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ABSTRACT 

 
 

A micro-volume thermo-electronically-cooled trapping device (TEC trap) was designed 

and built to trap and facilitate subsequent analysis of sub-nanomole quantities of gas. The TEC 

trap was used with an elemental analyzer - isotope ratio mass spectrometer (EA-IRMS) to 

provide fully automated carbon-13 analyses of microfossil samples containing less than 100 

times material than that required for conventional EA-IRMS analyses. 

A fully-automated small-sample preparation system incorporating the TEC trap was 

designed and built to further reduce minimum sample-size requirements for stable isotope 

analysis without compromising data quality or ease-of-use for large sample batches. This new 

sample preparation system provided carbon-13 analyses of microscopic animals, more than 100 

times below the normal minimum sample-size limits of conventional EA-IRMS equipment while 

maintaining a precision of better than 0.2 permil. 

A cryogenically-cooled micro-volume trapping device was designed and built to trap a 

wider range of gases than the TEC trap and to permit fractional release of the trapped gases. 

The anticipated outcome of the use of this trap is to allow the analysis of the gaseous contents 

of a single 10 um fluid inclusion. 

These devices and techniques have advanced stable isotope research into the 

microscopic realm and are providing researchers with the ability to investigate individual 

microscopic organisms and their preserved remains previously beyond the reach of 

conventional IRMS techniques and equipment. 
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CHAPTER 1 

INTRODUCTION AND MOTIVATION 

 

1.1 Sample Size Limitations 

Environmental and pharmaceutical research continues to fuel the demand for 

compositional and isotopic analysis at increasingly smaller scales. The benefits of consuming 

less sample material per analysis are obvious, however for some areas of research, this ability 

to analyze smaller samples extends the scope of the research further into the microscopic 

realm. Micropaleontology, entomology, and geology are just a few examples of research 

disciplines that stand to benefit the most from reduced sample-size requirements. 

 

1.1.1 Micropaleontology and Palynology 

Micropaleontology is the study of microscopic animal, plant and protist remains less than 

a millimeter in size. These micro-organisms are at the base of the food chain (primary 

producers) and constitute almost ninety percent of the biomass in oceans and lakes. Some of 

these organisms’ remains settle to the ocean or lake floor after their death and pile up over 

hundreds, thousands and millions of years. Gradual changes in abundance and species of 

these microfossils over time creates a detailed record of the prevailing environmental 

conditions, climate and evolutionary adaptations. Each new micro-organism species that 

evolves, is rapidly dispersed throughout the world’s oceans and if its population becomes large 

enough, its remains form a worldwide marker in the sedimentary fossil record. 

Micropaleontology can be divided into four separate areas based on the composition of 

the microfossils; calcareous, phosphatic, siliceous and organic. Carbon and oxygen isotope 

ratio measurements have been conducted extensively on calcareous microfossils such as 

foraminifera and ostracods to reconstruct past ocean and climate conditions (Ravelo & Hillaire-

Marcel, 2007). The study of organic-walled microfossils is also described as palynology and the 

microfossils often referred to as palynomorphs. Palynology is the study of palynomorphs; 

organic-walled microfossils that range in size from 5um to 500um and include pollen, spores, 

dinocysts, acritarchs, chitinozoans and scolecodonts. Analysis of the carbon isotope 

composition of palynomorphs have provided valuable paleoecological, paleoclimate and 

paleoceanographic information, but the current sample-size (mass) requirements are more than 

one hundred times greater than those for calcareous microfossils (Vandenbroucke, 2013). This 

is because palynomorphs contain relatively small amounts of preserved organic material, 
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whereas many calcareous microfossils consist primarily of a dense carbonate external shell 

(called a ‘test’); an easily extracted source of preserved carbon and oxygen. 

 

1.1.1.1 Carbon Isotope Composition 

There are three naturally-occurring isotopes of carbon:  

Carbon-12, the major, stable isotope constitutes about 99 percent of all carbon on Earth. 

Carbon-13, the minor, stable isotope constitutes about 1 percent of all carbon on Earth. 

Carbon-14, the radioactive isotope that constitutes only about one trillionth of Earth’s carbon. 

Stable carbon isotope ratios are reported as a ‘delta’ value δ13C (“delta 13 C”) in parts per 

thousand (permil) defined by the equation: 

 

𝛿13𝐶 = ( ( 𝐶13 𝐶12⁄ )𝑠𝑎𝑚𝑝𝑙𝑒( 𝐶13 𝐶12⁄ )𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − 1) × 1000 0 00⁄  

 

Here the standard is a calibrated reference material; a material with a known isotopic 

composition. The established international standard for carbon-13 was based on a marine 

calcareous fossil deposit, Pee Dee Belemnite (PDB) with a 13C:12C ratio of 0.01118. The original 

material is now exhausted, but the calibration scale established by the IAEA using other 

standard materials is still based on PDB and is called the Vienna PDB (VPDB) scale. So, a 

sample containing 1/1000th less carbon-13 than the PDB standard has a δ13C of -1 permil. 

 

1.1.1.1.1 Causes of carbon isotope variations 

One might assume that through mixing, the carbon isotope ratio of all natural materials is 

fairly uniform. However, while carbon-12 and carbon-13 are the same element and largely 

possess the same physical and chemical properties, their mass difference does result in slight 

differences in physical and chemical reactions. Some of the most important natural processes 

that result in carbon isotope discrimination (known as fractionation) are described below. 

 

1.1.1.1.2 Atmospheric carbon dioxide dissolved in the oceans 

Carbon dioxide is soluble in water and it is estimated that 2.4 Gigatons of carbon dioxide 

is sequestered by the World’s oceans each year. Atmospheric carbon dioxide has an average 

δ13C of about -8 permil. Atmospheric carbon dioxide and ‘dissolved’ carbon dioxide in the 

ocean’s surface are in equilibrium but the physical and chemical processes involved cause an 

isotopic fractionation that results in a δ13C of this dissolved carbon of approximately 1 permil. 
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The fractionation resulting from carbon in atmospheric carbon dioxide transitioning into 

dissolved inorganic carbon (DIC) in the ocean is therefore about 9 permil. 

Increased surface water temperatures result in increased primary productivity 

(phytoplankton growth) which results in more fractionation of the available DIC and more 

carbon-13 enrichment. Through this mechanism, ocean surface temperatures (corresponding to 

atmospheric temperatures) and primary productivity can be implied by shifts in the carbon-

isotopic composition of the dead remains of the organisms that are preserved in the ocean-floor 

sediments. The isotopic composition of the preserved remains in principle reflects the isotopic 

composition of the ocean’s DIC during their lifetime. 

 

1.1.1.1.3 Photosynthesis 

Photosynthetic organisms more readily take up 12C02 than 13CO2 resulting in 

fractionation between -11 and -20 permil depending on the specific metabolic pathway. Most 

plants use the C3 metabolic pathway (Calvin-Benson cycle) to fix carbon from the atmosphere 

resulting in a fractionation of around -20 permil. Plants that use the C4 (Hatch-Slack) metabolic 

pathway to fix carbon from the atmosphere (a more water-efficient process) produces a 

fractionation of around -6 permil. Thus, C3 plants have a δ13C of around -28 permil and C4 

plants have a δ13C of around -14. Marine algae have δ13C values ranging from -19 to -24 permil, 

largely depending on the sources of DIC available. Freshwater algae can have even more 

extreme values due to the more diverse sources of DIC, such as rock weathering and mineral 

springs that constitute isotopically disparate sources of carbon. 

 

1.1.1.1.4 Trophic level 

Epstein and DeNiro’s statement: “You are what you eat (plus a few permil)” summarizes 

the relatively simple carbon-isotopic relationship between predator and prey (Epstein & DeNiro, 

1976). The carbon isotopic composition of an animal will closely reflect the isotopic composition 

of its primary food source. The one- to three-permil fractionation associated with each 

hierarchical level in the food chain (trophic level) is small compared with those produced by 

photosynthesis, but sufficiently large to make carbon isotopic analysis a powerful ecological 

tool. 
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Figure 1.1  Isotopic composition variations according to ecology (terrestrial vs. marine), 
metabolic pathway (C3 vs. C4 plants) and trophic level. (adapted from Schulting 1998). 
 
 

Figure 1.1 shows a simple C3-plant-based food chain on the left side of the plot. 

Consumers of C3 plants have a carbon and nitrogen isotopic composition shifted up by a few 

permil, consumers of the C3 herbivore have isotopic compositions shifted up an additional few 

permil and so on. In the middle of the plot a simple marine phytoplankton-based food chain is 

shown. The isotopic composition of the zooplankton that consumes the marine primary 

producers is shifted up by a few permil and likewise the consumers of the zooplankton. The C4-

plant-based food chain shown on the right of the plot just shows the C4 plants and the isotopic 

shift of the main consumers; humans (American).     

Returning to the specific case of palynomorphs, the carbon isotopic composition of their 

preserved remains provides evidence of changes in primary production and burial conditions, 

and ecosystem reconstruction based on trophic level. 

The very nature of micropaleontology necessitates the analysis of microscopic 

organisms or remains and the appeal of reducing sample-size requirements is clear. Current 

carbon-13 analysis methods require the collection and preparation of hundreds or even 

thousands of palynomorphs for a single analysis (Vandenbroucke, 2013). Reducing the 
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minimum number of palynomorphs for a single analysis would substantially reduce the 

preparation time required for each sample; after large-scale removal of inorganic sediment 

using physical or chemical methods, the individual palynomorphs must be identified and 

manually extracted using a microscope. An experienced (and highly motivated) researcher can 

currently prepare a single sample in an eight-hour day. Reducing the minimum number of 

palynomorphs for a single analysis presents opportunities to expand the scope of research 

performed. For example, the ability to perform analyses on sediment layers previously too 

sparsely populated for a single analysis to be performed or the ability to reduce the sediment 

thickness sampled permits more samples per sediment core which translates into higher 

temporal resolution (core depth is proportional to age of burial). If carbon-13 analysis of 

individual palynomorphs could be achieved, then the comparison between individual organisms 

becomes a possibility and this constitutes a previously untapped area of research. Individual 

organism comparison could provide new ecological or taxonomic information that significantly 

advances our understanding of some of these now-extinct creatures. Figures 1.2 and 1.3  show 

the current state of our understanding of the trophic relationships within these groups of 

microscopic organisms; the tendency is to make assumptions about the feeding behavior of 

these organisms and clump them together in the food webs. 

 

1.1.2 Biological Tissues 

Carbon and nitrogen isotope composition analysis is a commonly-used tool for 

ecologists, pedologists, botanists and entomologists. As described in the previous section, 

physical and chemical reactions result in isotopic fractionation that can be observed in biological 

tissues. In many cases, the biological material available for isotope composition analysis is 

abundant and the minimum sample-size poses no significant limitation on the research. 

However, as the size of the organism diminishes, sample size becomes an obstacle. Figure 1.2 

shows a simplified food web for the Atlantic Ocean; a comprehensive food web diagram could 

contain thousands of species with complex trophic relationships. Notice that all of the 

microscopic components of this food web are grouped together and relationship details remain 

unresolved. 

A biologist constructing a comprehensive food web will find it difficult, if not impossible to 

extend the web below the scale of the insects consumed by birds, for instance. If the study is to 

examine the insects’ diet, then multiple organisms must be collected for each single analysis.  
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Figure 1.2  A simplified food web example. Micro-organisms grouped together - assumptions 
made about their feeding habits and their isotopic composition. 
(OpenAtlanticOcean.weebly.com). 
 
 

Figure 1.3 shows the carbon and nitrogen isotopic composition along the food chain of 

eels. Again, the details of the microscopic components of this food chain are unresolved and 

typically generalized. 
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Figure 1.3  Carbon and nitrogen isotopic composition along the food chain of eels from NIWA - 
National Institute of Water and Atmosphere, New Zealand.  
 
 

1.1.2.1 Entomology 

Isotope composition measurements and studies of entomological specimens (insects, 

arachnids and small arthropods) are significantly less common than those conducted using 

larger organisms. The most common research objectives are for food web construction and 

usually involve the analysis of the whole insect. Specimens measuring around six or seven 

millimeters (about 300ug dry mass) are at the lower sample size limit for current methods 

(Rinella et al., 2013). A small number of carbon isotope composition studies have been 

conducted using the organs of medium-sized insects (Gratton & Forbes, 2006), but organs from 

as many as fifty individual insects were harvested for each single analysis. Studies involving 

smaller insects or arthropods currently require large numbers of individuals for each analysis. 

As described for palynomorphs, reducing the minimum sample size requirements for 

these analyses would substantially reduce the time and effort required to prepare samples and 

reduce the number of individual insects sacrificed for the study. The ability to be able to analyze 

the isotope composition of single organs from a single individual or to be able to analyze smaller 

insects would expand the scope of entomological and ecological research. 
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1.1.3 Geology 

In the majority of cases, geological analytical research is not sample-size limited. 

However, there are a few instances where the ability to analyze very small quantities of gas is 

beneficial. 

 

1.1.3.1 Fluid Inclusions 

An inclusion is any material that is trapped inside a mineral during its formation. Despite 

the apparent uniform visual appearance of most crystals, defects in the arrangement of the 

constituent atoms and molecules cause small amounts of the surrounding fluid to be trapped in 

the crystal lattice. In igneous rocks, the trapped fluid is a silicate melt that solidifies as it cools to 

surface temperature; inclusions of this type are generally referred to as melt inclusions. If the 

trapped fluid is composed of water and other gases that exsolve into liquid and vapor at surface 

temperature, then it’s termed a fluid inclusion.  

The crystals in many sedimentary and metamorphic rocks, and almost all ore deposits, 

grow from the surrounding aqueous fluid. These fluid inclusions form during the growth of the 

crystal (primary fluid inclusions) and also when fluid enters a crack in an existing crystal and the 

crack then heals (secondary fluid inclusions). Hydrothermal ore deposits form from high 

temperature and high pressure aqueous fluids and thus, fluid inclusions in minerals preserve the 

composition of the surrounding fluid and can provide useful constraints on the prevailing 

pressure, temperature, and chemical environment during formation. Aqueous hydrothermal 

fluids often contain small amounts of carbon monoxide, carbon dioxide, sulfur dioxide, nitrogen, 

hydrogen, hydrogen sulfide, methane and argon. 

Fluid inclusions range in size from less than a micron to several centimeters long, but 

most are in the range of 10 to 100 microns. A comprehensive description of the nature and 

formation of fluid inclusions is provided by Roedder (Roedder, 1984) and Samson et al. 

(Minerological Association of Canada, 2003). 

Fluid inclusion gas compositional data is a valuable tool for understanding mineral 

precipitation and a variety of other geological processes. Water-gas ratios can be used to 

constrain pressure. The concentration of specific gases and the relative concentrations of some 

gases (e.g., nitrogen/argon and carbon dioxide/methane) are used to determine the sources of 

the fluids that formed the minerals. 
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(a) (b) 
 
Figure 1.4  Examples of fluid inclusions. (a) A fluid inclusion comprised of an aqueous solution 
and a vapor bubble. (b) Fluid inclusions comprised of an aqueous solution, liquid carbon dioxide 
and a vapor bubble. (Photomicrograph source: US Geological Survey) 
 
 

The change in chemistry between growth episodes also tells a story regarding the 

evolution of the fluids and their sources (Moore, Norman, & Kennedy, 2001). The concentrations 

of gases such as hydrogen sulfide and carbon dioxide are valuable indicators of metal transport 

and depositional mechanisms (Landis & Hofstra, 1991). 

Fluid inclusion gas composition in speleothems (e.g. stalagmites and stalactites) and 

very young mineral deposits can reveal information about the evolution of the earth’s climate 

and atmosphere (Seal & Rye, 1993). Finally, the fluid inclusion gas composition of mantle 

minerals can provide researchers with information regarding the nature of volatiles in the 

mantle. 

At the present time, no instrument is capable of providing complete and accurate 

analysis of all gases present inside a single, selectable, average-sized (10 to 100 microns) fluid 

inclusion. Only bulk fluid inclusion analyses provide complete and accurate gas compositional 

data, but bulk extraction methods (crushing and decrepitation) are non-selective. Sample 

crystals must be selected carefully to ensure that the fluid inclusions present resulted from only 

a single growth phase. A typical crystal contains fluid inclusions trapped during numerous 

events; primary growth and multiple secondary events.  

The capability to completely and accurately analyze the gases contained in a single, 

selectable, average-sized (10 to 100 microns) fluid inclusion could provide researchers with new 

discoveries regarding the formation conditions of the host minerals. 
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1.2 Instrument Sensitivity 

Mass spectrometers are the instrument of choice for compositional and isotopic 

analyses due to their superior signal-to-noise ratio. Sensitivity is a measure of the electronic 

charge collected per microgram of analyte (C/ug) (Gross, 2011). Mass spectrometer 

manufacturers go to great lengths to optimize and maximize the mass spectrometer’s sensitivity 

(within financial constraints, of course) and while after-market improvements are possible, it is 

more common to find that the sample handling ‘front end’ of the instrument has the greater 

potential to provide sensitivity increases. 

Previous attempts to improve sensitivity for gas compositional or light isotope 

compositional analysis have used low internal volume gas trapping apparatus (Fry, 1996) 

(Bergsma, 2001) (Polissar, 2009). 

A similar low volume cryogenic trap designed and built by the author of this thesis for the 

isotopic analysis of nitrous oxide extracted from air samples (Bergsma, 2001) reduced sample-

size requirements by a factor of twenty or more using cryogenic trapping of the sample gas and 

then releasing the gas to the mass spectrometer in a concentrated pulse. The basic method 

employed in these improvements was sound, but there were significant shortcomings regarding 

the systems’ degree of automation and unattended operation. These traps were all successful in 

reducing the amount of sample gas lost (sample gas generated from the original sample 

material that didn’t enter the mass spectrometer to be measured), but further significant 

improvements are possible. 

It may not be obvious to a reader new to stable isotope studies that the design and 

function of any sample handling equipment is far more critical than is the case for simple 

compositional analysis applications. The reason is fractionation; the very phenomenon that 

makes stable isotope analysis informative. Any sample handling apparatus must completely 

avoid any process that involves an incomplete process, such as an incomplete chemical 

reaction, incomplete combustion, or incomplete trapping. All chemical and physical processes 

fractionate and unless these processes are allowed to proceed to completion, the isotopic 

composition of the starting material is obscured by the fractionation involved in the process. 

Taking a very simple hypothetical example; we have a drop of water evaporating from a warmed 

surface and we re-condense the water vapor using a cooled ‘trap’. During the evaporation 

process, the water is fractionating in a predictable manner - water molecules comprised of 

oxygen-16 and hydrogen-2 atoms are more likely to evaporate than those comprised of oxygen-
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18 and/or deuterium atoms. As the evaporation proceeds, the vapor trapped will be depleted in 

heavier water molecules (HD16O, H2
18O) and the water remaining in the warmed drop will be 

enriched in heavier water molecules. Until the evaporation process is complete and all of the 

water has been re-condensed in the trap, the isotopic composition of the trapped water will not 

be representative of the isotopic composition of the original drop. If we trap only part of the 

water, its isotopic composition depends on the prevailing evaporation and condensation 

conditions and the isotopic composition of the original water drop is completely obscured by 

these dynamic processes. Let’s now consider another example where we are combusting a 

sample. The fractionation involved in high temperature processes such as combustion is much 

greater than that involved in the water evaporation example, but the same difficulties prevail. If 

the combustion conditions are such that not all of the sample material is converted into the 

highest stable oxidation state (carbon converted into carbon dioxide and not carbon monoxide, 

for example), then large fractionation effects completely obscure the isotopic composition of the 

starting material. Similarly, if some of the sample material remains un-combusted, again the 

isotopic composition of the gases generated will not represent that of the starting material. The 

demands of preparing samples for stable isotopic composition are much greater than those 

required for compositional analysis and this must be accounted for in any sample handling 

apparatus designed and built for isotopic applications. 

 

1.2.1 Micro-Volume Gas Trap 

The gas trapping devices described in the previous section clearly demonstrated that the 

potential exists to improve sensitivity and in turn, reduce minimum sample size requirements.  

These cryogenic traps comprised a loop of 1/8 or 1/16 inch outer diameter stainless steel tubing 

and a small dewar containing liquid nitrogen. Cooling was accomplished by immersing the loop 

in the liquid nitrogen, either manually or using an attached two-position air piston actuator. 

