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Abstract 

There has been increasing philosophical interest in the role of technological progress in the 

historical sciences. In general, that role has been construed as one of enabling historical scientists to 

mitigate or even overcome the obstacles created by information-destroying processes. Technology is 

generally viewed in this literature as a means to this pre-given end. In contrast, I will focus on the role of 

technology in shaping the aims of historical science. The principle I will seek to illustrate is that ends do 

not unilaterally determine means; means also determine ends. This role of methods in shaping goals can 

result in a dialectic of ends and means, in which a method chosen to satisfy one aim can lead to a 

change in the aims of the field. 

 I illustrate this dynamic with the case of geochronology, focusing on the early 20th century quest for 

a reliable method of measuring geologic time. Geologists started with the latter aim, but in achieving it 

they settled on a time-keeper—the radioactive decay of isotopes—whose properties afforded them 

opportunities for the development of their field that wouldn’t have been available with the other, 

macroscopic candidates they considered. This choice was crucial for the integration of diverse fields into 

what came to be called the “Earth and planetary sciences.” 

The episode also illustrates a solution to the problem of epistemic scarcity complementary to those 

that have been discussed in the literature. I argue that this episode illustrates a general reductionist 

approach that can allow historical scientists to avoid information-destroying processes occurring in the 

contexts in which historical processes unfold. 

1 Introduction 

This paper is about the problem of time-measurement in historical geology and the role of 

technology in solving it. There has been increasing interest in the role of technological progress in the 

literature on the historical sciences. To my knowledge, Marco Tamborini (2019) has pushed this trend 

the farthest, arguing, counterintuitively, that the historical sciences are “technosciences” in that the 

phenomena they study are technologically produced. In a number of publications, Adrian Currie has 

cited historical scientists’ opportunistic use of diverse technologies as part of a methodological approach 

he calls ‘methodological omnivory’ (Currie 2018, 2015). Most recently, he has argued that technology 



 

 

plays an important role in extracting new information from legacy data (Currie 2021). In general, the 

role of technological progress in the historical sciences has been construed as one of enabling historical 

scientists to mitigate or even overcome the obstacles created by information-destroying processes. In 

Currie’s vocabulary, technology allows them to overcome the situation of ‘epistemic scarcity’ those 

scientists find themselves in. With the exception of Tamborini, technology is generally viewed as a 

means to a pre-given end in this literature. In contrast, what I would like to focus on here is the role of 

technology in shaping the aims of historical science. The basic principle I will seek to illustrate is the idea 

that ends do not unilaterally determine means; means also determine ends.  

My argument focuses on the ‘ontic’ consequences of technical change in science. In brief, scientific 

methods target ontic features of the world, by which I mean properties of natural systems. Ontically 

distinct methods target either different properties of a system, or systems with different properties. 

Therefore, the choice of one ontically distinct method over another—a common occurrence in the 

history of science—entails different ontic consequences. That is, depending on which method scientists 

choose, they will have to deal with different properties of the natural world in practice. Moreover, the 

ontic consequences of their choice will shape the opportunities for development of the science, for 

different properties can be exploited in different ways. It follows that the choice of method shapes the 

goals it is possible for scientists to pursue.  

This role of methods in shaping goals can result in a dialectic of ends and means, in which a method 

chosen to satisfy one aim can lead to a change in the aims of the field. I will illustrate this dialectic with 

the case of geochronology, focusing specifically on the early 20th century quest for a reliable method of 

measuring geologic time. This episode started with the latter aim, but in achieving it the goals of the 

field were altered—albeit in the form of enrichment rather than replacement—because the time-keeper 

that was found, radioactive decay, turned out to have properties that provided opportunities for 

development that wouldn’t have been available with the other candidates that were considered. I will 

show that the dialectic made an important contribution to the integration of diverse fields into what 

came to be called the “Earth and planetary sciences.” 

Recently, Alison Wylie (2019), Chapman and Wylie (2016), and Alisa Bokulich (2020) have published 

accounts of the efforts required to turn radiometric dating into reliable methods. These accounts are 

deflationary, in the sense that they seek to show that, contrary to the way radioactive decay was hyped 

in the early days of these methods, geological complexity prohibited a straightforward application of the 

principle to measuring geologic time. Instead, a laborious and lengthy process of weeding out sources of 

error was required, one that is still on-going. Though I accept their conclusions, in this paper I will seek 



 

 

to accentuate the positive by considering radiometric dating in the historical-epistemic context in which 

it emerged. As will be discussed in section 3, a viable clock, geologic or otherwise, must satisfy what I 

call there the ‘principle of constancy.’ Geologists struggled to find a natural process that could satisfy 

this principle. They were lucky indeed to find one that satisfied it as well as radioactive decay does, at 

least in principle. They were even luckier to find one that could serve as the basis for the plethora of 

applications alluded to above. But it wasn’t all luck, and I will argue that a methodological lesson can be 

extracted by analyzing the episode using Wimsatt’s (1994) theory of compositional hierarchies. 

Moreover, I will argue that geologists were warranted in accepting radiometric dating early on as a 

promising working method, if not as a “silver bullet.”  

The paper is structured as follows. I begin section 2 with an overview of three key distinctions that 

philosophers have proposed for understanding the historical sciences and that are important for 

understanding my own position. I then use Hasok Chang’s concept of a ‘system of practice’ to frame the 

question of technology. This concept has the virtue, among others, of directing attention to the 

ontological implications of scientific methods. Whereas Chang focuses on the ontological 

presuppositions of epistemic activities, I focus on their ontological or, as I prefer, ontic consequences. I 

then turn to the relation between means and ends in science and lay out general reasons for thinking 

that they mutually determine each other, based on the nature of material means. 

 I begin section 3 with a general discussion of how clocks work, focusing on the nature of the proxy 

processes that are used to measure time. I then relate these notions to the geochronological case, 

showing how the general problem of measuring time interfered with a problem specific to the historical 

sciences, what Derek Turner has termed the ‘asymmetry of manipulability.’ I argue that these two 

problems were solved, albeit tentatively at first, by radiometric methods. Employing Wimsatt’s theory of 

compositional hierarchies, I also argue that this success can be understood as resulting from an 

ontological shift to lower levels of organization. I then show how this choice of methods, understood in 

terms of compositional hierarchies, made possible an expansion of the aims of geochronology, and 

geology more broadly, after the Second World War.  

In section 4, I relate the results so far back to the three distinctions alluded to above, arguing that 

my analysis of the case, in terms of the ontological aspects of systems of practice, captures certain 

features of the episode better than those distinctions do. I also investigate to what extent this analysis 

can explain how geochronologists dealt with the problem of epistemic scarcity in their domain. I argue 

that their actions can be explained as largely an attempt to avoid the context-dependence of more 

classic geological methods. Though the attempt was only partially successful, it was sufficient to allow a 



 

 

plethora of methods to be developed, thus turning a situation of epistemic scarcity into one of 

abundance. In the concluding section, I offer more general remarks on the application of the systems-of-

practice framework to understanding scientific change. 

2 The Nature of the Historical Sciences 

The literature on the historical natural sciences is primarily concerned with identifying similarities 

and differences with other natural sciences. Three ways of distinguishing between them are especially 

relevant for my purposes.  

The first distinction concerns the fundamental goal of the historical sciences, in contradistinction to 

the experimental sciences. According to this view, the business of the historical sciences is to explain 

past events. On the other hand, the business of experimental sciences is to discover stable regularities 

through controlled experiments. Though historical sciences certainly make use of stable regularities, the 

latter are not target hypotheses of those disciplines. This is the view of Cleland (2001, 2002, 2011) and 

Turner (2013) and has been disputed by Jeffares (2008) and Page (2021). 

