsequently con​firmed his conclusion, for liquids cannot transmit s waves since they do not resist shear.  Inge Lehman proposed a still further boundary between the liquid outer-core and, at least hypotheti​cally, a solid inner core, on the basis of faint short-period waves that arrive late in the shadow zone.  I will come back to it later.  The diagram is from a Scientific American article around 1980.  It also depicts various transition zones around the discontinuities and in the outer mantle.

(16)

Enough background in seismology; let me turn now to the his​tory of evidence in it.  Over the first four decades of the twen​tieth century, seismological research into the struc​ture of the Earth centered on a specific project.  First, col​lect arrival times of different kinds of seismic waves at a large number of locations around the Earth for every earthquake that could be clearly detected.  From them derive travel-times versus angular distance for each kind of wave, assuming a spheri​cally symmetric Earth.  The Earth, of course, is not a sphere, but that was ac​com​modated by putting in small corrections for its non-spheri​city.  From these travel times one can use optical ray theory to determine the velocity variation along the entire path of each ray.  Wiechart's student Herglotz had recognized that the problem of inferring velocities from travel times is a version of Abel's problem, and he had worked out a solution the year after Oldham's breakthrough paper which Wiechart then applied to actual earth​quake data.  

(17)

This project was not easy.  To start with, waves arrive at any given point along many different paths, unfortunately without labels attached designating these paths.  The phases have to be figured out, largely by comparing arrival times at different lo​ca​​tions.  Travel times further depend on the time and location of an earthquake, which also does not announce itself.  On top of this, the different seismometer stations were not ideally distri​buted around the Earth, much of which remember is covered by oceans, and the equipment and standards at different stations were far from uniform.  So, there was a large amount of noise in the data, as well as notable statistical spread even after cor​rec​ting for observational inaccuracies.  The figure on the right, which dates from the early 1990s illustrates the variation around the principal phases.  Pic​ture the challenge in the 1930s of making statistical sense of data from many earthquakes and then extracting well defined travel times for different phases from them.  Digital computers were not available, as they were for the figure on the right.

(18)

Two principal groups worked on the travel time project, one in Göttingen starting right after Oldham and migrating with Guten​​berg to Cal Tech in the 1930s; the other at Cambridge Uni​versity led by Harold Jeffreys beginning in the late 1920s. The quasi-official tables that finally emerged in 1939-1940, with New Zea​lander Keith Bullen assisting Jeffreys, represent an ex​tra​or​di​nary achievement in statistical analysis, one that made Jeffreys an historical figure in that field as well as in geo​physics.  The figure here summarizes the travel times for the principal phases from the tables, which were more extensive.  The tables involve several presuppositions, the first three of which were realized through a sequence of successive approximations, eliminating systematic residuals.  Jeffreys claimed when the tables were published that any further revision to reduce resi​duals in any one phase would increase the residuals in other phases, a sort of Pareto optimality.  Do note the assumption that it makes sense to statis​tically average to obtain a spherically symmetric model.  This amounts to saying that deviations from spherical symmetry in the Earth amount to second order effects.  Once these tables were published, they became the standard ref​erence both for triangulating to determine the locations of earth​quakes and to separate phases arriving at any one location.  That is, they immediately became a primary research tool in earthquake science.

(19)

Even before the tables were in print, Jef​​freys had deter​mined spherically symmetric velocity variations for p and s waves throughout the Earth from the travel-travel times.  This involves using optical ray theory to determine the curvilinear path a wave takes through a medium of continuously varying refraction coeffi​cient.  Applying ray theory presupposes that any variation in refraction properties is of a much larger spatial scale than the length of the waves.  The Herglotz-Wiechart integral used in the calculation also assumes that the velocities increase with depth, requiring special pro​visions in regions where this is not true; it also requires numerical differentiation of travel-time versus distance curves, which as already noted were constructed from a less than ideal distribution of points around the surface of the Earth.  On top of this, the calculation presupposed isotropic linear elasti​​city throughout each region of the interior of the Earth, along with the locations of the principal discontinuities like the core-mantle boundary.  At a discontinuity a p wave splits into both refracted and reflected p and s com​ponents.  In​ferring velocities in the core is thus more of a challenge than in the mantle, and in the inner core, hypothesized to be solid, was quite a chal​lenge.  Notice there are no s wave veloci​ties in the liquid outer core.  Liquids cannot support transverse waves.

