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Estimating the postmortem interval (PMI)–the time since death–remains a longstanding challenge 
in forensic and biological sciences due to the complex influence of environmental and physiological 
variables. Here, we present a novel computational framework that leverages the physical principles 
of radioactive decay to estimate PMI using the relative isotope abundances of radon progeny (210Pb, 
210Bi, and 210Po) in biological tissue. Our approach models the decay chain of inhaled 222Rn and 
solves the associated system of differential equations to determine PMI based on isotope ratio 
dynamics. A key innovation is the use of paired measurements taken at two postmortem time points to 
capture the time-derivative of the decay curve, enhancing solution uniqueness, reducing dependence 
on prior exposure history, therefore minimizing error. Monte Carlo simulations were employed to 
assess model performance. If validated empirically, this approach lays the groundwork for a physics-
based method for PMI estimation with potential applications in forensic science and radiation biology.

The amount of time that has elapsed since the death of an individual and discovery of their corpse is known as 
the postmortem interval (PMI) and, as it is typically very important for investigators to get an estimation of how 
long the person has been dead, is a challenging problem in forensic science1–3. Indeed, the earliest documented 
study of PMI dates to the 13th century, with controlled scientific studies commencing in the 19th century4. Since 
then, a large number methods have been explored, with an exponential increase in publications since the 1970s. 
Resulting PMI methods have been largely based on physical, biological, and biochemical indicators5. However, 
all PMI tools we have are subject to varying degrees of uncertainty that make it difficult to determine PMI with 
accuracy (i.e. PMI estimate reflects the actual time of death) and/or precision (i.e. PMI estimates are consistent 
between corpses with same time of death)5,6. Current information used to estimate PMI can be broadly divided 
into three groups based on the source information: circumstantial evidence, environmental indicators, and 
bodily changes.

Circumstantial evidence such as when the deceased was last seen alive, etc., can certainly be helpful to narrow 
down PMI, but certainly not universal to all cases, and can be confounded by many variables influencing bodily 
changes; as this is not part of forensics per se, we will not comment on the use of circumstantial evidence any 
further. Environmental indicators of PMI include external processes such as forensic entomology, the study of 
insects such as flies that parasitize dead tissue7,8. In that case, insects may lay eggs on mucous membranes such 
as eyes or mouth, which later develop into larva. By studying eggs and larva, an entomologist may estimate 
the earliest time that egg laying occurred that, under ideal circumstances, can suggest the minimum PMI. 
However, maximum PMI cannot be estimated using this approach, which is also confounded by environmental 
temperatures that influence egg hatching and larva development, and are precluded if the corpse exists in an 
environment with few to no insects.

Postmortem bodily changes are perhaps the best studied and most useful ways to estimate PMI that we have 
today, and refer to how a corpse is impacted by different physical, biochemical, and biological processes9. The 
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classic early signs of death are livor mortis, rigor mortis and algor mortis3. Livor mortis is the collection of 
blood in dependent parts of a body due to the cessation of circulation, leading to a blue-reddish discoloration 
of the skin which usually starts to appear within an hour after death. Rigor mortis is stiffening of muscles due 
to energy depletion and usually begins to form around three hours postmortem. However, both Livor mortis 
and Rigor mortis are confounded by known and unknown factors, and their presence or absence can only 
be used to make crude assessments of the PMI. Algor mortis refers to the gradual cooling of the body from 
37◦C  to ambient temperature, is predictable under certain circumstances, and it is the most used method of 
PMI assessment if a corpse is found within hours of death. Algor mortis can be used up within 24-48 hours 
postmortem, depending on person’s weight and clothing, and if the ambient temperatures are 20◦C . In optimal 
cases, the Henssge’s nomogram10 gives a PMI estimation of PMI ±2.8 h within 95 percent confidence interval 
(CI95). However, the reliability of algor mortis is confounded by temperature extremes, hypo- or hyperthermia, 
sunlight exposure, clothing, if the corpse is wet or dry, movement of air, and crime scene variables such as opening 
doors or windows, or the body being covered by a blanket. Another bodily change measurement used for PMI 
estimation is to evaluate the gradual rise in potassium concentration in vitreous fluids after death11, although 
this has a margin of error in hours to days depending on formulae used12. Finally, the rate of decomposition 
caused by autolysis (self-digestion by endogenous enzymes) and putrefaction (digestion by micro-organisms) 
can be useful, although is accelerated by high ambient temperature, fever, and/or sepsis, is delayed by cold, and 
generally has uncertainties so large its use is questioned in court9,13.

