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A B S T R A C T   

Forensic soil comparisons can be of high evidential value in a forensic case, but become complex when multiple 
methods and factors are considered. Bayesian networks are well suited to support forensic practitioners in 
complex casework. This study discusses the structure of a Bayesian network, elaborates on the in- and output 
data and evaluates two examples, one using source level propositions and one using activity level propositions. 
These examples can be applied as a template to construct a case specific network and can be used to assess 
sensitivity of the target output to different factors and identify avenues for research.   

1. Introduction 

Soil traces are commonly encountered in forensic investigations on 
various questioned items and are often overlooked by perpetrators, 
making them very useful forensic traces. Soil is a complex mixture of 
different components and thus provides a wide array of possibilities for 
soil comparison methods. The specific properties of soil samples 
encouraged many studies on methods to compare soil from a questioned 
item to soil samples from a location where a criminal activity occurred, 
using either the composition of the whole soil sample or specific com
ponents for comparison. For forensic investigations the robustness and 
the potential evidential value of such comparisons can be increased by 
using multiple methods. Combining results from different methods in 
one forensic evaluation can, however, be difficult. 

An example of a successful combination of methods for forensic soil 
traces is the analysis of bacterial DNA and elemental composition [1,2]. 
Bacterial DNA composition depends on the local bacterial flora and can 
change over short distances due to differences in soil moisture, chemical 
and organic components, or vegetation. The elemental composition 
depends on the local geology and human contamination and usually 
changes over larger distances. Thus, if a soil trace from a questioned 
item is similar, in both bacterial DNA and elemental composition, to a 
soil sample from a location, these results are “convergent” pieces of 
evidence [3] that support the same proposition. The only question is to 
what extent. However, if the bacterial DNA results show large 

differences and the elemental composition shows substantial similarities 
between samples, the results are “divergent” pieces of evidence [3] that 
support different propositions. The question is which proposition is 
supported by the combination, and to what extent. Thus the interpre
tation becomes more complicated. 

During the interpretation of the results of casework these difficulties 
are evaluated and taken into account using expert opinion, imposing the 
risk of cognitive bias on results obtained by strict guidelines and with 
minimal subjective factors. As more methods are used to compare the 
same samples, the interpretation becomes more complex and the 
reasoning leading to the final conclusion can become unclear. 

Publications on forensic soil comparisons have shown different ap
proaches to interpret and report results, which can be categorized as 
exclusionary, stating comparability, or using propositions [4]. Exclu
sionary reporting is advised by forensic soil scientists from the United 
Kingdom [5] while stating comparability is favoured by forensic soil 
scientists from Australia [6]. Reporting using propositions applies the 
Bayesian framework to assess how strongly the evidence supports one 
proposition over the other and is advised by both UK [7] and European 
[8] forensic organizations to assist in interpretation and promote 
transparency. 

In the Bayesian framework results are evaluated by considering two 
mutually exclusive propositions (or hypotheses) that, in addition, are 
often exhaustive (i.e. covering all possibilities under the circumstances 
of the case) [7]. Usually the proposition of the prosecution (Hp) and of 
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the defence (Hd) are considered. Furthermore, we consider information 
(I) about the context of the case. This information is taken as known to us 
throughout this paper, but for sake of readability, we omit “given that 
we know I” in all probabilities below. Bayes’ theorem shows how evi
dence changes the probabilities of these propositions according to:  

Prior odds × likelihood ratio = posterior odds.                                           

The prior odds are the odds of the proposition Hp being true before 
the evidence is considered. The likelihood ratio (LR) is the ratio between 
the probability of finding the evidence if Hp is true and the probability of 
finding the evidence if Hd is true. The posterior odds are the odds of the 
proposition Hp being true after the evidence is considered. In case the 
two propositions do not describe all possibilities (i.e. are not exhaus
tive), the odds are defined as the ratio of the probabilities of Hp being 
true and of Hd being true. 

The assignment of the prior odds is delegated to the court, because 
this is typically outside the scientist’s field of expertise and therefore 
scientists do not have procedural legitimacy. The court has access to all 
the information of the case and can also prevent the same information 
from being used multiple times. Within this framework the forensic 
scientists report a LR (the evidential value) for two propositions to the 
court who can then update their prior odds to their posterior odds. Note 
that the LR concerns the probability of the evidence given a proposition, 
not vice versa. 

The propositions are generally categorized using the hierarchy of 
propositions [9] at (sub)source, activity, or offence level, whereby the 
offence level is generally less suited for evaluation by forensic scientists. 
Source level propositions are propositions that consider whether sam
ples share the same (specific) source regardless of circumstances. Due to 
practical limitations it’s not feasible in forensic soil comparisons to 
analyse sufficient samples to provide a robust distribution of charac
teristics within the alleged specific source. Instead, the comparisons 
consider a common source (see [10] for more information on the com
mon and specific source comparisons). Regardless, these source level 
propositions are the types usually considered in forensic soil comparison 
studies. Activity level propositions also consider the case circumstances 
and activities that produced the samples such as smashing a window or 
digging a grave. Publications on activity level propositions for forensic 
soil casework are however scarce. Activity level propositions have 
become increasingly important in forensic science in general, but are 
also more complex to evaluate results given these propositions 
[11,12,13]. 

When the results of different methods are evaluated using the same 
propositions, a Bayesian network (BN) can be helpful to identify and 
quantify the different factors that can affect the evidential value. A BN is 
a graphical representation of all these different factors and their de
pendencies combined with a tool for the probabilistic analysis. The 
forensic literature shows a steady increase in BN application areas, 
ranging from human DNA [14], glass fragments [15] to blood alcohol 
concentrations [16] but for forensic soil analysis BNs have not yet been 
published. 

For an introduction into creating and applying BNs the studies Dawid 
and Evett [17], Charniak [18] and Taroni et al. [19] provide a good 
starting point. In summary, a BN consists of different nodes (usually 
drawn as circles) connected by directed links (usually drawn as arrows). 
The different nodes can represent the propositions, questioned activities, 
factors of influence or results from analyses. Every node can be given 
several states (e.g. yes/no or sand/clay/organic). The arrows represent 
the dependencies of the nodes on each other. 