(20)

The next step, inferring densities from velocities, involves a greater obstacle.  The faster p wave and slower s wave veloci​ties vary as the square root of elastic properties divided by density.  Consequently, even under the simplifying assumption of isotropic linear elasticity, with only two elasticity parameters, the two equations for the p and s wave velocities involve three unknowns.  Therefore, to draw conclusions about the density vari​ation inside the Earth, even with the constraints from surface gravity measurements, requires some further assump​​tion, typically a counterpart to an equation of state for the material inside the Earth, which is under increasingly high pres​sure and temperature the deeper you go.  I am not going to dis​cuss these assumptions, beyond remarking that they were of a clearly conjectural charac​ter, which everyone recognized, espe​cially compared with the in​ferred velocity distribution.  After the Jeffreys-Bullen travel-time tables and Jeffreys's velocities were published, Keith Bullen came up with two models of the density distribution below the surface of the Earth.  That is, he came up with two models, with no empirical way to choose between them.  These models, in other words, were educated guesses, better than any models there​tofore because they were based on empirically well-founded velo​city distributions, but nonethe​less educated guesses.

(21)

This is where the field stood in roughly 1950.  The question of evidence can be put to one side for the two inferred density vari​ations, for they were conjec​tures.  But what about the in​fer​red travel-time tables and velocity variation?  The comparison shown in the figure, which dates from the mid-1950s, is for the velocity variation as determined by Jeffreys versus Gutenberg's independent determination.  As you can see, there is impressive overall agreement, yet still substantial conflict.  My main con​cern today is with how they assessed the state of the evidence at the time, given that they had no access to the insides of the Earth except what seismological theory was providing, and the application of it involved so many assumptions.  In asking about the state of the evidence, we need to keep four issues separate.  One concerns the accuracy and error bands on the velocities and travel times, another the spatial reso​lu​tion of their variations.  The figure can be used as a first approximation in response to these two.  On top of this is the issue of the idealization of spherical symmetry. We saw two weeks ago that idealizations in celestial mechanics had definite claim to uniqueness: any sys​tematic discrepancy between them and obser​vation entailed, ac​cording to Newtonian theory, that some further force beyond those taken into account was at work.  The question here is whether dif​ferences between Jeffreys's and Guten​berg's plots might re​flect two different ways of statistically achieving spherical symmetry, with no physical basis for choosing between them.  Finally, there is the question I posed at the outset about corro​boration of the assump​tions involved in turning seismogra​phic data into evidence about the velocity variation, in parti​cular, the rather off-the-wall simplifying assumption of isotro​pic linear elasticity.



There is not enough time to address where these issues stood in 1950 today.  The key point is that all they had to go on in addressing them was the coherence of the data, as viewed in the light of theory.  This amounts to asking whether the residual dis​crepancies between theory and continuing observation -- there are around 10 earth​quakes of magnitude 5 or greater per week sup​plying new data -- whether these discrepancies exhibit systematic patterns that point to shortcom​ings in the model.  A philosopher looking at the evidence would say this was a large case of infer​ence to the best explanation, with a continuing worry that new data would show the explanation was not so good after all.

(22)

The points I really want to make today come from what hap​pened after 1960.  So, let's turn to that.


