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ABSTRACT 

        An effective method to accurately and precisely analyze multiple elements in crude 

oils using high temperature and pressure digestions in a single reaction chamber (SRC) 

microwave, the ICP-OES and QQQ-ICP-MS analytical instruments was developed. The 

best of the SRC microwave-assisted acid digestions was shown to be acceptable for 19 

analytes using a certified organometallic standard, with average recoveries of 93%-113%. 

The method developed was used to test a natural crude oil reference material (NIST 

8505) for quantifying 57 elements. Our result for vanadium (the only element 

recommended for NIST 8505) concentration, 390±0.4 µg/g, agrees well with the 

published value 390±10 µg/g. The number of quantified analytes for NIST 8505 was 

extended to 52 elements (RSDs≤15.6%) with most RSDs<5%.  

        The analytical method was also used to develop a geochemical technique of 

production allocation by analyzing the concentrations of specific elements in five end-

member crude oils and a manually mixed crude oil of the end members in precisely 

controlled proportions. The obtained concentrations of the commingled and end-member 

oils were input into a program developed called “ALLO-TRACE” to calculate the 

contributing fractions of the end-member oils to the commingled oil using multiple 

analyte-based linear equations. Accuracies and uncertainties in terms of RSDs of most 

calculations are within 4% and 3%, respectively. The method was also used for 

geochemical fingerprinting of 20 crude oil samples thought to be derived from the 

Monterey Formation source rock/reservoir in the Santa Maria Basin. Three distinct 

fingerprints were derived from three wells where the oils were sampled.  
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        We also conducted whole-oil GC analyses on a subset for these crudes. The results 

indicate that the crude oils may be similar to subzones from within the Monterey 

Formation similar to extractable organic matter (EOM) from an onshore core of the 

Monterey Formation previously studied. The Monterey Formation was deposited under 

disoxic to reducing deep marine basinal conditions in the Miocene Period (16-6 Ma). 

These basins were associated with basins formed during pull-apart or transtensional 

wrench-faulted tectonic activity. It was bathyal depths (ocean environment 200-4000 m) 

of this basin during accumulation. Transitional-marine organic matter accumulated 

during the transtensional basin formation.  
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A new sample preparation method for crude or fuel oils by mineralization utilizing single reaction chamber 

microwave for broader multi-element analysis by ICP techniques. Fuel, 206, 64-79. 
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1.1. Introduction 

        The information obtained from trace element concentrations (mass fractions) in 

crude oils is very important in characterizing depositional environment [1-15] and 

organic matter types [2, 5-6, 8-9, 16], and for allowing corrective performance during 

crude oils processing and environmental risk evaluation [6]. Metal elements in crude oils 

that have been reported using a large variety of analytical methods with variable numbers 

of analytes that most often include a single element or subsets of elements from following 

list: Ni, V, Cu, Pb, Fe, Mg, Na, Mo, Zn, Cd, Ti, Mn, Cr, Co, Sb, U, Al, Sn, Ba, Ga, Ag, 

As, Sr, Au, Y, Pd, Pt, Th, La-Lu, Bi, Tl and Hg [4, 6, 17-27]. Mass fractions and ratios of 

trace metal elements have been used to understand oil formation, e.g., for oil-oil 

correlations and oil-source rock correlations, oil migration, maturation of organic matter, 

and the depositional environment of source rocks [3, 5, 17, 26, 28-29].  

        In the refining process, some trace metals act as catalyst poisons during the catalytic 

cracking process of crude oils, especially vanadium and nickel, which, among other 

elements, can occur in high concentrations [30]. Some trace elements can cause 

significant corrosion of refining equipment [30]; thus, it is important to determine the 

contents of these trace metals in crude oils both accurately and precisely to make 

decisions of whether specific metals need to be removed prior to refining [31]. Corrosion 

can cause significant failure of refining equipment; so corrosive element monitoring can 

be used to predict near real-time corrosion information on petroleum crudes to be refined 

and allow conditions that cause high corrosion rates to be identified, reduced and 

mitigated prior to the refining process. Heavy metals may also be in high concentrations 
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in soils or water supplies as a result of on-land surface crude or refined oil spills, 

especially if entering regional drainage systems. Some heavy metals can be toxic at high 

doses. Additionally, large oil spills at sea may cause enrichment of heavy metals in the 

regional ecosystems, which may affect the ecological equilibrium. Residual elemental 

abundance in fuel oils (e.g., S and Pb) are also being increasingly regulated because of 

environmental effects. Identifying or monitoring these potentially hazardous elements 

that can affect the environment in crude or refined products will become increasingly 

important (e.g., recent limits set on high S in liquid heating or vehicle fuels). 

        The composition of crude oils is complex, including both organic and inorganic 

components. This complicated mixture with its significant organic matrix is not ideal for 

direct analysis by inductively coupled plasma-optical emission spectrometry (ICP-OES) 

or inductively coupled plasma-mass spectrometry (ICP-MS) techniques because of 

deleterious instrumental effects and severity of, for example, carbon-based analyte 

interferences [8]; therefore, the samples typically require pretreatment prior to being 

introduced into many analytical instruments to achieve high precision multi-element 

analyses [9]. Four methods have been mainly used in sample preparation of analyzing 

high organic matrix crude oil samples: 1) mineralization directly by strong-acid digestion 

(i.e., wet digestion), 2) mineralization by dry or wet combustion or ashing, 3) direct crude 

oil introduction after dilution with organic solvent, and 4) direct emulsion/micro-

emulsion introduction. 
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1.1.1. Review of Direct Introduction Sample Preparation Methods 

        Crude oils can be diluted with organic solvent, and introduced into the instrument 

without mineralization [32]. Compared to mineralization, this technique is simpler and 

safer in that the crude oil samples do not need to be decomposed under high temperature 

and pressure, which is time consuming, and risks explosion or venting and sample loss; 

however, there are still some problems that need to be addressed. Large sample dilutions 

(e.g., ×100, ×1,000) are required [33], especially when heavy crude oils need to be 

analyzed, and hamper the analysis of a wide range of trace and ultra-trace elements for 

complete chemical fingerprints. Additionally, large amounts of organic solvents have to 

be prepared as rinsing solution that will be accompanied by high costs of measurements. 

Furthermore, because memory effects impose long rinsing times, this limits sample 

throughput [33]. Some crude oil analytes also suffer from solubility issues. Instead of 

low-cost aqueous standards, expensive organometallic standards are also required.  

        A technique involving emulsification of crude oils with water and direct 

introduction has also been used in trace metal analyses [34-35]. The viscosity and organic 

load of the system are reduced considerably due to the dilution, homogeneity, and 

stabilization of the oil micro-droplet in water by using a certain kind of surfactant [9]. 

Lower cost aqueous standards can be used for instruments calibration without the need of 

sample mineralization; however, emulsions have been reported to be stable for only up to 

80 hours [36], and as short as 20-50 min [37] for some analytes, which can cause issues 

when large throughput of crude oil samples need to be accommodated. Large dilution 

factors will also limit quantification of a broad set of low abundance elements. 
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        IDL (Instrumental Detection Limit) is taken as the lowest concentration that can be 

detected for a certain element above the instrument background noise within a sample by 

a certain ICP instrument, which is calculated as: 

IDL (ng/g) = 3 × SD (cps)/Sens. (cps/ng/g) (1.1), 

where SD represents the standard deviation (1σ) of seven replicate determinations of the 

blank used for instrument calibration, which is 2% (v/v) HNO3. The unit is counts per 

second (cps). Sens. refers to the sensitivity of a certain instrument (ICP-OES or QQQ-

ICP-MS used here), equaling to the slope of the calibration curve. MDL (Method 

Detection Limit) is the lowest concentration that can be detected for a certain element 

within a sample using the developed analytical method, which is calculated as: 

MDL (ng/g) = IDL × DF = [3 × SD (cps)/Sens. (cps/ng/g)] × DF (1.2), 

where DF represents dilution factor. MQL (Method Quantitation Limit) is taken as the 

lowest concentration that can be quantified for a certain element by using the developed 

analytical method, which is considered to be: 

MQL (ng/g) = 3 × MDL (1.3).  

IDL is an assessment of the measuring ability of a certain ICP instrument, while MDL is 

an assessment of the measuring ability of a particular analytical method. Because of the 

higher MQL and MDL as a consequence of high dilution factors that result from weak 

acid, solvent or emulsification dilution techniques, in this study we chose by necessity to 

explore various sample preparation techniques which involve strong-acid mineralization 

of the sample in order to achieve routine multi-element analysis of a much broader set of 
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analytes. These methods can potentially achieve adequate analyte recovery of the 

comprehensive element suite explored here, yield low dilution factors, and present the 

most efficient methods for more comprehensive multi-element analysis using aliquots of 

the same prepared sample for introduction to both the ICP-OES for high abundance 

elements and QQQ-ICP-MS for low abundance elements.     

1.1.2. Mineralization Sample Preparation Methods 

        Mineralization refers to a procedure that eliminates the organic structure of the oil 

by acid digestion (i.e., oxidization), or combustion, so that the organic samples can be 

introduced into the analytical instrument in aqueous form [9, 34, 38]. If complete or 

nearly complete, this can remove or minimize the spectral and polyatomic interferences 

caused by the complex organic matrix in crude oils, and avoid carbon deposition, which 

may clog the sampler or skimmer cones of the ICP-MS and can cause plasma instability 

or even extinction [9, 24]. In addition, aqueous sample solutions enable the use of 

inexpensive aqueous standards for external calibration [8, 39-40]. 

1.1.2.1. Closed or Open Vessel Digestion 

       Strong-acid digestion techniques can be either open-vessel or closed-vessel. Closed 

vessels are generally preferred to avoid potential contamination and loss of volatile 

species of certain target elements, and aid the digestion process by allowing high 

temperatures and pressures in attempting to quantify many elements in low abundance 

with single analytical techniques [20, 41]. Acid digestions can be achieved with high 

pressure Parr bombs, or be microwave-assisted, or conducted with a high pressure asher 

(e.g., HPA-S, Anton Paar, Graz, Austria) [40, 42]. The operation principle for 
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microwave-assisted digestion systems is similar to that for high pressure asher digestion 

systems by maintaining the mixture of sample and reaction reagents under its boiling 

point with increased pressure. The main difference between the two systems (microwave 

vs. HPA-S) is that the former one heat using microwave energy, while the latter one heat 

using electric energy. The maximum digestion temperature and pressure of HPA-S are 

higher than microwave digestion systems [40, 42]. The high pressure asher wet digestion 

step is more time-consuming (up to 280 minutes including heating and cooling) [40, 42] 

than microwave-assisted acid digestion (~60 minutes) [43].  

        A previous study has also shown that high pressure ashers may be prone to 

contamination issues for certain elements [42]. In comparing the potential of the SRC 

microwave closed multi-vessel chamber tested here with the HPA-S literature (as well as 

other systems such as rotor based microwave and Parr bombs systems) examined prior to 

choosing techniques to test, apart from SRC system, these other systems include 

hermetically sealed single-sample reaction vessels that may not always remain sealed 

during digestions and can, in fact, vent during strong exothermic reactions that might 

occur when volatile oils or condensates are digested [42]. Although HPA-S have proven 

successful for some applications, venting of single reaction vessels can lead at times to 

sample loss or contamination, place more limitations on sample size used, and/or increase 

sample homogeneity issues.  

        A recent method using HPA-S and ICP-MS [40] also involved higher dilutions of 

~200, which can tend to limit method detection and quantification of lower abundance 

elements examined here; therefore, we chose to concentrate our comparative tests on the 

more sophisticated, flexible and rapid power adjusting closed-chamber SRC microwave 
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system with lower cost closed vessel Parr digestion bombs, Parr dry combustion vessels. 

The SRC microwave is a relatively new and promising technology for crude oil that was 

introduced by Milestone, Inc. For clarity, we described the difference between rotor 

based and SRC microwave system below. 

1.1.2.2. SRC (Single Reaction Chamber) or Rotor Based Microwave Digestion  

        In general, application of microwave has improved acid-digestion procedures 

significantly for crude oils [8] and makes their settings much more flexible than oven 

heating in that the temperature and pressure of the enhanced reaction are able to be 

monitored and controlled safely and precisely [21, 42]; therefore, various combinations 

of reagents and heating and pressurization programs can be tested efficiently. In addition, 

microwave-assisted acid digestion saves large amount of time, as it can be completed 

within about 48+22 min (heating+cooling) compared to 11+0.5 h for Parr bomb acid 

digestions. Two types of microwave systems exist. These include rotor based systems 

with single sample closed reactions vessels with multiple vessels accommodated and the 

SRC systems with a closed system single reaction chamber (SRC) in which multiple 

sample digestion vessels can be loaded. Rotor based systems were developed in the early 

1980’s, and are the most commonly used microwave systems, using a number of 

individualized reactors, positioned in a rotor, inside a large microwave cavity [44].  

        SRC systems were pioneered in 2005, using a single, reinforced stainless steel 

chamber [44]. Sealing and digestion specifications of the SRC microwave instruments are 

automated, avoiding time consuming assembly of rotor-based single sample microwave 

vessels or single sample Parr bombs (one sample per bomb). With SRC, sample sizes can 
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be larger (e.g., here we adopted five 400 mg of heavy natural crude oil per 40 ml quartz 

vessel) depending on sample type, compared to the smaller 100 mg for Parr bomb acid 

digestions or 250 mg for typical rotor-based microwave systems necessitated to prevent 

exothermic-reaction-related/combustion-related venting and sample loss [21, 42]. Rotor 

based microwave acid digestion systems have been utilized more commonly in the past to 

prepare natural or refined crude or fuel oil samples for ICP-MS, including standard 

reference materials (SRMs) [21] with more limited elements with concentrations certified 

or recommended.  

        Compared to traditional and typical rotor based microwave acid digestion systems, 

the SRC microwave acid digestion system has the following advantages. The SRC makes 

it possible for multiple samples of different oils to be run simultaneously under the same 

temperature-pressure conditions. A variety of digestion vessel sizes accompanied by 

multiple racks within the SRC can be chosen to meet different requirements for sample 

sizes to achieve desired dilution factors, MDL, and MQL [43] depending on the type of 

oil (e.g., heavy oil, light oil, condensate, or refined oils with different levels of element 

abundances and degrees of homogeneity). In the SRC, the samples are pre-pressurized to 

prevent acid boiling and the pressure inside the sample vessel is equal to that in the SRC; 

therefore, we utilized the UltraWAVE SRC Microwave Digestion System, Milestone, 

Inc. here, whereas some microwave rotor based systems or SRCs can accommodate 

larger sample vessels, testing with our final chosen acid mixtures and microwave heating 

techniques in these systems failed to completely digest crude oil samples tested in some 

cases.  

 



10 
 

1.1.3. Study Objective Using Sample Preparation Methods Tested 

        Because mineralization procedures generally allow more precise and accurate 

analysis of a larger number of elements at both lower detection and quantification limits 

than direct introduction methods [6, 8, 31], as well as the use of commercially available 

aqueous standards, here we reviewed and tested strong-acid mineralization and judged 

the best sample preparation method for crude and refined oil digestion and introduction 

into the ICP to achieve this goal. We attempted to review and further develop digestion 

methods to accurately and precisely analyze multiple elements (up to 57) in crude oils 

using triple quadrupole-inductively coupled plasma-mass spectrometry (QQQ-ICP-MS) 

in tandem with ICP-OES. The three sample mineralization techniques investigated 

include: high pressure combustion, high pressure and high temperature acid digestion 

with Parr bomb, and SRC closed vessel microwave-assisted high pressure-high 

temperature strong-acid digestion. As stated, we did not choose to investigate direct crude 

oil introduction solvent or emulsification techniques, because ultra-trace element (e.g., 

rare earth elements) determinations are not possible due to large sample dilution and 

analyte solubility issues presented by these techniques and other obstacles they presented 

for more complete interference-free fingerprinting of crude oil. 

1.2. Experimental and Analytical Techniques 

1.2.1. Materials 

        The acids (HNO3 and HCl) used in this study were purified by sub-boiling 

distillation in Teflon two-bottle stills. Ultrapure H2O2 (OPTIMA) purchased from Fisher 

Chemical, USA was used, and stored in a light-proof bottle inside a refrigerator. The 
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water (18 MΩ.cm) was purified using Barnstead System from Thermo Fisher Scientific 

(USA) and further purified using a Millipore Milli-Q Element water polishing system 

from APS Water (USA). 

        In-house aqueous multi-element standards prepared from two 10 g/ml multi-element 

ICP standards from Inorganic Ventures (USA) were used as calibration standards 

throughout this study. The standard Conostan S21+Be, K, Sb tested throughout this study 

for recovery is a synthetic multi-element metallo-organic homogeneous standard from 

SCP SCIENCE (USA), with certified concentrations of 100 µg/g for 24 analytes, Ag, Al, 

B, Ba, Be, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Si, Sn, Ti, V, and Zn. 

We also performed recovery tests on a Conostan Base Oil spiked with 57 elements to 

further test recovery of a broader element suite with the optimum digestion method 

determined by our tests.  

        The complete method developed was applied to test the National Institute of 

Standards and Technology research material 8505 (NIST RM 8505), a typical high 

vanadium natural Venezuelan crude oil with a recommended vanadium concentration of 

390±10 µg/g. RM 8505 results are reported here aiming to further develop this RM as a 

potential crude oil multi-element standard, as currently it is only certified for V. This 

crude oil was chosen to typify natural crude oil dynamic range complications in 

quantification of certain detectable elements at low abundance trace and ultra-trace levels 

together with other elements in much higher concentrations (e.g., V, Ni, and S). 
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1.2.2. Oxygen Combustion Assisted with Strong-acid Digestion 

        A 350 ml general-purpose oxygen combustion vessel (Model 1108) from Parr 

Instrument Company (USA) was used for the closed vessel and high pressure combustion 

test. The oil sample inside the vessel was ignited by an ignition unit (Model 2901 EB) 

that was connected to the vessel. The unit ignited the vessel by electrifying it. The vessel 

is made of a special niobium stabilized stainless steel selected for its resistance to the 

mixed nitric and sulfuric acids. The vessel safely burns sample liberating up to a 

maximum of 8,000 calories per charge using oxygen charging pressures up to 40 atm. 

Generally, the maximum combustible material size is 1,100 mg of oil, which 

advantageous for broad multi-element analysis. 

1.2.3. Strong-acid Digestion with Parr Bomb  

        Fifteen 23 ml general purpose acid digestion vessels (Model 4749) from Parr 

Instrument Company were used for the closed vessel and high pressure acid digestion 

test. Operating temperatures and pressures up to a maximum of 250 °C and 12.411 MPa 

are permitted in this vessel using a thick-walled PTFE liner. The maximum acceptable 

organic sample size is 100 mg to prevent venting based on our tests. The minimum and 

maximum HNO3 to be used with an organic sample are 2.5 ml and 3.0 ml, respectively. 

1.2.4. Strong-acid Digestion with SRC Microwave Digestion System 

        The Single Reaction Chamber (SRC) Microwave Digestion System (UltraWAVE) 

from Milestone, Inc. (USA), operating at a maximum power supply of 1,500 W, was used 

for the closed reaction chamber, high temperature, and high pressure acid digestion test 
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(Figure 1.1). It is connected to an external electronic unit for monitoring the temperature 

(T1) and pressure inside the reaction chamber, and the temperature (T2) of the outer wall  

 

Figure 1.1. Summary of an SRC Microwave Digestion System  

*A: SRC (Single Reaction Chamber) Microwave Digestion System (Model UltraWAVE from 

Milestone, Inc.); B: PTFE liner used to contain base load of 130 ml of Milli-Q water and 5 ml of 

16N HNO3; C: 40 ml quartz tubes held by a rack used to contain oil samples and mixes of 

digestion reagents; D: initial oil samples floating on the surface of mixes of digestion reagents 

because oil is less dense than mixes of digestion reagents [43]; E: digested oil samples in aqueous 

form with NOx dissolved because 16N HNO3 is a digestion reagent [43]; F: digested oil samples 

in aqueous form after degassing of NOx, which will occur after the digested oil samples stand for 

a few hours. 

 

of the reaction chamber. The maximum allowed values of T1, pressure, and T2 are 300 

°C, 19.9 MPa, and 90 °C, respectively. If T2 reaches 60 °C, or digestion pressure reaches 

15 MPa, the system will be shut down automatically. The maximum T2 and digestion 
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pressure achieved in this study are 43 °C and 10.5 MPa, respectively. We used 15 ml and 

40 ml quartz and Teflon (PTFE) digestion tubes for the digestion test. There is a small 

lateral hole on the Teflon lid of the tube, so the inner space is connected to the outside 

sealed pressure chamber to keep pressure balance. In one run, up to fifteen 15 ml tubes, 

or five 40 ml tubes can be loaded for digestion depending on sample size desired. The 

reaction chamber is coupled with a PTFE liner, which is used to hold the base load. The 

base load in this study consisted of 130 ml of Milli-Q water+5 ml of 16N HNO3. The 

base load absorbs the microwave energy to heat the sample. Pure N2 was filled into the 

PTFE liner to provide initial high pressure, and make inert environment for the digestion. 

The initial pre-pressure should be over 4 MPa, and below 4.5 MPa. 

1.2.5. ICP Instruments 

        A QQQ-ICP-MS (Model 8800) and an ICP-OES (Model 725) from Agilent 

Technologies (USA) were used to analyze the concentration of trace elements. The IDL 

(instrumental detection limit) of QQQ-ICP-MS can be as low as 0.02 pg/g, commonly 

around 1 pg/g, and about 2.0 ng/g for ICP-OES commonly. QQQ-ICP-MS and ICP-OES, 

therefore, were used for low abundance trace elements determination and high abundance 

trace elements determination, respectively. Typically, V, Ni, and S and occasionally 

others in natural crude oils are high abundance elements, which may need to be 

determined by ICP-OES, but the majority of trace elements are in low abundance that 

need to be determined by QQQ-ICP-MS. Compared to Q-ICP-MS, which has a common 

IDL of around 10 pg/g, the QQQ-ICP-MS is more sensitive and has a lower IDL (around 

1 pg/g). Some ultra-trace elements are not detectable for Q-ICP-MS especially when 

interferences are problematical, but can be determined by QQQ-ICP-MS (e.g., rare earth 
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elements, P, S etc.) [45]. The QQQ-ICP-MS is able to remove or minimize polyatomic 

interferences (e.g., 75As+ and 40Ar35Cl+), isobaric interferences (e.g., 40K+ and 40Ar+), and 

non-mono-charged interferences (e.g., 78Se+ and 156Gd2+) [45], which are the most 

common interferences in mass spectrometry, while Q-ICP-MS is not. Walkner et al. 

(2017) [40] reported the interferences removal technique of QQQ-ICP-MS clearly in 

detail; thus, in order to maximize the number of high and low abundance analytes 

reported for natural samples, including the NIST RM examined, our overall preferred 

method of analysis for crude oil involves utilization of the QQQ-ICP-MS in tandem with 

the ICP-OES.  

        The operating conditions of the QQQ-ICP-MS and ICP-OES are summarized in 

Table 1.1. 2% (v/v) HNO3 was used as ICP rinsing and carrier solution, and for dilution 

of calibration standards. The isotope, mass shift, cell gas mode, product ion, and 

background equivalent concentration (BEC) by QQQ-ICP-MS are summarized in Table 

1.2. “Mass shift” mode refers to the interferences removal technique using different m/z 

settings for Q1 and Q2, while the technique using identical m/z for Q1 and Q2 is called 

the “on mass” mode [40]. Both “mass shift” and “on mass” are “MS/MS” mode (both Q1 

and Q2 are in use), as opposed to the “Single Quad” mode using only one quadrupole 

mass filter (Q-ICP-MS). BEC was calculated based on the mean of the blank 

measurements [40, 46]. Small oscillations exist for IDL and BEC between one analytical 

run and another, because ICP’s sensitivity is not exactly the same from test to test, and 

even from sample to sample because the argon flow rates, plasma temperature, and 

chiller working conditions are not always the same.   