Of all the PMI methods, body temperature and vitreous potassium are best studied and of most use2. That said, 
both approaches have drawbacks in that they require certain environmental conditions, come with large margins 
of error, or have a relatively short time window in which they can be used. Because of this, investigators have 
been exploring different bodily change analytes or parameters to find ‘something better’. However, some forensic 
medicine authorities have speculated that this search does not make any sense, since parameters for existing 
bodily changes would also change with increasing PMI and be influenced by the existing confounding factors 
such as ambient temperature14. Henssge and Madea14 offered the opinion that new PMI methods “only gain 
practical relevance if the following criteria are fulfilled: quantitative measurement, mathematical description, 
taking into account influencing factors quantitatively, declaration of precision and proof of precision on 
independent material”14. Hence, the challenge is to overcome the underlying problem with the classical forensic 
PMI methods: that they depend on parameters that show inherently wide variations dependent on too many 
variables. No matter how large studies are, these variations will still be there and it is not possible to include all 
possible internal and environmental conditions.

The motivation for our study was to ideate a tool that is independent of biological processes or environmental 
circumstances and, instead, is based on a well-characterized process that depends only on atomic physical 
properties such as radioisotopic stability. In this context, the application of a short-lived radioactive decay chain 
is appropriate since the probabilities of nuclear decays are innately independent of environmental conditions 
such as temperature, pressure, humidity, or biology. Radioactive decay has been studied for PMI estimation 
before15–17, with the best-studied and most used method being carbon-14 (14C) analysis used by archaeologists 
to date skeletal remains. In 1998, Benjamin Smith proposed using the ratio of radioactive lead-210 (210Pb) and 
polonium-210 (210Po) to date skeletal remains of interest to forensic anthropology, although it was considered 
impractical at the time16. More often, and thanks to radioactive strontium-90 (90Sr) contamination of the 
atmosphere from 20th century atomic weapon testing, ‘90Sr pulse’ measurement is now used to date human 
skeletal remains, albeit with error in the range of years18,19. Of all these radioisotopic methods, none are 
considered practical for estimating PMI with the sensitivity needed to be of use to active forensic cases, where 
timelines must be measured in hours instead of decades.

For radioactive decay to be useful in ordinary forensic PMI investigation, we suggest the following 
prerequisites need to be fulfilled. First, the parent radioisotope must be present in a majority (or all) dead bodies 
regardless of location or medical history. Second, the measurements must be sensitive enough to detect reliable 
changes in the amounts of the radioactive parent and its decay products over the PMI of interest, usually days 
to weeks, or perhaps months depending on the case. Third, investigators must be able to calculate the amount 
of the radioactive element, and its decay products present in the body at the time of death, or there must be a 
predictable (ideally universal) development of the subsequent ratios for isotopes in life and after death.

We hypothesize that measuring the numerical ratio between a radioisotope and its decay products could 
meet these criteria and become a helpful new way to derive PMI. For example, if one observes that isotope A 
decays to stable isotope B with a half-life of one day, a ratio of A:B of 1:1 would mean that the body has been 
dead for a day, assuming that there was no amount of B at the time of death. Here, we discuss and investigate a 
theoretical forensic system that is ubiquitous amongst the human population, naturally present in the terrestrial 
environment, and would not rely on understanding specific medical histories of individuals.