(23)

Seismology, and geophysics generally, went through an enor​mous change between 1950 and 1970.  The precisely known times of nuclear explosions allowed the travel-time tables to be verified.  More importantly, preoccupation with detecting nuclear tests led the U.S. to finance the World Wide Standardized Seismological Net​​work.  Miraculously they made the data open to everyone.  So, for the first time standards became reasonably uniform across all seismological stations, and there were lots more of them, all after 1964 reporting to a single center.  The advent and contin​uing improvement of digital computers allowed far more data to be processed and evaluated than before.  Satellites allowed gravity measurements to be made across the whole surface of the Earth, giving improved values of moments of inertia and shape.  Better instruments became available, especially electronic accelero​me​ters that could detect long period waves, and the Cooley-Tukey fast Fourier transform and its electronic embodiment for the first time ever allowed real time spectral analysis of waves.  Most important of all, however, for my purpose today was the detection of natural modes of vibration of the Earth -- that is, the entire Earth vibrating like a violin string following a large earthquake.  Free oscillations of the Earth were definitely de​tec​​ted following the 1960 Chile and the 1964 Alaska earth​​quakes, giving rise to a whole new mathe​matical field devoted to turning the observed oscil​lations into evidence about the inner structure of the Earth.

(24)

The special thing about detecting free oscillations was that for the first time evidence could be developed out of long per​iod, long wavelength seismic waves.  The figure shows seismic data across the world wide network following the Colombia earth​quake of 1970.  Notice the standing wave with a period in hours. The travel-time tables and velocity distributions had been based on short-wave-length, short-period traveling seismic waves, not only because these were what were being measured, but also be​cause the ray theory used to turn them into evidence required short wave lengths.

(25)

This is another example, from the great Sumatra earthquake of December 26, 2004.  This also gives a sense of the cover​age now provided by the fully digi​tal network.  Seismology is not a field that struggles to get data.  The challenge is to sort the data out before being over​whelmed by new data coming in all the time.

(26)

Why was this so important?  First, it's a new kind of data, not only independent of travel times, but also not requiring ray theory to be turned into evidence.  Second, each mode of vibra​tion has its own distinctive wave pattern throughout the Earth, and therefore samples the interior of the Earth differently from every other mode of vibration.  Third, the low frequency modes involve motion against gravity and thereby provide a direct source of evidence about the density distribution, one that does not depend on the elastic properties of the medium.  Fourth, for the first time conclusive evidence became available for the solid inner core.  Fifth, in contrast with travel-time data, the dis​tribution of energy into the different modes of vibration allowed reconstruction of the mechanical action of in​dividual earth​quakes.  All five of these were historically impor​​tant, but the one I need to stress is the second.  There are a huge number of different modes of vibration of the Earth, the individual dots on the plot.  Because each one samples the Earth differently, they contain a massive amount of information about its inner struc​ture.  The challenge was to extract that information.

(27)

The technique that was developed for doing this in the late 1960s is a high point in geophysical inverse-theory.  It involves an iterative process that starts with an existing model of the spherically symmetric density variation and material properties of the Earth.  Natural frequencies are calculated for this model and compared with the observed frequencies.  This sounds easy, but it isn't.  The observed natural frequencies do not come with labels attached to them.  The best way to identify what mode each is asso​ciated with is to determine the standing wave distribution inside the Earth, but this we cannot do.  So, a major, difficult step is to pairwise match calculated and observed frequencies.  Once these are matched, the discrepancies between them can be used to draw conclu​sions about differences between the density varia​tion and material pro​perties assumed in the model and those actually in the Earth. This is where the fact that each mode samples the Earth differ​​ently becomes so important.  By playing the discrepancies in the frequencies of the different modes off of one another, the cal​culated wave distributions of each mode within the Earth can be used to infer local re​visions needed in the densities and mater​ial properties.  This process is repeated until the discrepancies be​come small enough to contain no more useful information.  So, here we have a case of successive approximations of a different sort, turning data into evidence.  The table on the left lists a few modes of vibration of the Earth, but it is very misleading.

(28)

These are the first two pages of a nine-page table listing observed and calculated natural frequencies, two columns per page.  We are talking about hundreds of separate modes of vibra​tion, each sampling the inside of the Earth in a somewhat dif​fer​ent way.  Blanks in the observed frequencies represent cal​cu​lated modes which have not yet been observed.  There is a huge amount of information in these comparisons, but the effort of balancing what the discrepancies are telling us across so many different modes is daunting.  Without computers, it would not be feasible.