The influencing nodes are referred to as parent nodes and the nodes 
they influence are referred to as child nodes. A single node can have both 
roles, but they must influence different nodes. Every node with one or 
more parent nodes (i.e. a child node) has a conditional probability table 
consisting of a number of columns (i.e. the conditions) equal to all the 
state combinations of all the parent nodes of the child node and a 

number of rows equal to the number of states defined for the child node 
(see e.g. Table 1). Nodes without parent nodes are termed root nodes 
and their table consists of a single column describing the prior proba
bilities of each state. For all child nodes probabilities have to be assigned 
to each cell in their table. These probabilities are conditional: we specify 
the probability of observing the row state, given that the columns states 
are true. For example, when the ’sediment at the crime scene’ parent node 
has an arrow pointing to the ’transfer of soil’ child node, we can assign a 
larger transfer probability to ’clay’ (e.g. 80% when wet) than to ’sand’ 
(e.g. 20% when wet) expressing the dependence of transfer on sediment 
type and moisture (see Table 1). Note that a missing value or cumulative 
zero probability for an entire column breaks the calculation tool, so even 
when a column is irrelevant or impossible, a “dummy” value should be 
assigned (e.g. all ones). These “dummy” values will not affect the other 
nodes in the network if the column is truly irrelevant. 

A template has been published to construct BNs in forensic human 
DNA cases [20] that can be adapted to other forensic fields. However, 
when compared to forensic human DNA, there is a lack of published data 
on transfer, persistence, recovery, and background for forensic soil 
comparisons, so expert opinion has to be used to assign probabilities to 
the majority of the nodes. 

The use of a BN will not improve the quality or quantity of the data 
but forces the expert to explicitly define propositions, findings, and 
dependencies, and to quantify all relevant probabilities. Currently, the 
expert uses all (or most) of these to form a conclusion too, but much 
more implicitly. Hence, it is expected that the use of a BN will improve 
the transparency of the expert’s reasoning and assist in structuring it. 

This study introduces and explores the use of BNs in forensic soil 
analysis. We provide two examples of a BN for evaluating results of soil 
comparison: the first example using source level propositions and the 
second example with activity level propositions. The probabilities 
assigned to the different nodes were chosen to be realistic but are mainly 
provided as an example. In casework, a sensitivity analysis is important 
to ensure that the conclusion is robust. The BN allows to calculate a LR, 
but its value should be interpreted as a rough order of magnitude rather 
than a precise number. The examples can be used by forensic soil experts 
to explore the benefits and drawbacks of using a BN and provide two 
starting points to construct their own BN for their casework. 

2. Construction of two example Bayesian networks 

Taylor et al. [20] provides a practical approach to construct a BN for 
evaluating results given activity level propositions in forensic biology 
considering several difficulties the forensic practitioner regularly en
counters, such as the lack of a template, time pressure in a forensic lab 
and problems with constructing a BN before results are obtained. In their 
approach seven steps are described to define nodes, which are assigned 
standard colours and are linked in a BN. The resulting BN is not only 
used for calculating evidential value, but is also meant to explain the 
expert evaluation to others. 

Biedermann et al. [21] considers activity level propositions to 
interpret evidence on the number of recovered gunshot residue particles. 
This paper also describes how to support case pre-assessment [22] 

Table 1 
Example probability table for ’transfer of soil’ child node with two parent nodes. 
Node 1 and Node 2 are two parent nodes, ’sediment at CS’ and ‘moisture at CS’ 
with two states each: clay & sand and wet & dry respectively. The ’transfer of soil’ 
child node has three states. Probabilities (percentages) are entered into the 12 
fields, whereby every column sums up to 100 percent.  

Node 1 sediment at CS clay sand 

Node 2 moisture at CS wet dry wet dry 

State 1 no transfer 0% 75% 20% 95% 
State 2 small amount 20% 25% 60% 5% 
State 3 large amount 80% 0% 20% 0%  
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through a BN. The modelling approach and level of mathematical detail 
in these two papers is quite different. Taylor et al. [20] model various 
activities in separate nodes, and in their worked example combine the 
transfer, persistence, and recovery of DNA without considering the 
number of cells. Thus they rather roughly model the different routes by 
which DNA is transferred to certain items and combine different types of 
DNA test results. Biedermann et al. [21] focus on a single activity and a 
single test result, and model the number of particles that transfers, 
persists and is recovered in separate nodes and in a detailed way. 

For this study we adapted the procedure from Taylor et al. [20] to 
forensic soil comparisons using the same colour scheme. The software 
Hugin Expert version 8.6 (www.hugin.com) was used for the construc
tion of the BNs and contains the necessary calculation tools. 

The steps for constructing a BN for forensic soil comparison using 
source level propositions are: Step 1: Define the two propositions and 
construct starting nodes (black), Step 2: Define findings nodes (red), 
Step 3: Define root nodes (grey), Step 4: Assign probabilities, Step 5: 
Check for absolute support. These steps will be further explained during 
the construction of the example. The final BN is shown in Fig. 1. Addi
tional steps will be added to construct a BN for forensic soil comparison 
with activity level propositions, where factors such as transfer and 
persistence have an impact on the findings [8]. 

2.1. Source level example 

2.1.1. Step 1 Define the two propositions and construct starting nodes 
In this step the two propositions, generally Hp (prosecutor) and Hd 

(defence), are defined and added to the BN (top of Fig. 1). The two 
propositions under consideration must not overlap (i.e. be mutually 
exclusive), so only one of them can be true at any time. It is commonly 
advised not to formulate one of the propositions as a negation of the 
other, making it more transparent to the reader what situations are 
covered [24]. Some authors ([25] for example) state that the two 
propositions should be exhaustive (i.e. cover all possibilities), but in soil 
comparison casework this generally does not fit the relevant questions of 
the trier of fact. By specifying the assumptions used in the BN this gap 
can be addressed. Assumptions can be saved in the network description 
or can be visualized in the graph by adding a loose ‘dummy’ node (as 
shown in Fig. 1). 