Results
Conceptual framework
We speculate that there is an opportunity to estimate PMI using the relative abundance of radioactive decay 
products generated from naturally occurring 222Rn and that is absorbed by living systems. More specifically, 
the inhalation of radon gas and its decay products is functionally universal on Earth, as 222Rn is generated 
by uranium isotope-bearing minerals within the lithosphere and migrates via free-phase gas and water to 
the surface, where it enters the atmosphere of including indoor and outdoor air environments occupied by 
people20,21. Human populations are exposed to some amount of radon and radon decay products daily, which 
is typically measured in an indirect manner by evaluating the amount of alpha particle emissions per second 
(Bq) per cubic metre of air (Bq/m3)22. 222Rn levels in outside air are typically measured in the 1-60 Bq/m3 
range23–25, although can be > 100 Bq/m3 in exceptional cases26. Indoor air or subterranean air radon amounts 
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can be anything from 10-100,000 Bq/m3, depending on building and region20. 222Rn has a relatively short 
half-life of 3.8 days before undergoing a series of radioactive decays to form a series of very short lived (t1/2 = 
microseconds to minutes) isotopes of Po, Pb and Bi before becoming long-lived 210Pb (t1/2 = 22.3 years), then 
210Bi (t1/2 = 5 days), 210Po (t1/2 = 138 days), and finally stable 206Pb (Figure 1).

Although exposure to some amount of gaseous 222Rn and solid radon decay products is functionally 
universal, the specific amount of these radioisotopes inhaled by a person occurs at variable amounts across 
a lifetime depending on where they live, in what buildings they occupy, and behavioural factors such as 
occupation, tobacco use, diet and more27–31. It is important to understand that human exposure to radon and 
its decay products is a function of how much gaseous 222Rn is constantly entering a given environment from 
geogenic sources, and also those radon-decay products that have equilibrated within the same environment 
via 222Rn decay and attachment to particulates such as smoke or dust20. Both gaseous radon and the ‘attached 
fraction’ of radon decay products are inhaled and will be absorbed into living tissue via the lungs32–34. To a lesser 
extent, radon and its decay products can be ingested via drinking groundwater, eating certain foods such as 
210Pb-rich lichen-eating wild game (e.g. caribou, elk, deer, moose), or tobacco smoking34–36. As all these routes 
of exposure demand that a person is alive, the deposition of 222Rn and radon decay products within tissue is 
innately associated with life, whilst the cessation of breathing, drinking, and/or eating that occurs at death marks 
the end of incoming 222Rn and radon decay products.

Careful measurement of the relative abundance of these decay products is now possible using recent 
advances in technology and so, for the first time, it is theoretically possible to use a radioisotopic decay of 
222Rn to evaluate PMI. Indeed, previous work by Ziad and colleagues37 explored the use of radon decay product 
ratio measurements to estimate time of death. Assumptions made during that investigation included constant 
radon exposure during life and an initial equilibrium value of 210Pb:210Po that complicates time of death 
estimation37; as these assumptions were undefined, they added uncertainties. We note that while the theoretical 
idea to measure 222Rn decay products to estimate PMI is straightforward, its practical application is not. The 
accumulation of radon decay products in tissue is in the order of femtogram per gram (fg/g). Consequently, 
hypersensitive instruments are needed to measure isotope abundance (i.e. number of atoms) of radon decay 
products in biological tissues. If a low abundance measuring procedure is in place, as has been achieved for 
uranium or plutonium isotopes38, the next problem is to identify tissues that are helpful to measure within the 
context of a corpse, based how radon decay products are stored in the body. Current evidence suggests that, 
in addition to the lungs, keratinizing tissue (nails), adipose tissue (fat), and bone are all tissues where radon 
decay products have been empirically found to accumulate33,34. To develop and evaluate a theoretical model, we 
divided our work into two consecutive phases: the forward model and the actual Radon Time of Death Clock 
calculation. Our rationale was to use the radioactive decay equations under the assumption of a steady source of 
radon to generate data that could then be used to test the accuracy of the Radon Time of Death Clock. A critical 
component of the Radon Time of Death Clock developed here is the use of (1) relative numbers of isotopes and 
(2) two pairs of isotope abundance ratios. These input data enable a determination of the elapsed time since 
death to very high accuracy and is a key feature of this approach.