Heating was accomplished by manual use of a heat gun or by energizing heater tape wrapped 

around the tubing loop. Consistent cooling and heating of these traps could only be achieved by 

carefully maintaining a consistent liquid nitrogen level in the dewar and by either applying heat 

for a fixed period of time or employing electronic temperature control during heating. Controlling 

trap heating is not difficult, but consistently and safely dispensing liquid nitrogen to maintain 

consistent cooling is problematic. Automated liquid nitrogen dispensing systems require 

dangerous pressurized liquid nitrogen tanks and failure-prone level sensors and solenoid 

valves. The inconsistencies inherent in the use of liquid nitrogen in a small dewar to cool the 

trap loop necessitate a loop measuring around 20cm in length. Reducing the internal volume of 
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the trap tube would allow sample gas to be concentrated further and would improve the 

performance of the trap.  

In order to try to achieve the reduced sample size requirements described in section 1.1, 

a gas trapping device must be designed and built with a minimized internal volume that is fully 

automated and operated without the need for regular user intervention. While these automated 

use criteria are not necessary from the point of view of simply achieving the instrument 

sensitivity requirements, they are necessary in providing a viable research tool that could 

supplement or replace the well-established, highly automated systems currently used for larger 

samples. 

The increased demands of isotope ratio analyses also require that a trapping device be 

extremely consistent in trapping, and subsequently releasing all of the sample gas in order that 

the sample’s isotopic composition not be corrupted and obscured by sample-handling-induced 

fractionation.  
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CHAPTER 2 

TECHNICAL APPROACH: MICRO-VOLUME GAS TRAP 

 

2.1  Introduction 

A low internal volume gas trapping device has the potential to improve the sensitivity of 

any analytical instrument that generates gas pulses from the analyte. However, most of the 

commercially-available systems that produce gas pulses from solid or liquid starting materials, 

such as dissolved inorganic and organic carbon analyzers (DIC/DOC) and combustion- or 

pyrolysis-based elemental analyzers (EA) are not optimized for small samples. They typically 

use a constant flow of inert carrier gas to transport the generated sample gas pulses to a mass 

spectrometer for analysis. An illustrative example is provided by commercially available 

elemental analyzers which are designed to accommodate a wide range of solid and liquid 

sample material types and sizes. For carbon elemental or isotopic analysis, the typical minimum 

sample size limit is around 300 ug of dry organic material (yielding around 100 to 200 ug of 

carbon). This would equate to a desiccated insect of around 5 to 7 mm in length - not even 

close to our sensitivity goals. Some of the characteristics of these devices that dictate their 

minimum sample size limitations are their relatively large internal volumes and surface areas 

and the relatively large carrier gas flowrates necessary to effectively purge these large volumes.  

An appropriately-designed trapping device can trap all of the sample gas, regardless of how 

widely dispersed it initially may be. The trap would effectively concentrate the sample gas into a 

very small volume which could then be subsequently purged with a substantially lower amount 

of carrier gas to deliver a tight gas pulse to the mass spectrometer.  

 

2.2  Gas Trapping Devices 

In previous work by this author, a low dead-volume cryogenically-cooled trap designed 

to extract microliter amounts of nitrous oxide from air samples was successfully employed in a 

soil analysis project. This trap increased the sensitivity of the instrument by at least a factor of 

twenty, but despite its success for the specific application (Bergsma et al., 2001), the internal 

volume was relatively large at about 5 ml and it lacked unattended automation. Others have 

used low-internal volume, cryogenically-cooled trapping apparatus to improve sensitivity with 

similar shortcomings regarding internal volume and ease-of-automation (Fry, 1996) (Polissar, 

2009). To address these shortcomings, a fully automated trapping device was designed and 
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built that had an internal volume of less than 0.5 ml and could be employed to reduce the 

sample size limitations of conventional analytical instruments into the microscopic realm. 

 

2.2.1  Thermoelectrically-Cooled (TEC) Micro-Volume Trap 

  A micro-volume gas trap was constructed by packing an 80 mm long, 1/8 in (3.2 mm) 

outer diameter, 0.05 in (1.3 mm) inner diameter, Inconel (nickel-chromium alloy) tube with 

Carbosieve G 60-80 molecular sieve material. Small wadded pieces of nickel wool were used to 

hold the Carbosieve in place in a 25mm long section in the center of the Inconel tube. The 

packed tube was then pressed into a pre-drilled copper plate measuring 6 mm in thickness and 

40mm square. Two miniature cartridge heaters were also pressed into holes in the copper plate 

on either side of the Inconel tube as can be seen in Figure 2.1. A thermocouple probe was 

inserted into a fourth hole drilled into the copper plate, in close proximity to the Inconel trap 

tube. 

 

 
 
Figure 2.1  Copper plate with Inconel trap tube and two cartridge heaters inserted. 
 
 

The copper plate assembly was then securely sandwiched between two Peltier devices 

(thermoelectric coolers) and two large heat-sinks, using heat-sink compound between all 

components to optimize thermal transfer (see Figure 2.2).  
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Figure 2.2  Cross-sectional view of the thermoelectrically-cooled trap assembly. 
 
 

Insulating materials were used around the outside of the copper plate and Peltier 

devices and the whole assembly was inserted into a metal enclosure containing a large air 

blower. More insulating materials were added to the enclosure to further insulate the assembly 

and to direct air from the large blower exclusively through the heatsink fins. Electrical controls 

and connections were then added to deliver power to the thermoelectric coolers, heater 

cartridges and blower. 

A Valco 4-port switching valve (Valco Instruments 2019) was bolted onto the side of the 

enclosure and actuation solenoids wired and connected to provide control of the valve. Short 

pieces of polyether ether ketone (PEEK) 1/16 in outer diameter capillary were used to connect 

the Valco valve to the Inconel trap tube. Figure 2.3 shows a gas -flow schematic of the trap. In 

principle, the trap can be inserted into the carrier gas stream from any of the gas pulse-

producing devices described in section 2.1, such as a DIC/DOC analyzer or a combustion 

analyzer to the mass spectrometer. The complete assembly can be seen bolted to the bench of 

a VG Isotech Optima isotope ratio mass spectrometer in Figure 2.4. 

 
 

 
 
Figure 2.3  Micro-volume trap assembly gas flow schematic. 
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Figure 2.4  The TEC micro-volume gas trap assembly attached to a VG Isotech Optima mass 
spectrometer for testing. 
 
 

The Optima IRMS hardware and software were adapted to provide control of the TEC 

trap. The Optima software provides the ability to use script files to control valves and read back 

temperatures on attached peripheral devices immediately before starting an isotope ratio 

measurement. Scripts were written to use the Optima IRMSs valve drivers to control the solid-

state relays (SSRs) that in turn control the TEC trap components. The scripts also use the 

IRMSs hardware to read back and monitor the trap temperature. Figure 2.5 shows a block 

diagram of the control scheme. 

The initial testing of the TEC trap was conducted using very simple manually initiated 

scripts to step the device through the freezing, trapping, heating and releasing phases of the 

trap’s operation.  
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Figure 2.5  Block diagram of TEC trap component control via the Optima IRMS. 
 
 

2.2.2  TEC Trap Initial Tests 

           The TEC trap was attached to a VG Isotech Optima isotope ratio mass spectrometer 

(IRMS) for initial evaluation. If the trap is to be effective in its intended application, then its ability 

to quantitatively trap the injected carbon dioxide must be tested. During the trapping phase, 

carbon dioxide gas was injected into helium carrier gas upstream of the trap. The IRMS was 

used as a very sensitive leak detector to detect if any carbon dioxide passed through the trap 

without being confined. During all of these initial tests with manual carbon dioxide injections, no 

leaks were detected by the IRMS indicating that all of the gas was being trapped. Figure 2.6 

shows a plot captured from the IRMS software that shows the ion beam produced from a pulse 

of carbon dioxide gas released from the TEC  trap after being trapped from a 4 ul injection. 
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Figure 2.6  A carbon dioxide peak from the TEC trap system. The peak resulted from trapping a 
4 ul manual injection of carbon dioxide into the helium carrier gas stream. The square pulse is a 
reference gas pulse introduced into the ionization source from the IRMS’s built-in sample gas 
introduction system (the VG micro-inlet system). 
 
 

2.2.3 TEC trap applications 

The TEC trap was also inserted between a CE NA2500 elemental analyzer (EA) and a 

VG Isotech Optima IRMS to facilitate carbon isotope analyses of palynomorph samples 

hundreds of times smaller than is typical using a conventional Elemental Analyzer-IRMS setup. 

This application is described in detail in chapter 3. 

The TEC trap was also used as an integral component of a new, small-sample-optimized 

preparation system intended to replace the conventional elemental analyzer in an EA-IRMS 

system. The new device is described in detail in chapter 4 and one of its primary applications in 

chapter 5. 

 

  



19 
 

 

CHAPTER 3 

TEC TRAP APPLICATION: PALYNOMORPH STABLE ISOTOPE ANALYSES 

 

3.1  Introduction 

A palynomorph is defined as an organic-walled microfossil between 5 and 500 

micrometers in size. Palynomorphs are preserved remains of organisms that have evolved 

relatively rapidly compared with larger-scale organisms. These palynomorphs are widely 

dispersed and result in useful biomarkers in many sedimentary rocks and deposits. In addition 

to their usefulness in biostratigraphy, their carbon isotopic composition can provide researchers 

with additional information regarding the prevailing ecology, environment and climate. 

Chitinozoans, acritarchs, scolecodonts and dinoflagellates are examples of palynomorphs 

commonly studied, but chitinozoans and acritarchs are our focus here.  

Chitinozoans are flask-shaped, organic-walled marine microfossils commonly found in almost all 

types of marine sediment. They are believed to be egg cases or the juvenile stage of an 

unknown soft-bodied, now extinct marine animal. Their relatively rapid evolution and abundance 

during the mid-Paleozoic makes them useful biostratigraphic markers (Paris, 2015). They range 

in size from 50 µm to 2 mm in length, but are most commonly in the range of 100 to 300 µm in 

length and 0.1 to 1 ug in mass. 

 

 
 

(a) Chitinozoan (b) Acritarch 
 
Figure 3.1  Representative images of (a) a chitinozoan and (b) an acritarch. 
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Acritarchs are organic-walled, mostly round marine microfossils found in almost all 

marine sediments. They are considered to possibly be egg cases or juvenile stage of small soft-

bodied animals or resting cysts of green algae. Many different individual species are included in 

the ‘acritarch’ classification, but since their associated organisms were not preserved in the 

same sediments as the acritarchs themselves, their true nature is not known. Their diversity and 

abundance make them useful index fossils and paleoenvironmental indicators spanning from 

2.5 billion years B.P. to the present (Agic, 2016). Arcritarchs range in size from a few 

micrometers to one millimeter in diameter. 

The marine organisms that produced the palynomorphs commonly found in marine 

sediments are believed to be at, or close to the base of the food chain and therefore have a 

carbon isotopic composition close to that of the carbon dioxide present in the atmosphere and 

dissolved in the oceans at that time. Disruptions of the planet’s carbon balance that may have 

triggered changes in climate, produce corresponding changes in the atmosphere’s carbon 

isotopic ratios. These changes in global carbon isotope composition are recorded in detail in the 

inorganic carbon geologic record provided by abundant carbonate deposits (Munnecke, 

2010)(Cramer, 2010) (Cramer, 2011). The corresponding changes in organic carbon isotope 

composition of marine organisms reflected in the isotopic composition of the preserved 

palynomorphs can provide additional information regarding the ensuing climatic and 

environmental changes (Munnecke, 2010)(Riding, 2012) (Vandenbroucke, 2013). 

There have been numerous studies of extinction events triggered by carbon balance 

disruptions using the organic carbon isotope composition of palynomorphs (Munnecke, 

2010)(Riding, 2012) (Vandenbroucke, 2013). Without exception, these studies have contributed 

to our understanding of the scope and impact of these events. Palynomorph carbon isotope 

analysis is an important tool in furthering our understanding of carbon balance dynamics and 

climate change past and present. 

 

3.2  Current Analysis Methods 

The standard method employed in the carbon isotopic analysis of palynomorphs is 

called Elemental Analyzer - Isotope Ratio Mass Spectrometry (EA-IRMS) (Midwood, 

1999)(DeGroot, 2004). This method uses two distinct pieces of analytical equipment; the 

elemental analyzer and the isotope ratio mass spectrometer. The elemental analyzer is usually 

a stand-alone-capable instrument designed to provide carbon, nitrogen, hydrogen (CHN) 

elemental composition of solid organic samples. The EA generates carbon dioxide, nitrogen and 

water vapor pulses from the combustion of the organic sample in a helium carrier gas stream. 
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The gas pulses are separated using a gas chromatograph after which a thermal conductivity 

detector is used to measure the gas pulses to determine their exact proportions and calculate 

the percentage of each element present in the sample. In the EA-IRMS configuration, a portion 

of the EA’s helium carrier gas ‘exhaust’ is routed directly to the ionization source of the IRMS. 

 

 
 
Figure  3.2  EA-IRMS schematic 
 
 

The helium only marginally obstructs the ionization of the carbon dioxide or nitrogen gas 

carried into the IRMS. The portion of the EA gas flow that is allowed to enter the IRMS is 

controlled using an ‘open split’. In its simplest form, the open split consists of a tee with one port 

of the tee connected to the EA via a 0.75 mm internal diameter capillary. Another tee port is 

connected to the ionization source of the IRMS via a 0.10 to 0.15 mm internal diameter 

capillary. The third tee port is connected to a 20 cm length of 0.75 mm internal diameter 

capillary that is open to the atmosphere and constitutes a vent through which excess carrier gas 

is allowed to vent. The operating principle of the open split is that a portion of the gas flowing 

from the EA is drawn through the IRMS capillary by the vacuum maintained inside the ionization 

source chamber (about 1 to 10 x 10-6 millibar). The smaller internal diameter of this capillary 

both limits the total amount of gas allowed to enter the IRMS and ensures that this amount is 

significantly less than the total amount of gas flowing from the EA through the much larger 

internal diameter capillary. The excess carrier gas passes through the 20 cm length of capillary 

and is allowed to vent to the atmosphere. The 20 cm length further reduces the chance of 

atmospheric air being drawn back into the mass spectrometer in the case of brief pressure or 

flow fluctuations during the operation of the EA. The open split protects the IRMS from drawing 

too much gas and allowing atmosphere from being drawn into the ionization source. A 
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secondary benefit of the open split is that it behaves as a pressure buffer, protecting the IRMS 

from the pressure fluctuations inevitably caused by the gas-switching operation of the EA when 

oxygen is injected into the carrier gas stream and the sample is introduced into the combustion 

furnace. The obvious disadvantage of the open split is that a proportion of the valuable sample 

gas is lost through the vent and isn’t delivered to the IRMS. 

There are a number of different models of EA that are routinely used in EA-IRMS setups 

and they all have similar sample size requirements. Typical minimum sample masses are in the 

0.4 to 0.6 mg of dry organic material range. The upper limits are dictated only by the physical 

size of the sample and its ability to physically fit into the EA’s sample introduction device.  

The international convention for reporting isotope ratio analysis results is to use δ notation: 

 

 𝛿 = ( 𝑅𝑠𝑎𝑚𝑝𝑙𝑒𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − 1)  × 1000   (units: permil) 

 

Where Rsample is the atomic abundance ratio 13C/12C of the sample and Rstandard is the ratio 

13C/12C of the reference standard. The reference standard for carbon is Vienna Pee Dee 

Belemnite (VPDB) with RVPDB equal to 0.01123720. 

The lower sample size limit of a typical EA-IRMS instrument dictates that between 500 and 

1500 palynomorphs are required for each analysis depending on the average size of the 

palynomorph (Vandenbroucke, 2013). In brief, the sample preparation procedure for 

palynomorphs entails the following: 

• Extract sediment or a section of sediment core containing at least the number of 

palynomorphs of the species of interest required for a single analysis (depending on 

palynomorph density in the sample, somewhere between 10g and 500g of material). 

• Crush or disaggregate the sediment. 

• Wash or treat with acid (several stages) to remove all inorganic material, leaving only 

acid-resistant organic components (including palynomorphs). 

• Under a microscope, manually extract the required number of palynomorphs required for 

a single analysis (individuals ‘picked’ must belong to the appropriate taxonomic ‘group’). 

• Place the required number of ‘picked’ palynomorphs into a tin foil cup ready to be loaded 

into EA sample introduction device. 

A substantial amount of time is required to conduct these preparation steps overall, but of 

course, the most time-consuming step is the ‘picking’ step where the working environment is so 
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demanding and great care must be taken to ensure that only the species of interest are 

selected. 

The problems associated with the current methods for carbon-13 analysis of 

palynomorphs are directly related to the large number of individuals required for a single 

analysis. Based on my personal experience of ‘picking’ palynomorphs, the time required to 

prepare a single sample for carbon-13 analysis is approximately eight hours. The length of time 

consumed in the preparation of these samples limits the resolution with which a sediment or 

core sequence can be analyzed. Almost all of the published data shows the discrepancy 

between the number of data points available for the inorganic carbon-13 data from abundant 

and easily-prepared carbonates and the severely-limited number of data points for the organic 

carbon-13 derived from palynomorphs. This limitation prevents detailed comparisons between 

the palynomorph group organic, bulk organic (whole rock) and inorganic carbon (whole rock) 

record. Figure 3.3 is taken from one of Vandenbroucke’s studies (Vandenbroucke, 2013) and 

shows a graphical comparison of the δ13C of organic material from isolated palynomorph 

groups (chitinozoans and scolecodonts) and δ13C organic material extracted from the whole 

rock. The availability and relative ease of preparation of the whole rock samples permits much 

higher sampling resolution and even minor δ13C excursions are easily identified. As is typical of 

all of these types of investigation, the difficult and time-consuming sample preparation methods 

for the palynomorphs severely limit the sampling resolution and small-scale δ13C excursions 

are impossible to distinguish. 

The solid data points and the heavy trend line in figure 3.3 show the δ13C variations in 

organic material extracted from the whole rock versus sediment depth. These δ13C variations 

occur as a result of changing ocean conditions and the large excursions are known to often 

correspond to large-scale environmental changes that resulted in extinction events. The 

relatively-high abundance of whole-rock organic matter permits carbon-13 analysis at high 

depth resolution resulting in a high level of detail throughout the plotted depth (time) interval. 

The hollow circular data points and the dashed trendline in figure 3.3 show the δ13C variations 

of chitinozoans extracted from the sediment at the indicated depth. Lower abundance and the 

relative difficulty in extracting sufficient chitinozoans to permit a single δ13C analysis results in 

much lower depth resolution and less detail in the chitinozoan plot. The same is true of the 

scolecodont plot (hollow triangular data points). 
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Figure 3.3  A representative example of published comparisons between δ13Corg extracted from 
the whole rock and δ13Corg of isolated palynomorph groups showing the relative sampling 
resolution limitations (Vandenbroucke, 2013). 
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Much more information about the life, death and burial conditions of these palynomorphs 

could be extracted if it were possible to produce data points at the same resolution as the bulk 

rock organic matter. Figure 3.3 shows that neither the chitinozoan nor the scolecodont trends 

exactly follow the bulk rock δ13C and higher resolution comparison would provide greater 

insight into the reasons for the deviations. Notwithstanding the limitations imposed by these low 

resolution δ13C comparisons, little is known about the variations between individual 

palynomorphs at the same depth. There remain significant gaps in our knowledge of the 

processes involved in the deposition, burial and preservation of palynomorphs. A significant 

amount of these details remains obscured due to our inability to be able to analyze individual, or 

even small numbers of palynomorphs (Vandenbroucke, 2013)(Munnecke, 2010). 

 

3.3  Objectives 

A reduction in the quantity of organic material required to conduct a single carbon-13 

analysis would reduce the sample preparation demands and positively impact palynomorph 

analysis. A factor of ten reduction in the minimum sample-size requirements over conventional 

EA-IRMS would reduce the number of individual palynomorphs required for a single carbon-13 

analysis to less than 100. A sample-size reduction of this magnitude would permit a research 

study to increase their sampling frequency or resolution by a factor of ten, perhaps revealing 

previously-hidden details in isotopic composition variation with time. With reduced sample-size 

requirements, sediments that previously contained too low a density of palynomorphs could be 

sampled and analyzed. 

If the sample-size requirements could be lowered to the extent of permitting the carbon-

13 analysis of a single palynomorph, the variation between individuals could be explored in 

detail and may provide valuable insight into the life, death, deposition, burial and preservation or 

alteration of these organisms. This, in turn, could provide researchers with further insights into 

the effects of carbon balance disruptions and climate change. 