 



16 
 

Table 1.1. Operating conditions of ICP-OES and QQQ-ICP-MS, respectively 

ICP-OES QQQ-ICP-MS 

Spray chamber 
Double pass 

cyclonic type 
Spray chamber Double pass cyclonic type 

Nebulizer OneNeb concentric Nebulizer Concentric 

RFa Power (kW) 1.2 RF Power (kW) 1.55 

Plasma flow (L/min) 15 RF matching (V) 1.8 

Auxiliary flow (L/min) 1.5 Sampling depth (mm) 8 

Nebulizer flow (L/min) 0.75 Carrier gas (L/min) 1.07 

Viewing height (mm) 10 Option gas (%) 0 

Replicate read time (s) 10 Nebulizer pump (rps) 0.1 

Instrument stabilization 

delay (s) 
15 S/Cb Temperature (°C) 2 

Sample uptake delay (s) 45 Gas switch Makeup gas 

Pump rate (rpm) 10 Makeup gas 0 

Rinse time (s) 60 Stabilization time (s) No gas: 5; H₂, or He, or O₂: 10 

Fast pump Yes Scan type MS/MS 

Replicates 7 Quick scan He 

    Replicates 7 

a: radio frequency; b: spray chamber.  
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Table 1.2. Analysis condition and background equivalent concentration (BEC) for all analytes 

measured with QQQ-ICP-MS 

Isotope Mass shift Cell gas mode Product ion BEC (pg/g) 

 

Q1 Q2 

   7Li 7 7 No Gas Li+ 2.3 
9Be 9 9 No Gas Be+ 0.2 
11B 11 11 He B+ 340 

23Na 23 23 He Na+ 1908 
24Mg 24 24 He Mg+ 85.5 
27Al 27 27 He Al+ 327 
28Si 28 28 H2 Si+ 9011 
31P 31 47 O2 PO+ 171 
32S 32 48 O2 SO+ 6395 
39K 39 39 H2 K+ 2461 

40Ca 40 40 H2 Ca+ 2184 
45Sc 45 61 O2 ScO+ 0.9 
47Ti 47 63 O2 TiO+ 2.9 
51V 51 67 O2 VO+ 6.6 
52Cr 52 68 O2 CrO+ 428 

55Mn 55 55 He Mn+ 6.1 
56Fe 56 56 H2 Fe+ 229 
59Co 59 59 He Co+ 0.8 
60Ni 60 60 He Ni+ 29.6 
63Cu 63 63 He Cu+ 20.0 
66Zn 66 66 He Zn+ 60.0 
71Ga 71 71 He Ga+ 1.5 
72Ge 72 72 He Ge+ 1.0 
75As 75 91 O2 AsO+ 5.1 
78Se 78 94 O2 SeO+ 8.6 
85Rb 85 85 He Rb+ 2.4 
88Sr 88 88 He Sr+ 1.1 
89Y 89 105 O2 YO+ 0.1 
90Zr 90 106 O2 ZrO+ 0.5 
93Nb 93 125 O2 NbO2

+ 7.0 
95Mo 95 127 O2 MoO2

+ 9.4 
107Ag 107 107 He Ag+ 1.1 
111Cd 111 111 O2 Cd+ 0.5 
118Sn 118 118 H2 Sn+ 18.4 
121Sb 121 121 He Sb+ 0.3 
133Cs 133 133 He Cs+ 0.8 
137Ba 137 153 O2 BaO+ 2.0 
139La 139 155 O2 LaO+ 0.1 
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140Ce 140 156 O2 CeO+ 0.2 
141Pr 141 157 O2 PrO+ 0.04 

146Nd 146 162 O2 NdO+ 0.00 

147Sm 147 163 O2 SmO+ 0.04 
153Eu 153 169 O2 EuO+ 0.09 
157Gd 157 173 O2 GdO+ 0.00 
159Tb 159 175 O2 TbO+ 0.00 
163Dy 163 179 O2 DyO+ 0.00 
165Ho 165 181 O2 HoO+ 0.02 
166Er 166 182 O2 ErO+ 0.03 

169Tm 169 185 O2 TmO+ 0.01 
172Yb 172 188 O2 YbO+ 0.00 
175Lu 175 191 O2 LuO+ 0.02 
178Hf 178 194 O2 HfO+ 0.2 
181Ta 181 213 O2 TaO2

+ 1.2 
182W 182 214 O2 WO2

+ 16.3 
205Tl 205 205 No Gas Tl+ 0.8 
208Pb 208 208 No Gas Pb+ 4.6 
232Th 232 232 No Gas Th+ 0.6 
238U 238 238 No Gas U+ 0.02 

 

1.3. Method Development 

1.3.1. High Pressure Combustion Tests 

        The influence of homogenization, crucible material, the composition of acid mixture 

for rinsing the quartz crucible, and the composition of acid mixture for digestion of the 

combustion residuals was investigated. Six combinations of the above experimental 

conditions have been tested. They are referred to as Tests 1-6 (Table 1.3). The design of 
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Table 1.3. Experimental conditions and test results of the six high pressure combustion tests. The 

test highlighted in bold (Test 5) obtained the best recovery result 

Test 1 Liner: Quartz 

    

     Sample 

No. 

Sample 

size Crucible Rinsing reagents Digestion reagents  Recovery 

1 1000 mg Quartz 2% HNO₃ None  3%-98% 

2 1000 mg Quartz 2% HNO₃ None  5%-97% 

3 1000 mg Quartz 2% HNO₃ None  1%-105% 

4 1000 mg Quartz 2% HNO₃ None  7%-113% 

5 1000 mg Quartz 2% HNO₃ None  10%-112% 

Test 2 Liner: Quartz 

  

 

 

  

 

 Sample 

No. 

Sample 

size Crucible Rinsing reagents Digestion reagents  Recovery 

1 1000 mg Quartz 2% HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  4%-64% 

2 1000 mg Quartz 2% HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  5%-68% 

3 1000 mg Quartz 2% HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  4%-70% 

4 1000 mg Quartz 2% HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  4%-71% 

5 1000 mg Quartz 2% HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  4%-65% 

Test 3 Liner: Quartz 

  

 

 

   

 

 Sample 

No. 

Sample 

size Crucible Rinsing reagents Digestion reagents  Recovery 

1 1000 mg Quartz 16N HNO₃ None  5%-33% 

2 1000 mg Quartz 16N HNO₃ None  3%-33% 

3 1000 mg Quartz 16N HNO₃ None  7%-44% 

4 1000 mg Quartz 16N HNO₃ None  11%-75% 

5 1000 mg Quartz 16N HNO₃ None  12%-77% 

Test 4 Liner: Quartz 

  

 

 

  

 

 Sample 

No. 

Sample 

size Crucible Rinsing reagents Digestion reagents  Recovery 

1 1000 mg Quartz 16N HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  7%-68% 

2 1000 mg Quartz 16N HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  1%-69% 

3 1000 mg Quartz 16N HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  5%-70% 
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4 1000 mg Quartz 16N HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  0.3%-71% 

5 1000 mg Quartz 16N HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  0.4%-72% 

Test 5 Liner: Quartz 

  

 

 

  

 

 Sample 

No. 

Sample 

size Crucible Rinsing reagents Digestion reagents  Recovery 

1 1000 mg Quartz 16N HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  12%-73% 

2 1000 mg Quartz 16N HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  1%-73% 

3 1000 mg Quartz 16N HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  1%-73% 

4 1000 mg Quartz 16N HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  12%-77% 

5 1000 mg Quartz 16N HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  8%-92% 

Test 6 Liner: Quartz 

  

 

 

  

 

 Sample 

No. 

Sample 

size Crucible Rinsing reagents Digestion reagents  Recovery 

1 1000 mg Platinum 16N HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  4%-73% 

2 1000 mg Platinum 16N HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  10%-66% 

3 1000 mg Platinum 16N HNO₃ 
4ml 8N HCl+1ml 16N 

HNO₃+5ml 24N HF  11%-75% 

 

experimental conditions of Test 1 was derived based on the 1108 oxygen bomb operating 

instruction manual. Approximately 1,000 mg of the Conostan S21+Be, K, Sb was 

weighed into a 4 ml combustion crucible. The crucible was placed onto the stainless steel 

holder that was fixed to the lid of the high pressure bomb. The ends of a thin platinum 

fuse wire were fixed onto the two electrodes, respectively, to make it a closed loop. A 

cotton thread was used to connect the sample surface with the platinum fuse wire. 

Approximately 10 ml of 8N HNO3 was filled into the quartz liner of the bomb as 
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absorbing solution and the bomb was assembled. The assembled bomb was filled with 

oxygen until the inner pressure reached 30 atm, and connected to an ignition unit, and 

placed into a water bath for cooling. After combustion, the bomb was cooled for 10 min, 

and taken out of the water bath, and dried. The inner gas was released very slowly to 

avoid losing sample. After the gas was released, the bomb was opened, and the quartz 

liner and crucible were taken out and their inner surface was rinsed with 2% (v/v) HNO3 

repeatedly to ensure a 100% transfer. The rinsing solution was collected into a 50 ml 

Teflon beaker. The solution was dried down completely on the hot plate at about 180 °C 

to remove strong acids prior to analysis.  

        Next, we added 10-15 ml of 2% (v/v) HNO3 into the Teflon beaker, and heated it for 

30-90 min at about 180 °C for re-dissolve. The sample solution was centrifuged to 

remove the black residuals (carbon) using a centrifuge (Model 228) from Fisher 

Scientific (USA). The centrifuged solution was further diluted for analysis. The 

recoveries were generally very low for test 1 (Table 1.4). The low recoveries might be 

due to analytes forming un-dissolvable compounds in Test 1; so in Test 2, mixed strong 

acids (4 ml of 8N HCl+1 ml of 16N HNO3+5 ml of 24N HF) were applied to digest the 

combustion residuals; however, we observed no enhancement in the recoveries from test 

2 (Table 1.4). We suspected the analytes were possibly adsorbed onto the inner surface of 

the quartz crucible after combustion, so in Test 3, we filled the quartz combustion 

crucible with 4 ml of 16N HNO3, and heated the crucible on the hot plate at about 180 °C 

for 1-2 hours. The recoveries were still not adequate in Test 3 (Table 1.4).  

        In Test 4, we used the 4 ml of 16N HNO3 to dissolve the adsorbed analytes in the 

combustion crucible, and used 4 ml of 8N HCl+1 ml of 16N HNO3+5 ml of 24N HF to 
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achieve acid digestion of the combusted residuals. The recoveries in Test 4 were still not 

adequate with no recovery better than 70% (Table 1.4). To overcome the possible 

heterogeneity of the Conostan standard, an ultrasonic water bath (Model 75T) from VWR 

International (USA) was used to homogenize the standard in Test 5. The recoveries were 

still not adequate (Table 1.4). In Test 6, platinum crucibles rather than quartz ones were 

used to minimize the potential influence from the damage of the inner surface of quartz 

digestion crucible during ignition; however, no improvement on the recoveries were 

obtained from Test 6 (Table 1.4).  

        The low recoveries from combustion have also been noted in some previous studies 

but with more limited numbers of analytes. Noble et al. (1997) [47] reported that 

considerable amounts of Pb could have been lost in the burning smoke by determining Pb 

in the burning smoke of Venezuelan crude oil, and noted the more volatile the Pb species, 

the more rapidly they were removed. They also extended this phenomenon to other metal 

elements and crude oil types that have the similar volatility. Based on gas 

chromatography-mass spectrometry (GC-MS), Hammond et al. (1998) [48] claimed that 

elements in crude oils may exist in both volatile form and less volatile form. The volatile 

elements can easily be removed from the burning samples, whereas the less volatile 

elements will stay behind. Sneddon et al. (2004) [49] carried out some further 

investigations on the correlation between the efficiency of loss of analytes and their 

volatility by analyzing Pb, Cd, Mn, and Cr. They found that it took 120-150 seconds for 

Mn and Cr, and 30 seconds for Pb and Cd to enter the burning smoke, respectively, 

because Mn and Cr might exist in crude oils in some chemical species that were less 

volatile than the Pb species and Cd species. Based on the results achieved here, it appears 
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that significant elemental loss has occurred during venting of the sample vessels after 

combustion. 

Table 1.4. Average recoveries of the 24 analytes for the six tests on high pressure combustion  

Element 

Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 

Ra RSDb 

(n=5) 
R 

RSD 

(n=5) 
R 

RSD 

(n=5) 
R 

RSD 

(n=5) 
R 

RSD 

(n=5) 
R 

RSD 

(n=3) 

Ag 19 94.7 11 81 25 102 14 46.1 21 21.6 33 34.5 

Al 29 9.9 41 11.7 46 8.2 52 5 55 15.2 58 14.3 

B 35 9.1 13 81.9 37 11.3 7 172 8 92.9 8 47.5 

Ba 34 12.5 30 29.2 76 1.8 63 15.4 75 13.7 63 18 

Be 33 9.8 40 8.2 41 5.3 45 6.3 55 16.8 62 15.9 

Ca 52 8.2 60 2.5 45 41.2 62 2.5 62 1.5 57 4.2 

Cd 57 10.9 59 4.2 59 5.1 59 5.1 59 5.5 58 7.8 

Cr 26 11.6 31 8.5 25 42.4 38 9.2 47 17.6 54 10.6 

Cu 54 13.3 56 9.2 67 5 66 5.4 69 3.7 61 6.1 

Fe 21 13.3 32 11.1 32 37.9 50 4.7 62 8.3 58 9.3 

K 60 9.1 62 4.2 42 43.9 62 4.6 61 4.0 60 6.8 

Mg 41 7.2 52 5.9 58 4.1 63 1.8 70 8.5 70 7.2 

Mn 31 11 41 10.9 52 6.1 58 3.5 65 8.9 64 11.9 

Mo 61 8.4 60 5.2 66 4.5 63 4.2 67 1.6 63 3.1 

Na 68 8.0 68 4.2 49 42.6 68 4.3 69 2.7 65 4.9 

Ni 25 14.7 34 14 49 3.6 56 6.2 65 9.2 61 12 

P 105 7.4 57 5.7 47 43.7 55 3.7 72 2.0 63 4.8 

Pb 47 10.8 48 3.8 60 6.8 55 5.3 54 4.1 49 8.4 

Sb 8 26.9 8 19.3 31 1.9 22 11.1 34 17.8 31 7.9 

Si 5 38.7 NDc n/ad 26 42.7 ND n/a ND n/a ND n/a 

Sn 6 43.2 5 12.4 28 4.1 15 34.9 26 9.3 25 15.9 

Ti 21 12.2 31 12.6 39 11.3 43 7.8 51 14.1 48 14.1 

V 62 8.6 65 3.7 71 3.2 68 3.6 73 2.7 68 4.6 

Zn 50 10.8 11 4.9 12 4.6 12 6.9 12 4.9 12 7.9 

* The bold numbers are the best results achieved (Test 5). 

a: recovery, %; b: relative standard deviation (1σ), %; c: not detectable; d: not applicable.  

 

        In these combustion tests, we also observed a thin oil slick on the lid of the quartz 

liner after combustion, which means that the decomposition and mineralization was likely 
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incomplete. This might be caused by sputtering and splashing of the burning oil leading 

to further loss of sample, as the Conostan standard is a mixture of oil and water [48]. This 

could be another reason for the low recoveries.  

1.3.2. High Pressure and High Temperature Acid Digestion with Parr Bomb 

        The influence of sample size, the duration of heating, the heating temperature, and 

the composition of acid mixture for digestion was investigated to achieve optimal 

recovery. Five combinations of certain experimental conditions have been tested, which 

are referred to as Test 1-5 (Table 1.5). The design of experimental conditions for Test 1 

Table 1.5. Experimental conditions of the five tests for the high pressure and high temperature 

acid digestion with Parr bomb. The test highlighted in bold below obtained the best recovery 

results (Test 5) 

Test 1 

       Sample 

No. 

Sample 

weight  Digestion reagents 

Digestion 

temperature 

Heating 

time  Recovery 

1 100 mg  3ml 16N HNO₃ 160 °C 9 h  

35%-

101% 

2 200 mg  3ml 16N HNO₃ 160 °C 9 h  

22%-

107% 

3 200 mg  3ml 16N HNO₃ 160 °C 7 h 40 min  

8%-

119% 

4 200 mg  3ml 16N HNO₃ 160 °C 7 h 40 min  

15%-

122% 

Test 2 

 

 

   

 

 Sample 

No. 

Sample 

weight  Digestion reagents 

Digestion 

temperature 

Heating 

time  Recovery 

1 100 mg  

3ml 16N HNO₃+2ml 

12N HCl 160 °C 11 h  

88%-

102% 

2 100 mg  3ml 16N HNO₃ 160 °C 11 h  

30%-

102% 

Test 3 

 

 

   

 

 Sample 

No. 

Sample 

weight  Digestion reagents 

Digestion 

temperature 

Heating 

time  Recovery 

1 100 mg  

3ml 16N HNO₃+2ml 

12N HCl 160 °C 15 h  

84%-

103% 

2 100 mg  

3ml 16N HNO₃+2ml 

12N HCl 160 °C 15 h  

86%-

101% 

3 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 160 °C 15 h  

85%-

104% 
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4 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 160 °C 15 h  

86%-

101% 

Test 4 

 

 

   

 

 Sample 

No. 

Sample 

weight  Digestion reagents 

Digestion 

temperature 

Heating 

time  Recovery 

1 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 180 °C 11 h  

67%-

102% 

2 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 180 °C 11 h  

77%-

99% 

3 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 180 °C 11 h  

75%-

101% 

4 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 180 °C 11 h  

83%-

116% 

5 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 180 °C 11 h  

67%-

102% 

6 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 200 °C 11 h  

77%-

129% 

7 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 200 °C 11 h  

78%-

109% 

8 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 200 °C 11 h  

85%-

126% 

9 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 200 °C 11 h  

63%-

114% 

10 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 200 °C 11 h  

76%-

133% 

Test 5 

 

 

   

 

 Sample 

No. 

Sample 

weight  Digestion reagents 

Digestion 

temperature 

Heating 

time  

Recover

y 

1 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 160 °C 11 h  

95%-

107% 

2 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 160 °C 11 h  

93%-

106% 

3 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 160 °C 11 h  

91%-

105% 

4 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 160 °C 11 h  

93%-

108% 

5 100 mg  

3ml 16N HNO₃+1ml 

12N HCl 160 °C 11 h  

94%-

107% 

 

was based on the Parr acid digestion bombs operating instructions manual. Certain 

amount (Table 1.5) of the Conostan Standard (S21+Be, K, Sb) was weighed into the 23 

ml Teflon liner of the model 4749 Parr acid digestion vessel. After adding 3 ml 16N 



26 
 

HNO₃ into the Teflon liners, the Parr bomb was assembled and heated in a Lindberg/Blue 

M oven at 160 °C for variable times (Table 1.5); then, the acid digestion bomb was 

cooled down to room temperature. The Teflon liner was taken out of the bomb and the 

digested solution was transferred into a 20 ml PFA beaker from Savillex (USA). The cap 

of the Teflon liner was repeatedly rinsed with 2% (v/v) HNO3 to ensure a 100% transfer. 

All of the rinses were collected into the PFA beaker, and the beaker was put onto a hot 

plate. The solution inside was dried down completely at about 180 °C. We added 2 ml of 

2% (v/v) HNO3 into the PFA beaker, and heated it for 30-90 min at about 180 °C for re-

dissolve.  

        Next, the solution was further diluted with 2% (v/v) HNO3 for concentration 

analysis. Test 1 showed recoveries over 90% for Al, Ba, Be, Ca, Cd, Cr, Cu, Fe, K, Mg, 

Mn, Na, Ni, P, Pb, V, and Zn, but poorer recoveries below 90% for Ag, B, Mo, Sb, Si, 

Sn, and Ti. The recoveries for sample size of 100 mg were slightly better that of 200 mg 

which showed signs of venting possibly due to over pressure. The results of sample 3 and 

Sample 4 revealed that a longer heating time was needed for the complete dissolution of 

Ba, so we increased the heating time from 9 hours to 11 hours in Test 2. The results of 

Test 2 showed that addition of 2 ml of 12N HCl improved the recoveries of Sb, Si, and 

Sn significantly. In Test 3, we increased the heating time from 11 hours to 15 hours, and 

tried the mixture of different volume ratios of 16N HNO3 and 12N HCl aiming to 

improve the recoveries of Sb, Si, and Sn, but no obvious enhancement of these elements 

was recognized. The increase of acid amount showed no difference in recovery (Test 3 in 

Table 1.6), so the acid mixture with smaller volume of acids (3 ml of 16N HNO3 and 1 

ml of 12N HCl) was employed in the following tests.  
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        In Test 4, the heating temperature was further increased from 160 °C to 180 °C and 

200 °C (Table 1.5). No considerable improvement was observed, instead Zn got lower 

recovery with increased heating temperature. So in Test 5, the heating temperature 

resumed to 160 °C, and we were able to achieve the best recoveries among the five tests. 

The recoveries were close to 100% for 19 out of 24 elements in Test 5, ranging from 94% 

(Ti) to 106% (V), with unacceptable recoveries for Ag and Si. The RSDs of these 19 out 

of 24 elements are below 3% in Test 5, ranging from 1.1% (Ba) to 2.9% (Fe), with poorer 

precision for Ag and Si. B, P, and Sn were not detected in Test 5. The results are 

summarized in Table 1.6. Phosphorus was recovered at ≥ 96% within all samples for Test 

1-3. Tin obtained best recoveries of ≥ 98% within all samples of Test 3; therefore, the 

methods developed in Test 1-3 could be used to determine P, and the methods developed 

in Test 3 could be specifically used to determine Sn.  
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Table 1.6. Recoveries of 24 analytes for the five tests on high pressure and high temperature acid 

digestion with Parr bomb  

Eleme

nt 

Test 1 Test 2 Test 3 Test 4 Test 5 

S1
a 

S2 S3 S4 S1 S2 S1 S2 S3 S4 
Mean S1-

S5 

RS

Dc 

Mean S6-

S10 

RS

D 
Mean S1-

S5 

RS

D 

Ag 5b 7 86 3 18 78 64 19 42 89 48 56.4 77 
19.
3 

16 
45.

6 

Al  93 10

0 

11

2 

11

6 
95 95 96 96 95 97 92 6.0 96 4.4 101 1.7 

B 38 54 33 49 41 29 38 45 45 25 42 23.9 43 
46.

9 
NDd n/ae 

Ba  97 
10

2 
52 57 97 98 99 98 

10

0 
99 95 3.2 97 2.4 98 1.1 

Be  96 
10
3 

11
9 

12
2 

97 99 98 98 98 99 95 6.7 98 4.6 102 1.2 

Ca  98 
10

2 

11

0 

11

4 

10

2 
99 

10

1 

10

1 

10

1 

10

1 
97 3.0 99 2.4 102 1.6 

Cd 96 99 
10

7 

10

9 
97 96 96 96 97 96 92 8.1 96 5.3 97 1.4 

Cr  97 
10

2 

11

7 

11

8 
99 

10

0 
98 99 97 98 99 5.2 101 4.8 104 1.6 

Cu  95 99 
10

8 

11

3 
93 94 94 94 94 95 92 4.3 95 3.5 96 1.5 

Fe  
10

1 
99 

10

7 

10

9 
98 96 96 98 96 98 101 9.0 105 7.4 103 2.9 

K  98 
10

4 

11

2 

11

6 
95 96 94 93 93 95 92 5.4 94 4.1 98 1.5 

Mg  93 
10

0 

11

6 

11

6 
98 

10

0 
94 96 95 97 94 7.4 98 4.8 97 1.3 

Mn  96 
10

3 

11

8 

11

9 
99 

10

2 
98 99 98 

10

0 
96 7.1 100 4.8 102 1.2 

Mo  89 82 84 87 
10

0 
91 99 

10

0 

10

0 

10

1 
99 5.9 102 3.8 99 1.5 

Na  
10

1 

10

7 

11

4 

12

1 

10

0 

10

1 

10

0 

10

0 

10

0 

10

1 
99 3.6 101 3.4 99 1.2 

Ni  91 98 
11
3 

11
4 

93 94 91 92 92 94 90 7.7 95 5.3 99 1.4 

P 98 
10

4 

10

2 

11

9 
97 99 98 96 96 97 91 5.9 84 

14.

4 
ND n/a 

Pb  94 
10

2 
71 

10

1 
97 

10

0 
93 94 94 95 94 9.4 99 5.8 95 1.4 

Sb  35 22 8 15 89 30 89 90 90 90 85 4.0 88 4.3 97 2.8 

Si 31 21 3 5 62 11 78 73 71 64 76 31.7 71 
33.

9 
71 8.0 

Sn 66 51 38 44 93 56 98 98 98 
10
1 

88 14.1 115 
18.
7 

ND n/a 

Ti  88 87 68 94 95 88 96 96 96 97 93 3.7 94 3.4 94 2.2 

V  91 97 
10

9 

11

1 
94 95 93 94 93 94 91 5.7 94 3.8 106 1.2 

Zn  92 98 
11

1 

11

2 
88 90 84 86 85 86 77 8.3 80 5.6 95 1.3 

* The bold numbers are the best results achieved (Test 5). 

a: Sample 1; b: unit of recoveries: %; c: relative standard deviation (1σ, n = 5), %; d: not detected; 
e: not applicable.  
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1.3.3. SRC Microwave-assisted High Pressure and High Temperature Acid Digestion 

        The SRC microwave-assisted strong-acid digestion technique was tested aiming to 

increase the digestion efficiency for crude oil and to increase the possible sample size 

digested. The effects of sample size, digestion tube material (quartz or Teflon), variable 

sizes of the digestion tube, the composition of acid mixtures for digestion, the duration of 

heating and maximum temperatures of the digestion procedure, and the effect of drying 

down were all investigated. The temperature and pressure inside the reaction chamber 

was monitored to determine the progression of the reaction and develop the optimal 

combination of experimental conditions. Five tests have been carried out for the 

development of this technique, which are referred to as Tests 1-5 (Table 1.7) using 

various microwave digestion protocols (Programs 1-4, Table 1.8).  
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Table 1.7. Experimental conditions of the five tests for the SRC microwave assisted high pressure 

and high temperature acid digestion. The tests highlighted in bold are the tests which obtained the 

optimum results (Sample 1 and Sample 2 of Test 4) 

Test 1 

      Sample 

No. 