For the example BN with source level soil comparison we use the 
following fictional case description. The questioned soil trace has been 

obtained from the shoe of the suspect. The location of interest is the 
crime scene and the question is whether the trace originates from this 
location. We compare the single soil trace to a single sample from the 
crime scene using several analytical methods. After constructing a BN 
for this case we will discuss how it can be extended to more realistic 
situations with multiple questioned samples or reference samples or 
both. 

The two propositions on the source of the questioned soil trace found 
are formulated as: 

Hp: The questioned soil trace originates from the crime scene 
location. 

Hd: The questioned soil trace originates from an unknown location, 
not the crime scene, within the country. 

For these propositions the term ’location’ should be defined (see [1] 
for a discussion on defining location) in a consistent manner that pref
erably is the same definition that the used methods are validated for. For 
this example, we define the location as an area of roughly 50 m diameter 
with similar vegetation, soil composition and (historical) land use. This 
means that locations can vary in size, for example a homogenous agri
cultural field will be divided in 50 m diameter locations, but an urban 
area with different patches of soil composition (e.g. construction sand) 
and gardens will be divided in many smaller locations with similar soil. 

The basic assumptions for this BN are that 1) there is a questioned 
soil trace, 2) locations outside the country are not considered, 3) the 
questioned soil trace has only one (main) source. In case of soil mixtures 
only the major contributor is considered, so both propositions cannot be 
true at the same time. Depending on the propositions in a specific case, 
the number of necessary assumptions and definitions can vary and must 
be provided by the forensic practitioner to inform the reader of the scope 
of the BN. 

For the nodes with the propositions “discrete chance nodes” are used 
and the corresponding conditional probability tables are filled with A) 
an equal probability for both propositions, which provides an equal 
prior for the ’Hp/Hd’ node, and B) values that ensure only the corre
sponding proposition can be true in the Hp and Hd nodes, i.e. ones and 
zeroes. The ’value of evidence’ function node calculates the resulting LR 
value directly from the proposition nodes by dividing the (posterior) 
probabilities of Hp by Hd starting with an equal prior, so that numbers 
higher than 1 represent support for Hp and numbers lower than 1 
represent support for Hd. This is a general set-up where the ‘value of 
evidence’ node of the BN calculates a LR. 

2.1.2. Step 2: Define findings nodes (red) 
The methods used for the comparison of one questioned soil trace 

with one sample from the crime scene location are added using red 
findings nodes and placed below the nodes from step one. For the BN 
only methods that can provide results that help distinguish between the 
two propositions are relevant, but as many findings nodes can be added 
as necessary. The range of possible results of the different soil compar
ison methods will be added in the corresponding probability tables in 
step four. 

For this example we added the nodes ’Similarity colour’, ’Similarity 
visual components (macro traces)’, ’Distance measure elemental composi
tion’, and ’Distance measure pollen assemblage’ as these are the methods 
we regularly use for forensic soil comparison (see step 4 for more 
information). 

2.1.3. Step 3: Define root nodes (grey) 
Root nodes represent factors that have no direct connection to the 

propositions considered, but have an influence on the nodes that are 
present. For example, a certain amount of unrelated soil (background) 
on a shoe can interfere with the results of the soil comparison of the soil 
trace from the shoe with samples from the crime scene, so a grey 
’background’ node could be added if relevant. Note, that under the 
assumption that there is only one major source of the soil, the back
ground level can’t be too high or the source is no longer the major Fig. 1. Example of a completed source level soil comparison BN.  
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contributor and the assumption is no longer valid. In this situation, when 
mixtures are relevant, source level networks concerning a single source 
are no longer a good option. After adding the grey root nodes the 
different states of the node must be named, for instance ’low’ or ’high’ for 
the ’background’ node and defined. In this example of a source level BN 
(Fig. 1) root nodes are not added, but examples are included in the ac
tivity level BN (Fig. 2). 

Finally, the ’Hp/Hd’ node can be linked to the findings nodes. In 
Fig. 1 all findings nodes have a direct single link with the propositions 
node. This structure implies the assumption that all findings are statis
tically independent (given that Hp is true, or that Hd is true). As a result, 
the LR of the combined findings are calculated as a simple multiplication 
of the LR of each finding separately. If this assumption is thought to be 
overly simplistic, dependencies can be introduced by adding links be
tween the findings nodes, or by introducing additional nodes repre
senting factors that affect multiple findings nodes. Since the goal of this 
study is to introduce the concept of a BN to forensic soil scientists, we 
chose to keep our network as simple as possible. 

2.1.4. Step 4: Assign probabilities 
After finishing connecting the nodes with relevant links, the under

lying conditional probability tables must be filled with probabilities. 
Assigning proper probabilities is arguably the most difficult part of 
constructing a BN. For every node different states can be defined, so for 
instance a ’similarity colour’ findings node can be given two states, such 
as high or low similarity, or 10 states when there are 10 possible results 
of the colour comparison. 

For source level soil comparisons the soil trace from the questioned 
item is usually compared only to reference soil samples from the crime 
scene, as an alternative location is often not provided by the suspect. 
Therefore, the probability tables must be completed with the possible 
results of this comparison in mind. At this step only the red findings 
nodes require values on probabilities, which means that for all the 
possible results of a specific method (in one findings node) the proba
bility of that result under the columns Hp and Hd (the states of the node 
with the arrow pointing towards the findings node) must be provided (e. 
g. Table 2). In casework, the probabilities concern a specific location 
(“the” crime scene). Here, we use data for “a” crime scene (a nonspecific 
location). 

Fig. 2. Example of complete activity level soil comparison BN.  
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The consequences of using a specific or a nonspecific location are 
discussed in Ommen and Saunders [10]. They note that different pop
ulations will be chosen to compare with the case samples and a different 
forensic question will be answered. The probabilities in the tables of the 
nodes are preferably derived from studies, but expert opinion can be 
used if necessary. 