 

3.4  Theoretical Considerations 

Using the same IRMS acquisition parameters typically employed for conventional EA-

IRMS analyses, the minimum measurable ion beam peak is 1 nanoamp in amplitude and at 

least 5 seconds in duration.  

If we consider an ‘average’ chitinozoan 200 um in length, then according to Paris (Paris, 

2015), its mass is around 0.5 ug. The preserved organic material is somewhat close to chitin. A 
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rough calculation to determine how much carbon dioxide is produced from combusting the 

organism and how much ion current that will generate in the IRMS. 

 

Chitin chemical formula: (C8H13O5N)n 

 

Chitin molar mass = 203.19 g/mol 

 

Percentage carbon in chitin = ((12.01 x 8)/203.19)  x  100 = 47.3% 

 

Mass of carbon present in ‘average’ chitinozoan = 0.5 ug  x  0.473 = 0.24 ug 

 

Number of CO2 molecules produced from combustion = 2.4 x 10-7  x  NA = 1.5 x 1017 molecules 

 

A large amount of the carrier gas and sample gas from the EA is vented at the open split; only 

approximately 1/500th goes to the ionization source of the IRMS. This is discussed in detail in 

chapter 4. Once in the ionization source, as discussed in chapter 2, only approximately 1/800 th 

of the carbon dioxide molecules are ionized and accelerated toward the Faraday cup detector. 

 

Number of CO2 molecules reaching the ionization source = 1.5 x 1017/500 = 3 x 1014 molecules 

 

Number of CO2 molecules ionized and collected at the detector = 3 x 1014 /800 = 3.8 x 1011 

molecules 

 

Making a crude approximation that the ions are produced and detected over a ten-second 

period: 

 

Charge acquired each second by Faraday cup = (3.8 x 1011)/10  x  1.6 x 10-19 =  6 nanoamps 

 

A ten-second duration 6 nanoamp peak is easily measurable. Just for comparison, some of the 

early tests conducted with the micro-volume trap involved manually injecting 4 ul of carbon 

dioxide gas into the carrier gas stream. The gas was trapped by the micro-volume trap and 

subsequently released to the IRMS where it produced a 5-to-6 nanoamp ion pulse lasting about 

eight seconds. 
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4ul of CO2 at STP contains 1.8 x 10-7 moles 

 

4ul of CO2 at STP = 1.8 x 10-7  x  NA = 1.1 x 1017 molecules 

 

This is close to the number of carbon dioxide molecules produced from combusting the single 

‘average’ chitinozoan. 

 

3.5  EA - TEC Trap - IRMS 

The TEC micro volume trapping device was designed and built for the purpose of 

trapping very small amounts of gas. The details of the design and construction of this device 

can be found in chapter 2. The micro-volume trap was inserted into the capillary that connects 

the EA gas outlet to the open split of a conventional EA-IRMS instrument setup previously 

described in section 3.2.1. Figure 3.3 shows the flow schematic of the micro-volume trap and 

the four-port Valco switching valve used to switch the trap into and out of the flow path. As 

described in chapter 2, the micro-volume trap was housed in a sturdy enclosure that also 

housed the electrical and electronic devices necessary to control the thermoelectric coolers, 

cartridge heaters and fan during its operation. These electrical and electronic devices were 

interfaced with the IRMS in such a way that the IRMS control software could cool and heat the 

trap and switch the state of the four-way Valco valve at the appropriate times. Figure 3.4 shows 

a block diagram of the control of the TEC trap components provided by the Optima IRMS 

hardware. 

The sample preparation methods used were identical to those used for conventional EA-

IRMS analyses as described in detail in the USGS Denver stable isotope lab standard operating 

procedure (Johnson et al. 2017). In brief, the sample is placed inside a tin foil capsule and then 

the capsule is compressed into and approximately-spherical ball and placed in the EA’s sample 

introduction device carousel. 
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Figure 3.4  Optima IRMS control of TEC trap block diagram. 

 
 

A sucrose standard, previously calibrated against NIST and IAEA standard reference 

materials, was analyzed along with the samples. It was estimated that sucrose containing 

between 1 and 4 ug of carbon would generate a similar amount of carbon dioxide as the 

samples. Handling such small quantities of crystalline material was problematic, so the sucrose 

standard was dissolved and dispensed into tin foil capsules in microliter quantities using a 

microliter pipette. The capsules were left open until the water had evaporated and left only the 

sugar residue and then they were compacted into roughly-spherical balls. 

As described in the USGS SOP, samples were ‘sandwiched’ between standards. In 

other words, several standards were analyzed first, followed by a sequence of samples, then 

another few standards and then another sequence of samples. In this way, the performance of 

the instrument and the quality of the analyses can be assessed at various stages throughout the 

analysis ‘batch’. 

The IRMS software was configured so that the following operations were conducted in 

sequence for each analysis: 
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• The micro-volume trap was cooled by switching on the thermoelectric coolers and the 

fan. 

• When the temperature of the trap reached -15 Celsius, the ‘Start’ signal was transmitted 

to the EA to initiate a sample combustion cycle. 

• After a delay of 15 seconds the four-port switching valve was actuated to switch the 

micro-volume trap into the gas flow path from the EA. 

• After an additional delay of 25 seconds, the four-port switching valve was actuated to 

switch the micro-volume trap out of the gas flow path from the EA. 

• The thermoelectric coolers and the fan were switched off and the cartridge heaters were 

switched on to heat the micro-volume trap up. 

• When the micro-volume trap temperature reached 70 Celsius, the cartridge heaters were 

switched off. 

• After a delay of 10 seconds the four-port switching valve was actuated to switch the 

micro-volume trap into the gas flow path again. 

At this time, the carbon dioxide gas pulse that was generated from the combustion of the 

sample in the EA and subsequently trapped on the molecular sieve inside the micro-volume trap 

when cooled, was now released to the open split. At the open split, a portion of the gas was 

drawn into the IRMS and the ions produced from the carbon dioxide pulse were analyzed for 

isotopic ratio. 

The IRMS software permits a series of single-sample analyses to be conducted in a fully 

automated fashion. Samples were generally analyzed in fully automated small ‘batches’ as is 

the normal procedure for operation of conventional EA-IRMS equipment. 

 

3.6  Results 

 Table 3.1 shows the data acquired from the first carbon-13 analyses of single and small 

numbers of chitinozoans and acritarchs. Dr. Poul Emsbo (US Geological Survey) provided a 

selection of palynomorphs with which to experiment. The largest of the chitinozoans and 

acritarchs were selected to be analyzed individually and four or five of the smallest of each type 

were grouped together to make a single sample. 
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Table 3.1  Single- and small groups of palynomorph test carbon-13 analysis data. 
 

Sample Name Average Peak Height 
(mass 44) (nA) 

Average Peak Area 
(mass 44) (nA) 

δ13C wrt PDB 
(permil) 

Holly Sugar 9.36 56.7 -24.51 
Holly Sugar 8.40 50.1 -25.50 
Chitinozoan x 1 0.91 5.40 -37.79 
Chitinozoan x 1 1.09 6.37 -37.30 
Chitinozoan x 1 0.88 5.52 -44.53 
Chitinozoan x 1 0.89 5.18 -37.75 
Chitinozoan x 1 0.93 5.44 -37.93 
Chitinozoan x 1 0.84 5.00 -39.91 
Chitinozoan x 5 1.17 7.17 -41.68 
Chitinozoan x 5 1.15 6.72 -36.70 
Chitinozoan x 5 1.21 7.65 -40.55 
Chitinozoan x 5 1.71 10.3 -35.93 
Chitinozoan x 5 1.83 10.9 -33.35 
Acritarch x 1 1.19 7.04 -34.84 
Acritarch x 1 0.94 5.82 -44.47 
Acritarch x 1 1.03 6.40 -43.40 
Acritarch x 1 0.87 5.45 -46.43 
Acritarch x 1 0.81 4.87 -40.13 
Acritarch x 1 1.04 6.47 -43.59 
Acritarch x 1 1.26 7.54 -40.11 
Acritarch x 4 0.96 6.02 -44.85 
Acritarch x 5 0.98 6.02 -44.91 
Holly Sugar 8.79 53.0 -24.44 
Holly Sugar 7.68 46.6 -25.15 

 
 

The amount of carbon dioxide yielded from the palynomorphs was significantly less than 

anticipated, probably as a result of overestimation of the proportion of the palynomorph’s mass 

that was chitinous (organic) material. Despite the low gas yields, the results show that a 

measurable amount of gas is produced and the ability to analyze single organisms for carbon-

13 composition is clearly demonstrated. The standard deviation of the sucrose standard 

analyses was 0.51 permil; high in comparison with conventional EA-IRMS analyses of 

conventionally-sized samples, but a very encouraging early result for such small samples.  

Professor Thijs Vandenborucke, sedimentologist, paleontologist, and expert in 

paleopalynomorph analysis prepared a series of palynomorph samples to be analyzed using the 

EA-microvolume trap-IRMS system to assess its small-sample capabilities. The samples 

consisted of between 5 and 20 individuals per sample (depending on the sizes of the 

individuals) of chitinozoans, acritarchs, graptolites and scolecodonts extracted from Baltic 

sediments. The details are shown in table 3.3 and the data are shown in table 3.4. 
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Table 3.3  Detailed listing of the small palynomorph sample set prepared by Vandenbroucke 
 

Palynomorph 
Description 

Quantity 
per sample 

Number of 
samples 

Geologic Epoch Geologic 
Period 

Chitinozoans 10 6 Wenlock (433.4 - 427.4 mya) Silurian 
Acritarchs 10 6 Wenlock (433.4 - 427.4 mya) Silurian 
Acritarchs 20 4 Wenlock (433.4 - 427.4 mya) Silurian 
Graptolite Fragments 1 4 Wenlock (433.4 - 427.4 mya) Silurian 
Chtinozoans 15 12 Ludlow (427.4 - 422.9 mya) Silurian 
Scolecodonts 5 1 Ludlow (427.4 - 422.9 mya) Silurian 

 
 
 

 
 
Figure 3.5  Plot of Vandenbroucke palynomorph sample set δ13C analysis data with error bars 
representing the standard deviation of each palynomorph independently. 
 
 

After examining the results of the palynomorph sample selection, Professor 

Vandenbroucke asked me to analyze a series of approximately 240 palynomorph samples for 

his graduate student’s Master’s thesis project. The graduate student, Lander Soens, prepared 

the samples in the same way as the palynomorph selection samples had been prepared (15 

individual organisms per sample) and they were analyzed for carbon-13 composition following 

the same procedures. 
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Table 3.4  Vandenbroucke palynomorph sample set carbon-13 analysis data 
 

Sample Name Peak Height (nA) δ13C wrt VPDB (permil) Comments 
Holly Sucrose (3ugC) 9.1 -27.68 Furnace conditioning 
Holly Sucrose (3ugC) 9.5 -29.41 standard 
Holly Sucrose (3ugC) 9.0 -29.50 standard 
Chitinozoans (W x10) 2.1 -34.44  
Chitinozoans (W x10) 2.2 -35.42  
Chitinozoans (W x10) 2.4 -35.30  
Chitinozoans (W x10) 2.0 -36.23  
Chitinozoans (W x10) 2.2 -35.21  
Chitinozoans (W x10) 2.1 -36.34  
Acritarchs (W x10) 9.4 -32.87  
Acritarchs (W x10) 4.2 -32.02  
Acritarchs (W x10) 4.2 -33.20  
Acritarchs (W x10) 3.3 -34.19  
Acritarchs (W x10) 5.1 -33.63  
Acritarchs (W x10) 3.2 -34.39  
Holly Sucrose (3ugC) 9.8 -30.87 standard 
Holly Sucrose (3ugC) 10.2 -30.23 standard 
Holly Sucrose (3ugC) 9.8 -30.36 standard 
Acritarch (W x20) 5.5 -32.36  
Acritarch (W x20) 5.6 -33.15  
Acritarch (W x20) 5.4 -33.18  
Acritarch (W x20) 4.8 -32.97  
Graptolite Frags (W) 3.3 -36.32  
Graptolite Frags (W) 6.3 -34.34  
Graptolite Frags (W) 4.0 -34.64  
Graptolite Frags (W) 8.7 -36.04  
Chitinozoans (L x15) 4.6 -31.82  
Chitinozoans (L x15) 4.6 -31.87  
Chitinozoans (L x15) 4.0 -31.94  
Chitinozoans (L x15) 4.4 -31.44  
Chitinozoans (L x15) 5.6 -32.23  
Chitinozoans (L x15) 3.6 -33.23  
Chitinozoans (L x15) 4.1 -32.17  
Chitinozoans (L x15) 4.2 -32.15  
Chitinozoans (L x15) 4.5 -32.05  
Chitinozoans (L x15) 4.9 -33.02  
Chitinozoans (L x15) 5.5 -31.76  
Chitinozoans (L x15) 20.0 -131.70 Overscale - rejected 
Scolecodont (L x5) 3.5 -33.23  
Holly Sucrose (3ugC) 10.3 -30.22 standard 
Holly Sucrose (3ugC) 9.3 -30.09 standard 
Holly Sucrose (3ugC) 10.5 -30.71 standard 

 
Standard Name Mean δ13C 

wrt VPDB (permil) 
Calibrated δ13C 

wrt VPDB (permil) 
Std. Dev. (n=8) 

(permil) 
Holly Sucrose -29.90 -29.9 0.52 
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Figure 3.6  Plot of the data acquired from Lander Soens’ chitinozoan (red profile), acritarch 
(green profile) and graptolite (blue profile) samples against sediments depth (increasing age 
with depth). The error bars are shown on individual data points, but the width of each of the 
colored palynomorph profiles indicate the range of δ13C values obtained from multiple samples 
at the same depth. (plot provided by L. Soens) 
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Figure 3.7  This plot demonstrates how Soens compared the δ13Corg obtained from the analysis 
of his palynomorph samples with the δ13C of the inorganic components of the whole rock to 
identify corresponding major excursions in carbon isotopic composition. (plot provided by L. 
Soens). 
 
 

The data obtained from the analysis of Soens’ samples is shown in figures 3.6 and 3.7. 

Figure 3.6 shows all of the data in three plots, corresponding to the acritarch δ13Corg (green), the 
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chitinozoan δ13Corg (red) and the graptolite δ13Corg (blue). On the left side of the figure is the 

corresponding sediment core depth at which the samples where extracted and of course, 

increasing depth corresponds to increasing age. Error bars on the individual data points indicate 

the analysis precision and the width of the colored region of each of the traces indicated the 

spread of values obtained from multiple samples extracted from the same core section (the 

same depth). Figure 3.7 shows the data plots (with individual data points and error bars 

removed for clarity) against sediment depth, but also compared with the δ13C of the inorganic 

carbon (carbonate) present in the sediment core. The dashed lines link excursions in the 

δ13Ccarb profile with corresponding excursions in the individual palynomorph δ13Corg profiles. 

 

3.7  Discussion 

The carbon-13 analysis of standards using the EA-microvolume trap-IRMS system 

demonstrated the ability to analyze quantities of organic material hundreds of times smaller than 

the quantities routinely analyzed using conventional EA-IRMS equipment. The early tests 

conducted on chitinozoans demonstrated the ability to obtain carbon-13 analysis data for single 

organisms.  

The quality of the carbon-13 analysis data obtained from Professor Vandenbbroucke’s 

palynomorph selection most clearly demonstrates the capabilities and the potential of the EA-

micro-volume trap-IRMS system. The results obtained demonstrate that samples more than one 

hundred times smaller than those required using conventional means can be analyzed without 

compromising data quality. The time-saving implications of this advance are quite obvious; 

much larger data sets can be acquired than was previously possible and samples can be 

extracted from sediments previously too sparsely populated to yield sufficient numbers of 

palynomorphs. Perhaps less obvious is that the ability to analyze single organisms practically 

exposes a whole new field in palynomorph study; the exploration of individual isotopic variation 

could provide a wealth of information about the life, death, burial and preservation or alteration 

of these organisms. Professor Vandenbroucke prepared and submitted a research grant 

application to the Research Foundation - Flanders (FWO) to fund related research projects. 

Here are some excerpts from the grant application that emphasize the importance of these 

advances in analytical capabilities: 

“Rationale. Before biomineralizing primary producers and consumers appeared en masses 

during the Mesozoic, organic-walled photosynthesizing phytoplankton and organic-walled 

zooplankton, their primary consumers, were the main group of marine planktic organisms, 

sequestering carbon. Yet, the isotopic composition of these ancient organisms remains largely 
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unexplored, primarily because of analytical limitations. Conventional δ13Corg analytical methods 

require up to 1000s of tiny specimens for each analysis and as a result, most analyses of 

organic carbon are hitherto invariably run on bulk rock, diluting and masking the signature of 

individual organisms. We have developed a radically new analytical method that allows the 

routine analysis of δ13Corg from individual palynomorphs, the fossil remains of organic-

walled phyto- and zooplankton. This new technique provides an unprecedented opportunity to 

study C-cycling and pCO2 in deep time, drivers of climatic events, and ancient trophic webs.” 

“Previous studies have recognized the importance of knowing the δ13Corg composition of the 

different organic constituents of the ‘bulk organic’ signature of sedimentary rocks, in 
making such process-based interpretations about environmental change.” 

The analysis of 240 palynomorph samples for  Soens’ Master’s thesis would not have 

been possible in a reasonable timescale using conventional EA-IRMS. Only by reducing the 

sample size requirements to 15 individual organisms per sample was it practical to prepare a 

sample set of this size. 

Using this data, Soens was able to correspond significant δ13C excursions between the 

bulk inorganic profile and the individual group profiles. Perhaps the more significant insights to 

be gained from this data set are to be found by examining the variation between samples 

extracted from the same sediment core section. In many prior studies similar to this one, bulk 

analyses have diluted and masked the signatures of individual organisms. The ability to analyze 

palynomorphs individually or even in small numbers has the potential to explore and discover 

much more detail of the lives of these mysterious organisms and the information that their 

preserved remains can reveal. 
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CHAPTER 4 

TECHNICAL APPROACH: MINIATURIZED SAMPLE COMBUSTION AND MICRO_VOLUME 

TRAP SYSTEM - THE µDUMAS SYSTEM 

  

4.1  Introduction 

The elemental analyzer - isotope ratio mass spectrometer (EA-IRMS) combination was 

first used in the mid-1980s and is now in common use for isotope studies in research areas as 

diverse as paleontology, entomology, archeology, environmental science, agriculture and 

medicine (Midwood, 1999). Basic EA-IRMS configuration and operation are described in 

chapter 3, and in more detail elsewhere (Midwood, 1999) (DeGroot, 2004). 

Almost all of the currently available EA-IRMS systems utilize an EA that was designed to 

be able to accommodate bulky, low-organic content samples, such as sediments. The typical 

range of samples analyzed by EA-IRMS contain between 100 ug and 1 mg of carbon with total 

sample mass ranging from 0.3 to 10 mg. Factors such as organic content, sample homogeneity 

and sample availability dictate the mass of sample material required. 

An example data set acquired using the conventional EA-IRMS instruments at the USGS 

Denver Stable Isotope Lab is included in the supplementary information folder named “Emmons 

Marino Aquatic Larva EA-IRMS Dat.xlsx”. This data set includes four separate aquatic larva 

sample ‘batches’, each containing nylon and glutamic acid standards at the beginning, middle 

and end of the batch. This is commonly accepted structure for an automated sample batch 

analysis and is described in more detail in the standard operating procedures (Johnson et al. 

2017). Table 4.1 shows the standard deviation of the δ13C values obtained for each of the 

standards, the average mass of aquatic larva required for each sample and the average mass 

of glutamic acid standard used. These values represent the sample-size requirements and the 

quality of data obtained from typical conventional EA-IRMS analyses.  

 
Table 4.1  Summary of data obtained from representative conventional EA-IRMS analyses. 
 

 δ13C wrt PDB (permil) Std. Dev. Ave. Mass (mg) n 
USGS 15MFL Nylon -26.76 0.08 0.4 12 
USGS 40 (Glutamic acid) -26.44 0.26 0.70 24 
USGS-GA-2 (Glutamic acid) -9.49 0.11 0.68 16 
Samples various n/a 1.07 200 
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The samples analyzed were whole dried larvae that mostly ranged from about 8 mm to 

about 12 mm in length. Larvae in the lower end of this range weighed around a milligram and 

the whole organism was used for the analysis. Larger larvae weighed significantly more than a 

milligram and were dissected and only part of the organism was analyzed. A few of the larvae 

weighed significantly less than 1 mg and could not be reliably analyzed because too little carbon 

dioxide gas was generated from their combustion. Again, this represents a typical sample set for 

EA-IRMS analyses; lower sample size limits are often encountered with smaller organisms and 

if analysis is possible, data quality is compromised. 