(29)

The first full-scale realization of this approach was in the "1066" models of Gilbert and Dziewonski of 1975.  They started from two initial models and used 1064 natural modes of the Earth plus its mass and moments of inertia to obtain two solutions for the density variation and material properties inside the Earth. These differed little from one another.  Much of the effort went into identifying the 1064 modes of vibration, which they offered as a standard data set for future use.  They next illustrated how to reconstruct the action at the source in the 1970 Colombia and the 1963 Peru-Bolivia earthquakes.  This marked a milestone be​cause the seismic waves that had been relied on theretofore provide little information about details of what occurred at the source.  Most important for our purposes, however, they calcu​lated travel-times for the prin​cipal phases within their models and compared them with the standard travel-time tables that had been construc​ted from classic seismic data, only to discover a clear discrepancy between the two.  They decided that there must be systematic errors in the travel-time tables, most likely owing to inaccuracies in the time of wave initiation.  Notice that this discrepancy implied an incompatibility between the two kinds of data, which ruled out simply combining them.  The question was where the bias lies, in normal-mode or travel-time data.

(30)

The answer came almost immediately.  Jeffreys had earlier pointed out that long-period waves were more likely to be sen​sitive to failures of elasticity than the short-period waves used in constructing travel-time tables.  Within two years after pub​lication of the "1066" models, evidence from normal mode data mounted that this was indeed the source of the discrepancy.  A bias in the short-period travel-time data had all along masked anelastic features of the mantle that the long-period free oscil​lations had revealed.  The discrepancy lay in the travel-times calculated in the "1066" models, which had not included any fre​quency-dependent attenuation or associated anelastic disper​sion of its low-frequency waves.  The two kinds of data can be com​bined once attenuation is taken into account, stan​dardly rep​​re​sented in vibration work by quality or "Q" factors, which can be determined for each mode of vibration by the rate at which it dies out.



The late 1970s also saw the emergence of compelling evi​dence from refraction profiling data that the outer mantle is not isotropic.  The figure shows the variation in the velocity of head-waves traveling along the mantle-crust boundary: the velo​cities are greater perpendicular to the oceanic ridge than paral​lel to it.  The solid curve shows propagation velocities determ​ined in a laboratory for rocks thought to be representative of the outer mantle.

(31)

Largely at the request of those engaged in gravity research, a committee was set up in 1977 to produce a quasi-official refer​ence model of the insides of the Earth.  The result, published in 1981, is called the Preliminary Reverence Earth Model, or PREM.  In a sense it represents the culmination of eighty years of seis​mological research into the inner structure of the Earth.  This model used a combination of normal-mode and travel-time data, and the mantle includes both anelastic wave dispersion, defined by measured Q values and transverse isotropy, that is, different properties in the vertical and horizontal directions.  You can see the effect of the latter in the two different values for the velocities in the outer mantle.  Notice also the velocities of transverse s waves in the inner core.  The density variation in the figure gives the answer to Newton's question, how does den​sity vary with radius below the surface of the Earth.  Other PREM plots give the variations of such things as material properties and gravity.  Do notice how complicated the variation is in the outer mantle, with multiple discontinuities.

  

PREM was published a quarter century ago.  It has not been replaced by an official Model that removes the word 'pre​liminary' even though shortcomings in it have become appar​​ent.  Why not?