Fig. 1.  The 222Rn main decay chain and daughter products. The half-life of each isotope is indicated. Only 
the dominant decay pathways are shown and low-probability branches (e.g., 218Po to 218At) are omitted for 
clarity.
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The forward model
For the forward model, we conceptualized a person who inhaled air containing an average of 100 Bq/m3 radon 
from birth to the time at which they died (time of death = td). The radon exposure assumption reflects the 
reality of radon in many nations including, for example, Canada where recent outcomes of national surveying 
found that the geometric mean, weighted level of radon in a residential building is 84.7 Bq/m3, with 42% of 
people experiencing levels of radon 100 Bq/m3 or more. For the forward model, we also assumed inhalation of 
radon and all radon decay products ceased entirely at the time of death, and that the numbers of 210Pb, 210Bi, 
and 210Po atoms each began to decrease according to radioactive decay laws and their respective radioisotopic 
decay probabilities. At specific times after the discovery of the theoretical corpse by investigating authorities, we 
assumed the measurements of radon decay products in one or more tissues from the body could be performed 
(time of measurement = tm), including the numbers of remaining atoms and isotope number ratios.

We suggest that two ratios that involve three radon decay isotopes (210Pb, 210Bi, and 210Po) are of particular 
interest, as these isotopes have relatively longer half-lives; these ratios are: r1 =

210Pb
210Po  and r2 =

210Pb
210Bi . Starting 

with zero atoms for all the species of interest, and having a set of decay rates, we can obtain the ratios of the 
number of atoms at any time before or after death. The decay equations guarantee existing a unique set of ratios 
for any specific set {td, tm},

	

dN0t = A − λ0N0,

dN1t = λ0N0 − λ1N1,

dN2t = λ1N1 − λ2N2,

dN3t = λ2N2 − λ3N3,

� (1)

In this scenario, the value A (Bq) represents the constant activity level of radon in air, and (λ0, N0), (λ1, N1), 
(λ2, N2), (λ3, N3) denote decay constants and number of atoms for 222Rn, 210Pb, 210Bi and 210Po, respectively. 
However, after death, the first equation follows:

	 dN0t = −λ0N0,� (2)

In this scenario, the supply of radon to the body ceases, the 222Rn atoms undergo decay and, since the person 
is no longer inhaling air, there is no source to replenish the 222Rn atoms. Below are the solutions to the above 
equations before death:

	
N1(t) = Aλ0(1 − e−λ1t)

λ1
,� (3)

	
N2(t) = Aλ0(λ1(1 − e−λ2t) + λ2(e−λ1t − 1))

(λ1 − λ2)λ2
,� (4)

	

N3(t) = Aλ0e−(λ1+λ2+λ3)t

(λ1 − λ2)(λ1 − λ3)(λ2 − λ3)λ3
×[(λ2

1eλ1t(λ2eλ2t(eλ3t − 1) − λ3eλ3t(eλ2t − 1))

+ λ1eλ1t(λ2
3eλ3t(eλ2t − 1) − λ2

2eλ2t(eλ3t − 1))

+ λ2(λ2 − λ3)λ3e(λ2+λ3)t(eλ1t − 1))].

� (5)

A Monte Carlo simulation was done where the age of the individual and the time that elapsed between death 
(td) and the measurement (tm) were varied. Specifically, td varied between 20 and 40 years and tm varied up to 
20 days. The simulation was run 3,500 times to create multiple sets of 

210Pb
210Bi  and 

210Pb
210Po  isotope number ratios, 

with each pair having a known td and tm.

The radon time of death clock
We next used the data generated from Monte Carlo simulations as input quantities to the Radon Time of 
Death Clock, to test its theoretical accuracy, meaning how well outcomes predicted a known time of death. The 
calculation of the elapsed time for measuring the numbers of 210Pb, 210Bi, and 210Po atoms (tm) was based 
only on the relative isotope number ratios. Thus, the input quantities to the Radon Time of Death Clock were the 
r1 and r2 ratios. Here, we assumed the individual was exposed to a constant level of radon over their lifetime. 
The model was implemented in Python 3.0 and employs the “brute force” method that involved calculating the 
function’s value at each point on a multidimensional grid to determine the function’s global minimum, and the 
Nelder-Mead minimization algorithm to calculate the elapsed times between death and measurement of isotopic 
composition.