 

4.2  Current Methods 

Samples are placed in tin foil capsules and then the capsule is compacted around the 

sample to form a roughly-spherical ball. The tin foil capsule serves two functions; first, it keeps 

the sample contained and prevents it from spilling out and contaminating other nearby samples. 

Second, the tin reacts exothermically with the oxygen that is injected into the EA’s carrier gas 

stream to initiate combustion. The exothermic oxidation of the tin foil increases the temperature 

around the sample and helps to ensure its complete combustion. 

 

 
Figure 4.1  Tin foil capsules for solid sample preparation (photo credit: Elemental 
Microanalysis). 
 
 

Figure 4.1 shows tin foil capsules, they come in a variety of sizes to accommodate a 

range of sample sizes. The smallest capsule available measures 4 mm high by 3 mm in 

diameter. When the foil is flattened out, it’s an approximately 15 mm diameter circle. 

Some EA-IRMS-users routinely analyze low-organic content materials such as sediments and 

low-organic content soils. The EAs are designed to be able to accommodate these 
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requirements; they use combustion tubes that are 12 to 20 mm inner diameter and 30 to 40cm 

long. The reduction tube, that contains copper to remove excess oxygen and convert nitrogen 

oxides to elemental nitrogen, is usually of similar dimensions to the combustion tube. 

The EAs used for EA-IRMS have a small gas chromatograph to separate the gas pulses 

produced from the sample combustion. In the most common configuration for instance, carbon 

dioxide and nitrogen gases are produced from sample combustion and the gas chromatograph 

separates these two gases into distinct peaks. This separation permits the IRMS to analyze 

each peak without inference from the other and in some cases, the IRMS can analyze both 

peaks independently in quick succession.  

The use of relatively-large combustion tubes and gas chromatographs, plus the need to 

be able to accommodate larger samples requires helium carrier gas flow rates in range of 60 to 

120 milliliters per minute. The IRMS only requires a small fraction of that flow rate to carry the 

sample gas pulses into the ionization source and so the excess must be vented at the open 

split. 

Conventional EA-IRMS systems have relatively large minimum sample size 

requirements that often limit the scope of the research that can be performed. At the USGS 

Denver stable isotope laboratory, the lower limit for δ13C analysis is 400 ug of contained carbon 

(Johnson et al. 2017) and similarly for the nitrogen content of samples intended for δ15N 

analysis. With some equipment optimization, these minimum sample size limits can be reduced, 

but this would not be considered within the scope of ‘normal operating conditions’ for this 

equipment.  

Modifications to conventional EA-IRMS instruments to better accommodate smaller 

samples have been made in the past, but resulted in complications or additional limitations. 

Reduction in combustion and reduction tube sizes have improved small-sample performance, 

but using standard tin foil capsules resulted in rapid ash buildup and problems associated with 

the high blank contribution from the tin (Langel & Dyckmans, 2014). Fry et al. used a simple 

liquid nitrogen-immersed steel capillary to trap sample gas pulses from an EA and then 

subsequently release them to the IRMS for analysis (Fry, 1996). This method was very 

successful in reducing the minimum sample size requirement for EA-IRMS-type applications, 

but the primary drawback of this method was that it required continuous manual intervention. 

Subsequent attempts have been made to automate this approach, but they have not resulted in 

a robust, fully-automated device that can preserve the large sample batch capabilities of 

conventional EA-IRMS systems. 
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As sample size is reduced the contribution from the blank and from EA background gas 

emissions become more significant and reduce data quality. Post-analysis corrections help, but 

data quality reductions are still significant (Langel & Dyckmans, 2014)(Polissar, 2009). 

The EAs used in conventional EA-IRMS setups are unsuitable for samples containing less than 

200 ug of contained carbon or nitrogen. 

 

4.3  Objectives 

The objective is to design and build a solid-sample combustion device optimized for 

stable isotope analysis of small samples. This device will use the thermoelectrically-cooled 

micro-volume trap already designed and built as described in chapter 2. Reducing the internal 

volumes and carrier gas path lengths will reduce background gas emissions and blank 

contributions from the equipment which will help to maintain analysis data quality. The new 

device should retain as much of the conventional EA-IRMS’s automation and unattended 

operation features as possible, maintaining its utility for large sample batch projects.  

The tin foil capsules are the main blank contribution. To preserve data quality as sample size 

shrinks, the standard sample preparation methods must be refined and optimized for small 

samples. 

Many of the standards used for conventional EA-IRMS analyses can be difficult to 

dispense in the tiny quantities required to match the small samples. Also, some of the standards 

commonly used for EA-IRMS may not be homogenous at the microscopic scale and may not be 

suitable for our intended applications. Existing standards will need to be evaluated and new 

standards and dispensing methods established.  

 

4.4  Design Considerations 

Figure 4.2 shows the schematic of the new system comprising a low-internal volume 

small-sample combustion system and the thermoelectrically-cooled micro-volume trap. The 

system was unofficially dubbed the ‘µDumas system’ since this type of combustion analysis was 

derived from Dumas’ original method of determining nitrogen elemental composition of solid 

organic samples. Helium enters the system through the main helium pressure regulator shown 

on the left side of the schematic. From here, the helium splits into two separate paths, one 

entering the flow controller that precisely controls the main helium flow through the oxygen 

injection switching valve and through the reaction tube shown in the center of the schematic. 

The reaction tube is enclosed in a high-temperature furnace and contains the same oxidizing 

reagents as used in conventional EAs; chromium oxide, silvered cobaltous oxide or tungstic 
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oxide. The other helium flow from the main pressure regulator enters a low-pressure regulator 

after which the flow again splits into two separate flows. The first low-pressure helium flow goes 

to the auxiliary helium control which comprises a flow control needle valve and a shut-off 

solenoid valve. 

 
 

 
 
Figure 4.2  Schematic of the small-sample optimized combustion - micro-volume trap system. 
 
 

The auxiliary helium control is used to inject additional helium into the main helium flow 

path, after the reaction tube, but before the micro-volume trap. This allows for carrier gas flow 

conditions through the micro-volume trap to be changed without altering the flow conditions 

through the reaction tube. The second branch after the low-pressure regulator feeds into a flow-

control needle valve that controls the flow of helium into a Nafion membrane water trap. This 

constitutes the reversed-flow gas necessary to remove the water molecules from the outside of 

the Nafion membrane tubing inside the water trap. This water trap is of the type commonly used 

in carrier gas-based instruments and is described in detail by Leckrone and Hayes (Leckrone & 

Hayes 1997). The helium carrier gas flow from the micro-volume trap switching valve to the 

IRMS can be reduced by opening the dilution solenoid shut-off valve and adjusting the dilution 
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flow control needle valve. Opening these valves allows some of the carrier gas (and sample gas 

pulse) to vent to atmosphere before reaching the Nafion water trap and then on to the IRMS, 

thus effectively diluting the gas. After the Nafion water trap there’s an open split where more of 

the carrier gas and sample gas pulse are lost to the atmosphere. As discussed previously, this 

open split is necessary because it isolates the IRMS from the pressure fluctuations inherent in 

opening and closing the system’s valves and adjusting flowrates. The much lower internal 

volume of this new system permits the use of much lower carrier gas flowrates and this will 

reduce carrier gas consumption and loss of sample gases through the open split. 

 

 

 
 
Figure 4.3  Block diagram of the µDumas control. 
 



43 
 

4.5  µDumas System Construction Details 

 A redundant Costech elemental analyzer provided a suitable enclosure for the new 

system. The rigid ceramic foam insulation used to insulate the original twin furnaces was 

repurposed and the autosampler originally used on this elemental analyzer was still in good 

condition and was also retained. Everything else in the Costech EA was stripped out of the 

enclosure and discarded. 

Silicon carbide spiral-cut furnace elements were designed and custom made by ‘I 

Squared R Element Co.’ (I Squared R, 2019). Two of the SiC heater elements were mounted 

inside the insulation blocks retained from the Costech EA. Additional castable ceramic insulation 

was used to modify the existing blocks so that the SiC elements were held in place and 

additional ceramic wool insulation was used to fill any remaining gaps. Two elements were fitted 

to the insulation block simply for redundancy; only one furnace was going to be needed at a 

time, but the insulation block and the enclosure could accommodate two, so two were fitted 

providing the option to use either one.  

Stainless steel-sheathed thermocouple probes were positioned in the insulation so that 

their distal ends lay close to the middle of the heater elements. 

The autosampler was a Costech ‘Zero Blank’ as shown in Figure 4.5 (Costech, 2019); a 

simple design that employs a 12 volt stepper motor to rotate the carousel and cause a sample 

to drop down a tube that connects to the glass reaction tube. A stepper motor driver module 

was purchased that would give full control of the stepper motor through four TTL logic inputs; 

this meant that almost any microcontroller could be easily interfaced with it. The fitting at the 

bottom of the autosampler, that was designed to fit a large-diameter glass reaction tube, was 

replaced with a custom fabricated replacement that could accommodate heavy-wall ½ in outer 

diameter glass reaction tubes. 

Extra holes were punched into the front right-hand panel of the enclosure to 

accommodate the additional gas controls required for this new system. Porter gas pressure 

regulators and flow control valves were all mounted in this panel, except for the flow control 

valve for dilution. The dilution needle valve and solenoid valve were mounted on the top panel 

of the enclosure so that the plumbing was simplified and gas path lengths were minimized. 

A 0-40 ml/min helium mass flow controller was mounted inside the right-hand 

compartment of the enclosure, very close to the high pressure helium regulator. The mass flow 

controller required a +15/-15/+5 volt power supply and accepted an analog 0-5 volt control 

voltage. Again, this control voltage could be provided by almost any microcontroller.  
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Figure 4.4  Stepper motor control module used to control the autosampler stepper motor. 
 
 
 

 
 
Figure 4.5  The ‘Zero Blank’ autosampler with a modified adapter to permit gas-tight connection 
to a ½ inch outer-diameter quartz glass combustion tube. 
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Four DC power supplies were required to power the various components in the system. 

A +15/-15 volt power supply was required for the mass flow controller. A 12 volt power supply 

was required for the stepper motor controller, the switching valve control solenoids and the gas 

shut-off solenoids. A 40 Amp, 5 volt power supply was required to power the trap’s 

thermoelectric coolers and a 3 Amp, 5 volt power supply was required for the microcontroller 

(and the mass flow controller logic circuit). 

A large transformer required to provide low-voltage power for the furnace heating 

elements was mounted in the bottom of the center section of the enclosure. The power supplies 

described in the previous section were mounted immediately above the transformer. The micro-

volume gas trap was mounted immediately above the power supplies. Its location was chosen 

so that plumbing was simplified and gas paths were minimized, but also so that the hot air 

exhausted from the trap when the trap’s blower was switched on could be directed out of the 

back panel of the enclosure. Obviously, hot air needed to be efficiently removed from the 

enclosure to prevent components from overheating. The airflow through the trap resulting from 

energizing the blower also assists in maintaining cool air flow throughout the whole enclosure. 

 

 
 
Figure 4.6  Photo of the interior of the µDumas enclosure where the TEC trap and blower are 
housed. 
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An Arduino Mega 2650 microcontroller was chosen to provide control and user interface 

for the µDumas system. A detailed description and specification of the Mega 2560 can be seen 

on the Arduino website (Arduino Mega, 2019) and a schematic is included in the supplementary 

information folder (filename ‘Arduino Mega 2560_R3 schematic.pdf’).  

 

 
Figure 4.7  Arduino Mega 2560 microcontroller. 
 
 

A 7” touch-screen LCD display and a compatible display driver shield (a circuit board 

that stacks on top of and plugs into the Mega 2560) were used to provide the user interface for 

the system. The Mega 2560 was also to be used to monitor temperatures, switch valves, control 

the autosampler stepper motor, control the mass flow controller, switch solid state relays 

(controlling the furnace heaters, trap heaters, trap coolers and trap blower), and receive the 

trigger signal from the IRMS. To manage this long list of operations, a custom shield needed to 

be designed and built that would stack directly on top of the Mega 2560 and allow the display 

driver shield to stack on top of it. The Mega 2560 has many digital outputs that can be used to 

switch things on and off, but it cannot source or sink the larger amounts of current needed to 

drive valves and large mechanical relays directly. The custom shield will need to provide the 

means to buffer the microcontroller’s signals, relieving it from the heavier current demands and 

also protecting it from voltage spikes. Figure 4.8 shows the circuit board that was designed for 

the shield; the red traces are on the top surface of the circuit board, the green traces are on the 

bottom of the board and the yellow is the silkscreen layer on the top surface. The circuit board 
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accommodates two ILQ-615 quad opto-isolator ICs; these devices simply echo the state of the 

input on their output. The opto-isolator labeled ‘U1’ allows the four low-current digital output 

signals from the Mega 2560 to be used to control solid state relays. The opto-isolator labeled 

‘U2’ allows four low-current digital output signals from the Mega 2560 to control the UDN2543 

valve driver IC, which in turn directly controls the solenoid valves. The LM358 Op Amp IC is 

configured with unity gain so that a low-current analog output from the Mega 2560 can be used 

to control the mass flow controller. The circuit board also houses small LEDs that give a visual 

indication of the state of the relays and valves. 

 
 

 
 
Figure 4.8  Custom-made µDumas interface shield PCB for the Arduino Mega 2560 
microcontroller. 
 
 

An interface module based around the Maxim MAX21856 IC was used to interface 

between the Mega 2560 and the three thermocouples required by the system. The custom-

made shield circuit board has a row of holes in the lower right-hand corner dedicated to the 

thermocouple interface module. When soldered in place, the Mega 2560 communicates with the 

thermocouple interface module, thought the shield using an I2C serial bus. 

Figure 4.9 shows the finished ‘Micro-Dumas Shield’ plugged into an Arduino Mega 2560 

microcontroller. Only the USB socket and the power socket of the Mega 2560 are visible 

protruding from the left-hand edge of the shield. The small daughter circuit board soldered to the 
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lower right corner of the shield is the thermocouple interface module; test thermocouples are 

attached. 

 

 
 
Figure 4.9  Custom-made shield plugged into Arduino Mega 2560 (underneath). The small 
daughter circuit board is the thermocouple interface module based on the MAX31855 chip. 
 
 

Figure 4.10 shows the complete stack consisting of (from bottom to top) the 

microcontroller, the Micro-Dumas shield, the display driver shield and the LCD touchscreen 

display. Because all of the components are plugged into each other, the power supplied to the 

Micro-Dumas shield’s terminal connectors is distributed to the microcontroller, the display and 

the display shield. This helps to simplify external wiring. 

When these components are mounted in the instrument enclosure, the small LED 

indicators on the Micro-Dumas shield will be visible (with a small cover removed from the 

enclosure) to provide a visual indication of the status of the valves, solid-state relays and the 

mass flow controller control voltage. 
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Figure 4.10  The touchscreen LCD display plugged into the display shield, plugged into the 
Micro-Dumas shield, plugged into the Mega 2560 microcontroller. 
 
 

Obviously, the microcontroller has a lot to do and the program that was written to control 

the system and provide a user interface is provided in the supplementary information folder 

(filename ‘uDumas Arduino Mega Program Listing.txt’). As is conventional for Arduino 

microcontrollers, the program was written in the C language. Figure 4.11 shows the ‘Home 

Page’ of the user interface displayed on the touchscreen LCD display. Touching any of the 

colored square elements displayed on the home page takes the user to a page where the 

parameters controlling that system component can be viewed or edited. For example, touching 

the green ‘Helium Flow’ square will take the user to a page where the current helium carrier gas 

flow settings can be examined or changed. The same page contains several other parameters 

that control the helium flow rate under other circumstances, such as when the instrument is in 

standby (inactive).  

Any parameter changes are automatically saved when the user returns to the home 

page. The numbers displayed inside the square elements indicate the current state of that 

element; helium flow is currently at 10% of maximum flow. The circular elements displayed on 

the home page represent valves and will change state when touched, providing manual control. 

A green circle represents an open valve, a red circle represents a closed valve. 
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Figure 4.11  The ‘Home Page’ of the user interface on the touchscreen LCD display. 
 
 
 

 
 
Figure 4.12  Photo of the µDumas system. 
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When a ‘cycle’ (the combustion, trap and release for a single sample) is initiated, either 

locally on the touchscreen or remotely triggered by the IRMS, the microcontroller program uses 

the stored parameters to control the sequence of operations necessary to produce a tightly 

confined sample gas pulse from the combustion of a sample. Figure 4.13 (a) shows a timeline 

for the preparation of a single sample for carbon-13 isotopic analysis and figure 4.13 (b) shows 

the probable timeline for the preparation of a single sample for nitrogen-15 isotopic analysis that 

is still undergoing development. 

 
 
 

 
(a) 

 
(b) 
 
Figure 4.13  Timeline diagram showing the order of operations of the µDumas system involved 
in combusting a sample, trapping sample gas and releasing sample gas for (a) δ13C and (b) 
δ14N analyses. 
 
 
4.6  Small-Sample Preparation Method 

The smallest tin foil capsule available from EA consumable suppliers is 4 mm high by 3 

mm in diameter. This capsule is much larger than is necessary to envelop the small-sized 

samples of interest here. The relatively large amount of tin foil used to make one of these 

capsules will produce a large enough blank to significantly degrade sample analysis data 

quality. The majority of samples of interest here could easily be enveloped with a 2 to 3 mm 

square piece of foil; that’s less than 1/15th of the foil used in a capsule. 

Ideally, the carbon content of the standards should be as close as possible to the 

average carbon content of the samples. This practice ensures that the conditions surrounding 

the production and measurement of the gas pulses derived from the standards are the same as 

those derived from the samples. Reproducibly aliquoting less than 10 ug of solid material is 

challenging and efforts were made to find materials and procedures that eased this burden. 
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Some of the standard materials frequently used for conventional EA-IRMS were 

immediately found to be unsuitable for small-sample applications. Glutamic acid and benzoic 

acid are prime examples; these are fairly common and easily available calibrated standard 

isotopic materials, but they were both much too difficult to handle in their solid state. The low 

water solubilities of both of these materials meant that any solution not close to saturation was 

too dilute and required more than several microliters to be dispensed on the tin foil squares. 

This amount of solution on the tin foil squares took too long to dry down and also resulted in 

residues widely distributed across the foil instead of confined to the center of the foil. Solutions 

of these materials that were too close to saturation were almost as difficult to handle as the dry 

powder. A commonly-used standard material that worked well for these applications was 

sucrose. Sucrose has a high solubility in water and allowed solutions of various concentrations 

to be prepared and dispensed with ease. With the appropriate concentration solution, one or 

two microliters could be dispensed onto the middle of a 3 mm tin foil square. The solution drop 

would dry down in ten minutes or less and leave the sucrose residue only in the middle of the 

foil square, where it was relatively easily enveloped using tweezers. Caffeine was selected as 

another suitable standard material due to its high solubility and availability. 

 
 

  
(a) (b) 

Figure 4.14  (a) A drop of standard solution on tin foil square.  (b) NBS-21 graphite on a tin foil 
square. 
 
 

A few solid materials were found to be not-too-difficult to aliquot appropriately; nylon 

fishing line is a convenient material to use as an internal standard at the USGS stable isotope 

lab. A 0.1 mm thickness 100% nylon thread was found that could be cut into approximately 0.5 
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mm lengths under an inspection microscope. NBS-21 graphite was also frequently used even 

though it was a little bit difficult to handle. The reason I persevered with this solid was that it’s an 

external (NIST and/or IAEA verified) standard, it wasn’t affected by static electricity as much as 

other solid powders and finally, because a significant supply of the material was available at the 

USGS Denver stable isotope lab. 

 

4.7  Results 

Table 4.2 shows the background carbon dioxide and nitrogen emissions from several 

conventional EA-IRMS systems and the µDumas system. The background gas emissions of the 

µDumas system are less than a third of the three conventional EAs. 

 
Table 4.2  Comparison of background emissions of combustion analyzers. 
 

EA Instrument Carbon Dioxide (mass 44) 
Background (pA) 

Nitrogen (mass 28) 
Background (pA) 

µDumas 9 28 
CE NA2500 38 72 
Thermo Flash 35 65 
Elementar Cube 47 102 

 
 

Table 4.3 shows the measured helium carrier gas flow from the vent of the open split. 