Sample 

weight Tubes Digestion reagents 

Digestion 

protocol 

Dryne

ss 

Recover

y 

1 400 mg 

40ml 

Teflon 5ml 16N HNO3+1ml 12N HCl Program 1 

Comp

lete 0-104% 

2 400 mg 

40ml 

quartz 5ml 16N HNO3+1ml 12N HCl Program 1 

Comp

lete 0-112% 

3 400 mg 

15ml 

Teflon 5ml 16N HNO3+1ml 12N HCl Program 1 

Comp

lete 

1%-

465% 

Test 2 

      Sample 

No. 

Sample 

weight Tubes Digestion reagents 

Digestion 

protocol 

Dryne

ss 

Recover

y 

1 300 mg 

40ml 

quartz 

5ml 16N HNO3+1ml 12N 

HCl+1ml 30% H2O2 Program 2 

Comp

lete 

11%-

112% 

2 300 mg 

40ml 

quartz 5ml 16N HNO3+2ml 12N HCl  Program 2 

Comp

lete 

5%-

114% 

3 300 mg 

40ml 

quartz 5ml 16N HNO3+1ml 12N HCl  Program 2 

Comp

lete 

15%-

112% 

4 300 mg 

40ml 

quartz 5ml 16N HNO3+2ml 30% H2O2 Program 2 

Comp

lete 

5%-

113% 

Test 3 

      Sample 

No. 

Sample 

weight Tubes Digestion reagents 

Digestion 

protocol 

Dryne

ss 

Recover

y 

1 300 mg 

40ml 

quartz 

5ml 16N HNO3+1ml 12N 

HCl+1ml 30% H2O2  Program 2 

Comp

lete 

19%-

110% 

2 300 mg 

40ml 

quartz 

5ml 16N HNO3+2ml 12N 

HCl+1ml 30% H2O2  Program 2 

Comp

lete 

23%-

112% 

3 300 mg 

40ml 

quartz 

5ml 16N HNO3+1ml 12N 

HCl+2ml 30% H2O2  Program 2 

Comp

lete 

23%-

111% 

4 300 mg 

40ml 

quartz 

5ml 16N HNO3+2ml 12N 

HCl+2ml 30% H2O2  Program 2 

Comp

lete 

18%-

111% 

5 400 mg 

40ml 

quartz 

5ml 16N HNO3+1ml 12N 

HCl+1ml 30% H2O2 Program 2 

Comp

lete 

24%-

111% 

Test 4 

      Sample 

No. 

Sample 

weight Tubes Digestion reagents 

Digestion 

protocol 

Dryne

ss 

Recove

ry 

1 400 mg 

40ml 

quartz 

5ml 16N HNO3+1ml 12N 

HCl+1ml 30% H2O2  Program 3 

Incipi

ent 

95%-

128% 

2 400 mg 

40ml 

quartz 

5ml 16N HNO3+1ml 12N 

HCl+1ml 30% H2O2  Program 3 

Incipi

ent 

91%-

106% 

3a 300 mg 

40ml 

quartz 

5ml 16N HNO3+1ml 12N 

HCl+1ml 30% H2O2  Program 3 

Incipi

ent 

102%-

118% 

4b 300 mg 

40ml 

quartz 

5ml 16N HNO3+1ml 12N 

HCl+1ml 30% H2O2  Program 3 

Incipi

ent 

102%-

113% 
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5 400 mg 

40ml 

quartz 

5ml 16N HNO3+1ml 12N 

HCl+1ml 30% H2O2  Program 3 

Comp

lete 

56%-

112% 

6 400 mg 

40ml 

quartz 

5ml 16N HNO3+1ml 12N 

HCl+1ml 30% H2O2  Program 3 

Comp

lete 

70%-

113% 

Test 5 

      Sample 

No. 

Sample 

weight Tubes Digestion reagents 

Digestion 

protocol 

Dryne

ss 

Recover

y 

1 400 mg 

40ml 

quartz 

5ml 16N HNO3+1ml 12N 

HCl+1ml 30% H2O2  Program 4 

Incipi

ent 

74%-

110% 

2 400 mg 

40ml 

quartz 

5ml 16N HNO3+1ml 12N 

HCl+1ml 30% H2O2  Program 4 

Incipi

ent 

53%-

110% 

3 400 mg 

40ml 

quartz 

5ml 16N HNO3+1ml 12N 

HCl+1ml 30% H2O2  Program 4 

Incipi

ent 

69%-

109% 
a, b: Sample 3 and Sample 4 of Test 4 also obtained the optimum results, but at smaller sample 

size. 

 

Table 1.8. The tested microwave digestion programs. The bold is the digestion running program 

which obtained the best results (Program 3) 

Ste

p 

Time (min)/temperature (°C) 

Program 1 (Test 

1) 

Program 2 (Test 2 & Test 

3) 
Program 3 (Test 

4) 

Program 4 (Test 

5) 

1 5/120 5/120 5/120 5/120 

2 8/180 8/165 10/165 5/150 

3 7/260 10/180 10/180 10/180 

4 15/260 8/250 8/260 10/260 

5  None 10/250 15/260 15/260 

 

        The design of experimental conditions and digestion program (Program 1) were 

developed based on the UltraWAVE operating instruction manual. Sample sizes of 300 

mg or 400 mg of Conostan standard (S21+Be, K, Sb) were weighed into either quartz or 

Teflon digestion with variable volume (Table 1.7). Although digestion temperatures were 

below the degradation temperatures for Teflon, these tubes were abandoned because our 

test showed that oils could be superheated and burn through the Teflon when the less 

dense oil ignited at the top of the reagent mix. Several types of strong acids/reagent 
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mixtures were added to the sample tubes and tested (Table 1.7). In all tests, 130 ml of 

Milli-Q water+5 ml of 16N HNO3 were added into the PTFE liner as base load. The 

reaction chamber was filled with pure N2 till the pressure was 4 MPa to prevent acid from 

boiling during the run. The digestion profile with heating Program 3 (the optimum 

digestion program) is shown in Figure 1.2. After the digestion programs were done, the 

digested solutions were transferred into a 20 ml PFA beaker; then, the beaker was placed 

onto a hot plate within a HEPA filtered hood. The solution was dried down either 

completely (no solution left) or incipiently (solutions were dried down to about 0.05-0.1 

ml left) at about 180 °C (Table 1.7); then, 3 ml of 2% (v/v) HNO3 was added into the 

PFA beaker, and heated for 30-90 min at about 180 °C for re-dissolve. The sample 

solution was diluted and centrifuged; then, the centrifuged final solution was analyzed for 

elemental concentration.  

        The test results showed that the 15 ml quartz tube was subject to overpressure at a 

sample size of 400 mg, as they showed sample loss based on recoveries and significant 

reduction in fluid levels in the tubes, so the 40 ml quartz tube was adopted as preferable 

for crude oil digestion. We added 1 ml of 12N HCl to ensure the recovery of Sb, Si, and 

Sn. The recoveries of Ag, B, Ba, P, Pb, Sb, Si, Sn, and Ti in test 1 were not adequate. In 

Test 2, we reduced the sample size from 400 mg to 300 mg and also additionally added 

30% (v/v) H2O2 to promote a complete oxidization (Table 1.7). In test 2, sample 1 

achieved the best recoveries for most of the analytes. Variable types of reagent mixtures 

were further tested in Test 3 (Table 1.7). The comparison on the average recoveries 

indicated that incipient dry-down improved the recoveries of B and Sn considerably. In 

Test 5, two consecutive digestions were conducted to test the recovery. Mixed acids of 5 
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ml of 16N HNO3+1 ml of 12N HCl and 1 ml of 30% (v/v) H2O2 were used for the first 

digestion, and 4 ml of 16N HNO3 were used for the second digestion after drying down 

of the sample solutions from the first digestions.  

        The results indicated that these changes caused problem to the recoveries of Ag, B, 

Ba, Fe, Mo, P, Sb, Si, Sn, and Ti. Among all the tests, the best recoveries were obtained 

for Sample 1 and Sample 2 in Test 4 (Table 1.9). The average recoveries of Sample 1 and 

Sample 2 in Test 4 for 19 elements ranged from 93% (P) to 113% (Fe), with only Ag, Sb, 

Si, Sn, and Ti showing poorer recoveries out of 24 elements. The poorer recoveries of Si 

and Ti relative to the analytes with recoveries between 93% and 113% throughout the 

entire method development of SRC microwave-assisted acid digestion appear to be 

related to the utilization of quartz tubes for acid digestion. Ag failed to be recovered 

above 90% in half of the tests. This might be attributed to solubility issues of Ag in weak 

acid and in low concentration, which is currently under further investigation. The higher 

recovery of Fe (128%) obtained in Sample 1 of Test 4 might be due to contamination 

from the digestion chamber (SRC), which is similar to the situation of high pressure asher 

[42], but this only happened to 1 out of 21 samples tested for this method development. 

The results are summarized in Table 1.9. The overall recovery results for the three tested 

digestion techniques are summarized in Figure 1.3. 
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Figure 1.2. Running profile (power, temperature, and pressure) for a SRC microwave digestion 

(Program 3) 

 

1.3.4. Doping Test  

        In the absence of crude oil standards with recommended or certified values for a 

more extensive element list (57 elements), the efficiency of recovery of a more extended 

element list was approximated by doping experiment prior to our analysis of the NIST 

8505 crude oils reported below. NIST 8505 has only one recommended value for 

vanadium. For this test, approximately 0.5 g of multi-element aqueous solution standard 

(containing 1000 ng/g per analyte) (containing 57 analytes) from Inorganic Ventures was 

added into 0.4 g of Conostan Blank Oil (75 cSt). After preferred SRC digestion of the 

doped oil, the digests were diluted to 10 g with 2% (v/v) HNO3 for analysis with ICP-

MS. Recoveries of 53 of the 57 elements varied between 86% and 110%. Poorer 

recoveries were obtained for Si, Ge, Nb, and Ta. Results are summarized in Table 1.10 
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and Figure 1.4. Based on four replicate experiments, the RSDs were ≤ 5% for 43 

elements, < 10% for 48 elements, and < 20.6% for 53 elements, all meeting our 

acceptability limits of ≤ 20%. The RSDs of Al, Nb, Ta, and Si are above 27.2%. The 

poorer results of Si relative to the analytes with RSDs < 20.6% are most likely caused by 

using 40 ml quartz test tubes used for digestion. Ta and possibly Nb may have solubility 

issues in solutions [43]. Although in a strict sense, this test does not allow complete 

assessment of the digestion efficiency because the analytes were added as soluble 

species, it indicates negligible amounts of analyte loss during both the SRC digestion and 

evaporation of the strong acids for most elements analyzed.  
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Figure 1.3. Summary of the best test recoveries of the 24 analytes for the three sample preparation 

methods, i.e., Parr combustion, Parr high pressure bombs, and SRC microwave  

*Si was not detectable for high pressure combustion experiments. Error bars are standard 

deviations (1σ) (n = 5 for high pressure combustion, high pressure and temperature acid digestion 

with Parr bomb, and n = 2 for SRC microwave-assisted acid digestion). Data are listed in Table 

1.4, 1.6, and 1.9. *Solid circles are the average results of replicate digestions for high pressure 

combustion, hollow circles are the average results of replicate digestions for Parr bomb acid 

digestion, triangles are the average results of replicate digestions for SRC microwave-assisted 

acid digestion.  
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Figure 1.4. The test result (average recovery, %) of doping experiments with the SRC 

microwave-assisted high pressure and high temperature acid digestion  

*Test conditions are given in the text and the data are listed in Table 1.10. Error bars represent 

standard deviations (1σ, n = 4).  
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Table 1.9. The recoveries of 24 analytes for the five tests on the SRC microwave-assisted acid 

digestion 

Eleme

nt 

Test 1 Test 2 Test 3 Test 4 Test 5 

S1 S2 S3 S1 S2 S3 S4 S1 S2 S3 S4 S5 S1 S2 S3 S4 S5 S6 S1 S2 S3 

Ag 53a 38 40 
10
0 

89 88 81 
10
1 

77 
10
1 

10
4 

10
0 

75 14 
10
0 

10
3 

93 99 87 91 89 

Al  99 
10

7 

29

2 

10

5 

10

7 

10

5 

10

5 

10

2 

10

4 

10

3 

10

3 

10

2 
10

4 

10

1 

11

1 

10

6 

10

6 

10

7 

10

2 

10

1 

10

0 

B 
N

Db 3 
14

4 
11 5 19 57 19 23 23 18 24 

10

7 

10

4 

11

8 

11

2 
56 70 74 53 69 

Ba 24 13 38 66 58 48 57 97 61 94 89 61 
10

1 
99 

10

9 

10

5 
95 

10

0 
76 55 95 

Be 
10

4 

11

1 
91 

10

7 

10

8 

10

6 

10

8 

10

7 

10

6 

10

6 

10

6 

10

7 
10

5 

10

3 

11

2 

10

8 

10

9 

11

0 

10

4 

10

4 

10

3 

Ca 
10

2 

10

4 

14

4 

10

4 

10

5 

10

2 

10

5 

10

3 

10

4 

10

3 

10

2 

10

3 
10

6 

10

1 

11

1 

10

7 

10

6 

10

9 

10

2 
99 

10

1 

Cd 95 
10

9 
87 

10

2 

10

5 

10

3 

10

4 

10

3 

10

5 

10

4 

10

4 

10

3 
10

3 

10

1 

10

9 

10

5 

10

8 

11

1 

10

2 

10

2 

10

1 

Cr 
10

2 

11

0 
93 

10

5 

10

6 

10

5 

10

5 

10

4 

10

4 

10

4 

10

4 

10

3 
11

0 

10

1 

11

2 

10

8 

10

8 

10

8 
97 98 97 

Cu  99 
10

6 
88 

10

2 

10

3 

10

2 

10

3 

10

1 

10

2 

10

1 

10

1 

10

1 
10

1 
99 

10

9 

10

3 

10

4 

10

5 
98 99 98 

Fe 91 95 92 99 98 95 90 97 96 97 98 94 
12

8 
98 

11

0 

10

6 

10

2 

10

1 
88 88 87 

K 99 
11

1 

16

8 

11

2 

11

4 

11

2 

11

3 

11

0 

11

2 

11

1 

11

1 

11

1 
10

8 

10

6 

11

8 

11

3 

11

1 

11

1 

11

0 

11

0 

10

9 

Mg 
10

4 

11

1 
95 

10

4 

10

7 

10

5 

10

6 

10

4 

10

5 

10

4 

10

4 

10

3 
10

4 

10

2 

11

1 

10

7 

10

8 

11

0 

10

3 

10

3 

10

2 

Mn 
10

4 

11

2 
92 

10

6 

10

9 

10

8 

10

9 

10

7 

10

8 

10

8 

10

7 

10

7 
10

8 

10

5 

11

5 

11

1 

11

2 

11

3 

10

6 

10

6 

10

6 

Mo 98 
10

2 
90 

10

3 

10

5 

10

3 
94 

10

0 

10

3 

10

3 

10

4 
95 

10

0 
97 

11

1 

10

8 

10

2 

10

2 
78 79 76 

Na 92 96 
46

5 

10

1 

10

2 

10

0 

10

1 
98 99 99 98 98 99 97 

10

6 

10

2 

10

2 

10

2 
97 96 96 

Ni 
10

0 

10

8 
88 

10

0 

10

2 

10

0 

10

1 

10

1 

10

1 

10

1 

10

1 

10

0 
10

9 
98 

10

8 

10

3 

10

5 

10

6 
99 99 99 

P 45 57 62 73 71 62 
10

0 
74 66 72 75 67 95 91 

10

2 

10

2 
81 82 89 89 91 

Pb 75 72 81 98 97 93 95 
10

3 
99 

10

5 

10

4 
95 

10

4 

10

2 

11

2 

10

7 

10

7 

10

9 
99 91 

10

0 

Sb 75 47 82 70 72 59 10 53 60 63 71 35 76 62 80 83 68 55 
0.
3 

0.
3 

1 

Si 
N

D 

N

D 

0.

9 
25 29 30 23 13 16 21 23 14 

13

4 

22

4 
99 67 57 68 90 60 

16

2 

Sn 4 2 35 19 16 15 5 22 19 20 24 15 83 91 
10

0 
94 26 27 

1.

2 

0.

1 

1.

0 

Ti 82 26 73 84 83 78 75 77 78 85 91 52 61 49 82 89 57 46 35 40 34 

V 
10

0 

10

5 
87 

10

2 

10

3 

10

2 

10

3 

10

2 

10

3 

10

2 

10

2 

10

1 
10

1 
99 

10

9 

10

5 

10

4 

10

5 
98 99 99 

Zn 97 
10

7 
88 99 

10

3 

10

1 

10

1 

10

0 

10

2 

10

1 

10

1 
99 

10

0 
98 

10

7 

10

3 

10

6 

10

7 
99 99 98 

* The bold numbers are the best results achieved (Sample 1 and Sample 2 of Test 4). 

a: unit of recoveries: %; b: not detectable.  
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Table 1.10. Test results of doping experiments for the developed SRC microwave-assisted high 

pressure and high temperature acid digestion (experimental conditions are given in the text) 

Element Recoverya RSDb 

Li 98 1.9 

Be 98 2.3 

B 86 3.4 

Na 99 4.9 

Mg 94 4.5 

Al 101 27.2 

Si 70 925 

P 101 20.2 

S 110 12.0 

K 94 15.1 

Ca 92 20.6 

Sc 101 1.4 

Ti 101 12.1 

V 97 3.4 

Cr 93 4.2 

Mn 96 3.3 

Fe 94 7.4 

Co 94 2.9 

Ni 105 5.6 

Cu 102 1.5 

Zn 99 5.0 

Ga 97 1.0 

Ge 70 5.1 

As 97 2.0 

Se 97 2.0 

Rb 98 1.5 

Sr 98 1.5 

Y 100 1.8 

Zr 99 2.6 

Nb 32 61.2 

Mo 102 2.6 

Ag 95 3.0 

Cd 99 2.5 

Sb 86 4.1 

Cs 97 1.7 

Ba 105 3.2 

La 100 2.0 
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Ce 93 9.3 

Pr 101 2.3 

Nd 100 2.1 

Sm 101 1.9 

Eu 100 2.0 

Gd 100 1.9 

Tb 101 2.5 

Dy 102 2.2 

Ho 102 2.1 

Er 102 2.6 

Tm 102 2.2 

Yb 101 2.3 

Lu 100 2.4 

Hf 99 1.9 

Ta 0.5 168 

W 90 2.4 

Tl 100 3.5 

Pb 100 3.1 

Th 97 7.1 

U 104 3.2 
a: the average recovery, %; b: relative standard deviation of recovery (1σ, n = 4), %. 

 

1.3.5. Mineralization Efficiency Test  

        After strong-acid digestion by both Parr bomb and SRC microwave techniques, 

organic carbon in crude oils should be oxidized into CO2 and H2O; however, there could 

still be some residual carbon left in the digested solution if the oxidation is not 100%. 

The mineralization efficiency of the developed microwave-assisted digestion protocol 

and Parr bomb was tested by the residual carbon content (RCC) determined using a CS 

230 carbon sulfur analyzer from Leco Corporation (USA).  

RCC is calculated by:  

RCC (%) = 100 × (Cf (%) × Mf (g))/(Cs (%) × Ms (g)) [50] (1.4),  
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where Cf and Mf are the concentration of carbon in digested sample solutions and weight 

of digested sample solutions, respectively. Ms is the weight of initial crude oil sample 

and Cs is the carbon content in the initial crude oil sample which ranges from 82% to 

87% of almost all crude oils [9]. The study by de Azevedo Mello Paola et al. (2009) [51] 

showed that the RCCs ranged from 14% to 18% for solutions obtained by microwave-

assisted acid digestion of crude oil with the recoveries of V, Ni, and S at this level of 

RCC being at approximately 100%. The RCCs of the digested solutions from this study 

with the high pressure and temperature acid digestion with Parr bomb range from 15.8% 

to 18.9% for Cs at 82%, and 14.9% to 17.8% for Cs at 87% (Table 1.11). These results 

are approximately in the reasonable range of 14%-18% reported by de Azevedo Mello 

Paola et al. (2009) [51]. For the optimum experimental protocol (SRC microwave-

assisted acid digestion), it ranges from 0.4% to 2.8% for Cs at 82%, and 0.4% to 2.7% for 

Cs at 87% (Table 1.12). These results are much lower than the reasonable range of 14%-

18% [51]; thus, the mineralization efficiency of the developed sample preparation 

technique of acid digestion is approximately 100%, which resulted in clear aqueous 

solutions with very low total carbon content for ICP-MS or ICP-OES analysis.  
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Table 1.11. RCCs (Residual Carbon Contents) of nine replicate digestions of the RM 8505 by 

high pressure and temperature acid digestion with Parr bomb 

Sample 

# 

Cfa 

(wt.%) 

Mfb 

(mg) 

Msc 

(mg) 

RCCd (Cs=82 wt. %) (wt. 

%) 

RCCe (Cs=87 wt. %) (wt. 

%) 

1 0.07 11693 62 16.8 15.9 

2 0.08 11614 62 17.7 16.7 

3 0.08 15426 83 17.9 16.8 

4 0.09 11650 64 18.9 17.8 

5 0.09 20115 115 18.3 17.3 

6 0.07 20269 108 15.8 14.9 

7 0.06 13472 63 16.4 15.4 

8 0.07 11719 58 16.9 15.9 

9 0.08 19992 110 17.3 16.3 
a: mass fraction of carbon in digested sample solutions; b: weight of the digested sample 

solutions; c: weight of digested RM 8505; d and e: RCCs calculated as Cs=82 wt. % and Cs=87 wt. 

% in RM 8505, respectively. 

 

Table 1.12. RCCs (Residual Carbon Contents) of five replicate digestions of the RM 8505 by 

SRC microwave-assisted acid digestion 

Sample 

# 

Cf (wt. 

%) 

Mf 

(mg) 

Ms 

(mg) 

RCC (Cs=82 wt. %) (wt. 

%) 

RCC (Cs=87 wt. %) (wt. 

%) 

1 0.08 3567 397 0.9 0.8 

2 0.04 3521 396 0.4 0.4 

3 0.26 3574 397 2.8 2.7 

4 0.17 3518 390 1.9 1.8 

5 0.06 3574 399 0.7 0.6 

 

1.4. Test of NIST RM 8505 

        The method of high pressure and high temperature acid digestion with Parr bomb 

and the developed preferred SRC microwave-assisted experimental protocol were used to 

test a natural crude oil research material NIST RM 8505 for up to 57 elements. Three 

tests were conducted for comparison. The sample sizes for using the technique of high 

pressure and high temperature acid digestion with Parr bomb were 100 mg. A Q-ICP-MS 
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(Model 810) from Varian Inc. (USA) in tandem with the ICP-OES was used for 

determination of 49 analytes. The operating conditions of the Q-ICP-MS are summarized 

in Table 1.13. Six replicated digestions were prepared. The results are summarized in 

Table 1.14. The developed SRC microwave-assisted experimental protocol was used for 

the sample preparation of the second and third tests, and the QQQ-ICP-MS in tandem 

with the ICP-OES was used for determination of 57 analytes. To help insure homogeneity 

of the NIST RM 8505, we heated it in a water bath at 56 °C for over 10 hours prior to 

sample digestion. Testing the effect of sample sizes on homogeneity and elemental 

detection and quantification in the natural crude oil were made by varying sample sizes 

between 400 mg to 1,200 mg. Twelve and five replicated digestions were prepared for the 

sample sizes of 400 mg and 1,200 mg, respectively.  

        Our results showed that 1,200 mg of sample would best achieve the desired high 

precision and accuracy. This is not only because it achieves homogeneity yielding high 

precisions of replicates, but also because the most complete natural crude oil analysis at 

high precisions demands measurement of certain ultra-trace element levels while 

measuring other elements in much higher concentrations (e.g., V, Ni, S). This is unlike 

the constantly high abundance standards used in our recovery tests because natural crude 

oils have variable high and low abundances, with some very low ultra-trace abundances 

of some elements. The large sample size and smaller dilution used can lead to overall 

better MQL. This means that we prepare three 400 mg samples using three 40 ml quartz 

tubes (later combined in Teflon beakers) for each of the five replicates of RM 8505 

measured. It should be noted that such commingling method would be far more difficult 

and time consuming with sample sizes of 100-250 mg in Parr bomb methods or typical 
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rotor based microwave sample holders requiring 12 to 5 digestions per sample. After 

drying and a re-dissolve of the SRC digests, the digested samples were further diluted to 

10 g with 2% (v/v) HNO3. Aliquots for ICP-OES prescreening analysis for high 

abundance elements were extracted from the 10 g sample solution, with the remaining 

solution in sufficient volume for direct analysis of up to 54 low abundance elements with 

the QQQ-ICP-MS. Si was not determined due to high and variable Si procedural blanks 

caused by using the 40 ml quartz test tubes. For ICP-OES prescreening analysis, we 

extracted 0.5 g of the sample out of the sample, and diluted it further to 10 g for the 

analysis (quantification) or prescreening of 22 potentially higher abundance elements in 

crude oils (S, V, Ni, Fe, K, Na, Al, Cu, Mg, Mo, Mn, Ba, Zn, Ti, P, Sn, B, As, Cr, Sr, Co, 

and Se).  