As the propositions Hp and Hd consider differences between locations, 
the assigned probabilities of the findings must reflect that specific level 
of spatial resolution. Vice versa, if the propositions are considering 
differences between sampling spots, the assigned probabilities in the 
finding nodes must be adapted to this spatial resolution. For instance, 
data of differences between soil samples within a few meters of each 
other is not informative for propositions that consider differences in 
kilometers. A consistent definition of a location is also required for the 
different methods of soil comparison used in the BN. 

As there can be multiple samples from the location of the crime 
scene, there can also be multiple comparisons between those samples 
and the questioned soil trace. For the example BN in Fig. 1 we consider 
only a single comparison between a questioned soil sample and one 
crime scene sample. When multiple samples from the crime scene are 
available, the relevant question concerns their joint evidential value. 
The optimal way to derive this is to model this in the BN, but adding this 
would make the BN very complex and case-specific and is beyond the 
scope of this study. As a sub-optimal alternative, we use the BN 
repeatedly for each comparison. In effect, each single comparison is 
evaluated to see how it fits with the same location proposition, 
providing a LR for each comparison. To combine and report these results 
they still have to be evaluated using for instance expert opinion, which 
would provide an evidential value for the comparison with the location 
as a whole. 

Probabilities assigned in the example below of a working source- 
level BN are based on our experience or on studies where possible. 
These probabilities are meant as an example only. When using the 
example BN as a starting point in casework we suggest assigning prob
abilities for the specific location based on relevant studies, applied 
methods and experience. Also the dependency structure may need to be 
adapted by including additional links. Finally, the specific circum
stances of the case may require the introduction of additional nodes such 
as ‘background soil’ or ‘weather conditions’. 

For the node ’Similarity colour’ we defined three states of strong, 
weak and no similarity in colour between the soil trace from the ques
tioned item and one of the reference samples of the crime scene. We 
assigned values of 70%, 28% and 2% in the Hp column and values of 
20%, 30% and 50% in the Hd column to the three states, respectively 
(Table 2). This translates to expecting a strong, weak, or no similarity in 
colour in respectively 70%, 28% and 2% of the time when comparing the 
soil trace to a soil sample from the crime scene, when that soil trace 
originates from the crime scene. Assigning 2% to the ’no similarity’ result 
aims to include factors such as non-representative sampling, preferential 
loss of soil components and other factors that introduce differences and 
result in false negatives. 

And, vice versa, we expect a strong, weak and no similarity in colour 
in respectively 20%, 30% and 50% of the time when comparing a soil 
sample from the crime scene to a soil trace from an unknown location 
(not the crime scene). The relative high percentages for strong and weak 
similarity for samples from different sources represents the limited di
versity of colours in the soils in this country. By dividing these proba
bilities in each row, the LRs for the possible results of this method and 

these propositions can be calculated; in this case 3.5, 0.93 and 0.04 
respectively. 

The numbers in Table 2 and the definition of the degree of similarity 
are thus based on expert opinion. The level of objectivity can be 
increased when relevant data become available. 

For the node ’Similarity & diversity visual components (macro traces)’ 
we defined four states: 1) ’strong similarity and high diversity’, 2) ’weak 
similarity and high diversity’, 3) ’strong similarity and low diversity’ and 4) 
’weak similarity and low diversity’. In this node we consider various larger 
components such as pine needles, seeds, leaf fragments, plastic pieces 
and glass fragments. Larger particles in the soil matrix, such as macro 
traces, generally have a low probability of being part of a small soil 
sample and tend to dislodge during the use of a piece of evidence, so 
even when soil samples are from the same source we expect a low 
probability of both high diversity and strong similarity. We assigned to 
the Hp column the values of 10%, 40%, 40% and 10% and to the Hd 
column the values of 1%, 40%, 40% and 19% respectively (Table 3). 
When specific methods are used for one of these macro traces, e.g. DNA 
comparison using seeds, these results should be considered in a separate 
‘findings’ node. In addition, the absence of specific macro traces that are 
very common in soil traces from a certain geographical region could also 
have an evidential value [26]. In theory each type of macro trace can be 
given their own ‘findings’ node, but given the huge diversity of macro 
traces this could make the BN unwieldy. Therefore, adding nodes for 
specific macro traces should be limited to the most relevant ones. The 
remaining macro traces are then included in the general ‘Similarity & 
diversity visual components (macro traces)’ node. 

For the ’Distance measure elemental composition’ node we use data 
from an in-house EDXRF comparison method (Table 4). The method is 
similar to the method described in [1] using the Canberra distance 
measure on square-root transformed relative quantitative data of 20 
elements. For this node, data from the ’same sample spot’ are ignored and 
only statistical distances between samples from the ‘same location’ and 
‘different locations’ are used, to fit the propositions under Hp and Hd in 
this BN. As the diversity within locations is greater than within sample 
spots, this moves the distribution in the direction of the ’different loca
tions’ group and creates more overlap between the two groups. The 
distance data based on comparison of different locations is used for the 
proposition under Hd. In addition, more data was added to the database 
since publication. 

Similarly, for the ’Distance measure pollen assemblage’ node we use the 
data from Uitdehaag et al. [23] where the squared chord metric is 
calculated between relative data of pollen assemblages with 74 pollen 
types. The percentage of observations for soil samples from the same 
location and from a different location are used for the probabilities for 
Hp and Hd respectively (Table 5). 

2.1.5. Step 5: Check for absolute support 
Absolute support can occur when a specific result can only occur 

under one of the two propositions. In the examples of the tables above, 
all probabilities for both propositions were given values above zero, so 
no absolute support is given under any result. Note that soil comparisons 
at source level can produce results that can exclude a location as a source 
(for example finding red soil on a shoe when there is only black soil at 
the crime scene). When provided with such obvious exclusionary results, 
i.e. absolute support, evaluating these results with a source level BN 
provides no additional information, so adding these results to the nodes 

Table 2 
Probability table for ’Similarity colour’ node.  