The carrier gas flowrate into the mass spectrometer’s ionization source is typically between 0.1 

and 0.3 ml per minute and the open split ratio calculation in Table 4.4 is based on a value of 0.2 

ml/min. The split ratio indicates the proportion of carrier gas vented versus the amount entering 

the IRMS. The ratio for the µDumas system is 5.5:1, meaning that for every 6.5 ml of carrier gas 

flowing through the system, 5.5 ml is vented at the open split and 1ml enters the IRMS. The 

ratio for the conventional EA-IRMS systems is at least seventy times higher; more than seventy 

times more carrier gas is vented and wasted.  

 
Table 4.3  Comparison of helium carrier gas vented at the open split. 
 

EA 
Instrument 

Measurement 
1 

(ml per min.) 

Measurement 
1 

(ml per min.) 

Measurement 
1 

(ml per min.) 

Average 
(ml per 
min.) 

Split  
Ratio 

µDumas 1.4 1.2 1.4 1.3 5.5:1 
CE NA2500 77.4 76.1 77.2 76.9 384:1 
Thermo Flash 95.1 95.2 95.8 95.4 476:1 
Elementar Cube 97.7 97.4 97.4 97.5 487:1 
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Table 4.4 shows the IRMS integrated area of the carbon dioxide (mass 44) peak 

produced from the combustion of empty tin foil capsules or tin foil squares. This data 

demonstrates the blank contribution from the tin foil alone (no sample). The 6 mm high, 4 mm 

diameter tin foil capsules are the most commonly-used means of enveloping samples for 

conventional EA-IRMS. The 5mm squares were cut from a flatten-out 6 mm x 4 mm capsule. 

Care was taken to make sure that no organic contaminants were transferred to the 5 mm 

squares during the manipulation and cutting of the capsule foil. The 3 mm tin foil squares were 

cut from 40 mm tin foil squares purchased from a reputable supplier of EA consumables.  

 
Table 4.4  Blank contribution assessed from carbon dioxide (Mass 44 beam) areas from the 
combustion of various sources of tin foil. 
 

Tin foil Source Average Peak Height 
(mass 44) (nA) 

Average Peak Area 
(mass 44) (nA) 

6mm x 4mm Capsule 5.53 20.0 
5mm square (from capsule foil) 0.77 2.86 
3mm square (from 40mm foil sq.) 0.30 1.52 

 
 

The tin foil blank data shows how much higher the blank contribution is when using 

standard tin foil capsules. The blank contribution difference between the 5 mm tin foil squares 

(cut from capsules) and the 3 mm tin foil squares (cut from larger squares) demonstrates that 

the tin foil capsules acquire additional contaminants during the capsule-forming process. The 

overall reduction in blank contribution from the tin foil was more than eighteen-fold. 

Table 4.5 and figure 4.15 show the data obtained from the δ13C analysis of four of the 

standards suitable for use at this reduced scale. Sucrose and caffeine were dissolved to 

produce solutions of specific concentration so that the amount of standard dispensed in each 

sample was known; this was 3 ug of contained carbon. The Nylon thread was cut to length of 

about 0.5 mm which contained approximately 3 ug of carbon. Detailed data are available in the 

supplementary information folder in a file named “Emmons Standard 13C Data.xlsx”. 

Holly sucrose and Aurifil Nylon thread are in-house or ‘internal’ standards used at the USGS 

Denver stable isotope lab. They both have been calibrated against multiple Internationally 

accepted (usually supplied by NIST or IAEA with certifications) and have been calibrated many 

times over a period of years to establish reliable values; those values are stated in the last 

column of table 4.5. 
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Table 4.5  Data obtained from the carbon-13 analysis of four standards using the µDumas 
system. 
 

Standard Name Ave. Measured 
δ13C wrt PDB (permil) 

Standard Deviation 
(permil) 

Actual δ13C wrt PDB 
(permil) 

Holly Sucrose -24.86 0.11 -24.9 
Aurifil Nylon Thread -29.59 0.16 -29.5 
Caffeine (B2104) -38.25 0.16 n/a 
NBS-21 Graphite -28.10 0.27 -28.10 

 
 

 

 
 
Figure 4.15  A plot of the data obtained from the carbon-13 analysis of four standards. 

 

The caffeine standard (supplied by Elemental Microanalysis) is one that has only been 

used for a short period of time and doesn’t have long-term data to verify its actual delta values. 

The NBS-21 graphite standard was supplied by NIST and has an internationally accepted delta 

value as stated in the last column. Being a solid powder, homogeneity concerns and the 

difficulty dispensing consistent amounts at this scale make the routine use of the NBS-21 

standard unappealing. Its handling difficulties and possible inhomogeneity at this scale may be 

responsible for the significantly larger variability in its analysis as shown in the standard 

deviation column of table 4.5. For now, NBS-21 is the best useable ‘external’ standard. 
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4.8  Discussion 

The reduction in internal volume, surface area, reagent volumes, elimination of the gas 

chromatograph and overall compact design of the µDumas system, reduced background gas 

emissions to less than a third of those of conventional setups. These reductions in volume and 

gas flow path length permit the use of much lower carrier gas flow rates, which in turn 

dramatically reduce the open split ratio and result in a much higher proportion of the carrier gas 

and sample gas peaks entering the mass spectrometer. The design minimizes sample gas 

pulse spreading in all aspects of its operation and this allows the IRMS peak integration 

software to more accurately determine the bounds of the sample peak which results in more 

reproducible area integration. 

Using a thermoelectrically-cooled trapping device, the µDumas system doesn’t suffer 

from the problems associated with cryogenic trapping devices such as those associated with 

maintaining a consistent liquid nitrogen reservoir. The µDumas system can be operated in a 

similar way to EA-IRMS systems preserving their ease-of-use and large sample batch 

capabilities. 

The blank contribution that has been a crippling impediment to previous efforts to 

measure samples containing less than 50 ug of carbon or nitrogen was abated largely by 

establishing a sample preparation method that substantially reduced the quantity of tin foil 

required to envelop a sample. Careful design of the µDumas system also reduced the blank 

contribution. 

The standard data shown here and sample data subsequently acquired and described in 

Chapter 5 clearly demonstrate that the µDumas system permits the carbon-13 analysis of 

samples as small as 3 ug of carbon without sacrificing data quality compared with conventional 

EA-IRMS. The lower sample-size limit of this system has not been established yet, but is likely 

to be below 0.5 ug of carbon albeit with some degradation in data quality compared with that at 

3 ug of carbon. 

The helium carrier gas savings inherent in the µDumas system’s design shouldn’t be 

understated. The diminishing availability and soaring costs of helium are well-publicized and 

analytical laboratories have an obligation to take steps to conserve this non-renewable 

resource. 

A method and apparatus scientific paper has been written for submission to the Rapid 

Communications in Mass Spectrometry journal. The manuscript is currently under internal 
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review at the USGS and a draft version is included in the supplementary information folder 

“Emmons RCM Method first draft.pdf”. 
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CHAPTER 5 

ENTOMOLOGICAL APPLICATIONS OF THE µDUMAS SYSTEM 

 

5.1  Introduction 

The isotopic composition of an insect’s tissues reflects the isotopic composition of the 

food they assimilate. DeNiro and Epstein stated “you are what you eat… plus a few permil” 

(DeNiro & Epstein, 1978) meaning that the relationship between an insect and its diet’s isotopic 

composition is fairly predictable. Stable isotopes are an indispensable tool for investigating diets 

and food webs involving insects, particularly because direct observation of feeding habits is 

difficult or impossible (Ponsard and Aditi, 2000). Food webs are essential to our understanding 

of how organisms interact or depend on each other and also how they interact with their 

ecosystem. Preserved insect remains can also provide valuable information about past 

environmental conditions and improve our understanding of climate change and its implications. 

 

5.2  Current Analysis Methods 

Elemental analyzer - isotope ratio mass spectrometry (EA-IRMS), as described in detail 

in chapters 3 and 4, is used almost exclusively by stable isotope entomologists and there are 

hundreds of publications based on data acquired using this method (Gratton and Forbes, 

2006)(Hood-Nowotny and Knols, 2007) (Rinella et al., 2013). For carbon-13 analysis, around 

1mg of desiccated insect tissue is required for each sample and around 5mg for nitrogen-15 

analysis. For larger specimens such as the spiders in the Collier study (Collier et al. 2002), the 

whole spider would constitute a single sample. For smaller specimens such as the “macro-

invertebrates” studied by Ponsard and Arditi (Ponsard and Arditi, 2000), five-to-ten individuals 

were needed for each single analysis.  

Fewer studies have been undertaken where the insects are smaller than 5 mm in length 

due to the large numbers of individuals needed for a single analysis. For example, Chahartaghi 

et al. studied springtails (Collebola) and required as many as 120 individuals for a single 

analysis (Chahartaghi, 2005). An even less common, but fascinating study was conducted by 

Gratton and Forbes where they examined how nutrients were partitioned in the tissues of 

Ladybeetles. For this study, the flight muscles, adipose tissues and organs were harvested from 

as many as fifty individuals to provide sufficient material for a single analysis (Gratton and 

Forbes, 2006). 
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Very few isotope studies have been conducted on animals smaller than a few millimeters 

in length and as a result, there is little known about the diets of these organisms. Often, 

researchers make broad assumptions about the diets of the ‘micro-fauna’ based on their habitat 

(Gratton, personal communication). The few studies performed with smaller samples are very 

time-consuming and contain relatively few data points. No research has been conducted to 

investigate the variability of isotopic composition between individuals and possible causes of 

such variations. 

 

5.3 Objectives 

Entomological and ecologic research would benefit greatly from a device capable of 

allowing the stable isotope analysis of micro-fauna currently beyond the reach of conventional 

EA-IRMS equipment. 

The ability to analyze many species previously too small for conventional EA-IRMS or to 

analyze insect tissues independently without having to sacrifice hundreds would significantly 

impact the scope of these research areas. 

Chapter 4 describes the development of the µDumas system; a sample preparation 

system that permits the stable isotope analysis of samples one hundred times smaller than is 

possible with conventional EA-IRMS equipment. The µDumas system was used to analyze the 

micro-fauna described in the following sections without any compromise in terms of ease-of-

use, level of automation or data quality. 

 

5.4  Midge Capsules 

A primary food source for non-biting midge larvae (chironomidae) are the many species 

of bacteria and archaea residing in lake sediments. In this hypoxic environment, some species 

produce methane as a metabolic byproduct and some species use available methane as their 

source of carbon and energy. The metabolic processes that produce methane 

(methanogenesis) produce large carbon isotope fractionation resulting delta values as low as -

50 to -100 permil. As previously described, the isotopic composition of an organism will strongly 

reflect the isotopic composition of its food source. The bacterial and archaeal population in lake 

bed that produces large amounts of methane will have a high proportion of methanogenic and 

methanotrophic species present. Midge larvae feeding in this same environment will in turn 

have a carbon delta value that is significantly more negative than larvae feeding in an 

environment containing fewer of these microorganisms. If midge larvae die before 

metamorphosis, their bodies are entombed in the lake sediment and their chitinous heads 
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(capsules) are preserved. Preserved midge capsules have been extracted from sediment cores 

and analyzed for their carbon isotope composition to establish past environmental conditions 

specifically regarding methane production (Eller et al. 2005) (Van Hardenbroek, 2010). Methane 

is a potent greenhouse gas and atmospheric levels have been increasing much faster than 

those of carbon dioxide. Studying methane-producing environments of the past and comparing 

them to the present can provide researchers with a clearer understanding of methane’s role in 

the atmosphere and its effect on climate. 

All previous preserved chironomid capsule studies have been conducted using 

conventional EA-IRMS equipment and methods. The minimum sample size requirements of this 

equipment means that dozens of individual specimens are required to conduct a single carbon 

isotope composition analysis. Needing such large numbers of individuals for each analysis has 

unavoidable negative implications for the study. Having to extract a large number of preserved 

capsules from a sediment sample limits the minimum size of the sediment sample. Since 

sample depth equates to time of burial, a large sediment samples equates to a larger time span. 

Sampling larger sediment quantities obscures short-term changes in the environmental 

conditions; perhaps seasonal or even shorter-term events’ influence. Extracting larger numbers 

of individual organisms takes more time, limiting the scope of the study for a given availability of 

manpower or some other limiting resource. Combining multiple individuals into a single analysis 

destroys potentially important information regarding individual variability, or diet variation with 

maturity, previously unidentified species differences and so on. 

Figure 5.1(a) is a photograph of a Chironomid larva and (b) is the Chironomid adult.  

 

5.4.1 Objective 

 Carbon isotope composition analysis of a single preserved Chironomid larva capsule 

can provide the sought-after information regarding prevailing environmental conditions during 

the specimen’s life. In addition to providing this data using a fraction of the material and time 

required using conventional EA-IRMS, information acquired regarding individual variability can 

expand the scope of this paleoecological research and potentially reveal previously unknown 

details of the life, death and burial conditions of these insects.   
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Figure 5.1 Non-biting midge (Chironomidae) (a) larva and (b) adult (source: public domain). 
 
 

5.4.2 Method 

Around thirty preserved midge capsules were extracted from sediment by Dr. Jonathan 

Sweetman of North Dakota State University. The largest of the capsules weighed approximately 

15ug and the smallest were estimated to be about 1ug. Several of the mid-sized (around 7ug) 

capsules were selected for testing purposes and were enveloped in a 3mm square piece of tin 

foil in preparation for analysis using the µDumas system described in chapter 4. Analysis of 

these three capsules produced gas peaks that were too large and resulted in saturation of the 

ion beam collector amplifiers. The µDumas has the ability to inject additional small flows of 

carrier gas to effectively dilute the sample gas pulse, but an alternative method of sample 

dilution was employed. Ten more mid-sized capsules were selected, but this time they were 

carefully dissected down the ecdysial cleavage; a crease along the centerline of the capsule, 

between the ‘eyes’. This produced two samples from each specimen and an opportunity to 

better quantify the quality of each analysis by duplicate analysis. Each half capsule was 

enveloped in tin foil and loaded into the µDumas autosampler sandwiched between similarly-

prepared calibrated standards. The standards and samples were analyzed for carbon isotope 

composition using the µDumas and a VG Isotech Optima IRMS.  

 

 

 

 
(a) (b) 
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5.4.3 Results 

Figure 5.2 shows the δ13C data acquired for the midge capsules and the accompanying 

sucrose standards. The data shows close agreement between capsule duplicates (halves of the 

same capsule), giving greater confidence in the data quality. The data also shows significant 

variability between the individual specimens. δ13C values for these larvae in an environment 

without methanogenic or methanotrophic microorganisms would be in the range of -24 to -30 

permil. Those capsules with δ13C values less than -30 permil reflects a diet consisting of 

increasing proportions of methanogenic and methanotrophic microorganisms; more 

methanogenic/methanotrophic organisms, the more negative the delta value. Since this 

experiment was exploratory in nature, the details of the sediment from which the capsules were 

extracted is unavailable. If these capsules were extracted from a narrow sediment layer, then 

the variation between individual specimens is clearly worth further investigation. If the 

specimens were all extracted from a small or narrow sediment layer, then the cause of the 

variation between samples could be related to their maturity level or some other influence on 

feeding habits not yet researched. The standard deviation of the holly sucrose standard 

analyzed was 0.45 permil and this data was included in the plot shown in figure 5.2 just for 

comparison. 

 
  

 
 
Figure 5.2  δ13C data from the analysis of chironomid larva capsules (each capsule halved and 
analyzed separately). 
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This data clearly demonstrates the ability of the µDumas-IRMS to provide carbon 

isotopic analyses of individual preserved chironomid larva capsules with the same degree of 

automation and data quality as conventional EA-IRMS.  

 

5.5  Fleas 

As previously discussed, the isotopic composition of a parasite such as a flea (order 

Siphonaptera) will be closely related to that of its host (its food source). Of course, fleas don’t 

stay on the same host forever and so their isotopic composition may vary substantially over time 

depending on how frequently they change hosts and what hosts they ‘choose’. With a 

knowledge of the rates of tissue turnover in the flea (Tieszen et al. 1983) and isotopic 

composition of the possible hosts (dictated by their diets), the isotopic composition of the flea 

can be used as a means to measure host residence time. Dr. Jeffrey Wimsatt of West Virginia 

University School of Medicine is researching the fleas’ role in the transmission of the bubonic 

plague. The oriental rat flea (Xenopsylla cheopis) carries the bacteria that causes the bubonic 

plague and can potentially spread the disease to their hosts which include many small rodents. 

Infection can, and still does spread to humans and there are about 10 cases per year in the US. 

Dr. Wimsatt and his team extracted 200 fleas from a variety of species of small rodents, 

such as squirrels, rats, mice and chipmunks. His intention was to have the fleas analyzed for 

their carbon isotopic composition to assess the fleas’ residence times on their host; a flea with a 

long residence time on a specific host will have a δ13C very close to that of its host, a flea with a 

short residence time will have a δ13C different from that of the host. A single flea (around 20-30 

ug, 0.6-1.0 mm in length) is well below the minimum sample size limitations of conventional EA-

IRMS equipment. Combining multiple fleas to produce a sample above the minimum sample 

size limitation would not provide meaningful information for this study, only the analysis of single 

specimens would yield meaningful data. This study was not possible using conventional EA-

IRMS. 

 

5.5.1 Objective 

The fleas ranged in size from about 15 ug to 30 ug and needed to be analyzed for 

carbon isotopic composition individually. The data obtained from individual fleas will provide 

valuable information regarding the residence times of fleas on their hosts and will help 

researchers to better understand the dynamics of bubonic plague transmission. 
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5.5.2 Method 

The fleas were each enveloped in a 3 mm square of tin foil, and standards containing 8 

ug of carbon were prepared in the same way, as described previously in chapter 4. The fleas 

were a large sample for the µDumas system and the instrument’s ability to dilute the sample gas 

peak with the injection of a small additional flow of helium carrier gas would be necessary to 

avoid saturating the IRMS amplifiers. Tests with two disposable specimens revealed that the 

addition of approximately 0.5 milliliters per minute of helium after the micro-volume trap was 

sufficient to prevent saturation. The samples and standards were loaded into the µDumas 

autosampler in the usual standards-samples-standards order and were automatically analyzed 

for carbon-13 using the µDumas-VG Isotech Optima IRMS combination. 

 

5.5.3  Results 

 Table 5.1 shows a representative selection of the acquired δ13C data for the fleas. The 

first four numbers of the sample name identify the specific host and the single digit after the 

period identify the flea. For easier identification, fleas taken from the same host are highlighted 

by the same color; for example, four fleas were extracted from the host ‘1626’. The δ13C of the 

four fleas from this single host are all quite closely grouped, this indicates that the fleas have 

resided on this host for an extended period (probably months to years). The δ13C of these four 

fleas is likely to be very close to the delta value of the host. Host ‘2814’ also had four fleas 

extracted and three of them have very similar δ13C values. The one flea with a δ13C value 

almost a permil higher likely indicates that this flea is a relative newcomer to this host and hasn’t 

fully equilibrated with its host yet. It’s also easy to see from this data that most of the δ13C 

values lie between -20.5 and -22.6 permil, this indicates that the hosts most likely have quite 

similar diets - not surprising considering they are all small rodents. Sample number 3278.1 has 

a significantly different δ13C from the others in this selection. This may indicate that this flea’s 

host has a significantly different diet from the others or it recently relocated from a host with a 

significantly different diet from host ‘3278’. Not all 200 fleas have been analyzed yet, but when a 

complete data set has been acquired, the data will be carefully examined and interpreted with 

Dr. Wimsatt. 
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Table 5.1  A selection of the data acquired from the analysis of flea samples. 
 

Sample Name Major Ion Beam 
Height (nA) 

δ13C wrt VPDB 
(permil) 

2752.1 5.5 -20.6 
2826.1 14.1 -21.9 
1626.4 9.2 -21.3 
1626.3 6.8 -21.5 
1626.2 11.7 -20.8 
1626.1 15.8 -21.0 
2066.1 13.2 -21.9 
5258.1 7.1 -22.7 
3055.1 13.3 -21.5 
2849.2 14.8 -21.9 
2849.1 4.6 -22.6 
2519.1 8.5 -21.3 
2814.4 10.1 -21.2 
2814.3 6.8 -21.6 
2814.1 6.4 -21.1 
2814.2 14.9 -20.6 
2360.1 6.5 -22.7 
1852.2 8.2 -22.1 
1852.3 7.2 -22.4 
1852.1 5.2 -22.4 
2640.1 8.4 -22.4 
2020.1 7.3 -22.6 
3278.1 8.4 -18.6 
3270.2 4.4 -21.9 

 
 
 
5.5.4  Discussion 

The midge capsule and flea projects are both in their infancy, but demonstrate the 

tremendous potential of using the µDumas system to pursue ground-breaking research. Single 

midge capsule or single flea isotopic analyses have not been performed before and this 

constitutes a unique capability. The benefits to entomologists specifically are that fewer animals 

are required for future isotope studies; the significance of this should be emphasized when 

considering an insect such as the bee that is undergoing alarming population decline.  