        Sulfur in heavier marine sourced crude oils, such as NIST RM 8505, after 

prescreening may require an additional dilution for more precise analysis by ICP-OES 

because of commonly high abundances that may be present (up to 6 wt.%). For NIST RM 

8505, Ni, V, and S were quantified precisely by ICP-OES. The remaining 54 elements 

were measured by QQQ-ICP-MS. The QQQ-ICP-MS is able to remove or minimize 

polyatomic interference (e.g., 75As+ and 40Ar35Cl+), isobaric interference (e.g., 40K+ and 

40Ar+), and non-mono-charged interference (e.g., 78Se+ and 156Gd2+), which are the most 

common interferences in mass spectrometry, while the Q-ICP-MS cannot. Also P and S 

can be interfered by 15N16O and 16O2, respectively, and when in low abundance, the 

QQQ-ICP-MS can achieve precise results, although this is not possible with the Q-ICP-

MS; therefore, QQQ-ICP-MS offers better mitigation of interferences and better 

detection and precision with respect to Q-ICP-MS in determining certain problematic low 
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abundance elements. It has the ability to extend our analyte target list to ~57 elements. 

The ICP-OES and QQQ-ICP-MS results for NIST RM 8505 are summarized in Table 

1.15-1.16.  

Table 1.13. Operating conditions of the Q-ICP-MS 

Spray chamber Peltier cooled Cyclonic 

Nebulizer concentric 

RFa power (kW) 1.4 

Sampling depth (mm) 5.5 

Plasma flow (L/min) 18 

Auxiliary flow (L/min) 1.65 

Nebulizer flow (L/min) 1 

Sheath gas (L/min) 0.27 

Instrument stabilization delay (s) 10 

Sample uptake delay (s) 40 

Pump rate (rpm) 6 

Rinse time (s) 120 

Replicates 7 
a: radio frequency.  

 

Table 1.14. Analytical results of the tested elements in the NIST RM 8505 by ICP techniques 

with the high pressure and high temperature acid digestion with Parr bomb 

Element Mass fractiona (ng/g) RSDb (%) MQLc (ng/g) MDLd (ng/g) IDLe (ng/g) 

Li 4.0 33.3 1.66 0.55 0.003 

Be 6.8 25.6 2.02 0.67 0.004 

B 123 11.3 80.69 26.90 0.142 

Na 15697 36.8 282.4 94.15 0.496 

Mg 5040 17.1 10.50 3.50 0.018 

Al 9714 181 20.04 6.68 0.035 

Si 140695 10.6 5864 1955 10.287 

P 688 114 1378 459.4 2.418 

K 727 114 791.5 263.8 1.389 

Ca 15026 4.6 285.9 95.29 0.502 

Ti 1211 34.9 9.98 3.33 0.018 

Cr 2908 51.1 34.02 11.34 0.060 

Mn 803 22.8 3.41 1.14 0.006 
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Fe 8787 44.0 1544 514.6 2.709 

Co 598 5.2 0.80 0.27 0.0014 

Cu 7880 144 29.59 9.86 0.052 

Zn 1910 120 63.14 21.05 0.111 

As 203 10.7 96.83 32.28 0.170 

Rb 4.7 73.2 0.69 0.23 0.0012 

Sr 272 4.5 0.80 0.27 0.0014 

Zr 96.2 8.7 2.69 0.90 0.005 

Nb 9.7 66.9 0.79 0.26 0.0014 

Mo 417 52.9 4.41 1.47 0.008 

Ag 5.4 76.4 5.11 1.70 0.009 

Cd 4.4 45.2 4.80 1.60 0.008 

Sn 1177 50.2 28.83 9.61 0.051 

Sb 34.0 41.5 7.87 2.62 0.014 

Ba 460 6.6 13.99 4.66 0.025 

La 13.0 21.0 0.35 0.12 0.0006 

Ce 26.3 11.4 0.39 0.13 0.0007 

Pr 5.3 48.6 0.28 0.09 0.0005 

Nd 17.7 14.8 3.92 1.31 0.007 

Sm 6.5 39.2 0.70 0.23 0.0012 

Eu 3.3 74.9 0.96 0.32 0.002 

Gd 7.5 32.9 2.03 0.68 0.004 

Dy 7.8 33.4 1.47 0.49 0.003 

Ho 3.1 80.8 0.14 0.05 0.0003 

Er 5.4 43.9 0.73 0.24 0.0013 

Tm 2.3 107 0.18 0.06 0.0003 

Yb 4.9 48.9 1.13 0.38 0.002 

Lu 2.3 105 0.29 0.10 0.0005 

Hf 10.8 90.8 2.68 0.89 0.005 

Ta 35.3 99.4 4.91 1.64 0.009 

Pb 335 125 16.19 5.40 0.028 

Th 28.1 56.5 5.04 1.68 0.009 

U 4.8 59.3 6.25 2.08 0.011 

V 382128 3.1 10.63 3.54 0.019 

Ni 50555 6.9 6.33 2.11 0.011 

S 23498443 4.1 1331 443.7 2.335 
a: the average mass fraction of a certain element in the six 100 mg samples; b: relative standard 

deviation (1σ, n = 6); c: method quantitation limit; d: method detection limit; e: instrumental 

detection limit. 
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        The concentrations of most of the analyte elements were determined to be above the 

MQL and MDL for all the three tests on the NIST RM 8505 (Figure 1.5-1.7 and Table 

1.14-1.16). Our results for vanadium, 382±11.9 µg/g (1σ, n = 6), 387±19.0 µg/g (1σ, n = 

12), 390±0.4 µg/g (1σ, n = 5), agree well to the recommended value, 390±10 µg/g, and 

the last test using sample sizes of 1,200 mg achieved the result closest to the 

recommended value, and the best precision. For the test using high pressure and high 

temperature acid digestion with Parr bomb, the RSDs are < 5% for 4 elements, < 10% for 

8 elements, < 15% for 13 elements, and <20% for 14 elements (Table 1.14). The RSDs of 

the other 35 elements are above 20%, which do not meet our acceptability limits of ≤ 

20%; thus, the determined concentrations of the other 35 elements were judged 

unacceptable. The concentrations of P, K, Cd, and U are below the MQL.  

        For the test using 400 mg sample sizes, the RSDs are ≤ 5% for 15 elements, < 10% 

for 29 elements, < 15% for 31 elements, and ≤ 20% for 37 elements (Table 1.15). The 

RSDs of the other 20 elements are above 20%, which do not meet our acceptability limits 

of ≤ 20%; thus, the determined concentrations of the other 20 elements were judged 

unacceptable. The concentration of Tl is below the MQL. For the test using 1,200 mg 

sample sizes, the RSDs are < 5% for 38 elements, < 10% for 48 elements, and < 15.6% 

for 52 elements, all meeting our acceptability limits of ≤ 20% (Table 1.16). The RSDs of 

B, Nb, Ag, W, and Tl are above 31.4%. B, Nb, and W, although above method 

quantitation limits, were judged unacceptable because RSDs were > 31.4%, whereas Ag 

and Tl were below method quantitation limits, and their RSDs were > 44.2% and judged 

unacceptable; however, these elements have been successfully quantified at low RSDs 

with this method in other natural crude oils suggesting up to 57 elements can be assessed 
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in some crude oils and refined oil standards (e.g., NIST 1634c) [43]. Generally, the test 

using sample sizes of 1,200 mg obtained the best precision, which may indicate that 

larger sample sizes enhance the sampling homogeneity.  

 

Figure 1.5. Analytical results of the tested elements in natural crude oil research material NIST 

RM 8505 by Q-ICP-MS and ICP-OES using the high pressure and high temperature acid 

digestion with Parr bomb  

*Concentrations (mass fractions) are the average results for six replicate experiments with a 

sample size of 100 mg per experiment; Error bars represent standard deviations (1σ, n = 6). The 

tested elements are Li, Be, B, Na, Mg, Al, Si, P, K, Ca, Ti, Cr, Mn, Fe, Co, Cu, Zn, As, Rb, Sr, 

Zr, Nb, Mo, Ag, Cd, Sn, Sb, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, Pb, 

Th, U, V, Ni, and S, respectively, from the left to the right. MQL is method quantitation limit; 

MDL is method detection limit.  

 

0.001

0.01

0.1

1

10

100

1000

10000

100000

1000000

10000000

100000000

L
i

B
e B

N
a

M
g

A
l

S
i P K

C
a T
i

C
r

M
n

F
e

C
o

C
u

Z
n

A
s

R
b S
r

Z
r

N
b

M
o

A
g

C
d

S
n

S
b

B
a

L
a

C
e

P
r

N
d

S
m E
u

G
d

D
y

H
o

E
r

T
m

Y
b

L
u

H
f

T
a

P
b

T
h U V N
i S

n
g
/g

Average

MQL

MDL



49 
 

 

Figure 1.6. Analytical results of the tested elements in natural crude oil research material NIST 

RM 8505 by QQQ-ICP-MS and ICP-OES using the SRC microwave-assisted high pressure and 

high temperature acid digestion  

*Concentrations (mass fractions) are the average results for twelve replicate experiments with a 

sample size of 400 mg per experiment; Error bars represent standard deviations (1σ, n = 12). The 

tested elements are Li, Be, B, Na, Mg, Al, P, K, Ca, Sc, Ti, Cr, Mn, Fe, Co, Cu, Zn, Ga, Ge, As, 

Se, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, 

Tm, Yb, Lu, Hf, Ta, W, Tl, Pb, Th, U, V, Ni, and S, respectively, from the left to the right. MQL 

is method quantitation limit; MDL is method detection limit.  
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Figure 1.7. Analytical results of the tested elements in natural crude oil research material NIST 

RM 8505 by QQQ-ICP-MS and ICP-OES using the SRC microwave-assisted high pressure and 

high temperature acid digestion  

*Concentrations (mass fractions) are the average results for five replicate experiments with a 

sample size of 1,200 mg per experiment; Error bars represent standard deviations (1σ, n = 5). The 

tested elements are Li, Be, B, Na, Mg, Al, P, K, Ca, Sc, Ti, Cr, Mn, Fe, Co, Cu, Zn, Ga, Ge, As, 

Se, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, 

Tm, Yb, Lu, Hf, Ta, W, Tl, Pb, Th, U, V, Ni, and S, respectively, from the left to the right. MQL 

is method quantitation limit; MDL is method detection limit.  
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Table 1.15. Analytical results of the tested elements in the NIST RM 8505 by ICP techniques 

with SRC microwave-assisted high pressure and high temperature acid digestion 

Element Mass fractiona (ng/g) RSDb (%) MQLc (ng/g) MDLd (ng/g) IDLe (ng/g) 

Li 16.8 15.9 0.13 0.04 0.005 

Be 3.0 14.5 0.08 0.03 0.003 

B 186 20.0 38.27 12.76 1.514 

Na 23365 30.1 16.06 5.35 0.636 

Mg 6109 6.0 7.13 2.38 0.282 

Al 1538 26.1 15.78 5.26 0.625 

P 161 32.2 1.11 0.37 0.044 

K 704 16.9 11.97 3.99 0.474 

Ca 19759 3.4 49.56 16.52 1.961 

Sc 5.4 15.1 0.02 0.005 0.0006 

Ti 803 83.1 0.09 0.03 0.004 

Cr 2321 135 3.94 1.31 0.156 

Mn 940 21.7 0.22 0.07 0.009 

Fe 13165 77.2 2.57 0.86 0.102 

Co 748 5.7 0.13 0.04 0.005 

Cu 167 34.0 0.29 0.10 0.012 

Zn 1406 56.2 0.99 0.33 0.039 

Ga 36.0 4.5 0.10 0.03 0.004 

Ge 5.3 7.5 0.15 0.05 0.006 

As 209 4.8 0.22 0.07 0.009 

Se 268 8.1 0.29 0.10 0.011 

Rb 1.7 19.4 0.11 0.04 0.004 

Sr 314 3.9 0.06 0.02 0.002 

Y 39.9 4.1 0.010 0.003 0.0004 

Zr 28.5 16.4 0.03 0.011 0.0013 

Nb 3.1 117 0.04 0.014 0.002 

Mo 789 65.5 0.26 0.09 0.010 

Ag 535 301 0.03 0.009 0.0011 

Cd 2.2 11.2 0.03 0.010 0.0012 

Sn 51.5 91.8 0.43 0.14 0.017 

Sb 262 164 0.15 0.05 0.006 

Cs 0.2 38.8 0.04 0.012 0.0015 

Ba 626 6.6 0.26 0.09 0.010 

La 15.8 4.4 0.02 0.006 0.0007 

Ce 36.3 3.1 0.010 0.003 0.0004 

Pr 4.9 3.9 0.012 0.004 0.0005 

Nd 23.6 3.7 0.03 0.011 0.0013 

Sm 6.9 5.2 0.011 0.004 0.0004 
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Eu 2.1 5.0 0.03 0.008 0.0010 

Gd 8.8 3.3 0.02 0.006 0.0008 

Tb 1.5 5.1 0.008 0.003 0.0003 

Dy 9.2 4.1 0.02 0.006 0.0007 

Ho 1.8 5.4 0.008 0.003 0.0003 

Er 5.5 5.0 0.02 0.006 0.0007 

Tm 0.7 9.2 0.005 0.002 0.0002 

Yb 4.5 5.0 0.03 0.009 0.0011 

Lu 0.7 9.6 0.007 0.002 0.0003 

Hf 0.8 33.3 0.013 0.004 0.0005 

Ta 1.9 36.7 0.006 0.002 0.0002 

W 18.2 175 0.47 0.16 0.018 

Tl 0.0 127 0.10 0.03 0.004 

Pb 65.1 23.5 0.02 0.005 0.0007 

Th 6.4 6.1 0.05 0.02 0.002 

U 0.8 9.4 0.05 0.02 0.002 

V 386916 4.9 0.15 0.05 0.006 

Ni 48461 6.4 4.18 1.39 0.166 

S 23853280 9.4 59.01 19.67 2.335 
a: the average mass fraction of a certain element in the twelve 400 mg samples; b: relative 

standard deviation (1σ, n = 12); c: method quantitation limit; d: method detection limit; e: 

instrumental detection limit. 
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Table 1.16. Analytical results of the tested elements in the NIST RM 8505 by ICP techniques 

with SRC microwave-assisted high pressure and high temperature acid digestion 

Element  Mass fractiona (ng/g) RSDb (%) MQLc (ng/g) MDLd (ng/g) IDLe (ng/g) 

Li 2.3 6.5 0.13 0.04 0.005 

Be 2.5 2.4 0.08 0.03 0.003 

B 107 31.4 38.27 12.76 1.514 

Na 13300 1.1 16.06 5.35 0.636 

Mg 5267 0.5 7.13 2.38 0.282 

Al 668 12.2 15.78 5.26 0.625 

P 147 1.3 1.11 0.37 0.044 

K 580 1.8 11.97 3.99 0.474 

Ca 5609 5.9 49.56 16.52 1.961 

Sc 5.2 3.6 0.02 0.005 0.0006 

Ti 374 6.6 0.09 0.03 0.004 

Cr 171 2.4 3.94 1.31 0.156 

Mn 759 0.7 0.22 0.07 0.009 

Fe 4354 6.0 2.57 0.86 0.102 

Co 658 0.5 0.13 0.04 0.005 

Cu 50 10.9 0.29 0.10 0.012 

Zn 416 3.4 0.99 0.33 0.039 

Ga 33.5 1.9 0.10 0.03 0.004 

Ge 2.2 5.1 0.15 0.05 0.006 

As 215 2.5 0.22 0.07 0.009 

Se 371 2.2 0.29 0.10 0.011 

Rb 0.9 8.5 0.11 0.04 0.004 

Sr 288 0.7 0.06 0.02 0.002 

Y 33.1 0.9 0.010 0.003 0.0004 

Zr 24.2 6.3 0.03 0.011 0.0013 

Nb 0.3 31.6 0.04 0.014 0.002 

Mo 264 2.1 0.26 0.09 0.010 

Ag 0.02 129 0.03 0.009 0.0011 

Cd 0.8 7.9 0.03 0.010 0.0012 

Sn 81 15.6 0.43 0.14 0.017 

Sb 11.6 3.1 0.15 0.05 0.006 

Cs 0.08 5.8 0.04 0.012 0.0015 

Ba 438 0.6 0.26 0.09 0.010 

La 10.9 0.7 0.02 0.006 0.0007 

Ce 24.6 0.8 0.010 0.003 0.0004 

Pr 3.3 1.4 0.012 0.004 0.0005 

Nd 15.2 0.7 0.03 0.011 0.0013 

Sm 4.4 2.1 0.011 0.004 0.0004 
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Eu 1.3 3.0 0.03 0.008 0.0010 

Gd 5.9 2.5 0.02 0.006 0.0008 

Tb 1.0 3.7 0.008 0.003 0.0003 

Dy 6.0 1.5 0.02 0.006 0.0007 

Ho 1.3 2.9 0.008 0.003 0.0003 

Er 3.4 1.7 0.02 0.006 0.0007 

Tm 0.5 4.1 0.005 0.002 0.0002 

Yb 2.8 3.7 0.03 0.009 0.0011 

Lu 0.5 3.3 0.007 0.002 0.0003 

Hf 0.5 4.7 0.013 0.004 0.0005 

Ta 0.03 10.5 0.006 0.002 0.0002 

W 3.1 120 0.47 0.16 0.018 

Tl 0.07 44.2 0.10 0.03 0.004 

Pb 20.5 1.4 0.02 0.005 0.0007 

Th 2.8 3.0 0.05 0.02 0.002 

U 0.4 6.6 0.05 0.02 0.002 

V 390380 0.1 0.15 0.05 0.006 

Ni 49809 0.6 4.18 1.39 0.166 

S 27051379 0.2 59.01 19.67 2.335 

a: the average mass fraction of a certain element in the five 1,200 mg samples; b: relative standard 

deviation (1σ, n = 5); c: method quantitation limit; d: method detection limit; e: instrumental 

detection limit. 

 

1.5. Conclusions 

        A method to accurately and precisely determine a broad range of elements in crude 

oil using ICP instruments was developed based on testing three sample preparation 

techniques. The combustion method tests carried out here has considerable loss of all of 

the analytes, which might, in part, be caused by the formation of volatile species of the 

target elements. The recoveries of most of the tested elements are below 75% in the best 

of our experiments for these combustion tests. Test of high pressure and high temperature 

acid digestions with Parr bomb under the optimum conditions achieved recoveries of 

close to 100% for 19 out of 24 elements, ranging from 94% (Ti) to 106% (V) except that 
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Ag and Si encountered poorer recoveries. B, P, and Sn were not detected. Although 

recoveries of close to 100% for the 19 elements were obtained, the disadvantage of this 

method for natural crude oils is that sample sizes were restricted to 100 mg per digestion 

to prevent venting of the bombs and accompanying sample loss, a problem not 

uncommon with many hermetically sealed single sample reaction vessel crude oil 

techniques. In addition, it takes up to 11+0.5 h (heating+cooling) for complete digestion 

of oil samples for the bomb digestion.  

        The SRC microwave-assisted high pressure and high temperature acid digestion 

under the optimum conditions obtained recoveries near 100% for 19 out of 24 elements. 

The average recoveries for 19 elements range from 93% (P) to 113% (Fe), with only Ag, 

Sb, Si, Sn, and Ti showing poorer recoveries. The poorer recoveries of Si and Ti are 

likely due to the utilization of quartz tubes for the microwave-assisted acid digestion. An 

advantage of this method is the rapid sample throughput. Multi-sample digestions can be 

completed within about 48+22 min, compared to 11+0.5 h for bomb acid digestions, and 

about 220+60 min for high pressure asher digestions [42]. Better method detection and 

quantification limits and high precision on a range of low abundance elements can be 

achieved, because of rapid sample throughput and the larger sample sizes (1,200 mg 

sample size per digestion session) that can be accommodated. The larger sample sizes of 

1,200 mg relative to 400 mg, 250 mg, and 100 mg also help minimize or avoid the 

sampling heterogeneity, and increase the precision based on multiple replicate analysis 

tests.  

        On the other hand, this method may be subject to contamination risk of Fe, which is 

similar to high pressure asher digestions [42]; however, this occurred only in 1 out of 21 
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samples tested for the SRC microwave-assisted acid digestion. Teflon tubes are 

inapplicable for the microwave-assisted high temperature and high pressure strong acid 

digestion for oil samples, because the less dense oil at the top of the reagent mix can be 

superheated, and burn through the Teflon material, although the overall heating 

temperature is below the melting point of Teflon. Quartz tubes must be utilized, and the 

disadvantage is that the precise quantification of Si is not possible. Also, compared with 

the complete dry-down method, the incipient dry-down approach enhances the recoveries 

of Sn and B significantly, indicating otherwise that considerable portions of the species of 

B and Sn in the oils may be volatile, and lost during the microwave-heated strong acid 

digestion.  

        The optimum SRC microwave running protocol for crude oil digestions is 

summarized here as: load 400 mg oil sample into 40 ml quartz tubes (ultimately the 3 

digestions will be combined to achieve a total sample weight of 1,200 mg), and add 5 ml 

of 16N HNO3+1 ml of 12N HCl+1 ml of 30% (v/v) H2O2 into each tube; then, tubes are 

loaded into the SRC microwave system for digestion with heating program 3. After 

digestion, the three digested solutions are transferred and commingled into a single PFA 

beaker, and dried down incipiently on the hot plate at about 180 °C; then, 2% (v/v) HNO3 

is added into the PFA beaker, and heated for 30-90 min at about 180 °C to assure re-

dissolve.  

        The sample solution was diluted at a certain low dilution factor (~10×) to form the 

final solution for determination of low abundance trace and ultra-trace elements by QQQ-

ICP-MS. Prior to analysis of low abundance elements by QQQ-ICP-MS an aliquot of this 

sample solution is extracted and diluted typically ~20× and prescreened for up to 22 



57 
 

potentially higher abundance elements using the ICP-OES. Elements determined to have 

very high abundances above the ICP-OES calibration standard range (typically sulfur) 

during ICP-OES prescreening may require a sample aliquot to undergo further dilution 

for these elements to be quantified precisely; then, elements determined to have low 

abundance are quantified by QQQ-ICP-MS at low dilution (~10×).  

        The prescreening and quantification of high abundance elements by ICP-OES is a 

critical step in achieving oil fingerprints with in excess of 50 elements because it allows 

the use of low dilution factors for QQQ-ICP-MS ultra-trace elements suites quantified. 

Other precise procedures proposed using a single instrument with HPA-S digestion have 

yielded dilution factors of ~200 and a much smaller number of analytes [40]. The tandem 

instruments usage takes advantage of a much extended dynamic range using a single 

microwave-assisted sample digestion preparation step and similar ICP sample 

introduction modes [43].  

        The doping experiments using the developed optimum method yielded recoveries 

between 86% and 110% for 53 elements and RSDs better than 20.6% for 53 elements, 

with most of them better than 5%. The mineralization efficiency tests yielded RCCs of 

14.9%-18.9% for the high pressure and high temperature strong acid digestion with Parr 

Bomb, and 0.4-2.8% for the microwave-assisted high temperature and high pressure 

strong acid digestion. The former RCCs are generally within the reasonable range of 

14%-18% [51], but the latter RCCs are much better than Parr Bomb digestions, indicating 

that the microwave-assisted strong acid digestion is more efficient than the strong acid 

digestion with Parr Bomb in mineralizing the oils, although the RCCs of 14.9%-18.9% 

also represent a mineralization efficiency of close to 100%. The test of NIST RM 8505 
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using the developed optimum method with sample sizes of 1,200 mg yielded RSDs better 

than 15.6% for 52 tested elements, with most of them better than 5%. The concentration 

of vanadium, the only abundance recommended by NIST in RM 8505, is measured to be 

390±0.4 µg/g (1σ, n = 5), which agrees well to the recommended value of 390±10 µg/g. 