Hp/Hd Hp Hd 

Strong similarity 70% 20% 
Weak similarity 28% 30% 
No similarity 2% 50%  

Table 3 
Probability table for ’Similarity & diversity visual components (macro traces)’ node.  

Hp/Hd Hp Hd 

Strong similarity and high diversity 10% 1% 
Weak similarity and high diversity 40% 40% 
Strong similarity and low diversity 40% 40% 
Weak similarity and low diversity 10% 19%  
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provides no benefit. 
The results of different methods to compare one questioned soil trace 

to one sample from the crime scene location can be selected (instanti
ated) in the red findings nodes. The resulting combined evidential value 
for the propositions in the black nodes is then calculated in the light blue 
node. Assumptions made for the entire BN are in the box above. 

At this point a working example of a BN for source level forensic soil 
comparisons is constructed. By instantiating (selecting) the different 
results of the methods in the ‘findings’ nodes, the evidential value of the 
combined results, assuming conditional independence, is calculated by 
this BN. This value varies between 1.3×10-6 and 3.5×108 and is there
fore able to provide support to both propositions (i.e. the LR can be both 
higher and lower than one). The evidential value depends on what 
probabilities are entered into the different tables and will be different 
when other probabilities are considered for a specific case or because 
databases are expanded. As the probabilities in the tables and the de
pendencies are clearly defined in the BN, these can now be debated and 
updated between experts. 

2.2. Activity level example 

For the activity level example shown in Fig. 2 we will expand the 
source level example and add nodes that express the difficulties that are 
often relevant when evaluating results for casework at this level. For this 
example we will keep the nodes general, so it is applicable to a wider 
variety of cases. As many cases share similar parts the example BN can 
be easily adapted to the case at hand. 

The steps for evaluating activity level propositions are (based on 
[20]): Step 1: Define the two propositions and construct starting nodes 
(black), Step 2: Define activity nodes (blue), Step 3: Define findings 
nodes (red), Step 4: Define transfer and persistence nodes (yellow), Step 
5: Define root nodes (grey), Step 6: Assign probabilities, Step 7: Check 
for absolute support. 

2.2.1. Step 1: Define the two propositions and construct starting nodes 
(black) 

Propositions on activity level can be as open as ’the suspect was pre
sent at the crime scene’ or more specific as for example ’the suspect was 
walking at the crime scene’ or even ’the suspect dug the grave at the crime 
scene’. In general, activity level propositions should describe an activity 
but not cross over into offence level, the next level of the hierarchy of 
propositions. However, some offence level propositions such as ’the 
suspect (illegally) buried the victim at the crime scene’ can be very close to 
activity level propositions such as ’the suspect dug and filled the grave at 
the crime scene’, so it is advisable to check with the parties involved what 
propositions to use. 

For this example we use the following fictional case scenario. A body 
of a woman was found buried in the forest floor near a dirt road. The ex- 
boyfriend of the victim was arrested a few days later and his shovel was 
secured. The prosecutor has the following scenario: The suspect drove 
his car with the dead victim in the trunk to the crime scene and dragged 
the body to the location where he then proceeded to bury her. During 
preliminary forensic investigation soil traces on the shovel were found. 
The prosecutor requests an investigation to find out if the suspect used 
the shovel at the location of the grave and provides the following 
proposition: 

Hp: The suspect dug and filled the grave at grave location. 
The suspect states that he never was at that location. He states that he 

does not know where the soil on his shovel comes from, but it was used 
regularly. This is summarized in the defence proposition: 

Hd: The suspect neither dug nor filled the grave at grave location. 
Note that both propositions do not specify the time and implicitly 

assume that no other graves (or holes) were dug at this location with this 
shovel within the relevant timeframe. For this case we also assume that 
the shovel has not been used by someone else. This assumption is 
possible as long as the suspect does not claim otherwise and can be 
considered “undisputed case information” [24]. We also assume that the 
soil trace on the shovel originates from within the country as there is no 
indication that areas outside the country are relevant and is appropriate 
for the data in the findings nodes (when a larger area is considered then 
other data must be used in these nodes). 

2.2.2. Step 2: Define activity nodes (blue) 
In these nodes activities are defined, given the propositions from 

prosecution and defence, that influence the soil comparison. For the 
given scenario there is only one questioned activity ’the shovel was used 
to dig and fill the grave at grave location’. For this node we defined the 
states as true and false. Note that if the suspect claimed that the shovel 
was used at another specific place this can be added as the alternative 
activity. 

In addition, activities that are not disputed but may impact forensic 
results can also be added as activity nodes. We add a node ’shovel used at 
other location after the time of burial’ to the example BN to represent 
possible use of the shovel, not related to the main propositions but 
relevant to the interpretation, and defined the states ’yes’ and ’no’. 

2.2.3. Step 3: Define findings nodes (red) 
The findings nodes are the same as for the source level BN. We 

connect all these nodes to a black node ’main origin of soil trace’, which 
contains the combined result of all the findings on source level. We 
defined two states for this black node ’Alleged-source’ and ’Unknown- 
source’, which represent a common origin of the soil trace with one 
reference sample of the location where the victim was found buried and 

Table 4 
Probability table for the ’Distance measure elemental composition’ node. The states 
of this node are given by the intervals of the distance measure calculated be
tween soil trace and a soil sample. The probabilities in the Hp-column are the 
percentages for samples from the same location (N = 1285). The probabilities in 
the Hd-column are the percentages for samples from different locations (N =
12645). Values of zero are replaced by 1/n (* = 1/1285, ** = 1/12645) as a 
value of zero would give absolute support for the other proposition (see step 5). 
To keep the sum at 100% these replaced values were subtracted from the highest 
value (§).  