(32)

The answer varies depending on whom you ask.  Other spheri​cally symmet​ric models of the Earth were generated at the same time as PREM, one of them up the road at Berkeley.  They do not differ radically from one another, but they differ enough to raise questions about which is to be preferred, and these ques​tions so far have not proved amenable to answer.  The trouble is the Earth is not really sphere​cally symmetric.  The difference between one spherically symmetric model and another represents mostly choices of weighting when averaging.  The situ​ation thus contrasts with the situation in celestial mechanics that I de​scribed in the first lecture, where one has idealiza​tions that would hold exactly were no other forces at work.  No basis has emerged for saying that one spherically symmet​ric ideali​zation would hold exactly were it not for some further physical factors not yet taken into consideration.  Earth models have the status of a statistical represen​tation, and hence deviations from them may be telling us about the averaging pro​cedure used, and not further physical factors not yet taken into account.  This does not mean that they cannot be used as instruments to learn more about the world, in particular, more about which details inside the Earth make a difference and what differences they make.  It just means that one is constantly having to assess whether dis​cre​pancies are arising from physical or statistical factors.



Attention over the last twenty five years has instead turned increasingly to lateral variations within the Earth, employing large arrays of closely spaced seismometers and algorithms that were originally developed for computer-aided x-ray tomography.  The example you see here is rather famous.  It shows ocean floor subducting under Central America and con​vecting through the man​tle all the way to the core.  The image is displaying local velo​city variations in the mantle.  Notice the magnitude ranges from plus to minus one-half of one percent of the local mean velocity.

(33)

This example is famous for a reason.  Kurt Lambeck's book is the main treatise in geophysical geodesy in the last 30 years.  I quote from Chapter 9:



The early satellite results yielded anomalies that exceeded expectations and led to the conclusion that significant lateral variations in the density of the mantle occurred.  These departures from isostatic and hydrostatic equilibrium imply either a finite strength for the mantle or convection within it.  With the finite-strength interpretation, the gravity field reflects a long-past condition of the planet, while the convection interpretation implies an on-going evo​lutionary process.  The inability to distinguish between two extreme alternative hypotheses emphasizes once again that Earth models based on gravity observations alone are no better than the assumptions made to render a non-unique problem tractable.


Within a decade, seismology had answered Lambeck's question.

(34)

Let me give you two recent, more controversial examples of research in geophysics as an indication of where things stand.  On the left you see a slight displacement in the observed travel times of two waves passing through the inner core following vir​tually the same path, but ten years apart.  Other research has shown the inner core not to be isotropic.  The authors have con​cluded this small difference over 10 years represents a change in the anisotropic axis of the inner core with respect to the Earth’s surface.  This implies that the inner core is rota​ting between 3 and 5 tenths of a degree per year faster than the surface of the Earth.



On the right you see a comparison of mass differences in the crust before and after the 2004 Sumatra earthquake, as revealed by changes in the Earth's gravity field before and after.  The measurements were made by two satellites being used to measure dynamic changes occurring in the Earth's gravitational field as part of the on-going GRACE project, the Gravity Recovery and Climate Experiment.  What I want you to notice here is that the total change amounts to 30 microgals, that is 30 millionths of a centimeter per second per second.  Huygens quoted surface gravity values to four significant figures.  GRACE is quoting them to nine significant figures.

(35)

Let me go back to question I posed at the beginning.  Corro​boration has taken four forms in the history of seismology.  The primary form for the first fifty or so years lay in the well-behavedness of the data viewed from the perspective of theory -- that is, the absence of large, systematic residual discrepancies.  This is a weak form of corroboration for several reasons.  Not the least of these stems from its assuming that the data are truly representative, and not systematically biased in some way, an assumption that is not easy to test even with continuing, re​dundant data when they are all of the same kind.  During the last 50 or so years, however, corroboration has appeared in three stronger forms.  First, systematic discrepancies between obser​vation and theoretical models have proved increasingly informa​tive in ans​wering questions about such things as irregularities and anisotropy in the outer mantle.  Second, the free oscil​la​tions of the Earth have provided a second, dif​fer​ent kind of data, and the two kinds together have yielded con​vergent answers to ques​tions.  Historically, this was a major step in corro​bor​ating the evidence obtained from body-wave data using ray theory.  Finally, theoretical models have allowed con​tinuing research to develop evidence for details beyond those models, as illustrated by the tomographic results for lateral variations.  As I noted in the first lecture, being able to es​tab​lish increasingly subtle details in a sequence of successive approximations in which the next step presupposes the preceding ones is a strong, internal form of corroboration of the theory being used to turn data into evidence -- often the ultimate form of corroboration, given our inability to step outside and view the situation from an omni​scient perspective.