The ability to analyze the isotope composition of individual microscopic insects permits 

the investigation of the diets and behavior of species previously thought to be inaccessible using 

conventional methods. Bulk analyses of microscopic species obscures the details of individual 

variability, whereas individual analyses provides the opportunity to gain a fuller understanding of 

these creatures and their influence on their surroundings. 
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CHAPTER 6 

TECHNICAL APPROACH: FLUID INCLUSION CONTENTS ANALYSIS 

 

6.1  Introduction 

Fluid inclusions in minerals preserve the composition of the surrounding fluid and can 

provide useful constraints on the prevailing pressure, temperature, and chemical environment 

during formation. Aqueous hydrothermal fluids often contain small amounts of carbon monoxide, 

carbon dioxide, sulfur dioxide, nitrogen, hydrogen, hydrogen sulfide, methane and argon. Fluid 

inclusion gas compositional data is a valuable tool for understanding mineral precipitation and a 

variety of other geological processes. Water-gas ratios can be used to constrain pressure. The 

concentration of specific gases and the relative concentrations of some gases are used to 

determine the sources of the fluids that formed the minerals. 

At the present time, no instrument is capable of providing complete and accurate 

analysis of all gases present inside a single, selectable, average-sized (10 to 100 microns) fluid 

inclusion. Only bulk fluid inclusion analyses provide complete and accurate gas compositional 

data using GCMS (Salvi & Williams-Jones, 2003) (Norman & Sawkins, 1987), but bulk 

extraction methods (crushing and decrepitation) are non-selective (Gleeson, 2003) (Graney & 

Kesler, 1995). Sample crystals must be selected carefully to ensure that the fluid inclusions 

present resulted from only a single growth phase. A typical crystal contains fluid inclusions 

trapped during numerous events; primary growth and multiple secondary events.  

 

6.2  Objectives 

The objective of this project is to provide the capability to completely and accurately 

analyze the gases contained in a single, selectable, average-sized (10 to 100 microns) fluid 

inclusion. It is hoped that having the ability to accurately measure individual fluid inclusion gas 

compositions and their isotope ratios will provide researchers with some exciting new 

discoveries regarding the formation conditions of the host minerals.  

 

6.3 Instrument Development 

 The instrument development naturally falls into three distinct categories, mass 

spectrometer, gas handling apparatus, and system control and software. 

A Jordan TOF Products time-of-flight mass spectrometer (TOFMS) was selected to 

provide the gas compositional analysis. The TOFMS was fitted with an electron impact (EI) ion 
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source, a quadrupole ion trap (QIT), a Reflectron ion mirror and a triple-layer microchannel plate 

(MCP) detector. The TOFMS can collect ions of all masses simultaneously and the loss of ions 

inherent in this design is very small in comparison with other mass spectrometers (Myers, Ray, 

& Hieftje, 2000). The TOFMS’s ion source feeds ions into a region where they accumulate for a 

period of time. After the accumulation time, the ions are propelled down the flight tube by a 

briefly pulsed electrical potential (the ejection pulse). The ion mirror positioned at the distal end 

of the flight tube reflects the ions slightly less than 180 degrees back down the flight tube toward 

the MCP detector where the ions are detected. 

A Finkelstein type electron impact ion source (Wolf, 1995) was supplied with the Jordan 

TOFMS. This type of ion source provides high ionization efficiency with low and controllable 

ionization energy. Low ionization energy ensures that molecules introduced are ionized but not 

destroyed, preserving the compositional and isotopic information sought. The low ionization 

energy also minimizes kinetic energy transfer to the ions which optimizes the instrument’s 

resolution (Cotter, 1997), (Barshick, Duckworth, & Smith, 2000). A major disadvantage of the 

use of electron impact ionization with a time-of-flight mass spectrometer is that the EI source is 

a continuous ion source whereas the TOFMS utilizes discrete ‘packets’ of ions for analysis. 

Fortunately, the Jordan TOFMS was also supplied with a quadrupole ion trap (QIT) which 

servers the purpose of converting the continuous stream of ion produced by the ion source into 

discrete packets of ions. 

One of the first electron impact ionization source TOFMSs overcame the continuous 

versus discrete problem by simply pulsing the electron beam and the ion extraction potential 

(Wiley & McLaren, 1955). The obvious disadvantage of this method is that the ionization 

efficiency is drastically reduced and much of the sample is lost. Michael, Chien and Lubman 

solved the problem by using a quadrupole ion trap to trap the ions from an EI source (Michael, 

Chien, & Lubman, 1992). The quadrupole ion trap not only solves the problem of converting a 

continuous source of ions into a discrete packet for ejection into the time-of-flight mass 

spectrometer, it also constitutes a highly versatile means of manipulating stored ions (March & 

Hughes, 1989), (March & Todd, 2005).  

The size of fluid inclusions spans a huge range, but we will consider a fluid inclusion that 

is on the lower limit of what is considered an average-sized inclusion; that is around 10 µm in 

diameter and contains about 10-9 ml of fluid and one mole percent of carbon dioxide gas 

(Roedder, 1984).  
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Moles of water = (volume . density) / molar mass  

Molar mass of water = 18.015 g/mol Density of water = 1 g/ml 

Moles of water = 1 x 10-9 / 18.015 = 5.55 x 10-11 moles 

Moles of CO2 = 5.55 x 10-13 / 100 = 5.55 x 10-13 moles 

NAvegadro = 6.022 x 1023 mol-1 

Number of CO2 molecules = 5.55 x 10-13 . 6.022 x 1023 = 3.3 x 1011 

 

Once the gas is liberated from the fluid inclusion, let’s assume that the gas handling 

apparatus is capable of collecting this gas with 95% efficiency and manipulating it such a way 

that the carbon dioxide is released into the helium carrier gas in a tightly focused pulse. To 

protect the ionization source from the pressure fluctuations that inevitably result from 

manipulating the sample gas pulse, an open split is required between the gas handling 

equipment and the source. If the carrier gas flow rate is optimized, only half of the sample gas 

pulse will be lost at the open split and approximately 1.6 x 1011 carbon dioxide molecules enter 

the ionization source. 

If a well-tuned, enclosed EI ionization source has an ionization efficiency of 800:1 (Wolf, 

1995), then approximately 2 x 108 carbon dioxide ions are produced. An ion trapping efficiency 

of about 5% and an extraction efficiency of about 18% (March & Todd, 2005) yields 

approximately 1.8 x 106 carbon dioxide ions entering the flight tube of the mass spectrometer. 

There will be an approximate 10% loss of ions as they pass through the grid in front of the ion 

mirror. 

Employing a three-layer microchannel plate detector will give excellent gain 

characteristics (gain = 108), but will have the same limitations in terms of detection efficiency as 

a single-layer microchannel plate. A typical MCP detector efficiency of 60% (Gross J. , 2011) 

means that approximately 9.6 x 105 carbon dioxide ions will be detected. 

If we assume that the sample gas was delivered to the ionization source in a tightly focused 

pulse of approximately 10 seconds duration, then 96000 carbon dioxide ions will be detected 

per second. A gain of about 108 for the triple-layer microchannel plate detector will convert the 

ions into more than a microamp. 

 

Charge per second = number of ions . detector gain . electron charge 

Charge per second = 96000 . 1 x 108 . 1.6 x 10-19 = 1.5 x 10-6 C/s 

Current (charge per second) = 1.5 x 10-6 Amps 
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This rough approximation indicates that the gas (assumed to be just CO2) in a single average-

sized fluid inclusion will provide a large easily-integrable detector current peak substantially 

above the detection limit of the instrument (3 x std. dev. Of background = approximately 3 x 10 -

12 Amps).  

If we now consider a trace gas in the fluid inclusion; hydrogen sulfide at 0.01 mole 

percent concentration, the calculations now yield: 

 

Moles of H2S = 5.55 x 10-11 . 1 x 10-4 = 5.55 x 10-15 moles 

Number of H2S molecules = 5.55 x 10-15 . 6.022 x 1023 = 3.3 x 109 

 

This equates to a detector current of approximately 1.5 x 10-8 amps, still well above the 

detection limit of the instrument. 

One more calculation for a fluid inclusion of just 1µm in diameter: 

 

Moles of water = 1 x 10-12 / 18.015 = 5.55 x 10-14 moles 

Moles of H2S = 5.55 x 10-14 . 1 x 10-4 = 5.55 x 10-18 moles 

Number of H2S molecules = 5.55 x 10-18 . 6.022 x 1023 = 3.3 x 107 

Detector current = 1.5 x 10-10 amps 

 

This is a sustained detector current that is still significantly above the instrument’s detection 

limit. These calculations imply that it is possible to analyze a single 1µm fluid inclusion’s gas 

composition down to the trace level. 

 

6.3.1 SIMION® Modeling and Simulations 

 SIMION (Dahl, 2008) is a software package for creating charged particle optics 

simulations that can be used to simulate ion and electron trajectories through devices such as 

ion sources or ion traps.  

A model of an ion optical device is constructed using a geometry script file that describes 

the exact shape and position of the device’s electrodes. When the completed geometry file is 

imported, the electrodes are assigned initial static voltages and the software uses finite 

difference methods to solve the corresponding Laplace equation and the Runge-Kutta method 

to solve corresponding ODE’s. Once the electrode configuration has been ‘solved’, it can be 

inserted into the optics workbench part of the program where charged particles can be 

introduced with almost any conceivable initial conditions. The program can run the simulations 
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using dots to represent the charged particles, in which case the user can observe the detailed 

behavior of individual or small groups of particles. The program can also use lines to record the 

path of each charged particle and an indication of where the path of the charged particle 

terminated (humorously described as ‘splats’). With additional programming effort, the electrode 

voltages can be changed during the simulation (thus allowing the simulation of the AC RF 

voltages applied to the QIT ring electrode). With additional programming effort, many other 

more sophisticated aspects can be simulated such as electron impact ionization, and electrode 

potential optimization. 

A model of the ion source was created using the SIMION software. The exact shape and 

size of the physical elements of the ion source were created using a geometry definition file 

stored in the supplementary information folder (filename: “EI IT Einzel Geometry.txt”). Figure 

2.12 shows the arrangement of electrodes that were created with SIMION (labels added for 

clarity).  

 

 
 

Figure 6.1  Geometrical model of the ion source created with SIMION. 
 
 

Once the model was created, electrode potentials were entered and SIMION was used 

to generate a plot of the resulting electric field as shown in Figure 6.1. This information was then 

imported into SIMION’s ‘Workbench’; an environment that allows the user to provide the 

information about the charged particles to be used in the simulation and then to start the 

simulation. The information entered into the Workbench environment is shown in Figure 6.3, 

which is actually a screen shot of the dialog box where the particle information is entered in the 

program. 
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Figure 6.2  Ion source electrodes with electrical potential field overlay. 
 
 
 

 
 
Figure 6.3  A SIMION screenshot of the particle (electron) properties and initial conditions 
 
 

To simulate the behavior of electrons produced by the hot filament in the ion source, 

SIMION allows the user to define the properties of the electrons and the rate at which they are 

produced. Since the filament material used in the C-950 ion source is tungsten, we can estimate 
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the initial energy of emitted electrons based on the thermionic work function of tungsten: 4.32 to 

5.22 electron-volts (CRC Handbook of Chemistry and Physics, 2008). 

In SIMION’s particle definition dialog box, clicking the ‘Electron’ button automatically 

enters the appropriate single value for mass and charge of the particle or particles. The number 

of electrons selected is 100 (too many particles make it more difficult to examine individual 

trajectories). The source position for the electrons is chosen to coincide with the center (hottest) 

section of the filament wire potential array. The electrons are given uniform azimuthal direction 

distribution and a uniform elevation distribution from 30° downwards to 30° upwards. The 

electrons are given a uniform kinetic energy distribution ranging from 4.32 eV to 5.22 eV, 

corresponding to tungsten’s work function. The electrons are given a uniform time-of-birth (TOB) 

distribution from 0 to 100 μs. This makes it easier to watch each electron independently during 

the simulation. 

Ionization efficiency for many of the gases of interest in this application is highest when 

the electrons have approximately 70 eV of kinetic energy. At this energy level, the DeBroglie 

wavelength of the electron is comparable with the bond lengths of the gas molecules, thus 

maximizing single ionization while minimizing multiple ionization and fragmentation of the 

molecule (White & Wood, 1986). This well-established characteristic of electron impact 

ionization of common gas molecules dictates that the potential applied to the electron collector 

plate should be at least 70eV. With the filament at ground potential, the potentials applied to the 

collector plate, focus plate, plate L1 and plate L2 should be adjusted to maximize the number of 

electrons entering the ionization area between plates L1 and L2. Of course, plate L2 will have 

little if any measurable influence on the number of electrons entering the ionization area. 

However, it has a significant effect on the behavior of the electrons once they enter the 

ionization area. The potential applied to plate L2 will have the greatest influence on the ions 

formed and together with the potential on plate L1 will constitute the means by which ions are 

extracted from the ionization area and moved toward the ion trap. With this in mind, it’s 

necessary to maintain the potential on plate L1 higher than that on plate L2, otherwise ions will 

not migrate into the trap. This can be investigated further when the behavior of ions is simulated 

later. One final constraint on the ion source plate potentials is that in order for the focus plate to 

provide any collimating influence on the electrons passing through its orifice, its potential must 

be lower than that of both the collector plate and plate L1. As can be seen in figure 6.2, the 

electric field produced by this ‘high potential-low potential-high potential’ is shaped like, and acts 

like a collimating electrostatic lens.  
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Table 6.1  Ion source potential constraints. 
 

Element 
Lower 
Limit 

Upper 
Limit 

Notes 

Filament 0 V 0V Not adjustable. Fixed at ground potential. 

Collecto
r 

70 V - 
Optimal ionization of most gases requires the electrons to 
have at least 70 eV of KE. 

Focus 0 V 
< 
Collector 

Must be less than collector potential to focus. 

L1 > Focus  
Must be greater than the focus plate potential to provide 
focus. 

L2 - < L1 
Must be less than L1, otherwise ions won’t leave the ion 
source. 

Electron
s 

≈ 70 eV ≈ 70 eV 
Optimal kinetic energy to ionize most common gas 
molecules. 

 
 

Having entered all the necessary parameters, simulations were performed by the 

software and plots similar to the one shown in Figure 6.4 were generated on-screen. 

SIMION allows the user to collect statistical information about a particular simulation in a 

variety of ways. Using these features, a long series of simulations were conducted to try to 

establish the optimum electrode potentials required to produce the greatest ionization efficiency. 

The ionization efficiency was considered to be at its greatest when the largest number of 

electrons passed through the ionization volume (between plates L1 and L2) with sufficient 

energy to ionize a light gas (approximately 70 eV). The same series of simulations were 

repeated at several levels of electron density, simulating different filament current settings. 

Figure 6.5 (a) and (b) show just a couple of representative simulation plots. 

 

 
Figure 6.4  SIMION electron trajectory simulation through the ion source. 
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(a) (b) 
Figure 6.5  Plots of two electron trajectory simulations, (a) low filament current (b) higher 
filament current. 
 
 

The ionization source model created in the SIMION software was used to evaluate the 

optimal settings for the electron- and ion-focusing elements in terms of ionization efficiency. The 

potentials that resulted in the highest ionization efficiency in the SIMION simulations was 

compared with those established empirically by manually adjusting each of the potentials until 

maximum ion beam size was produced from a constant amount of test gas injected. The 

comparison is shown in table 6.2. 

 
Table 6.2  Comparison between SIMION-derived and empirically-derived ion source electrode 
optimum settings. 
 

Description SIMION optimized Actual Optimized Comments 

Collector 70 Volts 70 Volts  

E Beam Focus 30 Volts 30 Volts  

L1 70 Volts 60 Volts Max setting 60 Volts 

L2 0 Volts 2 Volts  

 
 

A geometric model of the quadrupole ion trap (QIT) alone was created with SIMION, but 

when preparing to run simulations, it was clear that it was more practical to model the behavior 

of the ion source and the QIT together. The main limitation of modeling the behavior of the QIT 

in isolation was that the range of initial conditions for ions entering the QIT was difficult to 
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estimate without using the ion source model to simulate ion formation. The decision was made 

to create a geometric model of the ion source, QIT and Einzel lens together. The argument for 

including the Einzel lens in this model was the same as that used for modelling the ion source 

with the QIT; it would have been difficult to estimate the range of initial properties of the ions 

entering the Einzel lens without using QIT simulations. Figure 6.6 shows the model of the 

combined ion source, QIT and Einzel lens electrodes (labeled for clarity) as dictated by the 

geometry definition file “EI IT Einzel Geometry.txt” stored in the supplementary information 

folder. 

Figure 6.6  SIMION geometric model of the ion source, QIT and Einzel lens combined 
 
 

Having accurately defined the size, shape and relative position of the electrodes, 

SIMION was used to create a ‘potential array’ that could be imported into the program’s 

‘Workbench’ environment. The ion trajectory simulations required here were much more 

complicated than the electron trajectories modeled in the ion source earlier. In the ion source, 

the probability of a gas molecule being impacted and ionized by an electron needed to be 

simulated based on the incoming gas properties and on the filament and ion source electrode 

conditions. Unlike all the other electrode potentials in this model, the QIT electrode potentials 

would vary rapidly and needed to change during the ion trajectory simulations. Fortunately, 

SIMION allows for code to be written (in the Lua programming language) and executed during 

the simulation. Lua code was written to simulate the dynamic ionization probability in the ion 

source and also for the radio-frequency oscillating QIT ring electrode potential and the 

periodically-pulsed QIT end-cap electrode potential. The code listing is stored in the 
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supplementary information folder, filename “SIMION Ion Source and QIT Lua Code Listing.rtf”. 

The program evaluates each electron’s probability of ionizing a gas molecule based on the 

number density of gas molecules present, the kinetic energy of the electron and the ionization 

cross-section of the gas molecule. The number density of gas molecules present inside the ion 

source was based on interpolation of the gas pressure between the entry point of the gas and 

the pressure measured by a pressure gauge located close to the ion source. The ionization 

cross-sections of the gas molecules modeled were based on information obtained from 

‘Electron Impact Ionization’ by T.D. Mark and G.H. Dunn (Mark, T.D. & Dunn, G.H. 1985). 

Polynomials were used to closely approximate these ionization cross-sections and are 

presented in the files “EI Ionization Cross Sections.nb” and “EI Ionization Cross Sections.xlsx” 

stored in the supplementary information folder.  

Space-charge effects are significant at gas pressures greater than 10 millibars, but 

under normal operating conditions (pressure gauge reading between 10-5 and 10-6 millibars), the 

gas pressure in the ion source where electron impacts were likely to occur would always be 

substantially less than 1 millibar. 

 
Table 6.3  The relationship between gas pressure, average spacing and mean free path. 
 

Pressure 
(mBar) 

Ave. Spacing 
(m) 

Mean Free Path 
(m) 

1013 3.43 x 10-9 6.5 x 10-8 

10 3.44 x 10-8 6.6 x 10-5 

0.1 1.6 x 10-7 6.6 x 10-3 

10-2 7.4 x 10-6 0.66 

10-4 3.4 x 10-6 66 

10-6 1.6 x 10-5 6.6 x 103 

10-8 7.4 x 10-4 6.6 x 105 

 
 

Most electron-molecule interactions are elastic and don’t result in molecule ionization. I 

deliberately neglected this fact in the SIMION model and simulations of the ion source in order 

that the number of electrons modeled was kept at a reasonably manageable level. If the true 

ratio of elastic to inelastic interactions was modeled, then the simulations would have had to use 

more than a hundred times more electrons to produce ions which would obviously have made 

the simulations much more computationally and graphically intensive. Neglecting most of the 

elastic collisions had no adverse impact on the validity and accuracy of the model since an 

electron impact has so little influence on the motion of the gas molecules.  
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The possibility of electron impacts resulting in fragmentation, double-ionization and 

capture (negative ion formation) was also neglected since at the range of electron energies 

used, the chances of these events occurring was very small.  