The model solved the radioactive decay equations simultaneously for the two pairs of number ratios such that, 
although the radioactive decay probabilities for each radionuclide are different, the elapsed time for radioactive 
decays must be the same. Very importantly – as it would be impractical in the field – knowledge of the absolute 
radon exposure of the person at the time of death was not needed, as this quantity was cancelled out in the 
calculation since equations employed the relative number of isotopes (i.e. 210Pb to 210Bi and 210Pb to 210Po). 
The use of two sets of the relative numbers of isotopes enabled the calculation of a unique answer. In the case 
of using a single isotope number ratio in the calculation (i.e. only 210Pb to 210Bi), the result from the model 
was not unique. However, if both relative isotope number ratios were input to the model, then the result was 
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constrained to a much narrower range of possible values for the time elapsed between death and measurement, 
where a solution to the equations is found.

Constant lifetime radon exposure
In the hypothetical scenario of constant radon exposure during a lifetime, we define a two-dimensional vector 
field, ⃗r = S⃗(td, tm), where ⃗r = (r1, r2). Vector field S⃗ can be evaluated based on decay equations for any valid 
set {td, tm}, either analytically or numerically. We consider evaluating vector field S⃗ at any given time set to 
be ‘solving the direct problem’ – i.e., solving the direct problem simulates a reality in which a person lived for a 
specific time with a constant radon exposure, died at td, and the r1 and r2 ratios are measured at td + tm. The 
components of S⃗(td, tm) give us the ratio values in the ideal case of no uncertainty in the measurement results.

Assuming that there is a unique set of times, {td,T , tm,T }, which leads to a specific set of measured ratios, 
{r1,T , r2,T } (i.e. r⃗T = (r1,T , r2,T ) = S⃗(td,T , tm,T )) that we define ’solving the inverse problem’ as follows. 
The subscript T denotes the true value, which is presumed to be measured. Due to the absence of uncertainty, 
this true value should correspond to the value obtained from the forward model. When defining the scalar field,

	 Er⃗T
(td, tm) =

∣∣S⃗(td, tm) − r⃗T

∣∣ ,� (6)

we suggest that there should be one single global minimum for Er⃗T  which happens at (td,T , tm,T ). Hence, for 
a given set of valid ratios, r⃗T , one can find the set of times, {td,T , tm,T }, that leads to the measured ratios, by 
minimizing the scalar field Er⃗T .

To test the accuracy of the model, we next calculated the elapsed time since death for the isotope pairs 
produced by the Monte Carlo simulations. The results are shown in Figure 2a, where the difference between 
actual and calculated elapsed measurement times (optimization error) are plotted as a function of the time that 
has elapsed since death. Outcomes demonstrate that the Radon Time of Death Clock could provide reliable 
results within just a two-week window after actual the death of the individual, and were remarkably precise 
with the average absolute error of 114 milliseconds. The consistency of the results was supported by a standard 
deviation of approximately 141 milliseconds. The error distribution arising from a scenario involving constant 
radon exposure and a single time measurement of two isotope pairs is shown in Figure 2b.

Accounting for variation in radon exposure across a lifetime
In reality, people are exposed to 222Rn and solid radon decay products at a variable rate and at different levels 
across their lifespan20,21,28,39. Empirical evidence for ever changing radon exposure across a lifetime exists and 
has been demonstrated, with shifts in exposure caused by life events such as entering the workforce, changing 
profession, starting or stopping tobacco smoking, moving house, entering retirement, obtaining a radon 
reduction, and/or more systemic events such as implementation of pandemic emergency lockdown responses 
telecommuting, or nation wide building code changes27–31. So, to make the model more realistic, we next modeled 
a scenario where we assumed that the rate of radon exposure undergoes multiple changes during individual’s 
lifespan (albeit, for simplicity, each period of exposure was constant between jumps).

Similar to the case of constant exposure, we define the vector field r⃗ = S⃗f(t)(td, tm), where f(t) is a piece-
wise constant function of time that gives the overall rate of radon exposure activity over time. Note that the rate 
of radon exposure activity is defined only within the time between conception and death and that, after death, all 
relevant radionuclides will decay with no further input from parental 222Rn and/or solid radon decay products. 
Therefore, all the discontinuities of f(t) should satisfy 0 < t < td, and f(t) = 0 for t > td. Furthermore, for a 
constant function f(t) within 0 < t < td, we have, S⃗f(t) = S⃗. Mathematically, we define,

	

f(t) =




a1 , 0 < t < t1
a2 , t1 < t < t2
...
aN , tN−1 < t < tN

aN+1 , tN < t < td

0 , td < t

,� (7)

Here, N is the number of jumps in the rate of radon exposure activity the person experiences, while tn ∈ Tjumps 
is the time of nth jumps, and aj ∈ jumps is the constant value describing the rate of radon exposure activity 
between two successive jumps.