(36)

Let me pull this to a close.  I was trying to make four main points in this lecture.  First, without the theory pro​vided by continuum mechanics, we would still not have empirical access into the interior of the Earth.  Second, even though this theory has been presupposed in turning seismological data into evidence about the insides of the Earth, it has itself been tested in the process in ways that have corroborated its use.  This is most apparent in how much more strongly confirmed the answer seismo​logy has given us to Newton's question about the variation of density below the surface of the Earth is than anything we had a century ago.  And finally seismology has done this even though the constitutive equations used through the first seventy years of this research had to be made, in Newton's words, "more exact or liable to exceptions."  Once again, theory doesn't have to be the final word in order to turn data into evidence about which details make a difference and what differences they make.

(37)

Using approximate theory in theory-mediated measurements is one thing, using it to establish the existence of unseen entities is quite another.  So, do electrons really exist?  Does the Earth really have a liquid outer core 2891 kilometers below the sur​face, and an ani​s​tropic solid inner core of radius 1221.5 kilo​meters?  I never know what to make of questions like this.  They seem to be re​quest​​​ing an answer from an omniscient perspec​tive, and try as I might I have never managed to be omniscient, even for a second or two.  I am not much better off if they are taken to be asking about whether science is or is not ultimately going to conclude that electrons and the inner core do not exist, for I have not had much more success with clairvoyance than with omni​science.  The only sense I can make of such questions amounts to asking whether the evidence gives adequate reason to take elec​​trons and the inner core to exist.  And here the answer seems trivially yes, where the evidence con​sists of differences they make in our measurements.  A far more interesting question among seismologists is whether that subducted ocean floor I showed you a couple of minutes ago is real.  This question re​ceived intense scrutiny before it was resolved in the affir​ma​tive.  The question I am asking myself is a comparative one: for which is the evi​dence stronger, for electrons or an inner core?  Using the figure of speech of synecdoche, that describes my current research, to compare evi​dence practices in microphysics and geophysics during the twen​tieth century, looking for contrasts in the ways they have re​sponded to the problem of having no direct access.  And, frankly, I'm a long way from knowing enough to answer this ques​tion today.

(38)

Let me instead end with an overview of the three lectures.  They have all concerned the nature, scope, and limits of the knowledge attained in individual sciences when, by their own standards, they are most successful.  I have taken a particular stance toward this issue, a stance deriving from three tenets.  First, science, at least viewed from the inside, is an endeavor to turn data into evidence, something that is difficult to do and for which theory is invariably needed.  Second, success has gen​er​ally presupposed fundamental theoretical claims that first became part of the science when little evidence was available that they are true.  And third, the knowledge pursued in the sciences consists not merely of theory, but also, indeed even more so, of details that make a difference and the differences they make.  If you accept these tenets and adopt the stance I have tried to illustrate in these lectures, then as far as I can see the only way to answer questions about the nature, scope, and limits of the knowledge achieved in an individual science is to determine how, if at all, the theory that has been used in turn​ing data into evidence in that science has itself been tested in the process.  This requires a combination of historical and philo​​sophical research: historical, because it is a question about the evidential practices in specialized fields over many generations, and philo​sophical because scientists themselves are usually too pre​oc​​cu​​pied with learning more about the world than to spend their time analyzing how established theory is being tested in the process.  I hope these lectures have shown that answers to this question can be responsive to skeptical challenges to science that have created the so-called “science wars” of the last 40 years.



I want to thank Stanford, the Suppes Center, Pat, and Mich​ael for inviting me for what, for me, has been an exhil​ara​ting experience.  I want to thank Rosemary Rogers for taking such good care of me.  And most of all, I want to thank you the audience, especially the graduate students, for being willing to listen to me at such length.