The second distinction is between what one might call “information rich” and “information poor” 

sciences. Due to their ability to perform experiments, the experimental sciences would be relatively 

“information rich”, whereas the historical sciences face what Currie (2021) calls “epistemic scarcity.” The 

latter arises in part because the events studied by these disciplines took place in the distant past. This 

pastness is compounded by the existence of information-destroying processes that tend to destroy the 

traces of the past events. In contrast, experimental sciences conduct experiments to get their 

information, and so are not subject to information loss to the same extent or in the same way.  

Most commentators try to explain the methodology of the historical sciences as responses to the 

situations captured by these two distinctions. But a third distinction, proposed by Turner (2013), is 

between “methodologically historical science” and “metaphysically historical science.” Whereas most 

commentators focus on the allegedly distinct methodology of the historical sciences, Turner points out 

that the latter are also metaphysically distinct. One difference he identifies is the ‘asymmetry of 

manipulability.’ These sciences are challenged by the unobservability of the past, like other sciences that 

deal with unobservables. In addition, however, they do not have the option of manipulating the past, in 

contrast to sciences like chemistry or physics that can (arguably) at least manipulate their 

unobservables.  

One can certainly attempt to understand the role of technology, in these disciplines, in terms of 

these distinctions. For example, instruments may be viewed as means for exploiting stable regularities in 



 

 

order to reconstruct past events.  Though historical scientists might make use of the regularities 

embodied in instruments, they are not their target. It also seems uncontroversial that technology helps 

these scientists deal with epistemic scarcity. Understanding the technology in these terms, however, 

presupposes a static relationship between it and the ends it serves. My contention is that this 

relationship is more dynamic than these understandings suggest. In order to get at what I called earlier 

the ‘ontic consequences’ of technology, and the dynamic relationship between ends and means that 

follows from it, I will use a somewhat different framework for conceptualizing scientific technology, 

inspired by Hasok Chang’s (2011, 2012) notion of a ‘system of practice.’ 

2.1 Scientific methods and systems of practice 

Rather than use the vague term ‘technology,’ I will frame the technological question in terms of 

‘scientific methods’ in order to make it more precise. By ‘scientific method’ I intend a four-fold 

combination of theoretical principles, instruments, operational procedures, and data analysis 

techniques, used according to articulable rules to achieve an epistemic aim. Operational procedures 

involve the various ways in which the theoretical principles and instruments can be orchestrated to 

obtain the desired data. Data analysis techniques include inter alia the interpretational rules that allow 

the data to be used as evidence for hypotheses. For example, the radiogenic isotope method of 

measuring geologic time, which I discuss in more detail below, involves: the theory of radioactive decay, 

chemical apparatus and mass spectrometers, procedures for using the apparatus and spectrometers, 

and techniques for calculating geologic ages from mass spectra.  

This definition goes significantly beyond the more common understanding of technology as 

instrumentation because, at least in the scientific context, it is not possible to understand the use of 

instruments in isolation from the other elements. A method thus understood can be viewed as a kind of 

Changian ‘system of practice.’ Chang (2012, 16) argues that scientific practice can be analyzed in terms 

of systems consisting of “coherent and interacting [sets] of epistemic activities performed with a view to 

achieve certain aims” (Chang 2012, 16). An ‘epistemic activity’ is “a coherent set of mental or physical 

actions (or operations) that are intended to contribute to the production or improvement of knowledge 

in a particular way, in accordance with some discernible rules” (Chang 2011, 209). These rules need not 

be articulated. Among epistemic activities, Chang includes classic scientific activities like explaining, 

hypothesizing, testing and  observing, but also more unusual or contemporary ones like smelling, 

glassblowing, and computer simulation (provided these are performed in order to acquire scientific 

knowledge, of course). The main difference between my notion of a method and Chang’s systems of 



 

 

practice is the more explicit emphasis on things—theories and instruments—in the former, though of 

course they are implied in the latter.  

 Lavoisier’s weight-based chemistry is one of Chang’s best-known examples of a system of 

practice.  Chang argues that systems of practice can be grouped into system-types “consisting of various 

systems all of which share some core activities” (Chang 2011, 254). Moreover, he thinks there is a 

system-type, of which Lavoisier’s chemistry is an instantiation, based on the activity of analysis: 

characterizing objects or processes in terms of elements, of which they are compounds. Within that 

system-type Chang identifies a sub-type, compositionism, in which various methods are used to take a 

substance physically apart into its constituent parts, and others are used to reform the substance from 

its parts.1 The practices of decomposition and recomposition presuppose an ontology, namely that the 

components of substances are stable units that are preserved through chemical reactions.  

Following Chang’s lead, it will be useful here to distinguish between two kinds of methods, 

which resemble Chang’s system-types: observational versus decompositional methods. An observational 

method identifies, through qualitative or quantitative means, features of an object that are relevant to 

the investigation. But it does so by leaving the object more or less unchanged. Examples include the use 

of optical telescopes, surveys, population studies, thermometry, descriptive field studies, as well as 

simple operations like weighing or volume or height measurements. In contrast, a decompositional 

method decomposes the object into constituent parts, in order to support inferences about it, for 

example its chemical composition. The radiometric methods that are the focus of this paper involved 

inferring the chemical and isotopic composition of a sample, and its age. Chemical analysis, 

chromatography, dissection, dispersive spectroscopy (if light can be considered the ‘object’ in that case), 

and mass spectrometry can all be considered decompositional methods.  

Some observational methods are analytical. For example, examining the cellular structure of a tissue 

sample under a microscope is an analytical activity. This example also illustrates that not all analytical 

methods are decompositional. But not all observational methods are analytical, either—for instance, 

weighing is not. On the other hand, all decompositional methods are analytical. 

Chang makes a point relevant to Turner’s distinction: in general, the methods and the 

metaphysics of systems of practice are not easily separable. On the contrary, the methods must 

presuppose ontological principles for their very intelligibility (Chang 2008). This point applies to 

 
1 Compositionism is a sub-type of analytical system because the latter need not involve physical decomposition of 
a substance. For example, many chemical analytical techniques identify the chemical composition of a substance 
without destroying it, e.g. NMR, IR, etc.  



 

 

observational and decompositional methods as well. A non-analytical observational method considers 

an object as a unitary whole, and measures its observable properties. A decompositional methods 

considers the object as a whole composed of elements, whose parts are to be physically separated. An 

ontological presupposition specific to analytical methods, in general, is that they presuppose a world 

structured by compositional levels of organization. Following Wimsatt (1994, 222)), I will characterize 

these levels as “hierarchical divisions of stuff (paradigmatically but not necessarily material stuff) 

organized by part-whole relations, in which wholes at one level function as parts at the next (and at all 

higher) levels.” Levels are usually decomposed one level at a time, and only as needed, and they are 

“constituted by families of entities usually of comparable size and dynamical properties, which 

characteristically interact primarily with one another, and which, taken together, give an apparent rough 

closure over a range of phenomena and regularities” (Wimsatt 1994, 225; italics in the original). 

Systems of practice also have different ontic consequences. For instance, observational methods do 

not deny the persistence conditions of the object, whereas decompositional methods do. A rock will 

survive weighing, but not dissolution into its chemical components. A person will survive having his or 

her fingerprints taken, but not dissection. A solution will survive having its temperature measured, but 

not distillation. A chemical compound is intended to survive a melting point determination (though 

there are exceptions where the compound “decomposes” on heating), but not an elemental analysis or 

a chemical degradation reaction. And so on. This distinction does not preclude methods that focus on 

parts of the object from being observational. Besides the fingerprint example, one might also consider 

optical telescopy. One can observe parts of celestial objects, for example the craters of the moon, but 

doing so obviously does not deny the persistence conditions of those objects.  