Hp/Hd Hp Hd 

0.5 and lower  20.23%  0.008%** 
>0.5–0.7  21.72%§ 0.08% 
>0.7–0.9  20.39%  0.55% 
>0.9–1.1  15.56%  1.34% 
>1.1–1.3  9.18%  1.62% 
>1.3–1.5  3.11%  3.02% 
>1.5–1.7  2.80%  6.20% 
>1.7–1.9  4.20%  7.85% 
>1.9–2.1  2.57%  7.21% 
>2.1–2.3  0.16%  6.82% 
Higher than 2.3  0.08%*  65.30%§

Table 5 
Probability table for the ’Distance measure pollen assemblage’ node. The states of 
this node are given by the intervals of the distance measure calculated between 
two pollen assemblages. The probabilities in the Hp-column are the percentages 
of observations of samples from the same location (N = 63). The probabilities in 
the Hd-column are the percentages for samples from different locations (N =
1712). Rounding errors are subtracted from the highest value (§) to keep the sum 
at 100%.  

Hp/Hd Hp Hd 

0.155 and lower 39%§ 0.1% 
>0.155–0.231 37% 1% 
>0.231–0.307 11% 3% 
>0.307–0.383 6% 4% 
>0.383–0.459 3% 7% 
>0.459–0.535 2% 9% 
Higher than 0.535 2% 75.9%§
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no common origin (i.e. an unknown alternative location as origin), 
respectively. 

2.2.4. Step 4: Define transfer and persistence nodes (yellow) 
These nodes define the mechanisms between the activities and the 

possible findings. We include a transfer node ’amount of grave soil 
transferred to shovel’ with the states ’large amount’, ’medium amount’ and 
’small to zero amount’. We also include a persistence node ’amount of 
grave soil persisting on shovel’, since the shovel was seized after some time 
had passed since the alleged activity took place. For this node the same 
states are defined. For these states both ‘large’ and ‘medium amount’ are 
defined as sufficient material for a soil comparison and ’small to zero 
amount’ is defined as less material or no material. 

As some methods need less material for a valid comparison than 
others, and so are differently affected by the amount of material that 
persists, the states can also be defined as for instance ’1 to 2 g of material’ 
or ’less than 1 g of material’ as long as these states do not overlap. When 
more than one location is considered (multiple activities) every location 
requires their own transfer and persistence nodes. After constructing all 
yellow nodes in the BN the relevant activity nodes are then connected to 
their relevant transfer nodes. The transfer nodes can then be connected 
to their relevant persistence nodes. 

The example BN is constructed with the assumption that there is soil 
present on the shovel, so if the soil is not from the grave location, it must 
be from another, unknown, location. This is represented by the ’amount 
of soil from other unknown location’ node with the same states ’large 
amount’, ’medium amount’ and ’small amount’. This node is then con
nected to the ’Hp/Hd’ node and the ’main origin of soil trace’ node. And 
finally, as the persistence of soil traces from the crime scene and the 
transfer/persistence of soil traces from the other unknown location are 
both influenced by later use, we connect the ’shovel used at other location 
after the time of burial’ node both to the ’amount of grave soil persisting on 
shovel’ node and the ’amount of soil from other unknown location’ node. 

2.2.5. Step 5: Define root nodes (grey) 
There are many factors that influence soil comparisons which are not 

related to the activities under consideration and these can be included as 
grey nodes. For this example we consider that the transfer of soil from 
the location of the grave to the shovel is influenced by the moisture 
content of the soil in the relevant time period and the soil type. We 
define the states ’relatively wet’ and ’relatively dry’ to the ’wetness of soil at 
grave location’ node. For the ’soil type at grave location’ node we define 
the states ’sand’, ’clay’ and ’organic’, which describes the prevalent soil 
type states in the region stated in the propositions. These nodes are 
connected to the transfer node of the grave site. Soil type also has an 
influence on persistence, so this node is also connected to the persistence 
node. 

For this example BN we consider that the recovery of the soil on the 
shovel in the lab has two possible results: 1) one or more soil traces on 
the shovel could be distinguished and have been recovered as separate 
soil traces so that they, or at least the main contributor per trace, can be 
compared to other samples, 2) different soil traces could not be distin
guished completely, recovery has possibly introduced additional minor 
contributors to the traces, but the traces are still suitable for comparison. 
In theory there is a third result when the recovery of a suitable (un
mixed) soil trace is not possible even though there is enough (mixed) soil 
present (see assumptions). In this example BN this result would make the 
entire BN obsolete as a valid soil comparison is no longer possible, so it 
was not included. In practice the expert should evaluate the recovery 
before analyses are run to prevent unnecessary work and possible bias. 
We define for the ’recovery of soil on shovel’ node the states ’good re
covery’ and ’possible mixing’ and connect it to the ’main origin of soil trace’ 
node. 

2.2.6. Step 6 Assigning probabilities 
After connecting all the nodes (Fig. 2) values can be assigned to all 

the conditional probability tables. In the example activity level BN the 
lower black proposition nodes, the evidential value node and all the red 
finding nodes have the same tables as used in the example source level 
BN provided above. Additional values have to be assigned to all other 
nodes. 

Starting with the activity nodes, ’the shovel was used to dig and fill the 
grave at grave location’ node has two states ‘true’ and ‘false’ and one ‘Hp/ 
Hd’ node that influences it. For the Hp-proposition the probability that 
this specific shovel was used if Hp is true should be given. This proba
bility is heavily influenced by case circumstances, such as the number of 
shovels available to the suspect and the chance that the actual shovel 
used is still hidden or was destroyed. For this example BN the proba
bilities were set at 100% true and 0% false, in effect stating that no other 
shovels are considered. For casework these probabilities should be 
revisited for each case. For the Hd proposition the probabilities were set 
at 0% true and 100% false. The ’shovel used at other location after the time 
of burial’ node is a root node and the two states were set at equal 
probability. 