The reported mass fractions of the extended element suite in NIST RM 8505 are included 

as reference values for future research.     
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Chapter 2. A New Method of 

Geochemical Allocation and Monitoring 

of Commingled Crude Oil Production 

Using Trace and Ultra-trace Multi-

element Analyses 
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2.1. Introduction 

        Advanced petroleum geochemical techniques including molecular, isotopic, and trace 

element characterizations of petroleum have been historically applied in upstream 

exploration and to downstream feedstocks and refining products for many years. In the 

upstream setting, it has been widely utilized in exploration to study hydrocarbon 

abundances, depositional environment of source rocks, organic matter types, source rock 

facies, thermal maturity of source rocks, oil migration, thermal alteration, biodegradation, 

and oil-oil and oil-source rock correlation [1-6]. Since the late 1980s, organic 

geochemistry has been proposed and is now more routinely utilized for production 

allocation and well monitoring to solve problems with respect to reservoir production [7-

12]. Our recent inorganic trace element studies of oils from individual crude oil wells 

have shown that each well can be distinctly fingerprinted with up to 57 trace elements 

utilizing tandem inductively coupled plasma-optical emission spectrometry (ICP-OES) 

and triple quadrupole-inductively coupled plasma-mass spectrometry (QQQ-ICP-MS) 

techniques [13-14].  

        Here we advance the proposal that geochemical production allocation may also be 

completed using inorganic trace elements abundances, not only organic molecular peak 

heights or peak ratios of crude oils, and that these elemental techniques may be 

completed on a broader set of oils on a similarly more routine basis at much lower 

expense than downhole well tests or extensive networks of well-calibrated flow meters. 

To test the proposal, we present below initial laboratory mixing experiments of 5 crude 

oils in known proportions, analyzed the trace elements of the end members and mixtures, 
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and tested the viability of unmixing the commingled oil into the known proportions for 

the mixture. 

        Traditional and widely used production allocations methods in the petroleum 

industry involve flow metering and down-hole flow measurements (MPLT, Memory 

Production Logging Tests). Production allocation generally refers to the practice of 

breaking down measures of quantities of extracted hydrocarbons across various 

contributing sources [7, 15-16]. The allocation can typically aid with production 

management and the attribution for taxation and ownership of hydrocarbons for each 

contributing element that may have a unique ownership (from subsurface producing 

zones, individual wells, leases, or fields) in commingled flows or to a storage of 

petroleum. In unconventional or multi-zone reservoir sources, the attribution may involve 

monitoring contributions from different parts of the subsurface stratigraphy. Contributing 

sources in this context are more typically producing wells delivering flows of petroleum 

or flows of natural gas to a commingled flow or storage.  

        In some states of the USA, operators may report a monthly or yearly volume for a 

group of wells. It is commonly beneficial or required to know how each well produces, 

but often only a single volume for a group of wells or lease is reported. In these cases, the 

production is unallocated to the well or subsurface units, which are points of concern for 

production geoscientists and engineers. Allocation is often the process of estimating the 

portion of the monthly volume from each well or subsurface zone of a field or lease. 

Without periodic expensive well logging tests and flow meter installations and 

calibrations, there is typically a lack of basis for allocation from field or lease-level 
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volumes to “by well” volumes. Possible levels of compulsory unitization reporting 

required by owners or states include to subsurface zones, well completions, field units, 

leases, or transporter pick up points. Crude oil wells may be required to be tested only 

once per year, although allocation results are more accurate and useful with higher 

frequency multiple tests of each well per year. Allocation from each well or unit within a 

field can change over the course of a year and wells in a field or lease can change status 

or be shut in. New results from well test in leases sampled once per year result not only in 

reallocation going forward in time, but often require less certain reallocations going back 

in time.  

        Geochemical allocation has been proposed as an alternative or complement to well 

log-based flow tests as a basis to achieve accurate production allocation with higher 

frequency. As some wells, including highly deviated wells and pumping wells, are more 

problematical for production logging using conventional well logging techniques, 

geochemical allocation can present an alternate and quantifiable solution. Previous 

studies have demonstrated the feasibility and accuracy of organic geochemical allocation 

using gas carbon isotopes and whole oil GC (gas chromatography) peak ratios and more 

recently GC peak heights (or mass fractions) [7-9, 15-16]. Importantly, using well-

calibrated GC peak heights (not ratios) of several compounds, McCaffrey et al. (1996, 

2011, and 2012) [10-12] showed that the commingled production from several pay zones 

(or several fields) can be allocated to the discrete units using a linear algebraic method.  

        Production allocation is achieved by identifying chemical differences of specific 

analytes between "end-member" oils reflecting each of the zones or production streams 



71 
 

that are being commingled. Geochemical analytes used to document these compositional 

differences are measured in the end-member oils and in the commingled oil; then, the 

commingled oil periodically sampled are expressed in terms of contributions from the 

respective known end-member oils; therefore, geochemical production allocation is 

achieved by mathematically relating geochemical compositions measurements using 

reliable analytes that can be precisely replicated in end-member oils (samples of oil from 

each of the pay zones or production streams that are being commingled) and the 

commingled oil. These geochemical methods have been applied to solve four main types 

of production allocation problems: 1) relative production from multiple pay zones in a 

given well [8, 17]; 2) relative production from multiple wells in a given oil field; 3) 

contributions of multiple fields to commingled pipeline production streams [7] (Figure 

2.1); and 4) subsurface drainage of unconventional reservoirs through Time Lapse 

Geochemistry [18-19].  
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Figure 2.1. The three types of production allocation problems (as discussed in text) include the 

well head (a), single field commingling points (b) or any subsequent commingled points along an 

oil pipeline (c) 

*In A, a cross-section of a production well and underground multiple pay zones (1, 2, and 3) with 

end members sampled in the borehole initially or periodically and more routine and frequent 

allocation sampling at the well head (point a) (modified from Kaufman et al., 1987, 1990) [8, 17]; 

B shows a map view of multiple wells in given oil field and the commingled pipeline production 

stream (modified from Hwang et al., 2000) [7]. In the first case in B the end-member sampling 

points are at the well heads (points labeled a) in an oil field or in multi-well-head pad and more 

routine and frequent allocation sampling of commingled oil from these well-heads are after field 

commingling points (labeled b) or the final case of oil transported from individual fields or multi-

well-head pad sites, the end-member sampling takes place after the field commingling points 

(labeled b) that have been commingled from multiple well heads, and then, more routine 

allocation sampling of commingled field (pay points) from various fields along the pipeline, 

which occurs at the point labeled c. 

 

        Geochemical production allocation for oil wells generally has several outstanding 

advantages compared to the conventional production logging method. The cost of 

geochemical production allocation based on organic geochemistry is commonly projected 

to be < 5% of more costly production logging [11-12, 20]. The trace multi-element 

geochemical method described here involves a departure from organic geochemical 

techniques. Trace elemental abundance analyses and allocation costs are about $1,000 
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(two end-members) to $2,500 (five end-members) per well per allocation coupled with 

minimal sampling costs, while the alternative (production well logging) usually costs > 

$60,000 per well per allocation (e.g., measured on a per month or per year basis) [16]. 

The trace element method may lower costs to ~1%-2% or less of conventional logging 

flow tests that require shut down and production losses for multiple wells [11, 15].  

        The total yearly cost will depend on the number of end-member allocations and 

desired frequency of allocations, but there are rarely more than five [21] end-members 

per well per allocation [11]. On a cost-basis, geochemical production allocation enables 

analysts to monitor the production much more frequently than production logging, so 

production problems can be noticed, resolved, and remediated in a timely manner [11, 

22]. Geochemical allocations can be applied to all kinds of wells, while generally, 

logging tools can only be applied to vertical wells or mildly deviated wells [11, 15]. The 

calculations of uncertainties for geochemical approaches are easier for geochemical 

techniques because of the ability to conduct replicate tests, and thus, obtain a series of 

independent solutions [11]. Finally, compared to conventional techniques, geochemical 

sampling techniques are faster and incur no shutdown-related costs. 

        The previous organic-based geochemical allocation techniques reported by Kaufman 

et al. (1987) and Schoell et al. (1993) relied on using GC peak ratios and stable carbon 

isotopic ratios, respectively, for the quantification of the contributions of multiple pay 

zones to a commingled production oil or gas stream [8-9]. McCaffrey et al. (2011) studies 

pointed out two disadvantages for the molecular ratio related approaches [11]. First, the 

ratios of GC peak heights rarely mix linearly as their linear mixtures present only in the 
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rare case if the absolute values of the denominators of ratios of the GC peak heights in all 

the mixed end-member oils are the same. This is unlikely and ratio-ratio mixing will form 

hyperbolic curves; therefore, a series of synthetic mixtures of the end-member oils are 

required to make the calibration curve to show the changing trend of a certain GC peak 

height ratio as the proportion of one of the end-member oils changes from 0 to 100% 

[11], which is relatively time consuming and laborious. For certain GC peak height ratios, 

the mixture of two or three end-member oils is able to form a straight line or a curve, or a 

surface [11]. Second, no geometric graph can be used for the mixture of more than three 

end-member oils to conduct an allocation. This situation limited the allocation with ratio 

related techniques to only two to three end-members, whereas more than three end-

members commingling is common in the oil and gas industry.  

        Instead of GC peak height ratios, McCaffrey et al. (1996) drew attention to another 

allocation technique using abundance related GC peak heights, which can be used for a 

large number of end-members, and always mix linearly [10]; therefore, analysts do not 

have to prepare synthetic mixtures of end-member oils and gases to make calibration 

curves to determine the changing trend of specific ratios of GC peak heights [10-11]. 

This method is based on molecular analysis, which is to use GC to obtain peak heights 

(i.e., abundances) of certain organic compounds (including biomarkers) in both the end-

member oils or gases and the commingled oils or gases; then, the peak heights data are 

input into a proprietary software (e.g., OilUnmixerTM) to obtain the final contribution 

fractions of each end-member [11]. The core of this software involves linear regressions 

of the peak heights of end-member oils or gases and commingled oils or gases [11]; for 

calculation details see McCaffrey et al. (2011) [11].  



75 
 

        The quantitative analysis used in these allocations requires the use of a few simple 

statistical tools. The essential operations that the analyst in such efforts must carry out to 

perform quantitative analysis by 1D gas chromatography are the measurement of the 

sample size injected, the determination of the response factors, and the measurement of 

the peak areas. Such quantitative results are incomplete if it does not include a figure for 

the absolute and the relative standard deviation of the measurements. Such a number is 

necessary to assess the reproducibility of any series of measurements, and a result is not 

as significant if the analyst does not know the extent to which it is reproducible. The 

better reproducibility obtained for gas than for liquid samples is common because of the 

fact that the relative contribution of the total volume of the mobile parts of the sampling 

device to the total volume injected is much smaller with gas valves than with oil bearing 

syringes.  

        Production allocation of commingled oils from different zones or reservoirs is 

usually done with 1D GC by comparing composition of commingled oils with involved 

end members, in which process some of the subtle differences between GC peaks are 

taken into account. Some uncertainties exist in organic geochemical oil production 

allocation when the related end members are very similar, when commingled oils contain 

heavy oil end members, when the inter-paraffins are not well resolved, when high 

maturity or condensate oils are involved, or a high number of end members have to be 

resolved, but based on recent testing [23] newer techniques such as 2D GC-FID (Flame 

Ionization Detector) may also help to overcome some of these uncertainties due to 

enhanced separation in complex oil. Better identification and quantification of single 
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compounds in heavy oils with GC × GC helps to differentiate the heavy oil end members 

in commingled oils, and therefore, improves heavy oil production back allocation. 

        In a recent study [23] of accuracy of 1D GC methods, heavy oil blind production 

back allocation tests were examined. Two artificial commingled heavy oil with two-end-

member oils and one three-end-member oils were mixed. 1D GC and 2D GC methods 

were compared for accuracy of the allocation. It was determined that the 2D GC-FID plot 

of commingled heavy oil many more peaks are well separated along the second 

dimension compared with the 1D GC-FID. The production back allocation results based 

on 2D GC-FID were compared with that based on 1D GC-FID and showed that overall 

2D GC-FID and 1D GC-FID show very similar accuracy in the production back 

allocation of two-end-member commingled samples, but the 1D GC-FID (error % = 10) 

in production back allocation of three-end-member commingled sample compared to the 

2D methods (2%). This may suggest reproducibility and accuracy may decay with 

increasing end members using 1D GC-FID. In summary, organic geochemical production 

allocation has now been tested in the field by many studies since it was formulated and 

has become more routinely and widely used with time in the industry, but has only 

partially penetrated the production allocation and well monitoring market.    

        Here we introduce an alternative and complementary geochemical production 

allocation method based on crude oil trace elemental analyses by using ICP-OES and 

QQQ-ICP-MS used in tandem [13-14] that has potentially broader applications, lower 

costs and is complementary to other allocation techniques. The relationship between the 

mass fractions of specific elements in end-member oils and commingled oils is also linear 
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and in this respect similar to the preferred peak height methods developed by McCaffrey 

et al. (2011) for organic methods [11]. Thousands of elemental ratios can also be 

generated, but like peak height ratios, their utility suffers from the mathematical 

complications as the result of hyperbolic mixing curves. A laboratory experimental test of 

this trace element allocation method is presented below using these ICP analytical 

techniques and a newly developed computational approach to determine mass proportions 

of commingled crude oils. 

2.2. Experimental and Analytical Techniques 

2.2.1. Materials 

        Ultra-clean reagents were used for the trace element studies. Water used for cleaning 

of the experimental Teflon and quartz vessels and dilution of acids and samples was first 

purified by a Barnstead System from Thermo Fisher Scientific (USA), and then, further 

purified by a Millipore Milli-Q Element water polishing system from APS Water (USA). 

Concentrated hydrochloric acid and concentrated nitric acid used for digestions or 

dilutions in this investigation were doubly-distilled in a sub-boiling distillation system, 

subCLEAN, from Milestone, Inc. (USA). Ultrapure H2O2 (OPTIMA) from Fisher 

Chemical (USA) was also utilized for oil digestion. The calibration standards utilized 

throughout this investigation were aqueous multi-element standards made from two 10 

g/ml multi-element ICP standards from Inorganic Ventures (USA). Five black 

intermediate natural crude oils (S1, S2, S3, S4, and S5) from the Chevron-Texaco oil 

library at the University of Houston were used as end-member oils to prepare the 

commingled oils for allocation test. 
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2.2.2. Sample Preparation and Determination Methods 

        At first, the five natural crude oils were mixed artificially to make the commingled 

oil. To help insure homogeneity of the five natural crude oil samples (S1-S5), we heated 

them in a water bath at 56 °C for over 10 hours; then, we shook them vigorously prior to 

mixing; then, at least 1 g of each of the five natural crude oil samples (S1: 3.01 g; S2: 

2.55 g; S3: 1.99 g; S4: 1.52 g; S5: 1.01 g) was transferred into a PP (polypropylene) test 

tube for mixing. A minimum amount of commingled oil (~10 g) was used for the test to 

ensure sample homogeneity for the desired accuracy and precision and to have enough 

made up sample for 3 replicate analyses for trace element analysis [14]; therefore, the 

exact contribution fractions by weight of the five natural crude oil samples S1-S5 to the 

created commingled oil sample are 29.9%, 25.3%, 19.8%, 15.1%, and 10.0%, 

respectively (Figure 2.2); then, the commingled oil was shaken intensively, and left 

overnight in the heated water bath for complete homogeneous mixing. Three sets of 

samples were prepared for replicate trace element tests to evaluate the method 

uncertainties for both the end-member oils and commingled oil.  
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Figure 2.2. Commingling of the five end-member oils 

 

        Microwave-assisted mineralization technique with mixed acids under high 

temperature and high pressure was used for oil digestion. The details of this technique 

have been described by Casey et al. (2016) and Yang et al. (2017) [13-14]. The 

microwave used was a SRC (Single Reaction Chamber) Microwave Digestion System 

(Model UltraWAVE) from Milestone, Inc. (USA). After microwave digestion, a drying, 

and a re-dissolve, the digested oil samples were further diluted to 9 g with 2% (v/v) 

HNO3. An aliquot of the digested sample solution was used for ICP-OES (Model 725, 

from Agilent Technologies (USA)) prescreening determination and quantification of high 

abundance elements. The remaining solution was used for determination of low 

abundance elements with QQQ-ICP-MS (Model 8800, from Agilent Technologies 

(USA)). For the prescreening analysis with ICP-OES, 1 g of the sample solution was 

extracted and further diluted to 6 g. Routinely, 22 elements which may have high 
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abundance in crude oils are screened (Al, As, B, Ba, Ca, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, 

Na, Ni, P, S, Se, Sr, Ti, V, and Zn) by ICP-OES. Lower abundance elements when not 

quantified on ICP-OES can be analyzed for up to 57 elements by QQQ-ICP-MS. Details 

of ICP-OES and QQQ-ICP-MS analysis, the operating conditions of both ICP 

instruments, and multi-element analytical mode of QQQ-ICP-MS applied during this 

study have been described by Yang et al. (2017) [14]. 

2.3. Allocation Calculations 

        A MATLAB program called “ALLO-TRACE” was developed and used to calculate 

the relative contributions of the end-member oils (samples S1-S5) to the commingled 

oils. The input of geochemical data are the determined mass fractions of certain target 

elements in both end-member oils and commingled oils. The output data (results) are the 

contribution fractions of the mechanically mixed end-member oils (samples S1-S5) to the 

commingled oils and the SDs (standard deviations) of the calculations. Similar to the 

technique based on peak heights in molecular analysis [11-12], a linear relationship exists 

between the mass fractions of certain target elements of the five end-member oils and the 

mass fractions of corresponding target elements in the commingled oils, which is defined 

by the following equation: 

Ccommingled = F1 × C1 + F2 × C2 + F3 × C3 + F4 × C4 + F5 × C5 (2.1), 

where Ccommingled refers to the determined mass fraction of a certain target element in the 

commingled oil. C1, C2, C3, C4, and C5 are the determined mass fractions of this target 

element in the five end-member oils, respectively. F1, F2, F3, F4, and F5 are the 

contribution mass fractions or proportions by weight (mass/mass) of the five end-member 
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oils, respectively. The objective of production allocation for this study is to determine F1-

F5. There are at least three potential sources of errors: measurement errors in both end-

member oils and commingled oils, heterogeneity of the crude oils, and errors related to 

possible contaminations during sample preparation. These errors could lead to non-linear 

relationship between the mass fractions of certain target elements of the five end-member 

oils and the mass fractions of corresponding target elements in the commingled oils. The 

resulting mass fraction errors of certain target elements may result in wrong or even 

unreasonable solutions (i.e., negative contribution fractions or unreasonable contribution 

fractions higher than 100%). To minimize the impact of the possible errors, we have 

developed the ALLO-TRACE program based on a bootstrap (Ntime) in tandem with 

random selection method (Nrand).  

Only those elements that have simultaneous good ERSDs (experimental relative 

standard deviations) (optimal values of ERSD ≤ 10%-20%) meet our acceptability limits 

for replicates in both end-member oils and the commingled oils are generally selected to 

calculate the corresponding contribution fractions. According to this criterion, we 

selected 20 analytes (Na, Mg, S, Ca, Ti, V, Mn, Fe, Co, Ni, Cu, Zn, Ga, Sr, Y, Zr, Mo, 

Cd, Ba, and Pb) for allocation calculations. Their analyzed averaged mass fractions and 

the corresponding uncertainties in both the end-member oils and the commingled oils for 

the three replicate tests are summarized in Table 2.1. 
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Table 2.1. Analytical results of all the selected 20 analytes in the five end-member oils (S1-S5) 

and the commingled oils (Mix) used for allocation calculations by QQQ-ICP-MS and ICP-OES 

and techniques with Single Reaction Chamber (SRC) microwave-assisted high pressure-high 

temperature acid digestion (see Yang et al. (2017) for the details of digestion of all the oils and 

determination of all the analytes in the oils [14]) 

Analytes S1a RSD1b S2 RSD2 S3 RSD3 S4 RSD4 S5 RSD5 Mix RSD_Mix 

Na 8886 1.7 30284 3.4 19881 5.7 14517 1.9 48593 0.5 21167 1.1 

Mg 177 9.8 260 2.7 1008 0.8 321 8.0 2404 0.4 615 4.4 

Sc 1.94 1.5 1.53 3.2 0.01 0.8 2.22 0.8 0.63 1.5 1.39 0.6 

Ca 2753 3.2 2894 6.6 5706 1.0 5088 2.4 7228 1.5 3982 1.8 

Ti 2542 1.9 626 3.8 29.1 2.1 18.1 17.1 51.9 7.4 951 1.6 

V 84584 1.4 68838 3.3 15.9 7.7 92799 0.4 10543 1.0 59030 0.6 

Mn 24.1 8.9 10.8 0.6 1878 3.2 11.7 6.7 375 2.3 440 3.1 

Fe 5923 1.8 11140 3.6 697338 1.4 567 12.9 21623 0.6 147366 0.4 

Co 1181 7.2 2297 5.7 23.7 3.3 19.0 2.3 164 3.9 942 1.7 

Ni 74007 0.9 61223 3.1 1352 7.3 52238 0.9 5316 2.8 47109 0.8 

Cu 43.1 6.7 22.4 0.3 1738 4.9 363 3.9 58.7 5.3 426 3.2 

Zn 1255 2.9 943 7.0 2694 2.6 738 3.1 1988 2.9 1458 1.2 

Ga 292 5.8 118 6.7 3.59 4.4 9.20 4.2 9.14 2.6 123 4.0 

Sr 15.6 0.3 71.8 3.3 25.8 2.3 75.4 0.2 91.0 0.2 47.7 1.5 

Y 8.07 7.2 1.78 8.9 0.35 18.8 0.25 12.7 0.88 6.0 2.96 1.2 

Zr 30.8 7.1 8.51 10.5 1.65 2.7 4.49 13.0 5.13 6.3 12.5 1.5 

Mo 404 6.3 327 6.3 23.4 2.2 60.5 3.8 12.5 8.8 218 0.5 

Cd 1.91 7.9 167 5.8 1.51 10.8 1.44 15.0 5.79 9.7 45.0 1.2 

Ba 45.3 3.2 489 3.7 22.0 9.1 1516 0.6 27.2 9.9 359 1.6 

Pb 30.8 9.2 141 7.4 2911 8.9 6.47 20.3 24.7 10.1 672 2.6 

a: the average mass fractions of all the analytes in the five end-member oils and the commingled 

oils of the three replicated tests, respectively (Unit: ng/g); b: ERSD (experimental relative 

standard deviations of the 3 analyses) (1σ, n = 3) of all the analytes in the five end-member oils 

and the commingled oils of the three replicated tests, respectively (Unit: %); c: the unit for sulfur 

is wt.%. 

 

        In order to obtain a set of proportion solutions (mass contribution fractions F1, F2, 

F3, F4, and F5) for Equation (2.1) with five end-member oils, a minimum of five analytes 

should be used for allocation calculations. Every time the MATLAB program will select 

one out of the 20 elements (all six ERSDs ≤ 10%-20%), and substitute the determined 

mass fractions of this selected element (e.g., Ni) in the five end-member oils and 
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commingled oil into Equation (2.1) (Equation (2.1)-Ni); then, the program will assign a 

predefined constant number of sets of proportion solutions (F1, F2, F3, F4, and F5, 

respectively) randomly to Equation (2.1)-Ni. The predefined constant number of sets of 

proportion solutions is called “Nrand”.  

        These assigned contribution fractions are subject to two restrictions: every assigned 

contribution fraction is between zero and one, and the sum of one set of proportion 

solutions (F1+F2+F3+F4+F5) for a certain element is equal to one; then, the program will 

find the set (F1-F5) of proportion solutions (e.g., Set 1) that has the smallest difference 

between the left side and right side of Equation (2.1)-Ni. The calculation program 

conducts this kind of calculation for predefined multiple times to achieve a number of 

such sets of proportion solutions (Set 1, Set 2, Set 3, to Set 100, or Set 1,000, etc.). The 

predefined multiple times of calculation is called “Ntime”. An analyte can be selected 

repeatedly and randomly and used in multiple times in calculations. Based on this 

predefined number of solutions, the average F1-F5 in these sets of proportion solutions is 

calculated and provides the final output contribution fractions for all end-member crude 

oils (S1-S5). The calculation accuracy of a certain end-member oil is given by: 

Calculation accuracy = │ (Output contribution fraction/True contribution fraction) × 

100% – 100% │ (2.2), 

where the True contribution fractions refer to the prepared contribution fractions of the 

five natural crude oil samples within the commingled oil sample (29.9%, 25.3%, 19.8%, 

15.1%, and 10.0%). The calculation uncertainties of the output contribution fractions can 
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be obtained using the calculation SDs (1σ, n = Ntime) of these sets of proportion 

solutions: 

Calculation uncertainty = (SD/Output contribution fraction) × 100% (2.3).  

Finally the number of analytes used in the calculations can be increased beyond 6 by 

increments of 1 to achieve more precise and accurate solutions. Because many more 

elements are measured than end members or producing zones, it is an over-constrained 

system of equations, and that allows refinements of various solutions using a number of 

optimization techniques described below.  