Because of the compositional hierarchy they presuppose, analytical methods, if successful,2 give 

access to entities that belong to a different ontological level than the original object. This is the case 

with modern chemical analytical methods, which identify substances in terms of their molecular 

structures, and molecular structures in terms of their atomic parts. In contrast, the properties to which a 

non-analytical observational method gives access belong to the same level of organization as the 

original object.  

Whether a system involves a shift of level has ontic consequences, in the sense of determining 

the properties of the target systems that scientists will have to deal with. For example, if one adopts 

 
2 Success is not guaranteed, in part because the presupposition of a compositional hierarchy can fail. Wimsatt 
argues that this is especially likely at higher levels due to their increasing complexity, diffuseness and overlap with 
other levels. Because of these features, it may “get more difficult to localize an entity or phenomenon by level 
unambiguously and for all contexts.” He cites ecosystems and the biosphere as examples (Wimsatt 1994, 257ff). 



 

 

Lavoisier’s compositionist system, and applies it to chemical transformations, one will be dealing with 

compounds, elements, and the properties of these relevant within the compositionist system—

reactivity, affinities, weights, volumes, etc. The fact that analytical methods involve a difference in level 

creates the possibility that the constituents may have radically different properties than the object they 

constitute, as for example a molecule has radically different properties than the macroscopic substance 

it is a constituent of. As a result of this difference in properties that may accompany the difference in 

ontological level, the adoption of an analytical technique can radically change the horizon of properties 

that scientists can study and exploit. This change of properties should be no surprise, for a change of 

levels typically involves a change of the size or size ranges of the entities, as well as a change of the 

regularities of their behavior (Wimsatt 1994, 238ff and 233ff). The greater the difference in levels, the 

greater the difference in size and regularities one should expect. So, for example, an organism has 

properties that differ from its organs, but that differ even more from the atoms composing it.  

2.2 Methods, means and ends 

Returning to the relations between ends and means discussed in the introduction, one might ask 

what this account of methods has to do with the aims pursued in the field under consideration. Here, I 

will borrow an idea from the literature on technoscience. The philosopher Wolfgang Lefèvre argues that 

ends and means reciprocally determine each other: 

Nothing deserves the name of a means that is not used or intended to fulfill an end. It is the end 

that renders something a means. One can, thus, state that means are determined by ends. 

However, whether or not something is a suitable means for a purpose depends not only on the 

end but also on its physical properties, which are determined by the end only in part, even in the 

case of fabricated means. Being determined by an end only in part, that is, due to their 

irreducibly material nature, over time, means can be used in the social labor process for ends 

different from the original one. Taking into account that these new ends were uncovered in the 

process of handling the means under different circumstances, these ends turn out to be 

conditioned by the means. Ends not only determine means, but prove to be determined by them 

in turn. (Lefèvre 2005, 215) 

Importantly, the physical properties of a means contribute an ineliminable remainder over and above 

the properties sought to satisfy the original end. One of Lefèvre’s examples is the compass and ruler: 

these instruments were initially used for practical purposes like designing the ground plan of a temple, 

but were then “repurposed” by Greek geometers to gain insight into the regularities of geometrical 

constructions (Lefèvre 2005, 218). Other examples of scientific repurposing, among many, are the 

balance, which became crucial in Lavoisier’s system of practice (Chang 2012, chapter 1), the telescope, 



 

 

which resulted from Galileo’s transformation of the spyglass into a research-grade instrument (Van 

Helden 1983), or the Otto motor, a gas-motor that was appropriated by 19th-century German 

physiologists for their experiments (Dierig 2003).  

Lefèvre argues that, in the utilization of definite means for tackling specific problems, more 

knowledge can be acquired than was necessary to invent the means, because “by applying a material 

means in the labor process, its material nature can reveal new ways of application and employment, 

which were not given along with the original ends” (Lefèvre 2005, 215). This fact explains the growth of 

knowledge in general, according to him. It also, he argues, explains the growth of scientific knowledge. 

Like ordinary material labor, science also makes use of material means. The material means of science 

include not only things that resemble, or in fact are, production apparatuses, like certain observational 

instruments or, say, distillation apparatuses. They also include “material means of scientific thinking” 

like diagrammatic representations or numerical notations. The material means of thinking “delineate a 

horizon of what results scientists can achieve and even what results are conceivable or probable.” The 

application of the material means of science generates a surplus of scientific knowledge, as more 

knowledge is gained in applying them than was needed to invent them.  

One way of interpreting the notion of a ‘horizon’ here is that the means available to scientists 

determine the research opportunities available to scientists, what I called “developmental 

opportunities” in the introduction.3 I term “developmental opportunity” a condition or situation 

favorable for the attainment of a novel goal. One such goal might be the acquisition of new knowledge. 

As I have discussed elsewhere, it is in the nature of the scientific enterprise that discoveries are used in 

subsequent research, and not just collected (Borg 2019). When scientists discover novel properties of 

natural systems, they often exploit them to gain new knowledge. Sometimes they do this by 

incorporating the properties into their methods. Due to the nature of material means, however, the 

incorporation does not necessarily merely satisfy the initial purpose of the method, but opens up new 

opportunities for research. This can take the field in new directions.  

I will now illustrate these ideas on the example of geochronology. Importantly, this example 

hinges on the adoption of an analytical method involving entities at a radically different level of 

organization than the original objects: the decomposition of rocks into isotopes.   

 
3 The Lefèvre’s notion of a horizon or my interpretation in terms of developmental opportunities bear some 
resemblance to James Marcum’s (2010) concept of a ‘horizon for scientific progress’ which includes both 
constraints that delimit scientific practice as well “possibilities that open up scientific practice to additional 
scientific discovery and to further scientific progress” (187). 



 

 

3 Measuring Time Without Clocks 

The establishment of an absolute timescale for geological events is one of the great achievements of 

20th century science.4 In the early 19th century, a stratigraphical column had been established, allowing 

every stratum of rock to be assigned to a unique period of deposition in the Earth’s history. These strata 

are accumulated (and later often eroded, dislocated, folded and broken up) in the course of time, either 

in ancient seas, lakes, rivers, deserts or glaciated areas. The study of these strata is called stratigraphy. 

The basic principle underlying it is the law of superposition, according to which one layer covering 

another must be younger than the covered layer, unless displacements occurred after deposition. This 

law, however, did not permit strata in one location to be correlated with those in another, because the 

same kind of rock had been laid down at different periods in the Earth’s history in different locations. It 

was then discovered that certain fossils were characteristic of particular epochs and could be found in all 

rocks formed at that time, whatever their mineral composition. The fossils allowed rocks of equivalent 

period of origin to be correlated, and a complete sequence of rock formations could be established. This 

corresponded to a complete sequence of the geological periods in the Earth’s history.  