The ’amount of grave soil transferred to shovel’ node has three states 
and three nodes with in total twelve states that influence it. The assigned 
probabilities are given in Table 6. The probabilities are based on esti
mates of transfer rates. They would be improved by relevant transfer 
studies and can also be affected by the surface texture of the shovel (e.g. 
rusted versus new). In general we assign higher transfer rates to clay 
than organic, which in turn is higher than sand, and relatively wet soil 
increases transfer compared to dry soil. In addition, when the questioned 
activity is not true there is no transfer (i.e. zero amount) from the grave 
location. 

The ’amount of grave soil persisting on shovel’ node has three states and 
three nodes with in total eighteen states that influence it. The assigned 
probabilities are given in Table 7. The probability of a similar amount of 
material persisting after transfer is higher for soil types with higher 
persistence. Clay is given a higher persistence than organic with the 
lowest persistence given to sand. For instance, when a medium amount 
of soil was transferred and the shovel was not used at another location 
afterwards and the soil type is clay, we assign a 95% probability that a 
medium amount of clay will remain and a 5% probability that only a 
small or zero amount will remain. 

The ’amount of soil from other unknown location’ node has three states 
and two nodes with in total four states that influence it. The assigned 
probabilities are given in Table 8. For instance, we assign an 80% 
probability that a medium amount of soil will be present when the 
defence proposition is true or when the shovel was used at another 
location after the burial. This node includes the general background 
amount of soil on random shovels unrelated to crime scene. 

The ’main origin of soil trace’ node has two states and three nodes with 
in total eighteen states that influence it. The assigned probabilities are 
given in Table 9. Note that if almost no soil of the crime scene remains on 
the shovel due to unfavourable transfer and persistence, the source of 
the soil trace that is present on the shovel must be from another un
known location. 

2.2.7. Step 7: Check for absolute support 
With values assigned to all the tables, the BN can be checked for 

absolute support by instantiating the red nodes and the grey root nodes 
(nodes without parents) to see if one of the propositions is excluded. The 
example BN does not provide absolute support for one of the proposi
tions, so can be used for further analyses. When evaluating findings 
under two propositions with a BN, when the assumptions are not valid or 
both propositions are not exhaustive, in theory both propositions could 
be false and the BN will not provide meaningful values under these 
circumstances [27,28]. 

The constructed BN can now be tested to see the effect the grey root 
(without arrows towards them) nodes have on the evidential value. For 
example, setting the findings at the highest similarity and switching 
between the different options of the grey root nodes provides a value of 
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evidence between 7x106 and 3x108 in support of Hp. The lowest value is 
found with the options of ‘relatively dry sand on the grave location’, 
’possible mixing during sampling’ and ’use of the shovel after the burial’. 
These options represent circumstances that, if the shovel was used at the 
grave location, most of the soil trace of the grave location is expected to 
be lost from the shovel or possibly mixed with soil from another loca
tion. In contrast, the highest value is found with the options ‘relatively 
wet clay on the grave location’, ‘good separation during recovery’ and ‘no use 
of the shovel after the burial’. These are options that represent ideal cir
cumstances to retain a soil trace from the grave location if the shovel was 
used there. 

Setting the finding nodes at the lowest similarity (highest difference) 
for all findings, the example BN provides values between 1x10-2 and 1 in 
support of Hd. The lowest value (greatest support of Hd) is found under 
circumstances that are ideal to retain soil traces of the grave location. 
These are the same circumstances where the maximum value in support 
of Hp is found when findings are at the other extreme. The highest value 
(slightly supporting Hd) is found under circumstances that are not ideal 
for retaining the soil trace and introduce possible mixing. These are the 
same circumstances where the minimum value in support for Hp is 
found when findings are at highest similarity. 

It is clear that the example BN does not calculate a large support for 
Hd even when the soil comparison results indicate a different source for 
the recovered soil trace. This is expected since these same results are also 
found when most of the soil trace from the grave location was lost during 
the persistence, transfer and recovery steps, and soil from another un
known location is the remaining major component. Therefore these soil 
comparison results can be well explained by both propositions, which 
corresponds to a LR closer to one. 

For this example BN the grey ‘recovery of soil on shovel’ node, with its 

effects on the ‘main origin of soil trace’ node, has only a small effect on the 
LR, so this node could be removed from this BN. If included, it shows 
that the effect has been considered even though it has limited influence. 
In addition, for research purposes nodes with little effect can be given a 
lower priority on the agenda. Note that when other values are assigned 
to the probabilities affected by this node, simulating more mixing or a 
less effective recovery, the effect would be different. 

3. Discussion and conclusion 

The two BN examples presented in this study show the differences 
between evaluating soil evidence at source level and at activity level. For 
source level comparisons the evidential values can be very high, when 
conditional independence is assumed, and can be increased further by 
developing more methods, improving current methods, and enlarging 
databases. 

The findings nodes in the example BN use (dis)similarity scores or 
values. These do not take into account the rarity of the different com
ponents. Intuitively, if more rare components are present in both ques
tioned soil trace and reference soil sample the more valuable the 
similarity should be. The best way to incorporate rarity is an active area 
of research [30,31]. There is currently no simple solution to add nodes 
for rarity when comparing over a hundred different components, as is 
common in soil comparison, to a BN that includes nodes with similarity 
values. This is mainly due to unknown co-dependencies that are difficult 
to weigh properly. In this example BN rarity is therefore not included. 

The accuracy of the calculated LR is dependent on how valid the 
assumptions and the used data are, so the number should be used as an 
approximation of the order of magnitude of the evidential value. 
Furthermore, as with any forensic method, a validation study is neces
sary for actual use in casework. 

As shown in the example source level BN, different methods can be 
incorporated into one BN that is able to calculate the LR for the prop
ositions under consideration. This provides other parties within the 
court system with an explicit evaluation of the evidence by the forensic 
practitioner. However, when reporting at source level, factors such as 
differences in persistence and transfer, possible mixtures and alternative 
activities are not included in the comparison and should be considered 
separately. There is a risk that, when only the source level comparison 
results are reported, these factors are evaluated by other parties within 
the court system, such as the trier of fact, who are generally less familiar 
with the complexity of soil analysis. We thus follow the proposition in 

Table 6 
Probability table for the ’amount of grave soil transferred to shovel’ node. Activity 1 is the questioned activity ’the shovel was used to dig and fill the grave at grave 
location’. Wetness is the soil humidity at the crime scene. Soil type is the type of soil at the crime scene.  