In an ideal scenario, solving the inverse problem would determine the set of parameters 
{td, N, jumps, Tjumps, tm}, in which N is the number of jumps, jumps, is the set of activity values between the 
jumps, and Tjumps is the set of times of jumps before td, such that these lead to a set of ratios that match with the 
measured values in reality (or the outcome of S⃗f(t)(td, tm)). However, from a practical perspective, solving such 
a problem would far too computationally expensive to be helpful (i.e., impractical using regular computers, as 
the number of unknown parameters is large). It can be claimed that if there is any piece-wise constant function 
f̃(t) ̸= f(t) and t̃d ̸= td such that,

	 S⃗f̃(t)(t̃d, 0) ≃ S⃗f(t)(td, 0),� (8)

Then will have the equation below for any tm:
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	 S⃗f̃(t)(t̃d, tm) ≃ S⃗f(t)(td, tm),� (9)

The implication of this is that the post-mortem evolution of these radioisotopic ratios is predicted to follow a 
similar pattern regardless of the lifespan or lifetime radon exposure of the person, meaning this readout of PMI 
is agnostic to inter-individual differences, and so is likely helpful to forensic investigators who need to ascertain 
PMI. To move forward with evaluation our model, we proceeded under the assumption that it is feasible to 
replicate the post-mortem characteristics of r1 and r2 from a scenario with the death occurring at time td and 
multiple fluctuations in the rate of radon exposure activity over the lifespan. We used a less complex scenario 
where death happens at a different time t′

d (td ̸= t′
d) and involves a single change in rate of radon exposure 

activity. Although this approach is an approximation and will not exactly mirror the reality of lifetime radon 

Fig. 2.  (a) Difference between the true and calculated elapsed time since death using the two pairs of isotope 
number ratios. Note that no uncertainty was assumed for the input quantities to the model. The RTDC could 
calculate the accurate time of death to within seconds. (b) Distribution of errors in post-mortem interval 
estimation under constant radon exposure conditions, showing Gaussian distribution pattern of discrepancy 
between predicted and actual time since death.
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exposure, it is a reasonable estimation for a wide range of cases. To formulate the aforementioned approximation, 
we initially define a step-function g(t) as follows,

	
g(t) =

{
a1 , 0 < t < t1
a2 , t1 < t < td

0 , td < t
.� (10)

Since we deal with the ratios, the absolute values of a1 and a2 do not affect the results directly, rather, the ratio 
a = a2/a1 is what is important for us. So, we redefine the function g(t) to reduce the number of parameters,

	
g(t) =

{
1 , 0 < t < t1
a , t1 < t < td

0 , td < t
.� (11)

Now, with having r⃗T = S⃗f(t)(td,T , tm,T ), we define the scalar field,

	 Er⃗T
(td, tm, t1, a) =

∣∣S⃗g(t)(td, tm) − r⃗T

∣∣ .� (12)

Similar to the case of constant activity, by minimizing the scalar field Er⃗T , we can obtain the set of parameters 
that result in the ratios of interest, and those parameters include tm.

Measurement of radioisotope ratios at multiple times postmortem
The theoretical approach we have described so far yields generally satisfactory outcomes. However, in certain 
instances, we observed that it can lead to very large uncertainty on tm values. The discrepancy arises because the 
parameters {td, tm, t1, a} that result in r⃗T  are not unique, and an example where the method fails is depicted 
in Figure 3.