 This sequence provided a relative timescale, allowing rocks to be ordered in time relative to 

each other. It did not, however, allow their absolute age to be determined.5 In order to determine 

absolute age, some sort of time-keeper was needed. In order to understand the options available to 

geologists in the early 20th century, it is helpful to consider the nature of clocks in general.6 The basic 

principle of a clock is to exploit a process that can serve as a proxy for the passage of time. The proxy 

process is necessarily contemporaneous with the span of time being measured, because the timespan 

must be inferred from the end-points of the process. For example, with mechanical hand-clocks, the 

distance the hand traverses around the dial is taken to represent the quantity of time elapsed since the 

hand was at the starting position.  The movement of the hand results from the oscillation of the clock 

mechanism. With water-clocks, the decrease in height of a column of water is taken to represent the 

quantity of time elapsed since the column was at its initial height. With quartz clocks, the number of 

 
4 The following paragraph follows Bowler (1992,  211) and Zeuner (1958, 307-308).  
5 “Absolute” geological age is actually relative, usually determined with respect to the present, as in so many years 
before the present (BP). I follow Lucas (2005) in calling “absolute” a timescale that is independent of the data 
being studied. Calendrical systems, for example AD/BC or BP, are absolute timescales. In contrast, a relative 
timescale is one that presupposes the data being studied. Relative sequences of fossils, mineral deposits, artefacts, 
and periodizations, are examples of relative chronologies. The data-dependence of the geological periodizations is 
reflected in the fact that the main divisions of stratigraphy are defined by the dominant forms of life contained in 
it. Thus the eras are the Azoic, meaning “lifeless;” the Archaeozoic, referring to “primeval life;” the Proterozoic, 
meaning “very early life;” Paleozoic (ancient life), Mesozoic (middle life), and Cainozoic (modern life).  
6 The following discussion is based on Landes (2000). 



 

 

cycles of the signal emitted by the crystal oscillator is a proxy for the time elapsed during signal 

emission. Historically, two general kinds of processes have been used: 

a. Continuous flow processes, such as the movement of the sun with solar clocks, the flow of water 

with water clocks, or the flow of sand in an hour-glass. 

b. Oscillatory processes, such as the swings of a pendulum, the oscillations of a foliot, quartz 

resonances, or atomic transitions. 

The reason for employing these kinds of processes is that they exhibit a principle of constancy over time: 

either the flow rate, or the rhythm of oscillation, is constant. The reasons for adopting this principle are 

both ontological and epistemological. Ontological, because it is assumed that the passage of time has a 

constant flow. Epistemological, because if the rate of the process were variable, i.e. a function of time, 

then the time would have to be specified in order to know what rate to use in inferring the time. The 

inference would obviously be circular.  

 Now, with artificial clocks the proxy process is either observable or manipulable by humans. 

With some clocks, it is directly observable through the senses, as with water clocks or pendulum swings. 

With other clocks, it is not observable but remains indirectly manipulable, as with atomic clocks, in 

which a caesium-133 atom is induced to emit radiation. Unfortunately for historical scientists, such a 

process is unavailable to them, because they must measure time spans stretching back well beyond the 

existence of humans. For them, whatever proxy process they use will necessarily be both unobservable 

and unmanipulable because they could not be around to directly observe or manipulate it. This problem 

is another manifestation of Turner’s ‘asymmetry of manipulability.’  

 The significance of asymmetry for time measurement is that one cannot calibrate the proxy 

process against an already existing, reliable clock, at least for pre-historic times. In the case of artificial 

clocks, one can time the observation or manipulation with respect to an established clock, whereas one 

cannot do this for processes stretching into the deep past. That impediment does not exclude indirect 

corroboration, however, in the form of checking for the coherence of the measurements with other 

things that are known about the measurement process and the past itself. So, for example, the relative 

chronology provided by the fossil record provided important corroborating evidence in the early days of 

radiometric techniques. One can also time the process for periods when it is observable, and then 

extrapolate back. Ernest Rutherford, for example, used laboratory measurements of radioactive decay 

rates to support the hypothesis of a constant rate.  Nevertheless, such corroboration tends to be fragile. 

One reason is that the corroborating evidence may not measure the same quantity, if it measures 

anything at all. The fossil record, of course, provides a sequence, not a quantitative measure. Moreover, 



 

 

corroboration is not always possible: again, the fossil record only coincides with a minute fraction of the 

time-span covered by radiometric techniques. Rutherford’s laboratory measurements relate to another 

source of uncertainty: the laboratory context is massively unrepresentative of the variety of contexts 

covered by geologic clocks, and so any extrapolation will have to make potentially fragile assumptions 

about the insensitivity of the proxy to changes of geologic context. This problem will be discussed more 

below.  

 At this point one might ask: Isn’t the problem of measuring time in the deep past just an 

instance of a more basic problem, how to calibrate a clock when no clocks already exist? But if it is, then 

the deep past is just a distraction from the real problem. I deny the assertion in the question. Though 

the question of calibration was vital, it presupposes that there is something to calibrate. The quest for a 

process that could plausibly measure all of geologic time was the holy grail for early 20th century 

geologists interested in measuring time (Holmes 1947), though of course calibration or corroboration 

was essential for justifying its use. This paper is primarily concerned with how they found a promising 

candidate, and what made it promising.  

 In the case of geochronology, several macroscopic phenomena were investigated as candidates 

for time-keeper:7 

• Counting of tree-rings (O) 

• Counting of sediment deposits in lakes, known as “varves” (O) 

• Correlation of glacial and interglacial periods with astronomical cycles (O) 

• Analysis of evolutionary lineages, specifically the rates of evolution of morphological features 

(CF) 

• Stratigraphical clocks, based either on rhythmic alternations in sediments or the cumulative 

effect of geologic processes such as deposition and denudation (O/CF) 

• The accumulation of salt in the oceans since their formation (CF) 

• The alleged cooling of the Earth since its early molten state (CF) 

None of these methods proved successful for dating geological objects. The most important problem 

was that the proxy processes lacked sufficient intrinsic constancy to serve as reliable clocks, being 

strongly influenced by contextual factors. The problem was not just that there were confounding factors 

interfering with the proxy processes, or uncertainties affecting parameter values, problems that affect 

all measurements to some degree. In his monograph of 1917, “Rhythms and the Measurements of 

 
7 I have labelled oscillatory processes as ‘O’, and continuous-flow processes as ‘CF’. For an overview, see Zeuner 
(1958, Chapter X). 



 

 

Geologic Time,” the American geologist Joseph Barrell critically examined all attempts to measure time 

via stratigraphical clocks (excluding varves), oceanic salt accumulation, and the cooling theory. His 

verdict was that none of them was based on a process constant over the entire Earth or throughout 

geologic time. 8  So, for example, the rate of accumulation of strata is a function of the rates of 

deposition, denudation, and diastrophism. The rate of each of those processes varies with time and 

space, as do the ways in which they interfere with each other. To take another example, the rates of 

morphological change of organisms are dependent on their environment (Sterelny 2007, Zeuner 1958, 

Chapter XII). True, certain oscillatory processes, namely varve deposition and correlation of glaciation 

with astronomical cycles, appear to have been more reliable. But they were time-limited, with e.g. varve 

counting only going back 15,000 years or correlations between glaciations and astronomical cycles 

1,000,000 years. The exploitation of these processes was limited by the periods of occurrence of the 

process, with e.g. varve formation having ceased at around 7,000 BC.9 This limitation prevented the 

development of an absolute timescale covering the whole of geologic time. 

If Barrell’s verdict was correct, as well as those of later proponents of radiometric dating like 

Arthur Holmes or Frederick Zeuner, it follows that classical geologists had no secure starting-point, even 

in principle, for beginning to address problems like parameter uncertainty or confounding factors.  

