
Forensic Geology 

Trace Elements and Isotopes 



Trace Elements 

Instrumental Neutron Activation Analysis (INAA) and X-ray 

Fluorescence (XRF)  Analysis – Forensic Applications 

Philips PW2400 Sequential 

Wavelength Dispersive X-ray 

Fluorescence Spectrometer – 

Department of Geological Sciences, 

University of Canterbury, NZ 

Instrumental Neutron Activation 

Analysis Laboratory – University 

of Massachusetts, Lowell, USA 



The n–gamma Reaction - The basic reaction for INAA 

Example: 58Fe + 1n          59Fe + Beta- + gamma rays 

Gamma ray energies = 142.4, 1099.2, 1291.6 KeV 



UML 1 Mw Research Reactor 

The Neutron Source 

Different neutron energies are used for 

different types of experiments. 



Data acquisition flow sheet 



UML INAA Lab 

Gamma ray spectrum for a multi element 

sample 



X-ray Fluorescence Analysis (XRF) 



An electron beam impinges on an anode generating X-rays. Rhodium is 

frequently used for the anode, but other elements are used depending 

on the type of analysis. 

Design of an x-ray tube. 

Emitted energy 

consists of the 

characteristic X-rays 

for the anode material 

plus the continuum. 



X-rays from the tube impinge on a sample. The energy is transferred to the 

sample and electrons are removed from the innermost shells of the atoms. The 

energy of the resulting x-rays is used to identify the element(s) and the 

intensity of the emitted x-rays can be used to determine the abundance of the 

element(s). 



INA XRF INA XRF INA XRF INA XRF INA XRF 

Na Na Cr Cr Rb Rb Nd Nd Ta 

Mg Mn Mn Sr Sr Sm W 

Al Fe Fe Y Eu Au 

Si Co Co Zr Zr Gd Pb 

P Ni Ni Nb Tb Th Th 

K K Cu Sb Ho U 

Ca Zn Zn Cs Tm 

Sc Ge Ba Ba Yb 

Ti As La La Lu 

V Se Ce Ce Hf 

Elements analyzed by combined INA-XRF Analysis 

*Bold Italics – preferred method 



Collecting sap the 

old fashioned way 

Forensics – Source of the Maple Syrup 



Collecting sap the modern way. Plastic barrels and polyethylene tubing. 



Transferring sap to the sugar house 



Sap holding vats 



Syrup production line Main boiler 

Secondary boiler Finish boiler 

Boiling down the sap 



Final step – filtering the product 

During the production of maple syrup 

there are numerous opportunities for 

trace constituents to be added to the 

product. 

• In the original sap from trace metals 

in the soil 

• During transport 

• During boiling of the sap – metals 

from the evaporators 

• During the final filtration 

These added constituents can be used to “fingerprint” maple 

syrups from different sources. 



Newton Winsor Parker A Parker B W MA VT Quebec 

Sc 0.010 0.009 0.004 0.008 0.006 0.002 0.030 

Cr 0.67 0.71 0.83 nd 0.87 0.136 1.67 

Co 0.094 0.064 0.073 0.046 0.057 0.078 0.119 

Zn 9.3 13.1 50.6 19.4 76.3 5.5 19.4 

Rb 7.5 3.1 10.2 5.7 15.7 7.5 9.0 

Sr 28.6 13.7 10.7 nd 8.3 10.5 17.5 

As 0.029 0.014 0.022 nd 0.010 0.016 0.016 

Sb 0.018 0.010 0.034 0.004 0.010 0.002 0.009 

Se ppb nd nd nd nd nd 8.72 

Zn/Cr 13.9 18.5 61 nd 88 40 11.6 

Rb/Cs 642 363 433 nd 175 356 419 

Ba/Sr 0.59 0.18 0.76 nd 1.29 2.26 0.37 

As/Sb 1.59 1.50 0.64 nd 2.24 8 1.91 

Concentrations (ppm) and ratios of trace metals in Maple Syrup 







Location map 

for Tanzania 

National Parks 
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Serengeti Grasses 

Digiteria 

Sporobolus 

Themeda 

Serengeti plains 

Chemically fingerprinting 

the source of grasses 



Quartzite 

Conglomerate 

Marble 

Quartz 

reef 

Sample Locations 

and Geology 



Trace element distributions for grasses from geographic areas with 

different bedrock geology.  