Activity 1 False True 

Wetness Relatively wet Relatively dry Relatively wet Relatively dry 

Soil type Sand Clay Org. Sand Clay Org. Sand Clay Org. Sand Clay Org. 

Large amount 0% 0% 0% 0% 0% 0% 10% 75% 25% 0% 20% 10% 
Medium amount 0% 0% 0% 0% 0% 0% 85% 25% 75% 20% 40% 40% 
Small or zero amount 100% 100% 100% 100% 100% 100% 5% 0% 0% 80% 40% 50%  

Table 7 
Probability table for the ’amount of grave soil persisting on shovel’ node. Transfer is the amount of soil transferred from the crime scene to the shovel. Use shovel is an 
activity where the shovel was used at another unknown location after the time of burial. Soil type is the type of soil at the crime scene.  

Transfer Large amount Medium amount Small to zero amount 

Use shovel Yes No Yes No Yes No 

Soil type Sand Clay Org. Sand Clay Org. Sand Clay Org. Sand Clay Org. Sand Clay Org. Sand Clay Org. 

Large amount 0% 10% 10% 20% 90% 90% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
Medium amount 10% 90% 90% 70% 10% 10% 10% 50% 30% 70% 95% 90% 0% 0% 0% 0% 0% 0% 
Small or zero 

amount 
90% 0% 0% 10% 0% 0% 90% 50% 70% 30% 5% 10% 100% 100% 100% 100% 100% 100%  

Table 8 
Probability table for the ’amount of soil from other unknown location’ node. Hp/ 
Hd are the two propositions, prosecution and defence, under consideration in 
the BN. ‘Use shovel’ is an activity where the shovel was used at another unknown 
location after the time of burial.  

Hp/Hd Hp Hd 

Use shovel Yes No Yes No 

Large amount 15% 0% 15% 15% 
Medium amount 80% 5% 80% 80% 
Small or zero amount 5% 95% 5% 5%  
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Gill et al. [13] for DNA, “we would like to underline that while sub-source 
level propositions are of great value for investigation purposes, they do not 
help to address questions on ’how’ the DNA got there or ’why’.” and want to 
stress that it is the expert’s duty to consider these questions also for soil 
analysis, and explain the difficulties involved. 

Experts are often hesitative to use Bayesian networks because they 
seem to require a lot more assumptions on probabilities and their de
pendencies than stating an opinion on the evidential value and 
describing the arguments verbally. It is important to realize that the 
latter also requires such assumptions and the same complexity level of 
reasoning when done properly. The only difference is that the network 
makes it explicit. The mere construction of a network may be helpful in 
structuring complex reasoning, regardless of whether the network is 
subsequently reported to the court. 

Going beyond the question of whether a soil trace originates from 
common single source (i.e. one specific sampling spot) is the question 
whether it originates from a common location (i.e. multiple samples). A 
pragmatic solution is to use the example BN to provide the different LRs 
of all the comparisons of the trace with the crime scene samples and 
address the combined results during the interpretation step of the 
forensic report. However, a solution that could be incorporated in the 
BN would be preferable in order to increase objectivity. 

For activity level comparisons, factors such as persistence can be 
incorporated as shown in the example activity level BN. By changing the 
values of the probabilities associated with individual nodes, the sensi
tivity of a target output (the probability of a certain state of a certain 
node) within the BN to these changes can be evaluated, which might 
lead to avenues for further investigation. The provided example BN can 
be expanded if, for instance, different propositions are being considered 
or different comparison methods are used. Other possible options 
include the combined evaluation of multiple soil traces on, for instance, 
shoes and a shovel using the same activity level propositions for all 
traces, or even combining soil evidence with human DNA evidence to 
investigate who used a specific item. BNs with multiple types of evi
dence [29] can also provide the court with better insight in the overall 
value of all the forensic evidence [10] or the potentially added value of 
additional forensic investigation. 

Activity level BNs are especially useful when both activities in the BN 
can produce the same findings at the source level, but have different 
probabilities assigned to the other activity-level nodes. For forensic soil 
comparison this would include casework where both activities occur on 
the same location (source) but for instance on different days or with 
different transfer/persistence probabilities such as walking versus 
dragging and digging. The evidential value from these types of BNs is 
mostly influenced by the transfer, persistence and recovery nodes, which 
means that adding ‘findings’ nodes with new soil comparison methods 
will be less valuable to resolve these questions. For these types of cases 
additional transfer, persistence and recovery studies add more value 
than developing new forensic soil comparison methods. 

As shown in the example, numerous probabilities have to be assigned 
to the conditional probability tables when constructing a BN. The 
probabilities we assigned can therefore be considered as a starting point 
and can be improved by using additional relevant studies. Although in 
general such studies are lacking for forensic soil comparison relative to 
other forensic fields, presenting the example BNs and the underlying 
probability tables provides a stimulus for more research on these topics. 
Fortunately, soil traces are visible and relatively large, compared to 
other forensic traces such as DNA-molecules or single particles, and are 
commonly encountered in everyday life. For these types of traces, 
common sense can be helpful to evaluate the given probabilities in the 
different nodes or can even be explicitly used. 

When comparing the use of a BN to the different approaches to 
reporting forensic soil comparisons, constructing a BN is time 
consuming but can incorporate many of the complexities of this type of 
evidence, such as mixed traces, background material and use of multiple 
methods. However, for forensic soil comparisons using a single method Ta
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and focusing on source level propositions a BN will not add much value. 
A common obstacle to using BNs is that building a case specific BN is 
difficult especially when a proper template is lacking. The two examples 
of the BNs described in this study have the potential to serve as such 
templates to support other forensic practitioners in constructing their 
own BN for evaluating results of forensic soil comparison. 
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