In all cases, the resulting ratios match those obtained from the forward model simulation. However, there is 
a notable discrepancy in the estimation of tm. To address this issue, one approach we suggest is to incorporate 
radioisotope ratios with their rates of change (time derivative) into the analysis. As an approximation of the 
time derivative, a second measurement of ratios can be introduced into the scenario. The first measurement 
takes place at t1,T = td,T + tm,T , and the second measurement at the time t2,T = td,T + tm,T + tstep. The 
outcomes are denoted as r⃗1,T = (r1,1,T , r2,1,T ) for the first measurement and r⃗2,T = (r1,2,T , r2,2,T ) for the 
second one.

	 r⃗1,T = S⃗f(t)(td,T , tm,T ), � (13)

	 r⃗2,T = S⃗f(t)(td,T , tm,T + tstep). � (14)

Then we define the scalar field that should be minimized as,

	 Er⃗1,T ,r⃗2,T
(td, tm, t1, a) =

∣∣S⃗g(t)(td, tm) − r⃗1,T

∣∣ +
∣∣S⃗g(t)(td, tm + tstep) − r⃗2,T

∣∣ . � (15)

The error distribution for a model with varying radon exposure and two measurements of two isotope pairs that 
are separated in time is in Figure 4. Since no measurement of isotopic composition is free from uncertainty, a 
preliminary study was carried out to explore the sensitivity of the Radon Time of Death Clock to measurement 
errors. An initial run introduced random error to the the r1 and r2 isotope number ratios and the model 
calculations were repeated using a relative standard deviation of 0.01 percent in the ratios. Under these 
conditions, the uncertainty in the elapsed time calculation increased to approximately 1 day. To explore the 
theoretical limit of the model’s temporal resolution, calculations were repeated assuming a relative uncertainty 
of 0.01% in the isotope ratios. While this level of precision is not currently achievable using standard detection 
techniques, it serves as an upper-bound scenario to evaluate model behavior under idealized conditions, such as 
might become accessible through future advances in measurement technology.

Discussion
In this study, we explore the idea of estimating near-term PMI by analyzing radioactive radon decay products, 

building upon radiometric forensic science and earlier work within the context of forensic anthropology16. Our 

model’s potential lies in its utilization of isotope abundance ratios of 
210Pb
210Bi  and 

210Pb
210Po  before equilibrium is 

reached. By measuring two isotope abundance ratios of the 222Rn decay products from a sample at different 
points in time after death, the technique allows for accurate determination of the PMI. At this stage, we consider 
the approach of using two pairs of isotope number ratios to solve the radioactive decay equations to be effective 
at estimating the elapsed time between death and measurement to a practical level of uncertainty. Important 
open questions remain, including the impact of variable radon and radon decay product exposure levels (across 
a lifetime) on the results. There is also the critical challenge of measuring the numbers of 210Pb, 210Bi and 
210Po with sufficient precision and accuracy such that the model can produce reliable results; this is a subject 
of ongoing research to develop the necessary analytical methods and hypersensitive tools needed to achieve this 
objective.
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A limitation of the present study lies in the absence of empirical validation using postmortem biological 
samples. While the theoretical model demonstrates mathematical precision and internal consistency, its real-
world forensic applicability depends on the ability to measure the abundances of 210Pb, 210Bi and 210Po in tissue 
samples postmortem, and to confirm that the modeled assumptions hold under biological and environmental 
variability. We acknowledge that future experimental studies are essential to validate the model predictions and 
assess the feasibility of implementing the approach under operational forensic conditions. As a first step toward 
this goal, we are developing a validation plan using postmortem animal tissue (e.g., rat lungs) to simulate realistic 
decay scenarios under controlled conditions. For the measurement of radon progeny at trace levels, we aim to 
employ laser ionization coupled to multiple-reflection time-of-flight mass spectrometry (MR-TOF-MS) at the 
TITAN facility at TRIUMF40, which offers the required mass resolving power and was specifically designed for 
the selective detection of low-abundance radionuclides. Incorporating experimental results will be a critical next 
step in translating this computational framework into a forensic tool.