It’s anticipated that the sample gases will be transported to the ion source of the mass 

spectrometer through a 100 µm internal diameter fused silica capillary using a continuous 

stream of helium carrier gas. One of the many benefits of using helium carrier gas is that it helps 

to maintain constant overall gas pressure in the ion source and also helps to stabilize its 

temperature. The ratio of carrier gas to sample gas will be in the 100:1 to 1000:1 range. 

Obviously, many more helium ions will be formed than sample gas ions, but these ions don’t 

constitute a significant interference since they are rapidly expelled from the ion trap, as will be 

seen later.  

With the static electrodes defined and the dynamic elements programmed and 

embedded, ion trajectory simulations were run just for a single gas species initially. Figure 6.7 

shows a typical ion trajectory simulation plot for a single gas (argon) and a QIT cycle time of 

about ten milliseconds. 

 

 
 
Figure 6.7  SIMION ion trajectory simulation plot for a single gas species. 
 
 

After verifying and refining the model, many ion trajectory simulations were conducted to 

examine the behavior with a wide range of parameters and with a variety of sample gas 

mixtures and concentrations. When multiple gas species were introduced, the full-scale plots 

became difficult to interpret, even though different colors were used to differentiate ions formed 

from different gas species. The behavior in the QIT could only be meaningfully evaluated by 

zooming in to that part of the ion trajectory simulation plot and looking closely at the details 
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visible at that scale. Figure 6.8 (a) and (b) show typical ion trajectory plots zoomed in on the 

QIT, (a) is in the x-y plane, (b) is in the z-y plane (end-on view). 

 

 

  
(a) (b) 

Figure 6.8  SIMION ion trajectory plots zoomed in to the interior of the QIT,  
(a) is in the x-y plane, (b) is in the z-y plane (end-on view). 
 
 

The ion trajectory simulations conducted with SIMION proved to be extremely valuable 

predictors of the mass spectrometer’s behavior under a range of anticipated operating 

conditions.  

Using the model of the ionization source created in SIMION®, electron and ion trajectory 

simulations were conducted to determine the extent of the ionization region - the region where 

ions are created by electron impacts. Figure 6.9 is a representative image of one of the ion 

trajectory simulations with the largest ionization volume. This particular simulation plotted the 

electron trajectories (produced from a hot filament represented by the thin vertical line on the 

left-hand side). From the blue electron trajectories, it can be seen that the diameter of the 

ionization volume didn’t exceed the diameter of the ion exit hole in the L2 plate on the right-hand 

side, thus the minimum diameter of the enclosure could be equal to or larger than the diameter 

of the ion exit hole (6 mm). 
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Figure 6.9  Electron trajectory simulation to determine the maximum extent of the ionization 
volume. 
 
 

A piece of alumina tubing with a 16 mm outer diameter and a 10 mm inner diameter was 

cut to a length that exactly matched the distance between the L1 plate (2nd from the right) and 

the L2 plate (right-most plate). At a distance of 8 mm from one end of the ceramic tube a 2 mm 

diameter hole was drilled through one side to accommodate a capillary through which the carrier 

gas could be delivered. 

The ceramic tube was secured in place between plates L1 and L2 ensuring concentricity 

with the holes in the plates. The tube was also aligned so that the 2 mm hole in the side lined up 

with the sample inlet port. The sample inlet port was modified to allow a 1/16 in (1.6 mm) 

capillary to pass through it, but have a 1/16 in Swage-type fitting so that a gas-tight seal could 

be made to the outside of the capillary once in the desired position. A 20 cm length of 1/16 in 

(1.6 mm) outer diameter, 0.03 in (0.76 mm) inner diameter PEEK capillary tubing was passed 

through the new inlet flange fitting and carefully positioned so that the end of the capillary 

inserted a short distance into the hole in the side of the new source enclosure tube. Once in 

position, the inlet flange fitting was tightened up to form a gas-tight seal on the PEEK capillary. 

Finally, an Upchurch Scientific P-732 very low-dead-volume shutoff valve (Upchurch/IDEX, 

2019) was attached to the open end of the PEEK tubing.  
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Figure 6.10  Ceramic ion source enclosure and new inlet capillary. 
 
 

Figure 6.10 shows the ion source enclosure and the inlet capillary in position as seen 

through the ion source housing view port. 

After the reference gas injector box was built, 2 ul or 10 ul reference gas pulses could be 

injected into the carrier gas stream and manual control of the FastFlight2 software could provide 

simple integrated area ion beam measurements. Table 6.4 shows the integrated ion beam 

measurements taken before and after the enclosure was fitted to the ionization source. 

 
Table 6.4  Ion beam measurements before and after enclosing the ionization source. 
 
 Argon Injected (ul) Peak Area (counts) Improvement Factor 
Before Modification 10 132170 1 
After Modification 10 7163613 54.2 

 
 

6.3.2 Gas Handing Apparatus 

A device was built that provided an interface between the sample handling equipment 

and the TOFMS. This device provided control of the helium carrier gas flow that would transport 
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sample gas pulses and calibrated reference gas pulses into the TOFMS. The device also 

provided the ability to inject the reference gas pulses into the carrier gas stream and also 

provided a crude sample gas trapping capability. Figure 2.2 shows the schematic of the design. 

Despite the device’s multiple functionality, it was referred to as the ‘Reference Gas Injector Box’. 

 

 
 
Figure 6.11  Reference gas injector box flow schematic. 
 
 

The helium carrier gas pressure (and flow) is controlled with the combo-regulator at the 

bottom left of the schematic shown in Figure 6.11. The reference gas, or test gas pressure (and 

flow) is controlled with the combo-regulator at the top left of the schematic. This gas would 

typically be a single component gas from a cylinder (carbon dioxide, nitrogen or argon for 

example). The sample gas inlet shown at the left side of the schematic is where a gas mixture 

(from a variety of sources) could be sampled using the left-hand switching valve. The switching 

valve in the middle of the schematic is used to inject a relatively large pulse of either test gas or 

sample gas (depending on the states of the test gas combo-regulator and the left-hand 

switching valve) into the helium carrier gas stream. The injection valve at the right-hand side of 

the schematic is used to inject a small pulse of test gas or sample gas into the helium carrier 

gas stream. The micro tee valve (MOVT) valve is used to inject a sustained pulse of test gas or 

sample gas into the helium carrier gas stream. Not shown in the schematic is an open split 

located between the gas outlet labeled ‘mass spec’ on the right-hand side and the actual mass 

spectrometer gas inlet tube. The open split is the part of the interface that protects the mass 

spec from pressure fluctuations. The open split loses some of the sample or test gas, but is 

necessary to provide stable conditions inside the ionization source. The parts of the schematic 

labeled ‘LN2’ and ‘Heater’ indicate where the tubing could be cooled with liquid nitrogen to trap 

condensable gases from the sample gas stream and then released again by heating the tubing. 
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This feature was never implemented since more sophisticated trapping devices were 

subsequently built. 

 
 

 

 
(a) (b) 

Figure 6.12  The reference gas injector box (a) build stages (b) completed. 
 
 

Calibration of the instrument would require the use of reference gas pulses consisting of 

mixtures of the gases commonly found in fluid inclusions. The reference gas injector box 

provided simple, single reference gas pulses that were essential for the setup and optimization 

of the TOFMS, but a more sophisticated device was built to provide reference gas mixture 

pulses. A reference gas mixing box was built that was capable of aliquoting as many as six 

separate gases into a mixing volume. After preparing the gas mixture, small (2 ul) amounts 

could be injected into the carrier gas stream. Figure 6.13 shows a schematic of the reference 

gas mixing box. On the right side of the schematic, external connections to a series of lecture 

bottles were made through pressure regulators to reduce the pressure to just one or two 

hundred Millibar. Two valves inserted into the tube from each lecture bottle permitted aliquoting 

of the gas by opening the right-most valve first to allow gas to fill the small volume in-between 

the two valves. Closing the right-most valve and then opening the second valve allowed the 

small volume of gas to enter the manifold and gas mixing reservoir. This process could be 

repeated as many times as necessary to introduce additional aliquots of this gas into the mixing 

reservoir. Other gases could be aliquoted similarly until the amounts and proportions were 

achieved as desired. Low pressure helium was then introduced slowly through the restriction to 

bring the pressure in the mixing volume up to approximately atmospheric. The peristaltic 
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circulation pump ensured complete mixing by moving the gas mixture around the manifold and 

mixing reservoir. 

 

 

 
 
Figure 6.13  Reference gas mixing box schematic. 
 
 

On the left of the schematic, the injection valve is shown that introduced 2 ul of the gas 

mixture into the helium carrier gas stream. The use of a valve such as a Valco Instruments 

internal volume injection valve (Valco Instrument Co. 2019) results in minimum disruption to the 

carrier gas flow. 

Figure 6.14 shows the reference gas mixing box close to completion with internal components 

labeled. Electrically-actuated pinch valves were used with color-coded silicone tubing to aliquot 

the gases. The two large pinch valves closest to the bottom of the photo can accommodate four 

silicone tubes. This allows up to four gases to be aliquoted simultaneously and is likely to be 

used to aliquot gases that are almost always required in a reference gas mix (such as CO2, N2 

and Ar) with the disadvantage that they must always be of equal proportion in the mix. The 

smaller pinch valves only accommodate one silicone tube and would be used to aliquot one gas 

component fully independently. 
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Figure 6.14  The reference gas mixing box. 
 
 

6.3.3 Cryogenically-Cooled Micro-Volume Trap 

The TEC micro-volume trap provided the capability to trap high boiling point gases such 

as carbon dioxide and sulfur dioxide. This capability proved useful for many gas composition or 

isotope ratio measuring instruments, but a cryogenically-cooled trap has the potential to trap 

and separate a wider range of gases. The cryogenically-cooled trapping apparatus previously 

employed for the analysis of small quantities of gas mixtures have significant limitations due to 

their relatively large internal volume, their frequent user intervention requirements and their lack 

of precise temperature control (Fry, 1996) (Bergsma, 2001) (Polissar, 2009). In this thesis, a 

cryogenic trap was designed with the intention of overcoming the limitations of these previous 

designs. Consistent, fully-automated long-term operation, precise temperature control, reduced 

liquid nitrogen consumption and reduced internal dead volume were design goals that would 

make this trapping device a useful advancement for small-sample analysis. 
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Rigid polyurethane was used to act as structural support for the trap components as well 

as to provide confinement of the liquid nitrogen that would be drawn through the trap to cool it. A 

sheet of one-inch thick rigid polyurethane foam insulation was cut into two four-inch square 

pieces. Holes were drilled into and through the foam pieces to accommodate six-inch-long, 1/16 

in internal diameter Inconel (nickel-chromium alloy) trap tubes and ¼ in outer diameter stainless 

steel inserts to connect to the liquid nitrogen supply. Inconel alloy was selected for the trap 

tubes so that they could be heated directly by passing an electrical current through the tubes; a 

more efficient and precisely-controllable arrangement than using an external heat source. 

 

 

 

 

(a) (b) 
 
Figure 6.15  (a) Drawing showing the position and arrangement of the holes drilled into the rigid 
polyurethane foam block. (b) The cryogenic micro-volume trap assembly.  
Trap tube and liquid nitrogen feed and extraction tubes in place. 
 
 

Figure 6.15 (a) shows the position and arrangement of the holes drilled into the blocks 

and (b) shows the completed assembly. As can be seen in the photo, the trap tube and the 

liquid nitrogen feed tubes were securely cemented in place with silicone adhesive which was 

allowed to penetrate between a half and three quarters of an inch into the block. The optical 

temperature sensor used was a Melexis MLX90614 (the datasheet is supplied in the 

supplementary information folder). Two traps were built because each of them was intended to 
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fulfill a separate function. One trap assembly was fitted with an empty Inconel trap tube and the 

other trap assembly was fitted with an Inconel trap tube that had CarboSeive G molecular sieve 

restrained in the center section similarly to the TEC trap, as described in section 2.2.1. These 

two traps were then connected using a Valco six-port switching valve and two four-port 

switching valves as shown in figure 6.16 to control gas flow through them independently or in 

series. The trap with an empty trap tube would be able to trap water, carbon dioxide, sulfur 

dioxide, hydrogen sulfide and methane. The trap with a molecular sieve-filled Inconel tube 

would be able to trap argon, nitrogen and carbon monoxide. 

 
 

 
 
Figure 6.16  Cryogenic micro-volume gas trapping system flow path schematic. 
 
 

The two trap assemblies were housed in a 6 in electrical junction box that had been 

modified to accommodate all the electrical and plumbing connection required by the traps. 

Figure 6.17 shows the two traps mounted in the enclosure. Attached to the outside of the 

enclosure are the Valco multi-port switching valves that control the carrier gas flow path through 

the traps and to and from externally-connected equipment. 

Also attached to the outside of the enclosure is a bank of solenoid valves to control the 

Valco valves and a D-type electrical connector to provide an I2C serial link to the thermocouple 

interface module visible inside the enclosure. The only electrical connections not visible in figure 
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6.17 are the relatively heavy-gauge cables that will attach to the ends on the Inconel trap tubes 

and provide the low-voltage current to directly heat the tubes. 

 

 
 
Figure 6.17  Cryogenic micro-volume trap assembly inside enclosure. 
 
 

The liquid nitrogen necessary to cool the Inconel trap tubes to trap gases will be drawn 

through the polyurethane foam blocks by a Cole-Parmer ‘Air Cadet’ dual-head diaphragm 

vacuum pump. If the liquid nitrogen is drawn from a small unpressurized dewar through a 

heavily-insulated nylon tube, the liquid will contact the Inconel tubes and cool them. By 

regulating the vacuum applied by the diaphragm pump, the flow rate of the liquid nitrogen can 

be regulated such that only a small amount of it is consumed in the cooling process. This 

vacuum regulation also prevents the liquid nitrogen from reaching the diaphragm pump and 

damaging the diaphragms. The vacuum regulation was achieved using small Pneutronics 

proportioning valves that open in proportion to the applied voltage; a low voltage opens the 

valve a small amount, the full specified voltage of five volts opens the valve fully (Parker 2019). 
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Drawing liquid nitrogen from an unpressurized dewar permits safe unattended use of this 

trapping system. The liquid nitrogen consumption is likely to be only a few hundred milliliters per 

sample and that means that a 20 liter liquid nitrogen dewar will be sufficient for eighty samples; 

more than enough for a large sample batch (forty or fifty samples is a typical sample batch size). 

The control of the cryogenic micro-volume trap is provided by the system controller described in 

detail in the following section. Figure 6.19 shows a block diagram of the system controller and 

the devices it controls. The cryogenic trap is located in the bottom left side of the block diagram 

along with the liquid nitrogen proportioning valves. 

 
 

 
 
Figure 6.18  Dual-head diaphragm pump used to draw liquid nitrogen through the cryogenic 
micro-volume traps. The yellow/brass proportional valves regulate the vacuum to control the 
liquid nitrogen flowrate. 
 
 
6.3.4 System Control and Software 

The software supplied with the FastFlight2 signal average was capable of triggering the 

TOFMS, editing the acquisition parameters and acquiring data collected from the TOFMS. It 

lacked any form of interfacing or control of attached equipment and had very few options 

regarding the way acquired data was displayed on the PC monitor. New software would need to 

be written to specifically support the sample handling equipment and to synchronize its use with 
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the control and data acquisition of the TOFMS. A separate controller could be employed to 

relieve the PC hardware from the burden of controlling every valve and reading every sensor 

input. Allowing the timing-critical operations of the hardware to be delegated to a dedicated 

microcontroller would improve the responsiveness and robustness of the PC software. 

A system controller was built that could provide direct control of the trapping devices, the 

reference gas injection box and the reference gas mixing box through a small touchscreen user 

interface. The system controller was also designed to receive commands from the PC and 

transmit packets of status information back to the PC. For example, if the PC software (as a 

result of direct user input, or as part of a sequence of events necessary to automatically prepare 

and analyze a sample) requires one of the cryogenic traps to be at a specific temperature, it 

sends a command to the system controller with a parameter stipulating the temperature. The 

system controller then switches on the voltage applied to the trap’s Inconel trap tube to heat it 

up and then pulses the voltage to hold that temperature. This same command structure could 

be used to control the preparation of a specific gas mixture in the reference gas mixing box. 

This control philosophy would also work well to control the ITTOFMS. Using the PC program to 

precisely control the ITTOFMS directly would almost certainly cause problems. It’s well known 

that trying to control timing-critical devices using modern PC operating systems is very difficult 

because the microprocessor is not directly controlled by the program. The precise timing of 

triggering pulses could easily be provided to the ITTOFMS from a microcontroller because the 

microcontroller program directly controls the microcontroller and can dictate exact time intervals. 

Again, the PC software could issue a command to a microcontroller with one or more 

parameters, the microcontroller could then trigger the ITTOFMS at precisely-timed intervals and 

for a precise number of times.  

An Arduino Mega 2560 microcontroller was selected to provide the main system 

controller functionality, including a small touchscreen user interface to permit local manual 

control. An Arduino Nano 2.0 microcontroller was selected to exclusively control the ITTOFMS 

analysis cycles. Having this function completely separate from any of the system controller’s 

other functions ensured that there was no chance of the trigger pulse timings being adversely 

affected by any other operations such as additional commands passed from the PC or manual 

commands at the local touchscreen user interface. 

Figure 6.19 is a block diagram that shows the system controller components, the various 

instrument components and their electrical and electronic interconnection. 
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Figure 6.19  Block diagram of the system controller and its connections to the other components 
of the whole instrument. 
 
 

A metal 2U rack-mount enclosure was selected to house the system controller 

components. Figure 6.21 (a) and (b) show the system controller enclosure at an early stage of 

construction. The system controller is centered around an Arduino Mega 2560 microcontroller 

(specification sheet is included in the supplementary information folder). The microcontroller 

receives commands from the LabView-based PC software, sends confirmation notices back to 

the PC software and also sends sensor data back to the PC software. A ‘shield’ (a plug-in 

daughter circuit board) was designed and built to interface with the various valve solenoids, 

power driver transistors and solid-state relays controlled by the microcontroller. The shield is 

necessary to buffer the IO ports of the microcontroller and to protect them from voltage spikes. 
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Another shield was plugged into the microcontroller to interface with a 3 in touchscreen LCD 

display that was mounted on the front panel of the system controller. 

 
Figure 6.20  Custom shield PCB designed to interface between the Arduino Mega 2560 
microcontroller and sample gas handling system hardware. 
 
 

Two power supply units were housed in the system controller, one to supply 5 volts and 

12 volts to electronic components such as the Arduino microcontrollers and the other power 

supply to supply the low voltage, high current demands of the Inconel trap tubes during heating 

cycles. 

In the center of the enclosure, an L-shaped cross-section aluminum heatsink was 

mounted that accommodated a number of TIP121 Darlington transistors (datasheet included in 

the supplementary information folder). These transistors were used to drive the liquid nitrogen 

pump proportional valves and the trap heating transistors. The precise control of these devices 

was provided by the Mega 2560 microcontroller ‘analog’ outputs via unity gain Op Amps on the 

custom shield. 
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(a) (b) 
 
Figure 6.21  (a) Inside and (b) back panel of the system controller in the early stages of 
construction. 
 
 

The back panel of the system controller housed high power driver transistors mounted 

on heatsinks. These transistors, under the control of the Mega 2560 microcontroller, deliver low 

voltage current to the Inconel trap tubes when heating is required. Six DB-9 D-Type connectors 

were also mounted on the back panel, each one dedicated to a cable connecting a component 

such as the reference gas injector box or the cryogenic trap assembly box. 

The Mega 2560 microcontroller employs a continuously-looping program that regularly 

monitors trap temperatures, reference gas mixing volume pressure and the touchscreen for user 

input. This program also responds within a tenth of a second to commands sent from the PC 

software. The code listing for the Mega 2560 is provided in the supplementary information folder 

under the filename “LAITTOF Arduino Mega Controller Code Listing.rtf”.  

The Nano 2.0 microcontroller is dedicated to the precise timing of the trigger pulses required by 

the ITTOFMS and the FastFlight-2 Averager. When a ‘Start Analysis’ command is received by 

the Mega 2560 either from the PC software or from the system controller touchscreen user 

interface, corresponding parameters are passed to the Nano 2.0 microcontroller which 

immediately starts to send the required number of precisely timed pulses to the ITTOFMS and 

the FastFlight-2. While an analysis is in progress, the Mega 2560 microcontroller can be sent 

additional commands to facilitate preparation of the next sample without any chance of delaying 

or disrupting the timing of ITTOFMS trigger pulses. The code listing for the Nano microcontroller 

is contained in the supplementary information folder under the filename “LAITTOF Arduino 

Nano Controller Code Listing.rtf”. 
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Figure 6.22  The system controller close to completion. 
 