Summary of Materials Used in Glazes 

Material Chemistry 

Bentonite ((Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O 

Cryolite Na3AlF6 

Dolomite CaMg(CO3)2 

Epsom salts MgSO4·7H2O 

Fluorspar CaF2 

Gerstley borate 2CaO.3B2O3.5H2O 

Kaolin (Kaolinite)  Al2Si2O5(OH)4 

Lepidolite K(Li,Al)3(Al,Si)4O10(F,OH)2 

Lithium carbonate LiCO3 

Nepheline syenite Various Na-K-Al silicate minerals 

Potash feldspar (K-spar) KAlSi3O8 

Silica (Quartz) SiO2 

Soda feldspar (Albite) NaAlSi3O4 

Whiting (Calcite) CaCO3 

Wollastonite CaSiO3 

Zircopax (Zircon) ZrSiO4 

Colorant Oxides 

Cobalt Co 

Copper carbonate CuCO3 

Hematite Fe2O3 

Rutile TiO2 









Quartzite 

Conglomerate 

Marble 

Quartz 

reef 

Sample Locations 

and Geology 

Fingerprinting Emeralds 



Trace elements and Forensic Science 

The important point is that for numerous reasons similar materials can 

have different trace element concentrations. These differences can 

potentially be used to distinguish between items in a class and either 

match or eliminate the item. 

For example: The grass on a suspect’s shoe is the same species as that 

found at a crime scene. But different trace element content for the grass 

at the crime scene compared to that on the suspect’s shoe indicates that 

the grass on the shoe did not come from the crime scene. 



Forensic Geology 

Radioactive and Stable Isotopes 

Theory and Application to Forensic Investigations 

VG Isogas Micromass 602E 

Isotope Ratio Mass Spectrometer 

University of Queensland, 

Australia 

Thermal Ionization Mass 

Spectrometer (TIMS) 

Stanford University, USA 



Radioactive Isotopes – Decay Mechanisms 



Graphical representation of decay of radioactive parent (N) 

and growth of radiogenic progeny (P). 



  
Radioactive isotopes used in the geosciences 

  
Radioactive 

parent 

  
Radiogenic 

progeny 

  
Type of Decay 

  
Half-life (years) 

  
Decay constant 

(y-1) 
  

𝐶6
14  

  
𝑁7

14  
  

β- 
  

5.73 x 103 
  

1.209 x 10-4 

  
𝐾19

40   

  
𝐴𝑟18

40  
  

ε 
  

1.298 x 109 
  

5.34 x 10-10 
  

𝑆𝑚62
147  

  
𝑁𝑑60

143  
  

α 
  

1.06 x 1011 
  

6.539 x 10-12 
  

𝑅𝑏37
87  

  
𝑆𝑟38

87  
  

β- 
  

4.88 x 1010 
  

1.42 x 10-11 
  

𝑇ℎ90
232  

  
𝑃𝑏82

208  
  

α, β- 
  

1.401 x 1010 
  

4.948 x 10-11 
  

𝑈92
235  

  
𝑃𝑏82

207  
  

α, β- 
  

7.038 x 108 
  

9.849 x 10-10 
  

𝑈92
238  

  
𝑃𝑏82

206  
  

α, β- 
  

4.468 x 109 
  

1.551 x 10-10 



– A cosmic ray neutron (n) collides 

with an atom of atmospheric 

Nitrogen (14N) which decays into 
14C and hydrogen (p=proton) 

 
  14N + n => 14C + p 
 

– 14C is rapidly oxidized to 14CO2 

which is continuously taken up into 

living organisms 

– When the organism dies it stops 

taking in 14C which disappears as it 

decays to 14N 

 14C => 14N + Beta 

Carbon-14 Dating 



 

Dating is accomplished by determining the ratio of 14C to non-radioactive 12C 

which is constant in living organisms but changes after the organism dies 



 

 Because of variations in the cosmic ray flux, the rate of formation of 14C 

varies with time. This can be corrected by determining 14C activity in 

samples of know historical age. Bristlecone Pines are often used for this 

calibration 

 

 

 

 

 

 

 

 

 

 

 For an old sample (>40,000 years) trace contamination by modern carbon 

results in an incorrect young age 

 Testing of nuclear weapons since 1945 has added 14C to the atmosphere 



Forensic Carbon-14 Cases 

Dead Sea Scrolls – 150 AD 

 

Stonehenge – 3100 BC 

 

 

 

 

 

 

 

 Hezekiah’s Tunnel  - 700 BC 

http://jeru.huji.ac.il/pba8.htm


● King Arthur’s Table in 
Winchester Castle, 
England 14C dated to 13th 

century AD 

 

 

 

● Cave painting at Lascaux, 
France 

 14C dated to 14,000 BC   

 

 

 

 