A key advantage of the framework we propose is its ability to determine PMI without requiring knowledge 
of a person’s lifetime radon exposure level – which would be impractical. We have tested models that assume 
a constant radon exposure level, a scenario that cancels out needing to know lifetime radon exposure within 
decay equations. The simplification enables accurate PMI estimation regardless of the specific exposure value, 
as long as it remains constant and, under ideal conditions, this approach can predict the PMI with less than 0.5 
seconds precision – a good starting point. In realistic scenarios where the rate of radon exposure varies over 
an individual’s lifetime, the model can still estimate the postmortem interval (PMI) within 10 minutes – an 
additional advantage, especially when considering the variability and confounding factors that affect current 
PMI estimation methods. To estimate tm in cases where radon exposure varies over a person’s lifetime, we 
approximate the postmortem behavior of isotope ratios using a simplified model that assumes a single radon 
exposure jump during life (Eq. 9). For this approximation to be valid, not only must the isotope ratios in the 

Fig. 3.  This figure demonstrates how minimization is used to estimate the time of death based on forward 
model data. A single postmortem measurement, which did not match accurately the true time of death, 
was also analyzed using double measurement approaches. Under lifetime-varying radon exposure, the 
minimization curve deviates from the forward model (true ratio curve) when using a single postmortem 
measurement. In contrast, the dashed line representing the double measurement approach closely matches the 
forward model. (a) shows the minimization result for isotope ratio r1(

210Pb
210Po ) and (b) the minimization result 

for isotope ratio r2(
210Pb
210Bi ).
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actual and simplified cases match at the time of death (Eq. 8), but their time derivatives of all orders must also 
match. Such a requirement arises from the principle of Taylor expansion, where a function can be reconstructed 
from its value and all derivatives at a single point. In practice, matching all time derivatives is generally not 
feasible with the available information. These findings highlight three important aspects. First, the postmortem 
isotope abundance ratios (

210Pb
210Bi  and 

210Pb
210Po ) change dynamically over time, particularly in the first few days 

or weeks after death. Second, a single ratio measurement can lead to ambiguities or non-unique solutions 
when lifetime exposure is variable. Third, adding a second postmortem measurement enables the model to 
numerically approximate the rate of change (the time derivative) of the ratios, which significantly improves the 
accuracy and uniqueness of the solution. However, the method becomes valid under a specific condition, when 
the ratios are in equilibrium at the time of death – that is, when their time derivatives approach zero. In such 
cases, the dynamic behavior of the ratios after death can be reconstructed based solely on their values at the time 

Fig. 4.  (a) Difference between the true and calculated elapsed time since death using two pairs of isotope 
ratios. The study employed a double measurement approach, where two pairs of isotopes were measured twice 
at separate time intervals. Note that no uncertainty was assumed for the input quantities to the model. The 
RTDC could calculate the accurate time of death to within 10 minutes. (b) Distribution of optimization errors 
in post-mortem interval estimation under varying radon exposure conditions, showing Gaussian distribution 
pattern of discrepancy between predicted and actual time since death.
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of death. Therefore, equilibrium at the time of death is a necessary condition for reliably estimating tm using this 
simplified model. If a change in radon exposure occurs shortly before death (e.g., within the final year or two 
of life) and disrupts this equilibrium, the method becomes inefficient for estimating the postmortem interval.

It is important to consider that there are a wide variety of emerging approaches that are being explored 
today to estimate PMI in a way that is useful for active case forensics. These emerging approaches include use of 
lipidomics, proteomics, and/or metabolomics to evaluate biochemical changes within dead tissues such as organs, 
bones, blood, etc.41. Other techniques that measure DNA, RNA or protein degradation within a corpse are also 
being evaluated for efficacy42–44, and there exists a compelling case for monitoring the “necro-microbiome”, 
meaning micro-organisms of the Bacillota and Pseudomonadota phyla that are prevalent within the body during 
postmortem periods, and that can be evaluated using next generation DNA sequencing methods45. We note that 
the same confounding variables that complicate existing biological approaches to PMI estimation - especially 
ambient temperature and the health status of the person prior to death – still apply to all newly emerging 
biological approaches. By contrast, analyzing radioactive decay to estimate PMI is innately independent of the 
environmental and biological factors that negatively affects the reliability of other PMI methods.

The method we propose fulfills the criteria that has been called for by forensic science authorities in terms 
of being quantitative, having a mathematical description, and accounting for confounding variables in a 
quantitative manner. The observed agreement between the calculated and actual elapsed times indicates that 
the approach has potential for reliable (precise and accurate) PMI estimation. We suggest that the next step 
in evaluating whether this approach can be implemented is to design a comprehensive analytical procedure to 
systematically evaluate the algorithm’s performance, optimize its parameters, and ensure its robustness across 
various conditions.
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