2.4. Results and Discussion 

        Five potential factors that may affect the results (calculation accuracies and 

calculation uncertainties) were investigated: 1) the number of analytes used for allocation 

calculation, 2) the ERSDs of the average mass fractions of the selected analytes in both 

end-member oils and commingled oils for the three replicated tests, 3) the number of sets 

of proportion solutions that are randomly assigned (Nrand) in a single calculation, 4) the 

number of times of the calculations conducted by the program (Ntime), and 5) the 

variations between the mass fractions of the five end-member oils and commingled oil 

for a certain element. To test the influence of the first two potential factors to the results, 

the Nrand and Ntime were kept constant (Ntime = 100; Nrand = 2,000,000). Each of the 

20 selected analytes has six ERSDs (S1-S5 and the commingled oil) (Table 2.1). The 

average ERSD of the six ERSDs of each analyte was calculated based on replicate 

analyses. At first, the 20 selected analytes were sorted from the lowest average ERSD to 

the highest average ERSD (ERSD Sort 1); then, the determined mass fractions of the first 
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six, seven, eight, and all the way to the twenty selected analytes were input into the 

program for a series of individual allocation calculations (A6-A20), respectively. The 

output contribution fractions, the corresponding calculation accuracies, and the 

corresponding calculation uncertainties are summarized in Table 2.2-2.4, respectively, 

and Figure 2.3-2.4; then, the 20 selected analytes were sorted from the highest average 

ERSD to the lowest average ERSD (ERSD Sort 2). The first six, seven, eight, and all the 

Table 2.2. The output contribution fractions (allocation) of the five end-member oils (S1-S5) 

calculated using different numbers of analytes beyond the minimum of 1-5 (i.e., selected analytes 

6-20) 

Oils True 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

S1 29.9 33.6 29.9 30.1 30.5 30.7 30.9 31.3 31.2 31.4 31.3 31.1 30.4 30.1 29.9 29.9 

S2 25.3 22.5 27.1 24.7 24.6 24.4 24.0 23.9 23.8 23.7 24.2 24.4 25.1 25.7 25.8 25.9 

S3 19.8 17.6 20.1 20.1 20.0 20.2 20.2 20.2 20.2 20.2 20.2 20.2 20.3 20.3 20.3 20.6 

S4 15.1 14.5 14.7 16.2 15.9 15.4 15.0 14.7 14.8 14.7 14.5 14.5 14.4 14.2 14.3 14.2 

S5 10.0 11.8 8.1 8.8 9.1 9.3 9.9 10.0 10.0 10.1 9.8 9.8 9.7 9.6 9.6 9.4 

*All analytes in Table 2.1 were first sorted from the lowest average ERSD to the highest average 

ERSD (ordered 1-20) and sequentially calculated results are compared to the laboratory measured 

mixture (True) in Table 2.3. Units are in %. 

 

Table 2.3. The calculation accuracies of the five end-member oils using different 

numbers out of the selected analytes (6-20) (sorted from the lowest average ERSD to the 

highest average ERSD). Unit: % 

Oils 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

S1 12.4 0.2 0.9 2.1 2.8 3.6 4.7 4.6 5.0 5.0 4.3 2.0 0.9 0.3 0.03 

S2 11.1 7.0 2.5 3.0 3.7 5.4 5.8 5.9 6.2 4.5 3.8 0.9 1.6 1.9 2.1 

S3 11.2 1.7 1.7 1.0 2.4 2.0 2.0 2.0 2.0 2.1 2.2 2.5 2.6 2.7 4.1 

S4 3.5 2.1 7.8 5.5 2.2 0.6 2.2 1.7 2.6 3.7 3.6 4.0 5.5 5.1 5.3 

S5 18.4 18.7 11.4 8.8 6.8 0.4 0.1 0.1 0.7 2.1 2.2 2.5 3.6 3.4 5.5 

Ave.a 11.3 5.9 4.9 4.1 3.6 2.4 3.0 2.9 3.3 3.5 3.2 2.4 2.8 2.7 3.4 

SDb 5.3 7.6 4.5 3.1 1.9 2.1 2.3 2.3 2.2 1.3 1.0 1.1 1.8 1.8 2.3 
a: average calculation accuracies of the five end-member oils for specific numbers of analytes 

used in calculations; b: SDs (1σ, n = 5) of the calculation accuracies of the five end-member oils 

for certain numbers of analytes. 
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Table 2.4. The calculation uncertainties of the five end-member oils using different numbers of 

analytes for the calculation out of the selected 20 analytes (sorted from the lowest average ERSD 

to the highest average ERSD). Unit: % 

Oils 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

S1 2.4 1.4 1.9 1.9 1.9 2.1 1.6 1.6 1.6 1.6 1.4 1.3 1.1 1.0 1.1 

S2 5.0 3.3 1.8 1.9 2.0 2.2 2.3 2.4 2.8 2.7 2.5 2.4 1.5 1.5 1.5 

S3 3.0 0.5 0.8 0.6 0.6 0.7 0.8 0.7 0.9 0.9 0.9 0.9 1.1 1.1 1.0 

S4 2.9 4.2 3.1 3.1 3.2 3.4 3.1 3.1 2.2 2.2 2.4 2.4 2.3 2.4 2.4 

S5 6.7 4.5 4.1 3.8 3.9 2.5 2.7 2.9 3.1 3.1 3.2 3.3 3.5 3.7 3.7 

Ave.a 4.0 2.8 2.3 2.3 2.3 2.2 2.1 2.1 2.1 2.1 2.1 2.1 1.9 1.9 1.9 
a: average calculation uncertainties of the five end-member oils for certain numbers of analytes. 

 

 

Figure 2.3. Contribution fractions (refer to Table 2.2 for details) for different numbers of analytes 

for the ERSD Sort 1 (lowest to highest) 

*S1-S5 lines refer to allocation results from calculated values for the five end-member oils, 

respectively, and TS1-TS5 lines refer to the true or target proportions that we commingled for the 

five end-member oils, respectively. Nrand = 2,000,000; Ntime = 100. 
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Figure 2.4. Calculation accuracies (refer to Table 2.3 for details) for different numbers of analytes 

(6-20) for the ERSD Sort 1 (lowest to highest) 

*S1-S5 refer to the five end-member oils, respectively. Mean refers to the average calculation 

accuracy of the five end-members. The dash line highlights the 5% calculation accuracy. Nrand = 

2,000,000; Ntime = 100. 

 

way to twenty out of the twenty selected analytes were used to conduct another series of 

individual allocation calculations, respectively. The results are summarized in Table 2.5-

2.7 and Figure 2.5-2.6. As Figure 2.7 indicates, generally, the average calculation 

accuracies are improved with the increasing numbers of analytes for both sorting 

strategies of the average ERSDs; however, beyond a certain number of analytes (11 for 

ERSD Sort 1 and 14 for ERSD Sort 2), the average accuracies start to become more 

stable. It is noted that the ERSD Sort 1 from lowest to highest obtained better average 

calculation accuracies and better corresponding SDs (bold error bars) for almost all the 

numbers of analytes when compared to the ERSD Sort 2 highest to lowest (Figure 2.7).  

        When the number of analytes utilized is more than eight, the average calculation 

accuracies can be less than 5% for ERSD Sort 1, whereas for ERSD Sort 2, only if the 
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number of analytes utilized is more than 12, the average calculation accuracies can be 

below 5%; thus, Sort 1 converges to a more accurate result more quickly. Figure 2.8 

shows that the ERSD Sort 2 has a much higher average calculation uncertainty than 

ERSD Sort 1 when only six analytes are used for calculation; however, when more than 

six analytes are used, the average calculation uncertainties for both ERSD Sort 1 and 2 

can be less than 3%, and for certain numbers of analytes used, the average calculation 

uncertainties for both sorting strategies are approximately identical. We also examined 

optimizing the number of calculations for each allocation run. To test the influence of 

Nrand to the results, Ntime was kept constant (Ntime = 100), and ERSD Sort 1 was 

applied. The values of 10,000, 50,000, 100,000, 500,000, 1,000,000, 2,000,000, 

4,000,000, 8,000,000, 10,000,000, 14,000,000, 18,000,000, 32,000,000, and 50,000,000 

were tested for Nrand, respectively, and when Nrand was 50,010,000, the program 

crashed as the computer was out of memory.  

        It turned out that increasing Nrand doesn’t enhance the average calculation 

accuracies (Figure 2.9), whereas it did benefit by enhancing the average calculation 

uncertainties considerably (Figure 2.10). Also, when a higher Nrand was used, a lower 

number of analytes is required to obtain an average calculation uncertainty below 5%. 

The 13 tested values of Nrand were tested for Ntime = 1, 2, 3, 10, 100, 500, and 1,000, 

respectively, for both ERSD Sort 1 and 2, and the same conclusion was reached. To test 

the influence of Ntime to the results, Nrand was kept constant (Nrand = 2,000,000), and 

ERSD Sort 1 was applied. The values of 1,000, 500, 100, 10, 3, 2, and 1 were tested for 

Ntime, respectively. Based on Figure 2.11-2.12, it is evident that the value of Ntime has 

little influence on both the average calculation accuracies and the corresponding average 
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calculation uncertainties; however, the shape of the lines of average calculation 

accuracies and uncertainties is becoming increasingly curved with the decrease of Ntime 

(Figure 2.11-2.12). All calculation uncertainties are zero when Ntime = 1, because all 

calculation SDs are zero (Equation (2.3)); therefore, a minimum of three for Ntime 

should be used to calculate the calculation uncertainties.  

Table 2.5. The output contribution fractions (allocations) of the five end-member oils using 

different numbers (6-20) analytes beyond the minimum of 5 when sorting of the 20 selected 

analytes used is inverted from the highest average ERSD to the lowest average ERSD (1-20). 

Unit: % 

Oils True 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

S1 29.9 29.8 29.8 29.7 29.9 29.6 29.6 29.7 29.7 29.7 29.7 29.8 29.8 29.8 29.9 29.9 

S2 25.3 26.3 26.4 26.3 26.3 26.1 26.2 26.3 25.9 25.9 25.9 25.9 25.9 25.9 25.9 25.9 

S3 19.8 21.4 21.5 21.5 21.5 21.3 21.1 20.8 20.9 20.6 20.6 20.6 20.6 20.6 20.6 20.6 

S4 15.1 21.8 14.0 14.1 14.1 13.7 13.7 13.7 13.9 13.9 13.9 14.1 14.1 14.2 14.2 14.2 

S5 10.0 0.7 8.2 8.4 8.2 9.3 9.3 9.6 9.7 9.8 9.8 9.6 9.5 9.5 9.5 9.4 
 

 

Table 2.6. The calculation accuracies of the five end-member oils using different numbers (6-20) 

beyond the minimum of 5 out of the 20 sorted analytes (sorted from the highest average ERSD to 

the lowest average ERSD). Unit: % 

Oils 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

S1 0.2 0.2 0.5 0.1 0.8 0.8 0.7 0.6 0.6 0.5 0.3 0.1 0.1 0.01 0.1 

S2 4.0 4.2 3.8 4.0 3.2 3.3 3.7 2.4 2.4 2.3 2.2 2.3 2.2 2.1 2.1 

S3 8.4 8.9 8.9 8.9 7.4 6.9 5.4 5.5 4.4 4.3 4.2 4.2 4.2 4.1 4.1 

S4 44.6 6.7 6.5 6.6 8.9 8.7 9.2 7.9 7.4 7.3 6.4 6.1 6.0 5.5 5.4 

S5 93.4 17.7 15.8 17.9 7.1 6.6 4.0 3.1 1.8 1.7 3.4 4.5 4.7 5.3 5.8 

Ave. 30.1 7.5 7.1 7.5 5.5 5.3 4.6 3.9 3.3 3.2 3.3 3.4 3.4 3.4 3.5 

SD 39.6 6.5 5.8 6.7 3.4 3.2 3.1 2.8 2.7 2.7 2.3 2.3 2.3 2.3 2.4 
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Table 2.7. The calculation uncertainties of the five end-member oils using different numbers (6-

20) out of the selected 20 sorted analytes (sorted from the highest average ERSD to the lowest 

average ERSD). Unit: % 

Oils 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

S1 0.8 0.9 0.9 0.8 0.9 1.0 1.0 1.0 1.1 1.1 1.1 1.1 1.0 1.1 1.0 

S2 1.0 1.2 1.1 1.2 1.3 1.4 1.4 1.3 1.4 1.4 1.5 1.5 1.5 1.5 1.5 

S3 1.1 1.3 1.3 1.3 1.4 1.1 1.0 1.0 1.0 0.9 0.9 0.9 1.0 1.0 1.0 

S4 2.9 2.0 2.0 2.1 2.3 2.4 2.5 2.4 2.5 2.5 2.4 2.5 2.6 2.5 2.4 

S5 77.2 6.0 5.5 5.6 3.6 3.9 3.7 3.7 3.8 3.7 3.6 3.8 3.6 3.6 3.7 

Ave. 16.6 2.3 2.2 2.2 1.9 2.0 1.9 1.9 2.0 1.9 1.9 2.0 1.9 1.9 1.9 

 

 

Figure 2.5. Contribution fractions (refer to Table 2.5 for details) for different numbers of analytes 

for the ERSD Sort 2 (highest to lowest) 

*S1-S5 lines refer to allocation results from calculated values for the five end-member oils, 

respectively, and TS1-TS5 lines refer to the true or target proportions that we commingled for the 

five end-member oils, respectively. Nrand = 2,000,000; Ntime = 100. 
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Figure 2.6. Calculation accuracies (refer to Table 2.6 for details) for different numbers of analytes 

(6-20) for the ERSD Sort 2 (highest to lowest). Nrand = 2,000,000; Ntime = 100 

 

 

Figure 2.7. Average calculation accuracies (refer to Table 2.3 and 2.6 for details) for different 

numbers of analytes for both ERSD (Experimental Relative Standard Deviation) sorting strategies 

*Bold error bars represent SDs (1σ, n = 5) for ERSD sorted lowest to highest (Sort 1), and thin 

error bars represent SDs for ERSD sorted highest to lowest (Sort 2). Nrand = 2,000,000; Ntime = 

100. 

 



92 
 

 

Figure 2.8. Average calculation uncertainties (refer to Table 2.4 and 2.7 for details) for different 

numbers of analytes (6-20) for both ERSD sorting strategies. Nrand = 2,000,000; Ntime = 100 

 

 

Figure 2.9. Average calculation accuracies for different numbers of analytes (6-20) for Nrand = 

10,000 and 50,000,000, respectively 

*Thin error bars represent SDs (1σ, n = 5) for Nrand = 50,000,000, and bold error bars represent 

SDs for Nrand = 10,000. ERSD sorting strategy: lowest to highest; with Ntime = 100. 
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Figure 2.10. Average calculation uncertainties for different numbers of analytes (6-20) for 

different values of Nrand, respectively. ERSD sorting strategy: lowest to highest; with Ntime = 

100 

 

 

Figure 2.11. Average calculation accuracies for different numbers of analytes (6-20) for Ntime = 

1,000, 500, 100, 10, 3, 2, and 1, respectively. ERSD sorting strategy: lowest to highest; with 

Nrand = 2,000,000 
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Figure 2.12. Average calculation uncertainties for different numbers of analytes (6-20) for Ntime 

= 1,000, 500, 100, 10, 3, 2, and 1, respectively 

*When Ntime is one, all calculation uncertainties are zero. ERSD sorting strategy: lowest to 

highest; with Nrand = 2,000,000. 

 

        In summary, under the same conditions, 1) larger numbers of analytes are better than 

smaller numbers; 2) ERSD Sort 1 is better than ERSD Sort 2; 3) higher Nrand is better 

than lower Nrand; and 4) the value of Ntime has little influence on the results. The values 

of Nrand could be even higher than 50,000,000 for the analysts to achieve lower 

calculation uncertainties if a computer with a higher speed and memory. The higher the 

values for Nrand, the longer time required to run the program on any personal computer. 

The running time is primarily subject to the numbers of analytes used, Nrand, Ntime, and 

the conditions of the hardware configuration of the computer; however, it takes about 29 

min for a single run of the program if the number of analytes is 20, Nrand is 50,000,000, 

and Ntime is 100 for a simple personal computer (PC), and less than one min if the 
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number of analytes is 20, Nrand is 2,000,000, and Ntime is 100. The results can be 

obtained immediately for a single run of the program if the number of analytes is 6, 

Nrand is 10,000, and Ntime is 1. The basic conditions of the PC used here are as follows: 

Processor: Intel (R) Xeon (R) CPU; W3520 @ 2.67GHz; Installed memory (RAM): 24.0 

GB; System type: 64-bit Operating System. 

        To test whether there is an effect of the abundance variations (variability) between 

the mass fractions of the five end-member oils and commingled oil for certain elements 

in terms of its importance in improving the calculation accuracies of the end-member 

contribution fractions, we sorted the analytes by variations from the highest to lowest 

(RSDV Sort 1) and lowest to highest (RSDV Sort 2), respectively. The Nrand and Ntime 

were kept constant (Ntime = 100; Nrand = 2,000,000). Our initial supposition was that 

higher variabilities of analytes among the end members and commingled oil would 

enhance or improve solutions with lower number of elements. The variations can be 

given by: 

RSDV = (SD/Mean) × 100% (2.4), 

where RSDV refers to the variation, SD refers to the standard deviation (1σ, n = 6) of the 

mass fractions of the five end-member oils and commingled oil for a certain analyte, and 

Mean represents the average mass fraction of the five end-member oils and commingled 

oil for the same analyte; then, the first six, seven, eight,, and all the way to twenty out of 

the twenty selected analytes were input into the program for allocation calculations for 

RSDV Sort 1 and Sort 2, respectively, and the results are summarized in Table 2.8-2.13, 

and Figure 2.13-2.16.  
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        The comparison between Figure 2.14 and Figure 2.16 shows that RSDV Sort 1 

obtained better calculation accuracies than RSDV Sort 2 for the numbers of elements 6-9, 

and gained close results compared to RSDV Sort 2 for the numbers of elements 10-20. 

For RSDV Sort 1, the pattern of calculation accuracies of the numbers of elements 6-16 is 

convergent, and the best results are achieved at the number of element 16. When more 

than 15 (16-20) elements are used for allocation calculations, the calculation accuracies 

keep stable with the increase of the numbers of elements, and almost all are below 5%. 

All calculation accuracies are below 10%. While for RSDV Sort 2, the calculation 

accuracies are poorer for the numbers of elements 6-9. When more than 9 (10-20) 

elements are used for allocation calculations, the calculation accuracies are within or 

close to 5%, and the best results are achieved at the number of element of 16. Almost all 

the calculation uncertainties of RSDV Sort 1 and Sort 2 are below 10%, with most below 

4% (Table 2.9 and 2.11). Although generally RSDV Sort 1 is better than RSDV Sort 2, the 

two sorting methods achieved close results when more than 9 analytes were used for 

allocation calculations. 

Table 2.8. The output contribution fractions of the five end-member oils using different numbers 

(6-20) out of the selected 20 sorted analytes that are sorted by variability from the highest average 

RSDV to the lowest average RSDV. Unit: % 

Oils True 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

S1 29.9 28.7 30.3 29.5 29.8 29.7 29.7 29.5 29.5 29.5 29.6 29.7 29.7 29.8 29.7 29.8 

S2 25.3 26.0 26.0 26.1 26.2 25.7 25.7 25.8 25.8 25.8 25.8 25.7 25.7 25.6 25.8 25.8 

S3 19.8 20.6 20.7 20.6 20.7 20.6 20.6 20.7 20.6 20.6 20.6 20.6 20.6 20.6 20.6 20.6 

S4 15.1 13.9 13.8 13.8 13.9 14.0 13.9 13.9 14.0 14.1 14.1 14.3 14.3 14.3 14.3 14.3 

S5 10.0 10.8 9.2 10.0 9.5 9.9 10.0 10.1 10.1 10.0 9.9 9.7 9.7 9.7 9.6 9.5 
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Table 2.9. The calculation accuracies of the five end-member oils using different numbers (6-20) 

of the selected 20 sorted analytes (sorted from the highest average RSDV to the lowest average 

RSDV). Unit: % 

Oils 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

S1 3.9 1.6 1.3 0.3 0.5 0.4 1.3 1.3 1.1 0.7 0.5 0.4 0.4 0.6 0.2 

S2 2.7 2.8 3.1 3.3 1.6 1.4 2.0 1.8 1.9 2.0 1.5 1.6 1.3 1.8 2.0 

S3 4.1 4.4 4.1 4.5 4.2 4.2 4.4 4.3 4.3 4.0 4.1 4.0 4.2 4.2 4.1 

S4 7.9 8.3 8.2 7.9 6.9 7.3 7.6 7.1 6.6 6.3 4.9 5.1 5.1 4.8 5.2 

S5 8.5 8.1 0.1 4.5 0.7 0.5 1.5 1.5 0.2 1.3 3.0 3.1 2.6 3.8 4.9 

Ave. 5.4 5.1 3.4 4.1 2.8 2.7 3.4 3.2 2.8 2.9 2.8 2.9 2.7 3.0 3.3 

SD 2.6 3.1 3.1 2.7 2.7 3.0 2.7 2.5 2.6 2.3 1.8 1.9 2.0 1.7 2.1 
 

 

Table 2.10. The calculation uncertainties of the five end-member oils using different numbers out 

of the selected 20 analytes (sorted from the highest average RSDV to the lowest average RSDV). 

Unit: % 

Oils 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

S1 4.5 1.4 1.2 1.0 1.1 1.1 1.1 1.1 1.0 1.1 1.0 1.1 1.2 1.0 1.0 

S2 0.9 1.2 1.2 1.4 1.3 1.4 1.3 1.4 1.4 1.4 1.4 1.3 1.3 1.4 1.5 

S3 0.6 0.8 0.8 0.8 0.8 0.9 0.9 0.9 1.0 1.0 1.0 0.9 1.0 0.9 1.0 

S4 1.6 2.2 2.4 2.3 2.2 2.5 2.7 2.3 2.4 2.5 2.4 2.2 2.4 2.4 2.3 

S5 12.1 5.7 5.4 5.6 5.1 3.4 3.6 3.4 3.9 3.6 3.8 3.9 3.4 3.4 3.8 

Ave. 3.9 2.3 2.2 2.2 2.1 1.9 1.9 1.8 1.9 1.9 1.9 1.9 1.8 1.8 1.9 
 

 

Table 2.11. The output contribution fractions of the five end-member oils using different numbers 

(6-20) out of the selected 20 analytes that are sorted from the lowest average RSDV to the highest 

average RSDV. Unit: % 

Oils True 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

S1 29.9 31.6 30.3 27.8 28.2 29.5 29.6 30.2 29.6 29.9 30.1 30.0 30.0 29.8 29.8 29.8 

S2 25.3 29.1 29.0 28.7 28.2 25.9 25.0 24.8 25.2 25.0 25.4 25.4 25.3 25.7 25.8 25.8 

S3 19.8 18.9 19.8 21.3 21.0 19.5 19.5 19.3 19.6 19.4 20.1 20.1 20.4 20.4 20.7 20.6 

S4 15.1 12.1 13.1 15.8 15.8 15.4 16.0 15.7 15.9 15.8 14.6 14.6 14.5 14.3 14.3 14.3 

S5 10.0 8.3 7.8 6.4 6.8 9.7 9.8 10.0 9.7 9.9 9.8 9.9 9.8 9.6 9.4 9.5 
 

 



98 
 

Table 2.12. The calculation accuracies of the five end-member oils using different numbers out of 

the selected 20 analytes (sorted from the lowest average RSDV to the highest average RSDV). 

Unit: % 

Oils 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

S1 5.8 1.4 6.9 5.4 1.3 0.8 1.3 0.9 0.2 0.7 0.5 0.5 0.1 0.3 0.2 

S2 15.0 14.7 13.3 11.2 2.3 1.2 2.2 0.3 1.2 0.2 0.4 0.02 1.7 1.9 1.9 

S3 4.7 0.1 7.4 6.2 1.6 1.4 2.6 1.1 2.0 1.8 1.6 3.1 3.4 4.9 4.3 

S4 19.6 13.0 4.9 4.8 2.4 6.6 4.5 5.4 5.1 3.2 3.0 3.6 4.7 5.2 5.1 

S5 16.5 22.1 35.4 32.0 2.3 1.8 0.1 2.6 1.2 1.4 1.1 2.3 3.4 5.8 4.9 

Ave. 12.3 10.3 13.6 12.0 2.0 2.3 2.1 2.1 2.0 1.5 1.3 1.9 2.6 3.6 3.3 

SD 6.7 9.3 12.6 11.5 0.5 2.4 1.6 2.1 1.9 1.1 1.1 1.6 1.8 2.4 2.1 
 

 

Table 2.13. The calculation uncertainties of the five end-member oils using different numbers out 

of the selected 20 analytes (sorted from the lowest average RSDV to the highest average RSDV). 