 All this changed in the mid-20th century, however. A method was settled on, based on the non-

geological proxy of radioactive decay. The method was based on the possibility of dating processes and 

events by measuring relative isotope abundances. Such dating became possible with the discovery of 

isotopes. Recognition that substances with different atomic weights could have the same chemical 

identity came primarily from two new lines of research. The first was studies of radioactivity; the second 

was mass spectrometric studies of nonradioactive elements.10 A key development in the first was the 

recognition (first put forth by Frederick Soddy in 1913 (Soddy 1913)) that atoms of different mass (and 

thus atomic weight) and radioactive properties could have essentially the same chemical properties and 

place in the periodic table. Soddy called these atoms ‘isotopes.’ 

It was quickly recognized that the phenomenon of radioactivity could be used for measuring 

time. Ernest Rutherford (1906) was the first to propose that the proportion of radioactive atoms that 

disintegrate in a given time interval is an unvarying constant and therefore a potential clock. A 

particularly important kind of radioactive decay, in the early 20th century, was that of uranium into lead. 

 
8 See Zeuner (1958), Holmes (1947), and Barrell (1917) for critiques of these methods.  
9 Zeuner 1958 (p. 26 for the varve example). 
10 For example, J. J. Thomson and Francis Aston discovered the isotopes of neon via mass spectroscopy in the 
period 1913-1919. I will not say more about early studies of stable isotopes here. 



 

 

Several scientists tried to exploit this process to develop an absolute geological timescale and establish 

estimates of the age of the Earth. In order to measure the age of a sample, the quantities of both the 

residual ‘parent’ atom (e.g. uranium) and the decay product or ‘daughter’ atom (e.g. lead) had to be 

measured. Until the 1930s, this was done solely by bulk chemical techniques, involving chemical analysis 

of the sample followed by gravimetric or volumetric measurements. With the recognition of the range 

and complexity of isotopic differences among the elements, however, it was recognized that chemical 

techniques were inadequate for the separation of isotopes. An instrument known as the mass 

spectrometer was developed for that purpose.  

 

 

Figure 1. The diagram at the left is an abstract representation of a mass spectrometer. The atoms in the sample are ionized 
in the ion source, and then separated by mass in the mass analyzer, before hitting the detector, which records the current 
obtained for each atomic mass. From Grayson (2002, 22). The output is a mass spectrum, of which one is shown at right for 
a radioactive uranium ore. Each peak represents the intensity of current measured for each mass. Those at 206 and 207 
were generated by radiogenic isotopes of lead, the one at 204 by stable ones, and the one at 208 by both. From Nier (1939, 
155).  

The radioactive decay of uranium into lead was the most used process until the 1950s, when 

other isotope systems began to be exploited. The fundamental law of radioactive dating is  

1. 𝐷 = 𝐷0 + 𝑛(𝑒𝜆𝑡 − 1) 

where D0 represents the number of daughter atoms at time t = 0 and D represents the number of 

daughter atoms at t, and n represents the number of parent atoms present at time t. λ is the 

disintegration constant of the parent elements (e.g. uranium), i.e. the fraction of the total number of 

atoms of the parent element which disintegrates per unit time. The method, as practiced in the mid-20th 

century, involved four basic steps: 



 

 

i. A mineral was analyzed chemically for total lead and uranium 

ii. The lead was then ionized and electromagnetically separated into its isotopes in a mass 

spectrometer. 

iii. The relative proportions of the lead isotopes were determined from the mass spectrum. 

iv. These proportions were then used to calculate the age of the mineral, t, from a rearranged 

version of equation (1). 

The ‘age’ refers to the time elapsed since the rock or mineral containing the radioactive elements finally 

solidified or crystallized. 

This method was subject to various sources of error. There were the limitations of chemical 

analysis, namely lack of sensitivity and loss of material during laboratory processing. There were the 

limitations of mass spectrometry, namely instrument bias and contamination worries. And there were 

the limitations inherent in radioactive decay, including entry and leakage of uranium and lead into or 

from the sample that would confound the calculation of age based on numbers of parent and daughter 

atoms. There was also uncertainty surrounding the theoretical parameters, e.g. in the measurement of 

decay constants. 11 Nevertheless, this method proved extremely successful and allowed an absolute 

dating system to be established in geochronology for the first time. Why? 

 Though many of the above limitations, e.g. instrument bias, could be ironed out through routine 

methods development, that alone does not explain why this method proved successful where the 

geologic methods had not. More importantly, the proxy process turned out to be extremely constant, in 

that the decay rates of radioactive isotopes display amazing temporal and spatial invariance. Enormous 

differences of time or environment notwithstanding—the process can be applied to samples from 

extremely cold planetary or interplanetary environments, from extremely hot environments like 

volcanos, or from high-pressure environments like the Earth’s interior—a given type of radioactive 

isotope always decays at the same rate. The underlying reason for this constancy is a fact about 

radioactive decay: because the energy released is so large relative to that of other natural processes, the 

rate of decay is unaffected by the environment, except in nucleosynthetic contexts like stars or 

supernovae. 

 The ontic features of the method played a crucial role in its success. It is an example of what, in 

the previous section, was called a decompositional method. In fact, a double decomposition was 

 
11 For these reasons, as noted by Bokulich (2020, 430), geochronologists distinguish between the ‘date’, which is 
the number that is obtained by measuring the amounts of parent and daughter isotopes and then solving equation 
1 for t, and the ‘age’, which is inferred from the date once auxiliary assumptions, including those about the 
geologic history of the object, are taken into account. See also Faure (1986, Chapter 4).  



 

 

involved: (i) the chemical decomposition of minerals into their chemical components (lead, uranium, 

etc.) followed by (ii) the separation of those components into their constituent isotopes. These 

decompositions involved two ontological shifts, from compound to element in the first case, and from 

elemental substance to atom in the second. Since the isotopic nature of the atoms was essential for the 

accuracy of the technique, one might even say that the second involved a shift from substance to 

nucleus. As just noted, the nuclear aspect is crucial for understanding the ultimate impact of the 

technique, for it is the shift to nuclear energy scales that ultimately explains the invariability of the 

decay rate. This change of properties illustrates the points about compositional levels made earlier, that 

a change of levels typically involves a change of the size or size ranges of the entities, as well as a change 

of the regularities of their behavior, and that the greater the difference in levels, the greater the 

difference in size and regularities one should expect. In this case, size mattered. 

3.1  The flourishing of isotope studies 

The constancy of the decay rate was of momentous consequence for the future of geochronology, 

and geology more broadly, for it made possible a broad array of applications beyond the original goal of 

establishing an absolute timescale for deposition strata.12 For example, in the 1950s, the method was 

improved so as to permit dating of both common rocks and meteorites.  These methods made possible 

more accurate and detailed studies of elemental and isotopic abundances in meteorites, which allowed 

Claire Patterson and colleagues to show that the Earth, meteors, and planetary system had all been 

formed together about 4.56 billion years ago. Thus the quest for an absolute timescale could be 

parlayed into broader cosmological studies, creating closer links among lines of research in 

geochemistry, planetary astronomy, geo-, astro- and nuclear physics, and geology. 

An important complementary phenomenon to radioactive decay is stable isotope fractionation, 

variations of the isotopic compositions of light elements arising from chemical fractionation13 rather 

than nuclear processes. Though the process by which they come about is different, these variations are 

another consequence of the ontological shifts discussed above, for they result from kinetic and 

equilibrium isotope effects caused by the quantum mechanical properties of atoms. The discovery of 

stable isotope fractionation meant that many geological processes would produce long-lasting variations 

in isotope ratios that were in principle measurable by mass spectrometry, thus allowing other 

parameters of Earth and solar system history to be determined, besides dates. A momentous example of 

 
12 The following relies on Nier (2016). See also Macdougall (2008), Allègre (1992), Johnson et al. (2013), Mattinson 
(2013), Borg (in preparation), Doel (1997). 
13 ‘Fractionation’ here refers to a change in the relative abundances of elements. 