 

The manufacturer of the FastFlight-2 unit supplied a basic set of LabView ‘Virtual 

Instruments’ (VIs) for users to integrate in their own code. This fact alone steered the decision to 

use LabView to write the control and acquisition program for the instrument.  

To best serve the project’s needs, it was considered that the software needed to have the 

following features: 

• Data displayed in real time during acquisition. 

• State of the sample handling apparatus clearly displayed and updated in real time. 

• Access to editable, storable, categorized parameters. 

• The means to list multiple samples for automated preparation and analysis. 

There are many other attributes that would be desirable, such as self-diagnostic abilities, error 

logging/reporting, data processing etc. The intention was to incorporate these additional 

features (and many others) as time permitted. 

The software was structured around four tabbed ‘pages’ that the user could switch to by 

clicking on the corresponding tab visible at the top of the screen. The four pages were: 
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• Analysis & Valve Control 

• Monitoring & Background 

• Sequence 

• Parameters 

The ‘Analysis & Valve Control’ page shown in figure 6.23 provides manual control of the sample 

gas handling devices, allows the user to start and stop a single sample analysis and displays 

graphical and numerical analysis data. This page is fully functional and communicates fully with 

the system controller to permit control of sample handling hardware and ITTOFMS data 

acquisition. 

 

 
 
Figure 6.23  The ‘Analysis & Valve Control’ page of the PC software 
 
 

The ‘Monitoring & Background’ page allows the user to have the ITTOFMS run 

continuously so that source tuning and acquisition parameters can be optimized in real time. 

This screen also allows the user to measure the ITTOFMS background, store that information 
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and enable background subtraction on subsequent analyses. All aspects of this page are fully 

functional and were necessary to optimize the ITTOFMS for data acquisition methods required 

for this project. The ‘Sequence’ page allows the user to set up a sequence of samples to be 

analyzed sequentially in a fully automated fashion. Sample lists can be created and stored, but 

the code is not yet written to implement automated sample preparation. The ‘Parameters’ page 

shown in figure 6.24 allows the user to change any of the numerous parameters necessary to 

optimize the performance of the instrument. The parameters can also be stored to hard disk and 

recalled from this screen. This page is fully implemented and tested, but it may be necessary to 

add more parameters as the capabilities of the software expand. 

 

 
 
Figure 6.24  The ‘Parameters’ page of the PC software. The status bar at the bottom of the 
screen is always visible. 
 
 

Regardless of which screen is active, the status bar at the bottom of the screen remains 

visible so that the user can see a summary of the instrument status and activity at any time.  

Some self-diagnostic features have already been programmed into the software. For example, 

when a command is sent to the system controller, the microcontroller responds to the command 

and then separately checks to see if the command has been executed. The software will be 
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continuously improved and modified to accommodate hardware changes or the demands of 

different types of samples.  

 

6.4 Discussion 

 While the instrument has been built, the next steps involve testing the cryogenic micro-

volume trap and then fully integrating its operation into the system controller software and the 

PC software. After that, the instrument will be tested by using the reference gas mixing box to 

inject 2 ul of gas mixtures into the carrier gas stream and then trap and analyze the gas, 

simulating the analysis of sample gas mixtures. The next steps will involve making synthetic 

fluid inclusions using the method used by Chou (Chou et al., 2008) and using them to simulate 

the analysis of natural fluid inclusions. 

Unfortunately, lack of funding for this project means that it must take lower priority for the 

time being.  
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

 

7.1 Micro-Volume Gas Traps 

 Two distinct and unique micro-volume trapping devices were designed and built to 

permit quantitative trapping of sub-nanomole quantities of gas. The TEC trap avoids all of the 

difficulties associated with manipulating cryogenic liquids by using thermoelectric cooling. The 

TEC trap was inserted between a CE NA2500 elemental analyzer and a VG Isotech Optima 

IRMS to facilitate carbon isotope analyses of palynomorph samples hundreds of times smaller 

than is typical using a conventional EA-IRMS setup. This application is described in detail in 

chapter 3. The TEC trap was also used as an integral component of a new, small-sample-

optimized preparation system informally dubbed the µDumas. The µDumas attained the same 

data quality and high degree of unattended automated operation as provided by the 

conventional elemental analyzer in EA-IRMS systems with samples hundreds of times smaller. 

The new device is described in detail in chapter 4 and one of its primary applications in chapter 

5.  

The cryogenically-cooled micro-volume trap was integrated into an automated sample 

preparation system to facilitate the analysis of the contents of single fluid inclusions trapped in 

minerals. This system and application are described in detail in chapter 6. This trap’s 

capabilities have yet to be fully explored but are likely to provide the ability to trap and separate 

complex mixtures of gases generated from the combustion or ablation of a variety of small 

samples 

The full potential of both of these trap designs is yet to be realized. Despite the 

successful deployment of the TEC trap in the µDumas small sample preparation system for 

carbon isotope ratio analysis, the trap’s performance for nitrogen isotope ratio analysis is 

currently being evaluated. Nitrogen is much less abundant than carbon in natural materials and 

so the sample-size limitations imposed by conventional EA-IRMS systems are even more 

severe. The thermoelectrically-cooled trap has also demonstrated the ability to trap sulfur 

dioxide and separate it from carbon dioxide. This ability opens up the possibility of being able to 

use the trap to analyze small samples (or samples containing very little sulfur) for sulfur isotope 

composition. Both nitrogen and sulfur isotope composition analyses constitute valuable 

research tools for a wide variety of applications on par with those of carbon isotope analysis. 
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7.2 Palynomorph Analysis 

 The carbon-13 analysis of standards using the EA-microvolume trap-IRMS system 

demonstrated the ability to analyze quantities of organic material hundreds of times smaller than 

the quantities routinely analyzed using conventional EA-IRMS equipment. The early tests 

conducted on chitinozoans demonstrated the ability to obtain carbon-13 analysis data for single 

organisms. 

The quality of carbon-13 analysis data obtained from a palynomorph selection provided 

by Professor Thijs Vandenbbroucke most clearly demonstrates the capabilities and the potential 

of the EA-micro-volume trap-IRMS system. The results obtained demonstrate that samples 

more than one hundred times smaller than those required using conventional means can be 

analyzed without compromising data quality. The time-saving implications of this advance are 

clear; much larger data sets can be acquired than was previously possible and samples can be 

extracted from sediments previously too sparsely populated to yield sufficient numbers of 

palynomorphs. Perhaps less obvious is that the ability to analyze singles organisms practically 

exposes a whole new field in palynomorph study; the exploration of individual isotopic variation 

could provide a wealth of information about the life, death, burial and preservation or alteration 

of these organisms. Recognizing the enormous potential of these newly developed analytical 

capabilities, Professor Thijs Vandenbroucke prepared and submitted several research grant 

applications to fund related research projects. 

Subsequently, 240 palynomorph samples were analyzed using the EA - TEC trap - 

IRMS combination for Lander Soen’s Geology Master’s thesis. The analysis of this large 

number of palynomorph samples using conventional EA-IRMS would almost certainly not have 

been possible in a reasonable timescale. Only by reducing the sample size requirements to 15 

individual organisms per sample was it practical to prepare a sample set of this size. 

Using this data, Soens was able to correspond some significant δ13C excursions between the 

bulk inorganic profile and the individual group profiles. Perhaps the more significant insights to 

be gained from this data set are to be found by examining the variation between samples 

extracted from the same sediment core section. As described by Professor Vandenbroucke, 

previous bulk analyses have diluted and masked the signatures of individual organisms. The 

ability to analyze palynomorphs individually or even in small numbers provides the potential to 

explore and discover much more detail of the lives of these mysterious organisms and the 

information that their preserved remains can reveal. 
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The research potential of this application of the micro-volume gas trap is enormous. 

Palynomorphs are ubiquitous in marine and terrestrial sediments and constitute an immense 

body of material with which researchers can investigate the environmental conditions and 

ecological systems of the past. The isotopic analysis of much of this material is out of reach 

using conventional methods, but the reduction of the minimum sample-size limits afforded by 

the micro-volume trap permits the analysis of all of this material. 

Potential research projects are currently being explored with numerous collaborators to 

analyze graptolite fragments, pollen and dinoflagellate cysts in addition to the chitinozoan and 

acritarch projects described earlier. 

 

7.3 µDumas Automated Sample Preparation System 

A solid-sample combustion device optimized for stable isotope analysis of small samples 

was designed and built. Informally dubbed the µDumas system, this device used TEC trap as 

described in chapter 2. The reduction in internal volume, surface area, reagent volumes, 

elimination of the gas chromatograph and overall compact design of the µDumas system, 

reduced background gas emissions to less than a third of those of conventional setups. These 

reductions in volume and gas flow path length permit the use of much lower carrier gas flow 

rates, which in turn dramatically reduce the open split ratio and result in a much higher 

proportion of the carrier gas and sample gas peaks entering the mass spectrometer. The design 

minimizes sample gas pulse spreading in all aspects of its operation and this allows the IRMS 

peak integration software to more accurately determine the bounds of the sample peak which 

results in more reproducible area integration and high-quality analysis data. 

Using the TEC trapping device, the µDumas system doesn’t suffer from the problems 

associated with cryogenic trapping devices such as those associated with maintaining a 

consistent liquid nitrogen reservoir. The µDumas system can be operated in a similar way to 

EA-IRMS systems preserving their ease-of-use and large sample batch capabilities. 

The blank contribution that has been a crippling impediment to previous efforts to 

measure samples containing less than 50 ug of carbon or nitrogen was abated largely by 

establishing a sample preparation method that substantially reduced the quantity of tin foil 

required to envelop a sample. Careful design of the µDumas system also reduced the blank 

contribution. 

The data acquired and described in Chapter 5 clearly demonstrate that the µDumas 

system permits the carbon-13 analysis of samples as small as 3ug of carbon without sacrificing 

data quality compared with conventional EA-IRMS. The lower sample-size limit of this system 
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has not been established yet, but is likely to be below 0.5ug of carbon albeit with some 

degradation in data quality compared with that at 3ug of carbon. 

The helium carrier gas savings inherent in the µDumas system’s design shouldn’t be 

understated. The diminishing availability and soaring costs of helium are well-publicized and 

analytical laboratories have an obligation to take steps to conserve this non-renewable 

resource. 

A method and apparatus scientific paper has been written for submission to the Rapid 

Communications in Mass Spectrometry journal. The manuscript is currently under internal 

review at the USGS and a draft version is included in the supplementary information folder 

“Emmons RCM Method.pdf”. 

There are many additional potential applications of the small-sample capabilities offered 

by the µDumas system. Future palynological and entomological applications are described in 

sections 7.4 and 7.5, but applications in other research areas are currently being pursued and 

discussed with potential collaborators. Improvements in the analysis quality afforded by the 

uDumas system compared to the earlier EA-trap-IRMS apparatus have served to heighten 

interest in palynomorph analyses.  

The µDumas system’s ability to analyze samples that contain less than 100ug of 

nitrogen for nitrogen-15 composition is currently under development. It’s likely that the system’s 

capabilities for δ15N analyses will match its δ13C performance. The ability of the system to 

prepare samples for sulfur isotope composition will be explored in the not-too-distant future. 

Nitrogen and sulfur isotope analyses constitute research tools just as valuable as carbon for 

researchers across a broad range of disciplines. These elements are much less abundant in 

natural materials and thus the minimum sample-size limitations imposed by conventional EA-

IRMS equipment restrict the scope of research possible even more severely. The µDumas 

system has the potential to substantially expand the scope of research using these tools to the 

same extent that has been demonstrated for carbon isotope compositional analysis. 

Plans are also in place to build a second small-sample-specific sample preparation system that 

pyrolyzes samples instead of combusting them. This system would permit oxygen and hydrogen 

isotope composition analysis of small samples and would further advance the frontiers of 

palynology, entomology, ecology and geology.  

 

7.4 Entomological Analysis 

Two entomological research projects are currently under way using the uDumas system 

to provide carbon isotope composition analyses. The first involves the analysis of individual 
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preserved midge larva capsules to investigate past environmental conditions. The second 

project involves the analysis of individual fleas extracted from small mammals to investigate 

transmission of the Bubonic plague.  The midge capsule and flea projects demonstrate the 

tremendous potential of using the µDumas system to pursue ground-breaking research. Single 

midge capsule or single flea isotopic analyses have not been performed before and this 

constitutes a unique capability. The benefits to entomologists specifically are that fewer animals 

are required for future isotope studies; the significance of this should be emphasized when 

considering an insect such as the bee that is undergoing alarming population decline. The ability 

to expand the scope of entomologists’ studies by reducing minimum sample-size constraints is 

a source of excitement for those with which the author of this thesis has had personal contact. 

The Sweetman midge capsule and Wimsatt flea ground-breaking projects are likely to lead to 

significant scientific publications.  

Two other entomology projects have recently been initiated with Dr. Claudio Gratton and 

Dr. Matthew McClary of the University of Wisconsin in Madison. The first project involves 

examining the diets of soil-dwelling invertebrates (soil mites) previously considered too small for 

stable isotope analysis. The second project involves the isotopic analysis of bee’s pollen balls to 

acquire information regarding their feeding habits and how they change during their active 

season. These projects are just a few examples of the way the micro-volume traps and µDumas 

have extended the scope of entomological stable isotope studies into the microscopic realm. 

 

7.5 Fluid Inclusion Analysis 

An ion trap time-of-flight mass spectrometer (ITTOFMS)has been optimized for the 

analysis of small quantities of gas mixtures such as those released from a single 10 um fluid 

inclusion. The ITTOFMS optimizations were performed with the help of SIMION ion trajectory 

simulation software and the ensuing instrument modifications yielded a fifty-fold improvement in 

sensitivity.  

Apparatus was designed and built to deliver small pulses of sample gas mixtures and to 

deliver small pulses of calibrated gas mixtures to the TOFMS. The cryogenically-cooled micro-

volume trap described in chapter 6 was incorporated into the sample gas handling apparatus 

with the purpose of trapping small diffuse sample gas mixtures and subsequently releasing 

them in concentrated pulses for the TOFMS to analyze. This equipment has been assembled, 

but not yet fully tested. 
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A microcontroller-based control unit was designed and built to permit centralized control of the 

sample gas handling apparatus and the TOFMS. A LabView-based software suite was also 

written to permit automated operation, sample batch handling and data acquisition.  

 

7.6 Long-Term Plans 

 The contents of this thesis were not initiated merely to fulfill this author’s academic 

requirements. Whereas many graduate students finish their graduate projects and then move on 

to a new job or post-graduate research project this author’s employment with the US Geological 

Survey will continue for the foreseeable future. The benefits this situation bestows are that the 

many diverse applications of the devices and equipment designed, built and described here will 

continue to be pursued; there is no pre-defined conclusion or end-point to this body of work. 

Plans are afoot for the USGS to relocate to a new building on the Colorado School of 

Mines campus (the Subsurface Frontiers building). The author’s intentions are to use this 

relocation as an opportunity to initiate instrument development projects in collaboration with 

CSM Physics department faculty, staff and students. A previous instrumentation project was 

successfully undertaken through collaboration with Professor Timothy Ohno and his student 

Kevin Rozmiarek. A modest project, but an example to demonstrate the potential benefits of the 

USGS’s relocation to CSM’s campus. An extensive list of potential instrumentation development 

projects exists involving the use of time-of-flight mass spectrometers for a wide variety of 

applications and additional novel sample handling devices to interface with stable and 

radiogenic isotope mass spectrometers. 
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APPENDIX A 

SUPPLEMENTAL ELECTRONIC FILES 

 

The supplemental electronic files include analysis results files (contained in the Analysis 

Data folder), datasheets for the electronic devices and components used to build the equipment 

described in this dissertation (contained in the Datasheets folder) and code listings for the code 

used in the microcontrollers and the PC software described in this dissertation (contained in the 

Program Code folder). The folder named ‘Miscellaneous Files’ contains additional documents 

referred to in the dissertation. 

 

Analysis Data Folder containing analysis results files in 
Microsoft Excel format. 

Emmons Early Palynomorph Test PCTrap 
Data.xlsx 

Excel file containing early palynomorph test 
analysis data using the EA-TEC trap-IRMS 
setup. 

Emmons Emsbo Vandenbroucke Chitinozoan 
Acritarch Data.xlsx 

Excel file containing chitinozoan and acritarch 
analysis data. 

Emmons Marino Aquatic Larva EA-IRMS 
Data.xlsx 

Excel file containing aquatic larva EA-IRMS 
analysis data. 

Emmons Standards 13C Data.xlsx Excel file containing standard analysis data. 
Emmons Wimsatt Flea Data.xlsx Excel file containing flea analysis data. 

Sweetman Emmons Chironomid Data.xlsx Excel file containing chironomid analysis 
data. 

Tin Cup and Foil Blank Data.xlsx Excel file containing tin cup and foil blank 
data. 

Vandenbroucke Emsbo Emmons 
Palynomorph Data.xlsx 

Excel file containing palynomorph analysis 
data. 

Datasheet Folder containing datasheets for devices and 
components used to build equipment. 

2N5302 BJT Datasheet.pdf PDF file containing 2N5302 BJT datasheet. 
Allegro UDN2543 Quad Power Driver 

Datasheet.pdf 
PDF file containing Allegro UDN2543 quad 
power driver datasheet. 

Arduino Mega 2560-R3 Schematic.pdf PDF file containing Arduino Mega 2560-R3 
schematic. 

FastFlight2 Signal Averager Spec Sheet.pdf PDF file containing FastFlight2 Signal 
Averager spec. sheet. 

Maxim MAX31856 Thermocouple Interface 
Datasheet.pdf 

PDF file containing Maxim MAX31856 
thermocouple interface datasheet. 

MLX90614 IR Temp Sensor Datasheet.pdf PDF file containing MLX90614 IR 
temperature sensor datasheet. 

PCF8575 IIC IO Expander Datasheet.pdf PDF file containing PCF8575 IIC IO expander 
datasheet. 
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PCF8591 IIC AD Datasheet.pdf PDF file containing PCF8591 IIC AD 
datasheet. 

TIP121 Darlington Transistor Datasheet.pdf PDF file containing TIP121 Darlington 
transistor datasheet. 

Understanding the I2C Bus.pdf PDF file containing an article explaining the 
I2C Bus. 

Vishay ILQ-615 Optocoupler Datasheet.pdf PDF file containing Vishay ILQ-615 
optocoupler datasheet. 

Program Code Folder containing program code listings and 
related information and SIMION definition 
files. 

EI Ionization Cross Sections.nb Mathematica notebook file containing 
ionization cross section data used for 
SIMION simulations. 

EI Ionization Cross Sections.xlsx Excel file containing ionization cross section 
data used for SIMION simulations. 

EI IT Einzel Geometry.txt Text file containing the SIMION geometry 
definition script for the EI source, ion trap and 
Einzel lens. 

LabView LAITTOF Block Diagram.jpg JPG file containing the LabView LAITTOF 
program block diagram. 

LAITTOF Arduino Mega Controller Code 
Listing.rtf 

RTF file containing the LAITTOF Arduino 
Mega controller code listing. 

LAITTOF Arduino Nano Controller Code 
Listing.rtf 

RTF file containing the LAITTOF Arduino 
Nano controller code listing. 

SIMION Ion Source and QIT Lua Code 
Listing.rtf 

RTF file containing the SIMION ion source 
and ion trap LUA code listing. 

uDumas Arduino Mega Controller Code 
Listing.rtf 

RTF file containing the µDumas Arduino 
Mega controller code listing. 

Miscellaneous Files Folder containing miscellaneous PDF files 
referred to in the dissertation. 

Bergsma Ostrom Emmons Robertson 
2001.pdf 

PDF file containing Bergsma Ostrom 
Emmons Robertson measurement of soil 
N2O Environ. Sci. Technol. 2001. 

Emmons RCM Method first draft.pdf PDF file containing Emmons RCM method 
first draft. 

IAEA NIST Reference Materials Reference 
Sheet.pdf 

PDF containing IAEA NIST reference 
materials reference sheet. 

Johnson et al USGS EA-IRMS SOP.pdf PDF containing USGS EA-IRMS standard 
operating procedure. 

Lander Soens Master Thesis.pdf PDF containing Lander Soens’ Master’s 
thesis. 

Vandenbroucke FWO Grant Application - 
Response.pdf 

PDF containing Vandenbroucke FWO grant 
application review panel responses. 

Vandenbroucke FWO Grant Application 2015 
as submitted.pdf 

PDF containing Vandebroucke FWO grant 
application. 

 

 

 