Unit: % 

Oils 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

S1 2.2 2.2 2.3 0.9 1.2 1.0 1.0 0.8 0.8 0.9 0.9 1.0 0.9 1.1 1.1 

S2 2.3 2.3 2.6 1.7 2.1 1.5 1.6 1.5 1.7 1.9 1.9 2.0 1.4 1.6 1.5 

S3 2.3 2.1 2.0 1.4 1.4 2.1 1.9 2.0 2.2 2.3 1.3 1.0 1.3 1.0 1.0 

S4 4.0 3.1 1.8 2.0 2.6 2.4 2.3 2.4 2.4 1.8 2.1 2.4 2.1 2.3 2.2 

S5 6.5 7.1 9.0 5.6 2.3 2.8 3.0 3.0 3.1 3.7 3.2 3.5 3.5 4.0 3.5 

Ave. 3.5 3.3 3.5 2.3 2.0 2.0 2.0 1.9 2.1 2.1 1.9 2.0 1.8 2.0 1.9 
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Figure 2.13. Contribution fractions (refer to Table 2.8 for details) for different numbers of 

analytes for the RSDV Sort 1 (highest to lowest) 

*S1-S5 lines refer to the calculated values for the five end-member oils, respectively, and TS1-

TS5 lines refer to the true commingled proportion target values for the five end-member oils, 

respectively, with Nrand = 2,000,000 and Ntime = 100. 

 

 

Figure 2.14. Calculation accuracies (refer to Table 2.9 for details) for different numbers of 

analytes (6-20) for the RSDV Sort 1 (highest to lowest) 

*S1-S5 refer to the five end-member oils, respectively. Mean refers to the average calculation 

accuracy of the five end-members. Nrand = 2,000,000; Ntime = 100. 
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Figure 2.15. Contribution fractions (refer to Table 2.11 for details) for different numbers of 

analytes for the RSDV Sort 2 (lowest to highest) 

*S1-S5 lines refer to the calculated values for the five end-member oils, respectively, and TS1-

TS5 lines refer to the true commingled proportion target values for the five end-member oils, 

respectively, with Nrand = 2,000,000 and Ntime = 100. 

 

 

Figure 2.16. Calculation accuracies (refer to Table 2.12 for details) for different numbers of 

analytes (6-20) for the RSDV Sort 2 (lowest to highest). Nrand = 2,000,000; Ntime = 100 
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        To achieve the best results, the sorting methods of ERSD Sort 1 and RSDV Sort 1 

were compared (Figure 2.17). The RSDV Sort 1 obtained better results only if less than 9 

(6-8) analytes were used for allocation calculations, and the two sorting methods were 

extremely close in allocation when more than 8 (9-20) analytes were used; therefore, the 

variations are shown to have an influence on the calculation accuracies only when less 

than 10 analytes are used for calculations. Based on the analysis, more than 10 analytes 

should be used for the allocation calculations to guarantee obtaining the best results; thus, 

the ERSD Sort 1 or RSDV Sort 1 are both adequate. 

 

Figure 2.17. Average calculation accuracies (refer to Table 2.3 and 2.9 for details) for different 

numbers of analytes (6-20) for the sorting methods of RSDV Sort 1 and ERSD Sort 1  

*Thin error bars represent SDs (1σ, n = 5) for RSDV Sort 1, and bold dash error bars represent 

SDs for ERSD Sort 1. Nrand = 2,000,000; Ntime = 100.   

 

        Based on Table 2.3, when the numbers of analytes for calculations are not less than 

nine, the calculation accuracies of almost all the five end-member oils can be less than 

5.5%. Most calculation accuracies can be controlled lower than 4%, which is a good 
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agreement between the calculated and actual contribution fractions of the five end-

member oils. The best calculation accuracies for the five end-member oils (S1-S5) 

achieved in this study are 0.03%, 0.02%, 0.1%, 0.6%, and 0.1%, respectively (average 

0.17% and median 0.1%). Based on Table 2.4, almost all the corresponding calculation 

uncertainties are below 4%, and most are below 3%. The best calculation uncertainties 

for the five end-member oils (S1-S5) achieved in this study are 0.8%, 0.9%, 0.5%, 1.6%, 

and 2.3%, respectively (average 1.2% and median 0.9%). The calculation accuracies and 

uncertainties for this study are comparable to the technique based on GC peak heights 

proposed by McCaffrey et al. (2010, 2011, 2016) [11, 16, 21], and the technique based on 

GC peak height ratios proposed by Kaufman et al. (1987) [8], and sometimes even better; 

therefore, this developed method is able to conduct production allocation calculations 

both accurately and precisely, and available to up to 5 end-member oils. The program 

ALLO-TRACE is efficient (less than one minute per run, generally to achieve precise and 

accurate results), and the program can be run many times in ~twenty minutes to get a 

series of accurate and precise solutions using different numbers of analytes for estimates 

of  allocation.  

        The trace element crude oil fingerprinting production allocation methods described 

here provide rapid results (3 to 4 days after sampling) for an accurate assessment. Field 

tests stemming from this study are now underway for the allocation method. The methods 

are based on the assumption that oils from separate reservoirs or different parts of a 

reservoir bear different chemical signatures or distinctive chemical fingerprints (e.g., [3, 

10], and our own unpublished proprietary data). These variations in petroleum 

composition may arise from one or a combination of compartmentalization of reservoirs, 
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water washing, source maturity, source facies variation, oil biodegradation, charging and 

mixing of oils of different maturity or from different source rocks and in unconventional 

plays by variability in reservoir production levels and fracking penetrations.  

        These initial tests suggest the feasibility of the trace element geochemical method. 

Allocation is critical to managing production and correctly reporting revenue to partners 

and government regulators. Production information at a sales meter, well or subsurface 

completion level are key 1) for financial aspects, which require production volumes from 

each well to calculate ownership and royalty interest to the owners of the mineral rights, 

2) for the reservoir engineer to achieve updates of conventional or unconventional 

reservoir models with actual production and production changes calculated from each 

well and 3) for establishing production volumes that drive related areas such as decline 

analysis, stimulation, reservoir depletion planning and new-well plans, and 4) for 

operation personnel that use the production volumes to manage the day-to-day activities 

against their production plan, with the allocated volumes driving processes such as 

forecasting, loss management, equipment management, optimization and constraint 

management. 

        In production allocation having very frequent well tests and highly reliable meters 

installed with low error rates (< +/-5%) connected via a digital network to a long-term 

storage device would certainly be ideal and allow efficient analysis and reporting of the 

collected data; however because flow meters are often in continuous use, drifting can be a 

serious problem. Periodic meter proving is essential to identifying drift and correcting it. 

The cost of frequent well test and effort of maintaining fiscally accurate meters for every 

well in an operating asset has proved challenging and can be prohibitively expensive. In 
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some cases, it is simply physically impossible (e.g. deviated and offshore wells). Also, 

generally the number of metered points in a network always tends to decrease over the 

life of a field since replacement of damaged gauges becomes increasingly less economic 

and viable as the field’s production declines, especially in unconventional reservoirs 

where declines are rapid and start soon after completion; therefore, allocation calculations 

in these situations usually must be designed to take into account degrading information 

quality and less accurate results over time.  

        Trace Element Geochemical Production Allocation, like its counterpart organic peak 

ratio Geochemical Production Allocation, provides the potential for a new, independent, 

and cost efficient complement or alternative means for accurate production allocation, as 

well as field and well monitoring provided accurate and precise trace element data can be 

collected at frequent intervals from well sampling sites or key points of sale in the 

commingled production network. The method can also simply complement production 

metering methods or infrequent production well tests in providing a low-cost method 

when higher frequency of allocation is important, when metering is not available or well 

calibrated, or when well tests are unfeasible or too widely spaced in time for accurate 

allocation. The trace element method can also be applied potentially to other kinds of oils 

(e.g., condensates and heavily biodegraded oils) for which it is impossible or more 

difficult to measure a full range of molecular biomarkers contents accurately and 

precisely in order to achieve allocation. 
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2.5. Conclusions 

        We present a relatively straightforward multi-element laboratory test and a 

computational method for trace element production allocation. Our results show a precise 

method of trace element mass fraction measurement by ICP-OES and Triple Quadrupole-

ICP-MS to achieve multi-element fingerprints of 5 end-member oils and a commingled 

oil. Based on determined end-member and commingled oil trace element mass fractions, 

a successful computational method of unmixing the commingled oils to allocate the 

proportions of the five end members in the mixture has been developed (Program ALLO-

TRACE). Optimal calculations, accuracies and precision of the allocated proportions are 

achieved when the most precise replicated analytical measurements of targeted elements 

are used and when the number of precisely determined analytes in calculations exceed 8. 

Based on replicates, low precision analytes should be avoided in calculations.  

        Accuracies of most calculations for all the five end-member oil target proportions 

are within 4%, and the best can be less than 0.6% for all end members (average 0.17% 

and median 0.1%). Most calculation uncertainties in terms of relative standard deviations 

of the five end-member oils are within 3%, and the best achieved can be less than 2.3% 

for all end members (average 1.2% and median 0.9%). The trace element allocation 

method proposed can significantly lower cost compared with the traditional production 

logging methods, can be accomplished more frequently because of the significantly lower 

costs, and therefore, present more precise well and field monitoring eliminating the need 

for back allocation between less frequent monitoring methods. Oil field, collection and 

sales point testing of commingled oils will be critical in establishing the trace element 
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allocation method. These tests will ideally be tested in conjunction with other methods 

simultaneously (e.g., molecular geochemical allocation, downhole MPLT allocation, and 

flow metered allocation methods) to achieve proper assessment of the method proposed.  

        Three potential sources of errors exist: measurement errors, sample heterogeneity of 

the crude oils, and the errors caused by possible contamination during sample 

preparation. They may result in non-linear relationship between the concentrations of 

certain analytes in both the end-member oils and the commingled oil, which will lead to 

inaccurate or incorrect allocation proportions. To minimize or remove the impact of 

potential measurement errors, replicate analyses are critical, and the accurate and precise 

computational program, ALLO-TRACE, was developed based on a bootstrap (Ntime) in 

tandem with random selection method (Nrand) for the allocation calculations. To 

minimize or remove the impact of the potential sampling heterogeneity, we used the 

sample sizes of up to 1,200 mg, and heated the crude oil samples in water bath at 56 ̊C 

overnight prior to sampling [14]. To minimize or remove the impact of potential 

contamination during sample preparation, we only used the mass fractions of analytes 

with ERSDs typically less than 10%-20% in all the end-member oils and commingled oil 

based on three replicated tests for the allocation calculations. It is effective and efficient 

to use the computational program of ALLO-TRACE, sample sizes of 1,200 mg, 

overnight 56 ̊C water bath heating for crude oil samples, and selection of the analytes 

with concentration ERSDs less than 10%-20% for all the end-member oils and 

commingled oil to assure a linear relationship between the mass fractions of certain 

analytes in the end-member oils and commingled oil in order to achieve accurate and 

precise allocation proportions. 
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3.1. Introduction 

        Californian oil production started in the late 19th century [1], and petroleum has been 

a major industry in California for over a century. As of 2012, California was among the 

most prolific oil-producing states of the United States [2]. The Santa Maria Basin (SMB) 

is one of the six primary petroliferous basins in California including the Cuyama Basin, 

Los Angeles Basin, Salinas Basin, San Joaquin Basin, and Santa Barbara-Ventura Basin 

[3-4]. As a roughly triangular-shaped sedimentary basin, the SMB is about 240 km (150 

mi) long and as much as 80 km (10 to 50 mi) wide, and encompasses about 7,800 km2 

(3,000 mi2) along the coast between San Luis Obispo and Point Arguello [4]. It is located 

at Santa Barbara County, between the Southern Coast Ranges lying along the 

northeastern boundary and Western Transverse Ranges lying along the southern 

boundary [5]. It merges with Partington Basin in the northwest, Santa Barbara Channel 

(offshore extension of the Ventura Basin) at the Point Arguello oil field in the southwest, 

and is next to the western Santa Lucia Basin [6-7]. In the SMB, regional compressions in 

Pliocene and Pleistocene led to structural deformation of large sequences of Cenozoic 

sediments that are enriched in hydrocarbons causing the SMB to be one of the first 

developed and most prolific hydrocarbon basins in California [5, 8]. The SMB extends 

offshore to the 4.8 km (3 mi) limit of California state waters and beyond to the Federal 

Outer Continental Shelf (OCS), where a number of oil fields were discovered or 

predicted [4].  

        Based on the Division of Oil, Gas, and Geothermal Resources’ (DOGGR’s) 2011-

2014 production data, fourteen oil and gas fields have been discovered and developed 
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onshore in the SMB: Guadalupe, Santa Maria Valley, Casmalia, Jesus Maria, NW Harris 

Canyon, Orcutt, Cat Canyon, Four Deer (Abd), Sisquoc Ranch, Lompoc, Los Alamos, 

Careaga Canyon, Barham Ranch, and Zaca [9-10]. Three large oil fields have been 

discovered and developed offshore in the SMB: Point Pedernales, Point Arguello, and 

Rocky Point, and nine oil fields have been discovered, but undeveloped offshore: San 

Miguel, Point Sal, Santa Maria, Purisima Point, Unnamed 435, Unnamed 433, Bonito, 

Electra, and Jalama [6-7, 10]. The two oil fields where the leases 435 and 433 are located, 

respectively, have not been given names. Most of these oil fields have conventional 

reservoirs, and the oils are trapped in faulted anticlines [10-11].  

        The Monterey Shale (or Formation) is thought to be continuous and present across 

the full extent of the SMB [6], and is thought to be the major source rocks of the 

hydrocarbons in the largest oil fields in five out of the six principal oil-producing basins 

in California including the Santa Maria, San Joaquin, Los Angeles, Santa Barbara-

Ventura, and Salinas Basins. The Monterey Shale is rich in total organic carbon (TOC) 

(about 1%-18 % and averaging ~6% [12]). On land, the formation is within the oil 

window (roughly 1,500 m (5,000 ft) to 3,000 m (10,000 ft) underground, and the ground 

surface is approximately equal to the sea level) [3-5, 13-15]. The Monterey Formation 

consists of marine sedimentary rocks deposited at mid-bathyal depths (~500 to 1,500 

meters of water) along the continental margin of California during the latter half of the 

Miocene Epoch. The deposition was associated with deep offshore basins formed during 

active wrench tectonics during the Miocene. They were related to the development of the 

San Andreas Fault and associate transtensional and basin forming strike-slip faults after 

the Farallon Ridge was subducted. During the middle and late Miocene, the siliceous 
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pelagic and hemipelagic Monterey Formation was deposited in the middle to upper 

bathyal water depths over most of the California coastal margin, including the present-

day offshore Santa Maria basin, where crude oil was sampled.  

        According to Pisciotto and Garrison (1981) and Isaacs et al. (1983), the Monterey 

Shale can be generally divided into three consecutive deep water marine fine-grain 

lithofacies from the bottom to the top. These are the 1) foraminiferal-coccolith calcareous 

shale and mudstone-the lower calcareous shale, 2) phosphatic-siliceous interbedded 

mudstone and shale-the transitional and organic shale members, and 3) diatomaceous 

siliceous facies including siliceous shale, chert, diatomaceous beds, and porcelanite [15], 

respectively. Isaacs et al. (1983) associated these deep water facies in the Santa Maria 

Basin with major climatic-oceanographic events during the Miocene [16]. The calcareous 

facies marks the time period of the early middle Miocene warm, low fertility seas that 

resulted in sediments that are carbonate rich; whereas the later part of the formation 

resulted from higher nutrient levels by late middle to late Miocene upon cooling and 

intensified upwelling, which led to diatom dominated phytoplankton and the upper 

siliceous facies [16]. The transitional phosphatic facies is believed to represent the 

maximum in Miocene sea level before cooling and the onset and expansion of Antarctic 

glaciation in the middle Miocene [16].  

        More recently, Peters et al. (2019) likewise indicates that the interval of global 

climatic change (about 17-14 Ma) occurred in early-middle Miocene and played an 

important role in the changes of the Monterey Formation lithofacies [17]. This global 

climatic change interval can be divided into two sub-intervals. The sub-interval prior to 
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~15 Ma was characterized by a warm global climatic optimum, followed by long term 

cooling after ~15 Ma [18]. The global climatic optimum resulted in increased biological 

oxygen demand and primary productivity in the water column, and thereby anoxia and 

improved fixation of 12C into the deposited organic matter [17]. Foraminiferal-coccolith 

organic matter and calcium carbonates were the dominant deposits during the sub-

interval of climatic optimum; however, as the cooling occurred, the deposition of 

diatomaceous organic matter and the corresponding siliceous facies became more 

dominant [19]. This resulted in decreased contents of carbonates in the upper Monterey 

Formation [17, 20]. It was inferred that the lithofacies change resulted from the Antarctic 

glacial expansion around 13-12 Ma, during which the cooling increased the thermal 

gradients between the equator and the pole, and thereafter strengthened the coastal wind 

and caused strong coastal upwelling, and thereby the high mass fractions (i.e., 

concentrations) of nutrients in the photic zone [21-22]. This increased the diatomaceous 

productivity, since diatoms flourish by high nutrient supply, whereas coccolithophorids 

can be productive under low nutrient conditions [21, 23]. During the upwelling, the 

bottom water currents kept carrying nutrients (high phosphorus) up to the photic zone to 

be used by diatoms [24], which eventually led to the formation of the middle transitional 

phosphatic-siliceous interbedded facies, and then the upper diatomaceous siliceous facies 

[21].  

        The kerogen derived from the Monterey Formation is generally the so-called “Type 

II-S” high sulfur kerogen [17, 25-26]. Upward systematic increases of the contents of 13C 

in saturates, aromatics, deasphaltened oil, and kerogen were shown in the Monterey 

Formation from the lower calcareous-siliceous facies to the upper clayey-siliceous facies, 
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which might be due to the progressively enhanced deposition of the 13C enriched organic 

matter [17]. Moldowan et al. (1994) indicates that oleanane can be a marker for the 

angiosperms (flowering plants) input into source rocks [27]. The first angiosperms are 

known from 160 Ma (Late Jurassic), and they became critical land plants during Late 

Cretaceous and Cenozoic [27]. Peters et al. (2019) analyzed 48 natural crude oil samples 

from both the onshore and offshore Santa Maria Basin, and all of them contain various 

contents of oleanane, indicating different contents of terrestrial organic matter input [17]. 

Based on Hughes et al. (1995), most crude oil samples of Peters et al. (2019) have 

relatively low pristane/phytane ratios (0.44-0.87) except for Family 3 (1.33) [17, 28]. The 

source rocks (Monterey Formation) of crude oils with pristane/phytane ratios lower than 

1 may have a marine anoxic depositional environment, and carbonate to mixed (includes 

argillaceous carbonates, siliceous/phosphatic rocks, and marls) lithology [17, 28]. The 

Monterey Formation was deposited during the Miocene Period (16-6 Ma) within pull-

apart or wrench-faulted basins associated with the evolution of the San Andreas strike-

slip system. Accumulation conditions are thought to be at bathyal depths (ocean 

environment 200-4,000 m). 

        The Monterey Formation is a complex fractured formation that is cut by many major 

faults and fault zones (Figure 3.1-3.3), and the Miocene strata are becoming thicker and 

thinner from the southwest of the offshore to the northeast (Figure 3.2) [29-30]. The west 

offshore SMB, where the natural crude oil samples were collected, was subjected to a 

complicated late Neogene regional southwest-northeast crustal shortening event resulting 

from transpression and shortening that was oriented almost at a right angle to the 

Pacific/North America plate boundary [31-34]. The shortening event might have resulted 
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in the formation of most of the late Neogene faults and folds that are not within the San 

Andreas fault zone (Figure 3.1) [30]. The Hosgri Fault Zone, subparallel to the south-

central California coast for 110 km from Point Estero to Purisima Point (north to south), 

is one of the primary structural elements for petroleum entrapment in the offshore SMB, 

and forms the eastern margin of the offshore SMB (Figure 3.1) [29]. The Hosgri strike-

slip fault, resulted in a positive contractional flower structure (Figure 3.2), and other 

offshore SMB faults are generally hidden beneath or within growing folds, and are listric 

thrust faults extending into a detachment that may be close to the ductile to brittle 

transition zone [35-36].  

        The fold systems in the offshore SMB resulted from the late Neogene northeast to 

southwest regional compression (Figure 3.1-3.3) [30]. For example, the Queenie anticline 

structure [30], controlled by a thrust fault in the southwest dipping northeast, is one of the 

core folds in the offshore SMB (Figure 3.3), and is located between the Santa Lucia Bank 

and Hosgri faults, approximately parallel to the regional shortening direction [30]. It 

formed a ridge of late Miocene Sisquoc Formation (about 12.5-km-long, 3.5-km-wide, 

and 100-m-high) trending N30°W (Figure 3.3) [30]. The Queenie anticline is composed 

of a single-biaxial doubly plunging asymmetric anticline, with deeper parts including an 

unconformity between the overlying mid-Miocene to late Oligocene sediments and the 

Franciscan Complex basement (Figure 3.3) [30].  

        As almost all the oils are produced from the fractures of the Monterey Formation 

source rocks, it is also considered to be the major reservoir, as well as source rock of the 

SMB [7]. Theoretically, the crude oils from one well are supposed to be correlated locally 
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with the source rock near the depth of the stem tests; nevertheless, the crude oils from 

one well may be geochemically correlated with other wells within the offshore SMB area 

due to the complex fracture systems and multiple migration paths related to these 

structures in the Monterey Formation [17]. The original oil in place (OOIP) of the entire 

Monterey Shale is estimated to be over 500 billion barrels [37]; however, the estimation 

of the total volume of the recoverable resources in the Monterey source rocks is more 

difficult [3]. Although the U.S. Energy Information Administration (EIA) provided two 

resource estimates for the Monterey Formation (2.4 billion m3 (15.4 billion barrels) in 

2011 and 0.1 billion m3 (0.6 billion barrels) in 2014) [38-39], both estimates were 

considered to be unreliable, because the EIA provided little evidence to support them [3].   
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Figure 3.1. Characterization of the Hosgri Fault Zone and adjacent structures in the Offshore 

Santa Maria Basin (modified from Willingham et al. (2013) [29]) 

*The red points are the locations of the three wells, respectively. The straight red line M-M’ is the 

seismic profile shown in Figure 3.2. 
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Figure 3.2. Seismic profile M-M’ in Figure 3.1 (modified from Willingham et al. (2013) [29]) 

*The red lines are the top of Miocene unconformity and top of pre-Miocene basement 

unconformity, respectively. The green line is the early-late Pliocene unconformity. The black 

solid lines are faults. The faults and unconformities are dashed where continuity is inferred. 
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Figure 3.3. Miocene-Pliocene and early/late Pliocene unconformities and major underlying faults 

(modified from Clark et al. (1991) [30]) 

*The seismic profile is located offshore to the west of Point Sal in the SMB [30]. 

 

        Trace elements in natural crude oils have been used as a valuable tool in petroleum 

exploration industry for more than half a century [40-43]. They can be an indicator of the 

precursor organic matter types of the generated natural crude oils, depositional 

environments of source rocks, and as a tool for monitoring migration pathways, degree of 

maturation, oil-oil correlations, and oil-source rock correlations [44-51]. Although a 

number of analyses have been conducted on the trace elements in sediments or 

sedimentary rocks of the Monterey Formation [52-54], few attempts have been conducted 

to directly determine and discuss broad sets of trace elements in crude oils derived from 

the Monterey Formation, which is necessary in analyzing the oil-oil correlations and oil-



122 
 

source rock correlations. Direct investigations of trace elements in crude oils are also 

capable of providing significant information to estimate migration pathways and post-

migration maturation (i.e., thermal alteration) of crude oils [55-57]. Furthermore, in the 

midstream of petroleum industry analysts need to decide if certain trace metals in crude 

oils have to be eliminated before refining because they tend to damage the refining 

equipments and catalysts, especially Ni, V, Fe, and Cu, which can be abundant [58-59], 

and some heavy metals (e.g., Pb, Hg) and sulfur can be harmful to the environment and 

ecosystems [60].  

        As the abundances of the majority of trace elements are low in most natural crude 

oils, it was hard to achieve accurate and precise results using traditional instrumental 

techniques in the past, such as the widely used traditional X ray fluorescence (XRF), 

inductively coupled plasma-optical emission spectrometry (ICP-OES), and quadrupole-

inductively coupled plasma-mass spectrometry (Q-ICP-MS). Q-ICP-MS is well known 

for its low IDL (Instrumental Detection Limit) (commonly about 10 pg/g) and 

simultaneous multi-element determination ability, but cannot yet obtain reliable results 

for some trace and ultra-trace elements (e.g., REEs (Rare Earth Elements)) [60]. The 

development and successful applications of triple quadrupole-inductively coupled 

plasma-mass spectrometry (QQQ-ICP-MS) for trace and ultra-trace elements 

determination in crude oils reported in recent years enable the accurate and precise 

measurements of low abundance trace and ultra-trace elements in crude oils relying on its 

lower IDL (commonly about 1 pg/g) due to its capability of minimizing or eliminating 

the most common interferences (non-mono-charged interferences, polyatomic 
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interferences, and isobaric interferences) in mass spectrometry compared to the 

traditional Q-ICP-MS [60-62].  