 

 

this versatility was the demonstration, in the early 1950s, that oxygen isotope ratios in some fossils 

varied in relation to the ambient temperature when the organisms were alive. This discovery marked 

the beginning of paleoclimate studies. It was itself based on advances in mass spectrometry that had 

been made to measure radiogenic isotopic ratios (Shindell 2014, 2019; Borg in preparation) 

The combined study of meteorites and terrestrial samples permitted improved estimation of the 

cosmic abundances of the elements and isotopes, which in turn provided the basis for theories of the 

processes by which the elements are created. Knowledge of these abundances allowed variations in 

specific cosmological contexts to be recognized and hence inferences to be made about the evolution of 

the solar system. Isotopic data also allowed stronger connections to be forged between the Earth’s 

astronomical cycles (orbit, rotation) and its glacial fluctuations.  Isotope measurements provided crucial 

evidence for the reality of sea-floor spreading, and were thus instrumental in establishing the theory of 

plate tectonics. This strengthened connections between geology, geophysics and geochemistry.  

Both the radiogenic and stable isotope approaches could also be extended to the study of past and 

present processes in the Earth’s crust, oceans and interior. Research was conducted on the time for the 

core and mantle to become substantially differentiated from each other; the chemical differentiation of 

the mantle into lower and upper layers; the source of hot-spot plumes in the lower mantle; the cycling 

of material between the mantle and the continents; and the rate of continental growth. This research 

also shed light on the origin and development of the atmosphere and oceans through mantle degassing.  

The examples could be multiplied, but I think the evidence so far provided strongly supports the 

claim that the isotope methods permitted research going well beyond attaching dates to the 

stratigraphical column or even to objects on the Earth’s surface.  Of course, this flourishing was not 

solely due to ontological shifts. Cold War funding, other scientific developments (e.g. on the theoretical 

plane), and the painstaking development of technology that could exploit the properties of isotopes 

were also vital.14 The technology depended, however, on the properties of atoms and molecules, and 

was only as fruitful as it was because of the variety of isotope systems that exist in nature.15  

4 Geochronology as a historical science 

In this section, I will relate the analysis of the previous section to discussions of the nature of the 

historical sciences. 

 
14 See Shindell (2014) and Doel & Oreskes (2002) for studies of the impact of Cold War funding, de Laeter (1998) 
for a study of the technological developments, and Doel (1997) for a theory-focused account.   
15 The geologist James M. Mattinson estimated about 40 decay systems had become available by 2013 (Mattinson 
2013, 312). 



 

 

4.1 Geochronology is decompositional 

Geochronology may not be an experimental science in the sense of one that performs controlled 

experiments in order to determine the stability of observed patterns. On the other hand, it is a 

“decompositionist science” in that it instantiates a decompositionist system-type. In that sense, it is 

similar to some non-historical sciences like chemistry.  

That said, this analysis might not appear to have accomplished much, since pointing out a similarity 

with non-historical science does not address the basic problem of the philosophy of the historical 

sciences, namely determining the specific differences that distinguish those sciences from others. 

Nevertheless, I think the analysis does a better job than the regularities/past-events and information 

poor/rich distinctions on two points. First, it does a better job of bringing out what was at stake in the 

choice between geological and geochemical methods of measuring time. According to the 

regularities/past-events distinction, the episode would have to be viewed as one of finding the right 

regularity—a law connecting time with some proxy—and then exploiting it to reconstruct past events. 

But, as I have argued, it was also a choice between different systems of practice and “ontological 

options,” so to speak. Second, and by the same token, the decompositional aspect is necessary to 

understand the developmental possibilities of geochronology and isotope geology more broadly, e.g. 

the possibility of integrating different lines of research on the basis of a set of methods based on the 

properties of isotopes,16 all involving decompositions or at least analyses.17 One could certainly analyze 

this episode as an overcoming of information-loss created by the fact that things don’t come with their 

birth-date stamped on them, and that traces of the birth tend to be destroyed over time to boot. That is 

 
16 Isotope geochronology consists of four main categories, based on radioactive nuclides found in nature, 14C 
dating, cosmogenic nuclides (radioactive nuclides generated by collision of atoms with cosmic rays, of which 14C is 
the best known), fission-track dating and extinct radioactive nuclides. Each category includes several isotope 
systems, each of which has its own specific methodological peculiarities, i.e. theory, instrumental set-up, 
experimental procedures, and interpretational techniques. Most of the methods utilize mass spectrometers, of 
which there are different kinds, but not all. For example, fission track-dating is based on the spontaneous fission of 
uranium atoms. This process leaves tracks in the uranium-containing material over time. This time-dependence 
can be exploited by counting the tracks via electron microscopy and inferring the age of the mineral from the 
count. Isotope geology is broader than geochronology, because it includes stable isotope methods, it employs 
isotopic analyses for other purposes besides dating, and it employs many other instruments besides mass 
spectrometers.  
17 So, for example, from the perspective of the view developed here, Cleland’s (2011, 565-566) claim that 
generalizations like the law of radioactive decay “are not the targets of historical research but rather useful tools 
borrowed from other disciplines for special purposes” is not wrong, but (i) ignores the scope of the “special 
purpose” for which it was initially borrowed and, more importantly, (ii) ignores the impact these tools had on the 
purposes themselves. 



 

 

in fact my objective in the following section. But doing so does not explain the emergence of these new 

developmental possibilities, which depended on the ontological features of the techniques. 

4.2 How geochronologists solved the problem of epistemic scarcity: level switching 

My emphasis on developmental opportunities informs the problem of epistemic access to the deep 

past that philosophers have focused on. The history of geochronology, and offshoots like stable isotope 

mass spectrometry, produced a plethora of methods for studying the past. Rather than epistemic 

scarcity, geochemists are faced with epistemic abundance. How did they achieve this situation? 

A number of solutions have been proposed, by philosophers, to account for how historical scientists 

overcome epistemic scarcity. These include: 

a. Smoking guns: The scientists search for telltale traces of past events to discriminate 

between alternative hypotheses. This allows them to overcome the fact that they can’t do 

experiments to test their hypotheses. They are aided by the fact that only a subset of the 

traces left by an event are needed to infer that it occurred, what Cleland calls the 

“asymmetry of overdetermination” (Cleland 2001, 2002). 

b. Consilience of lines of evidence: Rather than depend on a smoking gun, the scientists 

support hypotheses through the consilience of multiple independent lines of evidence. The 

effects of information destruction are mitigated by the mutual support of the different lines 

(Forber and Griffith 2011).  

c. Methodological omnivory: The scientists maximize the epistemic potential of fragmentary 

remains by combining multiple and disparate methods tailored to their local context of 

inquiry. There is no general “historical method” (Currie 2018, 2021).   

d. Presenting data in novel ways: The scientists remedy the imperfections and incompleteness 

of traces of the past by using technology to produce presentations of deep historical 

phenomena. These presentations then become the objects of investigation (Tamborini 

2019). 

e. Revisiting old data: The scientists devise new ways of extracting information from legacy 

data (Currie 2021). 

f. Experimentation: The scientists experiment after all, in order to test regularities. The latter 

are then exploited to draw inferences about the past (Jeffares 2008).  

The analysis of the preceding sections has shown that the compositional level of organization 

targeted by the field’s methods is an important methodological consideration in these sciences as 

well. Forber & Griffith (2011, 2) briefly allude to this consideration when, in the context of a 



 

 

discussion of evolutionary biology, they point out that information-destroying processes at the 

molecular level might not be as severe as at the morphological level. The case of geochronology 

illustrates one reason for this: historical processes unfold within a context, and a process at a given 

level of organization will display a certain degree of context-dependence. The unfolding of the 

process will be affected by its context to a greater or lesser degree.  