● Rhind Papyrus on Egyptian 
math 14C dated to 1850 
BC 



● The Shroud of Turin was 14C dated 1260-1390 

AD which suggests that it is a fake  
 

● However, recent evaluation shows that the 

sample measured was from a medieval patch 

and/or that it was seriously contaminated with 

molds, waxes, etc 
 

● New estimates date the shroud from 1300-3000 

ybp bases on vanillin retention 



Stable Isotopes 

Laboratory set-up for 

determining stable 

isotope abundances 



Stable Isotopes Used in Forensic 

Applications 

Element Isotope Atom % 

Hydrogen 1H 99.985 

2H 0.015 

Carbon 12C 98.9 

13C 1.1 

Nitrogen 14N 99.63 

15N 0.37 

Oxygen 16O 99.762 

17O 0.038 

18O 0.2 



Stable Isotopes 

The absolute values of isotope 

concentrations are usually too 

small to measure and compare 

accurately 

 

So the convention is to 

compare isotope ratios of any 

given element to a standard 

value for that element  



Stable isotopic 

fractionation takes 

place during 
1. Physical, 

2. Chemical, and 

3. Biological 

processes 

The partitioning of the 

isotopes is a function of 

the mass differences and 

occurs because the 

isotopically lighter 

molecule has a greater 

velocity or a higher 

vibrational energy. 
Plot of δD versus δ18O illustrating the mean global meteoric 

water line and local meteoric water lines. 



Isotopic Composition of Water in the USA 



Laser used to analyze enamel layers of an elephant tooth, 

Amboseli National Park. Drinking water usually comes from 

snowmelt (Kilimanjaro) but during the rainy season meteoric 

water is the major source of drinking water.  



13C and deuterium isotopic values 

for methane from various sources 

and reservoirs. P – petroleum, A – 

atmosphere, G – geothermal 

(pyrolitic from interaction with 

magmatic heat), T – thermogenic 

(from kerogen at elevated 

temperatures), F – acetate 

fermentation (bacterial), and R – 

CO2 reduction (bacterial). After 

Schoell (1984, 1988). 



Range of δ34S 

values for sulfur 

sources that 

contribute to 

atmospheric 

sulfur. 



Forensic Stable Isotope Case – Large Gasoline Spill 

In 1980 there was a large (80,000gal) gasoline spill from a service 

station 

Unusual large amounts of methane off gases were found 

Borings showed the area was underlain by lake sediments and sawdust 



δD versus δ13C for 

methane from 

different sources. 

Landfill methane 

plots in the field of 

acetate-

fermentation. 

 δD (methane) plotted against δ13C showed that the methane was coming 

from the sawdust and not the gasoline spill 



Forensic Stable Isotope Case – Oil Spills 

Oil spills were found at an industrial facility where crude oil was 

stored  

Natural seeps of oil and gas were also present as well as numerous 

pipelines 

Large amounts of hydrocarbons, CO2, CH4, H2 were present in the 

soil 

 δD (methane) plotted 

against δ13C (methane) 

showed that the methane 

was coming from 

microbial fermentation 



Forensic Stable Isotope Case – Gasoline in Sump Pump 

Gasoline Isotopes 

Gasoline from leaky service station tanks is a  frequent ground water 
contaminant 

A professor at Penn State who woke up one night to a popping 
sound in his basement  

It turned out to be gasoline leaking into his sump pump from a leaky 
gas station up the hill from his house  

The gasoline was exploding every time the pump came on 

 

The station dispensing Brand A 

gasoline was the source. 

There were two gasoline stations 

up hill from the professor’s 

house. Which one was the source 

of the gasoline leaking into the 

sump pump? 



Source of oil found in oil spills 

Distinguish between Alaska and California crude oils on the basis of their C-13 content 



Isotope Geochemistry of Beer 

When plants convert CO2 into sugars by photosynthesis They use two 

different processes yielding sugars with 3 carbon atoms (C3 plants) 

and 4 carbon atoms (C4) plants 

C3 plants are barley, rice, etc. 

C4 plants are corn, 

  cane sugar, etc. 

Each plant leaves 

 its isotopic 

 signatures  in 

  the resulting 

  beer 



The Delta C-13 value for the beer depends upon the relative amounts of 

C3 and C4 carbon 



You Are What You Eat & Drink 

The isotopic content of both food and water vary from place to place 

People and animals eating and drinking in different places take on the 
isotopic signatures of their environment 

Your travel history is in your hair, teeth, bones, etc 

 



Forensic Geology 

Stable isotopes can be used to identify 

the geo-location of heroin (and 

morphine) and cocaine. 

Ehleringer et al. (1999) 