According to Wimsatt (1994, Section II.6), the behavior of entities at higher levels of 

organization tends to be more context-dependent than that of entities at lower levels. The idea is 

that increasing complexity adds properties. Higher-level entities tend to have more properties than 

lower-level entities. Entities interact causally with each other through their properties. Therefore, 

there will tend to be more ways of interacting with higher-level than lower-level entities. It follows 

from this tendency that a higher-level entity will have more ways of interacting with its context than 

lower-level entities. For example, an entity can interact with part of its context through subset A of 

its properties, and it can interact with another part through subset B.  

Wimsatt argues that because of this difference, it is better to think of higher-level regularities in 

terms of mechanisms than laws, for “the latter, but not the former suggests a search for 

exceptionless generalities and explanatory completeness, whereas the former fit naturally into a 

scheme which is satisfied by providing a characteristic ceteris paribus articulation of causal factors.” 

 The difference also suggests a heuristic for developing methods: if a process at a given level is 

too context-dependent to be reliable, then look for a lower-level process that can accomplish the 

same goal. To give the heuristic a name, I will call it ‘level switching’ to avoid the philosophically 

loaded term ‘reduction.’ Since, other things being equal (and this is an important caveat to which I 

will return shortly), lower-level processes tend to be less context-dependent, it is reasonable to look 

for a more reliable process at the lower level. In terms of the dichotomy between mechanisms and 

laws, one might say that this strategy attempts to recover the law-like regularity, missing at the 

higher level, by moving to the lower.18 As far as the historical sciences are concerned, the hope is 

that information-destroying processes encountered at the higher level will be avoided at the lower, 

as Forber & Griffith’s morphological/molecular distinction suggests. 

 
18 At this point one might wonder whether my view boils down to Ben Jeffares’ that historical scientists make 
significant use of regularities, some of which they themselves test. Though I think the account given here is 
compatible with Jeffares’, I do not think the distinction between testing regularities and investigating past events is 
sufficient to account for the emergence of radiometric dating which, I am arguing, is a response to specific 
problems arising at the level of organization targeted by classical geological methods. Put otherwise, the method 
of testing regularities is not sufficient to determine which regularities, and at what level, are tested and used.  



 

 

 This strategy is, in effect, the one adopted by 20th-century geochronologists. The law-like 

regularity that was gained was radioactive decay, as expressed in equation (1). The assessment of 

context-independence for this process was expressed by a key player in this episode, the geologist 

Arthur Holmes, in 1937: 

The quantum theory provides a reason for this insensibility of the radioactive elements to external 
influences. It is not difficult to remove electrons from the outer part of an atom, but radioactivity is a 
property of the nucleus, and the latter cannot be affected except by the application of radiation as 
energetic as its own. In the case of uranium the radiation emitted corresponds, as shown by Sir James 
Jeans, to the unimaginable temperature of 5,800,000,000o C. Evidently the conditions encountered 
by rocks in the earth’s crust are unlikely to affect atomic nuclei. (Holmes 1937, 127) 
 

Of course, a major risk in this approach is that the lower-level context might turn out to be pretty 

influential after all. And this was indeed a major challenge for isotopic age determination, for its 

reliability turned out to be dependent on two crucial conditions:19 

i. The system of interest (e.g., a rock) as a whole and each analyzed part of it was closed 

between t = 0 and time t (see equation 1). That is, there has been no transfer of the parent 

or daughter element into or out of the system. 

ii. The system was at isotopic equilibrium at t = 0, i.e. the distribution of isotopes was 

homogeneous. 

Condition (i) is clearly sensitive to context, since the extent of migration of elements into or out of 

the sample depends heavily on contextual factors, like the presence of contaminants in the 

environment. Condition (ii) depends on the diffusion rate of the elements before the sample 

solidified. This rate in turn depends on the element and the properties of the material through 

which it diffuses. The latter properties will be influence by contextual factors. For example, as a 

molten crystal cools, the rate of argon loss will be different for the crystal rim than the crystal 

interior, due to a higher concentration gradient at the surface of the sample (White 2015, Section 

2.3.2). If we are using the popular 40Ar/39Ar dating system, the result is that we will measure a 

different age for the rim than the interior. Thus the surface/environment interface is a possible 

source of error in such cases. More generally, homogeneity depends on the diffusion of elements 

between subsystems of the sample, and between the subsystems and the sample’s environment. 

 Geochronologists spent much of the mid- and late-20th century working out ways to correct for 

these sources of error. Despite these, however, the fact remains that the process at the heart of 

radiometric dating was exceptionally stable to changes of context. This stability made it relatively 

 
19 See White (2015, Section 2.2) for a detailed discussion of these conditions. 



 

 

invulnerable to information-destroying processes. And indeed, stability was tested in a number of 

different ways, including: 

• Experimental variation of temperature and pressure 

• Variation of chemical environment 

• Subjection to magnetic fields 

• Bombardment by high-energy rays 

• Field studies testing possible effects of cosmic rays 

• Agreement with the observation of pleochroic halos20 

• Calibration against geological sequence data, i.e. stratigraphic, dendrochronological, and 

coral growth data (Barrell 1917, 873-874; Dickin 2018, 11) 

• Calibration against seafloor spreading rates (Dickin 2018, 11) 

• Mutual agreement among decay systems with widely differing decay constants (Dickin 2018, 

11) 

The first five of these represent tests against environmental variation (also the sixth, since stratigraphic 

position was used as an indicator of pressure or temperature variation; see Barrell (1917, 872-3)). The 

only potentially interfering process, on Earth, that was discovered is that of electron capture, which 

produces a new nucleus and which shows a slight dependence on pressure. Capture is only a problem, 

however, at depths where the decay systems are so chemically open as to be useless for dating anyway, 

as one might expect given the two conditions above.  

Wylie and Bokulich have argued that that stability did not provide sufficient warrant for accepting 

the results of radiometric measurements at face value, largely due to confounding contextual factors 

such as violations of the closed-system assumptions. Nevertheless, I do think stability, together with 

other contextual factors facing mid-20th century geologists, did provide sufficient warrant for accepting 

the method as the basis for a research program, if not an absolutely reliable method. That is, (1) the 

evidence for stability gave prima facie support for ages inferred by the method; (2) there was promise 

that the new method would allow research to get off the ground; and (3) there was promise that the 

weaknesses in the new method could be overcome by future improvements, e.g. that corrections for 

confounding factors could be found, shortcomings of analytical methods would be discovered and 

 
20 Pleochroic halos are rings of discoloration that have been found to surround alpha-particle-emitting crystals. 
Their radius was predicted to be independent of time, and this prediction was confirmed by measurement. This 
and the preceding tests are discussed in Holmes (1937, 126-137). 



 

 

corrected for, and instrument bias and limitations in sensitivity and resolution addressed.21 (1) was 

already substantially fulfilled by the end of the 1930s. With regard to (2), section 3.1 above discussed 

the flourishing of research that occurred in the post-war years. Much of this research can be traced back 

to the Institute for Nuclear Studies at the University of Chicago, founded after World War II, strongly 

suggesting that the promise could be foreseen at least as early as the 1940s (Shindell 2014). With regard 

to (3), it is worth keeping in mind that the weaknesses of the non-radiometric methods were well 

established by the 1930s, so geochronologists did not have a plausible better alternative. Wylie and 

Bokulich explain in detail how many of the confounding factors of the radiometric method were dealt 

with. I would only add that the exceptions to the closed-system assumptions were already known by the 

late 1930s, and methods for correcting for them were already being developed then and in the 1940s. 

Moreover, significant advances in mass spectrometry, the core tool of radiometric dating (excluding 14C 

dating), had been made throughout the 1910s, ‘20s, ‘30s and ‘40s (Grayson 2016, 2002). The work of 

physicist Alfred Nier is particularly noteworthy in this regard, for his 1938 mass spectrometer design 

allowed for the separation of lead isotopes, and the determination of their relative abundances, with 

unprecedented resolution and sensitivity. Moreover, his follow-up 1940 design provided the foundation 

for widespread use of the instrument in the Earth sciences (Grayson 2016, 2002; White 2015, Appendix; 

de Laeter 1998; Borg in preparation).  In short, when we consider the epistemic context in which mid-

20th century geologists adopted the radiometric method, there seems to have been good reason to bet 

on it. 

Let us now return briefly to the crystal example, in order to illustrate some of the features of levels 

of organization. Based on what has been said so far, the crystal can be analyzed in terms of four levels of 

organization: 

i. The individual nucleus 

ii. the individual isotope 

iii. the ensemble of isotopes distributed throughout the crystal 

iv. the macroscopic crystal that can be observed and manipulated by humans 

 

i. The nucleus can be considered in abstraction from its atomic context, i.e. without taking the 

electrons into account. Due to the high energies involved in nuclear processes, the latter are not 

affected by its environment except in extremely high-energy contexts like stellar interiors or the 

 
21 Here I adapt criteria, proposed by Smith (2010) for assessing the evidential warrant for theoretical claims at an 
early stage in research, to the assessment of methods.  



 

 

Earth’s core. Decay is otherwise a spontaneous process in which the interaction with the 

environment is entirely one-way.   

ii. The individual isotope is an atom, and so consists of a nucleus and orbiting electrons. There are 

now electromagnetic interactions between the nucleus and the electrons. The latter allow the 

isotope to interact with its environment through chemical bonding, in addition to radioactive 

decay.  

iii. The individual atom is now part of a group of isotopes distributed in a medium. The members of 

the ensemble continue to undergo chemical bonding and decay, of course. In addition, their 

ensemble-ness has properties of its own, such as the parent/daughter ratio and the spatial 

distribution of isotopes across the system. These properties are determined by the movements 

of the ensemble’s constituents within, into and out of the system.  

iv. The ensemble is a component of a macroscopic, three-dimensional object, the crystal, which, in 

addition to undergoing these nuclear, chemical, and diffusive processes can also be extracted 

from its natural environment, mechanically manipulated, inspected, mounted into an 

instrument, chemically treated and so forth.  

This example displays an accumulation of properties on going up the levels. The fourth level, the crystal, 

is capable of interacting with its environment through radiation,22 chemical bonding, migration of 

elements and isotopes, and mechanical processes. In contrast, the original level, the nucleus, was mainly 

capable of interacting through nuclear processes like radiation, fission and fusion.  

In short, geochronology was a case of historical scientists addressing epistemic scarcity, extremely 

successfully, by finding a measurable process at a compositional level of organization where the 

information-destroying processes, which had interfered with measurement at the previous level, were 

rendered moot, within the limits of the caveats discussed above. They were also fortunate to find a 

process that is diversely instantiated in nature by different kinds of systems, thus allowing the 

information obtainable from a given kind to be complemented by that from others.  By the same token, 

these features of the process gave it a wide scope of application, permitting the dynamic described in 

section 3.1. 

 
22 This is the case, for example, with the formation of the pleochroic halos discussed above.  



 

 

5 Conclusion  

In this paper, I have used Chang’s ‘system of practice’ framework to analyze an important 

episode in the development of the historical Earth sciences. Whereas Chang has emphasized the need 

for ontological presuppositions to make epistemic activities intelligible, this paper has focused on the 

ontic consequences of the presupposition of a compositional hierarchy. As noted in section 2.1, that 

presupposition can fail. It follows that ontological presuppositions are not necessarily merely a priori, 

but can admit of a posteriori justification or falsification. In the case of geochronology, the 

presupposition was largely justified, including in ways that the originators of radiometric methods could 

not have anticipated. 

One virtue of the system of practice framework is that it permits finer-grained analysis of 

scientific practice than is possible with broad categories such as ‘theory,’ ‘experiment,’ or ‘technology.’ 

To use one of Chang’s cases, the category of ‘experiment’ does not allow us to distinguish between 18th-

century chemists who were principlists (phlogiston supporters) and those who were compositionists 

(oxygen supporters), since both conducted experiments.23 By applying this framework to the case of 

geochronology, I have identified a subtle but important shift in what one might call the ‘problem-field’ 

of that discipline. The “time-problem” facing early 20th-century geologists actually combined three sub-

problems. First, there was a problem specific to the historical sciences, the asymmetry of manipulability. 

In this case the asymmetry stemmed from the need for a time-keeper that was around when humans 

were not. Second, there was a problem specific to measuring time, the search for a process that can 

serve as a clock. Though the search for a process that is constant over geologic time can be, and was, 

related to uniformitarianism, it is not a problem derived from it but from the requirements of time-

keeping.24 Third, it was a problem of finding a good method, which had various pragmatic and epistemic 

implications such as those discussed above.   

The problem-field that came out of this episode was somewhat different. Evidence for this 

change can be found in the Crafoord Prize acceptance address of Gerald Wasserburg, one of the pre-

eminent isotope geologists of the post-war period.25 He declared that: 

 
23 According to Chang (2011, 256), principlism is “a system-type formed around the concept of principles, 
namely fundamental substances that impart certain characteristic properties to other substances; in the 
principlist ontology there is an asymmetry between principles and the other substances that are 
transformed by them, principles being active and the others passive.” 
24 Barrell (1917) and Holmes (1947) both criticize proponents of geological time-keepers for adhering to an overly 
strict uniformitarianism.   
25 The Crafoord Prize is the most prestigious award in geology. The latter does not have its own Nobel Prize. 



 

 

We view samples of the accessible universe as a library of experiments that have already been done. Our 

art must be to select those materials which have a persistent memory and which together can bring 

testimony to the natural experiment of interest. … All of the usual chemical changes will not seriously 

alter the abundance of the nuclear species once the object is isolated from nuclear reactions (there are 

exceptions to this rule which we will not discuss here). The problem then is to identify, within that piece of 

matter, those observations which can establish the nature and chronology of the events whose memory 

has persisted. … Such an approach requires the use of concepts, observations and measurement 

techniques from rather diverse fields and together define a new field, that of cosmochemistry or 

cosmophysics. (Wasserburg 1987, 129-130; my emphasis).  

Whether or not this approach is experimental, as Wasserburg seems to think it is, it is certainly 

analytical in the sense of section 2.1.  The problem was now to extract information from samples about 

past events and their timing. This shift, in conjunction with a fact of nature, and supported by the 

broader state of science and technology, opened the perspective of an ambitious new field. The shift 

illustrates the reciprocal relation of means and ends: the “nuclear species” went from being objects of 

investigation in the early 20th century, to a means for measuring time, to the basis for a rich diversity of 

studies of Earth and cosmic history. The means were delivering the characteristic surplus of knowledge 

identified by Wolfgang Lefèvre (section 2.2.). Viewed from the standpoint of analysis, this particular 

historical science starts to look similar to classic experimental sciences like chemistry or biology, as well 

as certain observational sciences like astronomy.  
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