        The main purpose of this study is to investigate the origin of crude oils in the 

Monterey Formation by conducting a systematic analysis and discussion for 57 trace and 

ultra-trace elements (Li, Be, B, Na, Mg, Al, P, S, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, 

Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, 

Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Tl, Pb, Th, and U) in 20 natural 

crude oil samples collected from the SMB using an ICP-OES and a QQQ-ICP-MS. The 

ICP-OES and QQQ-ICP-MS were for high abundance and low abundance elements 

analyses, respectively. In addition to the inorganic geochemical analyses, we also 

performed organic geochemical analyses for comparison, and to assess any 

biodegradation effects that could have affected trace element abundances. Four out of the 

20 crude oil samples were selected based on their total contents of V, Ni, and S to do 

whole-oil gas chromatography (GC) analyses. The elemental and molecular data 

collected were used to interpret the organic matter types, depositional environments, 

thermal maturity, and alteration of the crude oils in the Monterey Formation. 

3.2. Samples and Methods 

3.2.1. Sampling and Sample Locations  

        Samples were part of the Chevron-Texaco oil library housed at the University of 

Houston. Samples were chosen from the three OCS wells from the Unnamed 0395, Santa 

Maria, and Electra offshore oil fields in the SMB (Figure 3.4). The 20 natural crude oil 

samples were labeled in Well 1-Unnamed 0395 Oil Field, Well 2-Santa Maria Oil Field, 
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and Well 3-Electra Oil Field as 4B(S1), 4E#34-35(S2), 2A(S3), 4C#11-17(S4), 3A(S5), 

2A(S6), 1A(S7), 5(S8), 3C#10-12(S9), 3D#21-22(S10), 4D#25-28(S11), 4E#32-33(S12), 

2A(S13), 2(S14), 2C#16-23(S15), 4(S16), 1(S17), 4A(S18), 4D#20-24(S19), and 2(S20). 

They are all black heavy to extra heavy high viscosity oils (flowed at well depths, but do 

not flow at room temperature and pressure). These crude oils were collected mainly from 

the Monterey Formation. Their map coordinates (Latitude in degrees, Longitude in 

degrees) are Well 1-Unnamed 0395 Oil Field (35.02392o, -120.91554976722456o), Well 

2-Santa Maria Oil Field (34.772713o, -120.850729837865o), and Well 3-Electra Oil Field 

(34.505483o, -120.748330155458o), respectively. Samples 4E#34-35(S2), 4C#11-17(S4), 

2A(S6), 3C#10-12(S9), 3D#21-22(S10), 4D#25-28(S11), 4E#32-33(S12), 2C#16-

23(S15), 4(S16), and 4D#20-24(S19) are from Well 1-Unnamed 0395 Oil Field, 2(S14) is 

from Well 2-Santa Maria Oil Field, and 4B(S1), 2A(S3), 3A(S5), 1A(S7), 5(S8), 

2A(S13), 1(S17), 4A(S18), and 2(S20) are from Well 3-Electra Oil Field.  

        The samples were collected downhole during drill stem testing in which the oil was 

sampled under a procedure to isolate, stimulate and flow the downhole formation in 

wells, sometimes at multiple levels or subzones and times in a single well, to determine 

the fluids present and the rate at which they can be produced. The length of flow and 

shut-in periods during the test were critical to obtaining good reservoir data. The initial 

flow period of 3-5 min was designed to remove the “supercharge” effect of mud filtrate 

near wellbore. The first buildup is run for 60 min to determine a valid P* (reservoir 

pressure); then, the second flow period is used to collect a fluid sample and create a 

pressure disturbance at a distance beyond any damaged zone. The duration of the final 

flow period was typically 60 and 120 minutes.  
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Figure 3.4. Locations of the three sampling wells in the SMB 

 

3.2.2. Methods 

        Compared to the light to medium crude oils, the API (American Petroleum Institute) 

gravity measurements of the 20 heavy to extra heavy crude oil samples are more 

complicated, as the light to medium crude oils can flow (liquid appearance), so they can 

be introduced into the density meter for measurements directly, whereas heavy to extra 

heavy crude oils cannot flow (semisolid to solid phase), and thus have to be dissolved in 

certain organic solvents to decrease viscosity so that they can be injected into the density 

meter for testing. The density meter used in this study was DMA 48 Density/Specific 

Gravity/Concentration Meter from Anton Paar Instruments, Austria. The diluting organic 
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solvents used were toluene of HPLC (High Pressure Liquid Chromatography) grade from 

Fisher Scientific, USA, and the flushing and cleaning organic solvents were DCM 

(methylene chloride) (Certified ACS (American Chemical Society) and Stabilized) and 

acetone of Optima® also from Fisher Scientific, USA. The measured API gravities of the 

20 crude oil samples are listed in Table 3.1.  

Table 3.1. The basic information of the 20 natural crude oil samples 

Well DSTa(Sample #) Depthb (ft) 

Average depthc 

(ft) API gravity (degrees) 

Well 1 

(OCS-P-0395 

#1) 

-Unnamed 0395 

Oil Field 

4C#11-17(S4) 5679-5979 5829 13.0 

4D#25-28(S11) 5679-5979 5829 11.0 

4E#34-35(S2) 5679-5979 5829 0.3 

4E#32-33(S12) 5679-5979 5829 11.2 

4(S16) 5679-5979 5829 7.5 

4D#20-24(S19) 5679-5979 5829 13.4 

3C#10-12(S9) 6032-6302 6167 14.5 

3D#21-22(S10) 6032-6302 6167 10.9 

2A(S6) 6350-6500 6425 13.9 

2C#16-23(S15) 6350-6500 6425 12.9 

     Well 2 

(OCS-P-0424 

#1) 

-Santa Maria Oil 

Field 

2(S14) 3117-3310 3213.5 6.0 

    

Well 3 

(OCS-P-0449 

#1) 

-Electra Oil 

Field 

5(S8) 5765-6040 5902.5 12.9 

4B(S1) 6085-6385 6235 14.2 

4A(S18) 6085-6385 6235 10.1 

3A(S5) 6435-6605 6520 10.3 

2A(S3) 6640-6900 6770 10.7 

2A(S13) 6640-6900 6770 9.0 

2(S20) 6640-6900 6770 10.3 

1(S17) 6950-7170 7060 8.3 

1A(S7) 6950-7170 7060 10.3 
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a: drill stem test; b: TVD (True Vertical Depth); c: the average value of the upper and lower limits 

per sample. 

 

        Due to the high viscosity of the samples at room temperature and pressure, carbon 

disulfide (C184-500) with purity higher than 99% (v/v) from Fisher Scientific 

International, Inc. (USA) was used as a solvent in sampling from sample bottles for the 

whole-oil GC analyses. The well locations, sampling information, depth range, and API 

gravity measured are summarized in Table 3.1 for oils sampled in each well. Note that 

several depth zones have been sampled multiple times.  

        For trace element analyses, the Milestone UltraWAVE single reaction chamber 

(SRC) microwave system was used for strong acid digestion in sample preparation for the 

elemental analyses. The details of this digestion method to prepare carbon-free aqueous 

trace element solutions have been described by Casey et al. (2016) and Yang et al. (2017) 

[60-61]. The Agilent 725 ICP-OES and Agilent 8800 Triple Quad-ICP-MS (QQQ-ICP-

MS) were utilized for analyses of high abundance and low abundance elements, 

respectively. 

        The whole-oil bulk molecular characterization was conducted using an Agilent 6890 

Series GC equipped with a 7673 auto-sampler, a flame ionization detector (FID) set at 

320 oC, and a 50 m HP-1 capillary GC column with a 0.25 mm internal diameter (I.D.) 

and a 0.25 µm film coating of dimethyl-polysiloxane. The carrier gas used was helium at 

a rate of 38 ml/min, and the detector gas used was a mixture of air at 450 ml/min and 

hydrogen at 40 ml/min. The inlet was operated at 280 oC at a split ratio of 75:1. The oven 

temperature program was: 50 oC for 1 min; ramped to 310 oC at 10 oC/min; and then held 
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for 18 min; thus, the total run time was 45 min per natural crude oil sample. The peak 

correlations were achieved by use of external standards. The relative standard deviations 

of the GC measurements were within 4%. 

3.3. Results and Discussion 

        The analytical results of the 57 elements in the 20 natural crude oil samples are 

summarized in Table 3.2. Figure 3.5 indicates that the mass fractions of the 57 elements 

are almost all above the MQL (Method Quantitation Limit) and MDL (Method Detection 

Limit). The mass fractions of K in 4A(S18)-Well 3-Electra Oil Field and Tl in 2A(S3)-

Well 3-Electra Oil Field, 3A(S5)-Well 3-Electra Oil Field, and 4D#20-24(S19)-Well 1-

Unnamed 0395 Oil Field are between the MQL and MDL, and thus judged unquantified. 

Sulfur is the most abundant element tested in any of the 20 natural crude oil samples, 

ranging from 3.52 wt.% to 5.49 wt.% (average 4.46 wt.% and median 4.54 wt.%). The 

mass fractions of Na, Mg, Al, P, Ca, Ti, V, Cr, Fe, Ni, Cu, Zn, Ga, and Mo range between 

1 µg/g and 1 wt.%. The mass fractions of Li, Be, B, K, Sc, Mn, Co, Ge, As, Se, Rb, Sr, 

Y, Zr, Ag, Cd, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Hf, Ta, W, Pb, Th, and U range between 1 

ng/g and 1 µg/g. The mass fractions of Nb, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and 

Tl are below 1 ng/g.  
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Table 3.2. Analytical mass fractions (ng/g) of the tested elements in the 20 natural crude oil 

samples (S1-S20) 

Well # Well 1-Unnamed 0395 Oil Field 

Depth (ft) 5679-5979 6032-6302 6350-6500 

 Sample 

4C#11-

17(S4) 

4D#25-

28(S11) 

4E#34-

35(S2) 

4E#32-

33(S12) 4(S16) 

4D#20-

24(S19) 

3C#10-

12 (S9) 

3D#21-

22(S10) 2A(S6) 

2C#16-

23(S15) 

APIa 13.0 11.0 0.3 11.2 7.5 13.4 14.5 10.9 13.9 12.9 

Li 5.3 31.7 9.6 9.6 116 8.8 9.2 39.6 22.1 27.2 

Be 4.8 8.0 6.4 7.8 9.7 5.6 4.9 7.7 6.5 8.2 

B 475 863 462 563 797 531 600 1002 395 573 

Na 19307 228752 35708 38966 361136 33466 23912 211957 36082 194441 

Mg 23676 326671 28361 43866 103489 43915 19974 206113 67797 272634 

Al 2479 5131 1858 2887 33288 4473 3045 7881 4410 3444 

P 3689 2365 1635 2109 3439 1948 1675 1693 9203 2747 

Sb 4.78 4.84 5.49 4.66 5.25 4.01 3.97 4.76 4.43 4.17 

K 17.0 308 27.4 33.5 1912 41.7 49.4 162 76.6 440 

Ca 47802 478710 57473 71956 166432 79677 30250 287609 100380 357304 

Sc 109 116 137 179 97.9 127 128 176 83.9 109 

Ti 987 1098 1002 5738 2213 1001 1282 1272 970 931 

V 365453 400492 416741 389069 453952 362697 303026 381138 347139 369872 

Cr 1807 1685 1906 2000 2963 1538 1438 1862 1464 1646 

Mn 176 1104 222 257 792 188 97.2 897 326 1247 

Fe 9336 17861 10756 15300 103771 7748 7418 42130 23021 30765 

Co 124 157 157 157 235 119 108 156 115 151 

Ni 113254 122750 129610 121362 142943 112470 98776 121506 104615 109293 

Cu 7090 1472 1194 1318 19187 1420 5070 874 2098 904 

Zn 6585 3703 3688 3698 38419 3691 4405 4183 5550 3272 

Ga 1123 1258 1289 1363 1564 1152 1071 1313 1024 1154 

Ge 105 129 125 136 176 126 105 131 105 130 

As 1342 624 585 621 238 586 539 450 1037 467 

Se 538 645 641 671 1020 614 599 689 519 685 

Rb 3.7 57.5 12.2 11.9 196 7.7 8.8 79.2 12.4 53.3 

Sr 128 1314 188 238 1120 227 98.0 1093 306 1058 

Y 2.3 7.5 3.0 3.4 21.2 3.3 2.8 5.9 2.8 3.9 

Zr 211 244 250 321 323 223 182 257 204 250 

Nb 0.7 4.7 0.06 3.2 4.6 NDc ND ND ND 6.1 

Mo 2097 2276 2384 2461 3153 2025 1957 2404 2052 1997 

Ag 1.2 1.0 1.2 1.3 2.3 0.7 0.8 1.0 3.6 1.1 

Cd 82.7 98.7 117 109 113 78.6 48.8 71.9 59.4 69.3 

Sn 70.7 22.5 38.1 30.9 37.3 22.2 20.3 22.1 30.9 25.1 

Sb 30.6 27.6 34.1 30.0 43.3 24.1 23.9 26.1 24.2 26.7 

Cs 0.5 5.1 1.0 0.9 9.4 0.6 1.1 6.3 1.1 4.4 
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Ba 425 924 262 258 3311 381 505 1846 1183 1208 

La 3.6 6.7 4.8 4.7 18.3 4.6 4.0 6.2 4.4 5.1 

Ce 5.2 9.4 6.6 6.3 33.7 6.1 5.7 8.9 6.4 6.8 

Pr 0.7 1.3 0.9 0.9 4.5 0.9 0.8 1.2 0.8 1.0 

Nd 2.2 4.8 3.3 3.3 17.3 3.0 2.7 4.7 3.0 3.6 

Sm 0.6 1.0 0.8 0.6 3.5 0.6 0.6 0.9 0.6 0.8 

Eu 0.2 0.5 0.2 0.2 1.3 0.2 0.2 0.5 0.3 0.4 

Gd 0.5 1.1 0.6 0.6 3.7 0.6 0.6 1.0 0.5 0.8 

Tb 0.07 0.2 0.10 0.09 0.6 0.09 0.09 0.2 0.08 0.11 

Dy 0.4 0.9 0.5 0.6 3.3 0.5 0.6 1.0 0.5 0.7 

Ho 0.10 0.2 0.10 0.11 0.8 0.12 0.14 0.2 0.09 0.2 

Er 0.3 0.6 0.3 0.5 2.3 0.5 0.5 0.6 0.4 0.5 

Tm 0.07 0.09 0.05 0.05 0.3 0.05 0.08 0.10 0.05 0.08 

Yb 0.2 0.5 0.2 0.3 1.7 0.3 0.2 0.5 0.2 0.3 

Lu 0.06 0.10 0.05 0.04 0.3 0.05 0.08 0.10 0.05 0.08 

Hf 2.4 3.3 2.8 4.2 4.5 2.3 2.2 2.9 2.0 2.9 

Ta 3.2 1.1 2.8 4.2 1.3 2.4 0.8 1.0 0.4 3.7 

W 26.3 21.2 8.1 50.7 21.8 11.1 15.6 10.0 10.6 156 

Tl 0.3 0.2 0.15 0.2 2.4 0.07d 0.2 0.3 0.4 0.3 

Pb 404 134 89.2 116 6020 125 177 185 340 234 

Th 2.1 2.6 2.6 2.4 6.5 1.9 2.2 2.8 2.7 2.7 

U 16.0 16.4 15.5 15.6 25.7 14.8 17.6 15.5 14.2 13.8 
a: API gravity in degrees; b: the mass fraction values of sulfur are in wt.%; c: not detectable; d: not 

quantifiable. 
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(Table 3.2. Continued) 

Well # 

Well 2-

Santa 
Maria 

Oil Field Well 3-Electra Oil Field 

Depth (ft) 

3117-

3310 

5765-

6040 6085-6385 

6435-

6605 6640-6900 6950-7170 

Sample 2(S14) 5(S8) 4B(S1) 4A(S18) 3A(S5) 2A(S3) 2A(S13) 2(S20) 1(S17) 1A(S7) 

APIa 6.0 12.9 14.2 10.1 10.3 10.7 9.0 10.3 8.3 10.3 

Li 12485 109 1106 6.1 12.0 4.7 326 2063 352 7.7 

Be 70.5 6.4 4.1 3.7 3.6 3.7 6.0 20.4 10.7 2.9 

B 8383 7955 4089 351 553 383 8963 8793 3009 282 

Na 443444 964656 1276875 22348 61346 9152 4012076 577329 2355102 7224 

Mg 216082 578775 398517 6792 15224 518 850051 129179 918555 334 

Al 3615290 14908 5269 1412 733 740 9925 1140935 196635 632 

P 45158 18516 2123 1334 2056 1612 3747 142561 55092 3398 

Sc 4.64 4.72 4.22 4.22 4.87 4.93 3.52 3.77 3.99 4.00 

K 3680 10293 1049 10.6d 113 ND 4638 9054 502 ND 

Ca 2597861 500067 691207 12506 25872 1476 1033057 184988 1094423 1567 

Sc 467 102 99.2 104 105 120 156 257 165 91.1 

Ti 35957 1170 602 727 688 614 758 40143 10010 601 

V 345291 376154 302173 375361 368726 369672 289657 355890 461471 304576 

Cr 15964 1694 1417 1246 1414 1682 1395 4282 3622 999 

Mn 47792 1622 725 34.4 59.8 30.6 1041 9654 7900 17.1 

Fe 2790075 60187 15888 3670 2847 4157 25376 695174 673823 3275 

Co 1115 181 153 164 149 155 139 399 288 117 

Ni 105140 103155 91125 116288 115554 113485 85485 99194 103414 94820 

Cu ND 1486 297 370 419 149 477 467074 253000 230 

Zn 2528778 5605 2541 3556 3229 2118 3055 622952 204241 2298 

Ga 2596 1078 898 1120 1009 1020 901 1187 913 818 

Ge 363 143 103 136 106 105 113 177 193 87.5 

As 5561 1600 222 319 1075 282 352 13128 2577 788 

Se 2423 743 536 691 473 522 566 1239 843 415 

Rb 1107 2102 365 4.7 33.1 1.1 1267 2332 285 1.2 

Sr 12956 2389 3579 49.1 158 6.7 9319 2050 5445 10.0 

Y 390 20.3 8.7 5.5 1.7 1.2 19.2 139 76.0 0.9 

Zr 1342 183 135 159 142 149 152 564 459 114 

Nb 7.1 0.3 3.0 ND ND ND ND 59.7 17.0 2.6 

Mo 16402 4111 3089 3534 3369 3480 3122 10076 5399 2681 

Ag 202 19.8 0.6 1.1 98.4 0.4 0.4 31.7 18.7 0.4 

Cd 268544 166 90.4 100 39.0 37.5 90.2 104509 9697 36.2 

Sn 23255 226 1131 1560 154 29.8 121 3005 514 265 

Sb 2412 18.8 19.6 15.4 16.5 18.8 13.0 677 190 13.1 

Cs 44.6 8.9 14.7 0.2 0.8 0.2 44.5 17.1 26.8 0.12 
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Ba 2691 4028 2166 102 89.7 10.0 6490 4520 4792 239 

La 448 14.1 5.8 4.3 2.5 1.9 7.7 122 42.9 3.0 

Ce 1377 74.4 8.0 6.0 9.5 2.3 11.1 313 83.8 5.2 

Pr 193 3.2 1.3 0.9 0.5 0.3 2.0 41.5 13.0 0.3 

Nd 750 12.1 5.1 3.5 1.4 1.2 8.5 162 53.9 1.1 

Sm 121 2.6 1.2 0.8 0.5 0.4 1.9 30.9 11.2 0.3 

Eu 22.4 1.2 0.6 0.2 0.10 0.05 1.5 6.9 3.1 0.09 

Gd 96.3 3.3 1.3 0.8 0.3 0.3 2.4 27.1 11.8 0.2 

Tb 12.2 0.5 0.2 0.12 0.05 0.04 0.4 3.6 1.8 0.04 

Dy 61.1 2.7 1.2 0.7 0.3 0.2 2.3 19.7 10.7 0.2 

Ho 11.0 0.6 0.3 0.2 0.07 0.05 0.6 3.9 2.4 0.04 

Er 30.0 1.9 0.8 0.7 0.4 0.4 1.6 11.0 7.1 0.3 

Tm 3.9 0.3 0.12 0.08 0.04 0.02 0.2 1.5 1.0 0.03 

Yb 23.4 1.4 0.6 0.4 0.11 0.10 1.2 8.9 5.4 0.12 

Lu 3.6 0.3 0.10 0.07 0.03 0.02 0.2 1.4 0.9 0.02 

Hf 26.2 2.2 2.0 1.7 1.5 1.7 2.0 11.7 6.4 1.7 

Ta 0.13 1.0 2.8 1.1 1.1 2.1 1.4 0.2 1.0 0.8 

W 106 642 112 95.3 97.4 44.9 165 1319 239 24.3 

Tl 25.2 2.5 0.11 0.15 0.07d 0.05d 0.12 10.8 5.1 0.11 

Pb 725342 249 86.0 117 77.3 20.1 146 193933 56553 138 

Th 203 1.6 0.9 1.0 0.9 0.7 1.1 38.9 13.7 0.6 

U 95.5 24.4 6.8 8.1 5.8 5.6 8.3 54.4 55.7 4.6 
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Figure 3.5. Analyzing mass fractions of the tested elements in the 20 natural crude oil samples 

(S1-S20)  

*The 20 crude oil samples are 4B(S1), 4E#34-35(S2), 2A(S3), 4C#11-17(S4), 3A(S5), 2A(S6), 

1A(S7), 5(S8), 3C#10-12(S9), 3D#21-22(S10), 4D#25-28(S11), 4E#32-33(S12), 2A(S13), 

2(S14), 2C#16-23(S15), 4(S16), 1(S17), 4A(S18), 4D#20-24(S19), and 2(S20). 

 

        Various attempts have been made to classify natural crude oils systematically using 

the mass fraction values and ratios of V and Ni, and the mass fraction values of sulfur to 

conduct oil-source rock correlations analyses, and interpret the precursor organic matter 

types of generated natural crude oils and the source rock depositional environments [55, 

63-65]. Lewan (1984) proposed a systematic scheme classifying crude oils into three 

groups using V/(Ni + V) versus sulfur based on the theory that although the mass fraction 

values of V and Ni may change as a consequence of thermal maturation, migration, and 

reservoir alteration (e.g., water washing, biodegradation, evaporative fractionation) of 

crude oils, the mass fraction ratios of V to Ni are generally constant in spite of these 

processes in the lower maturity oils, and based on his analysis on the relationship 

between Eh-pH conditions and ratios of V and Ni contents [63].  
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        This method is limited to classification of non-biodegraded crude oils (API gravities 

higher than 20 generally) due to the fact that strong biodegradation typically results in 

significant increases of V, S, and Ni contents by decomposing the lighter parts (saturates 

and aromatics) in crude oils, and leaving the heavier parts (resins and asphaltenes) behind 

[63]. Barwise (1990) created another systematic scheme classifying crude oils into five 

groups based on the precursor organic matter types of crude oils, and the depositional 

environments and lithology of source rocks using the total content of V and Ni, and the 

ratio of Ni and V contents [55, 64]. The relationship between the source rock depositional 

environments and scatterings of V and Ni contents shown in Barwise’s classification 

scheme can be explained by Lewan and Maynard (1982) and Lewan (1984) reasonably 

[46, 55, 63]. Galarraga et al. (2008) proposed another systematic classification scheme 

using the contents of V and Ni based on real data observations of paleo-environments of 

the source rocks [65]. This scheme classifies crude oils based on V and Ni ratios and 

abundances into four groups based on a combination of depositional environments, redox 

conditions, and lithology of source rocks.  

        The samples 2A(S13)-Well 3-Electra Oil Field, 2C#16-23(S15)-Well 1-Unnamed 

0395 Oil Field, 3D#21-22(S10)-Well 1-Unnamed 0395 Oil Field, and 4E#34-35(S2)-

Well 1-Unnamed 0395 Oil Field that contain the lowest, less than the median, more than 

the median, and the highest total contents of V, Ni, and S, respectively, were selected for 

the whole-oil GC analysis to assess biodegradation effects. Figure 3.6 shows that the 

peaks of pristane and phytane are higher than nC17 and nC18, respectively, indicating that 

the crude oils might be subject to light biodegradation based on the widely used scale of 

Peters and Moldowan (1993) (Table 3.3) [66]. These results of light biodegradation 
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suggest that the trace element abundances and ratios are likely little effected by 

biodegradation.  

Table 3.3. The biodegradation ranking for typical crude oils (modified from Peters and 

Moldowan (1993) [66]) 

Biodegradation ranking Biomarker changes 

Light 

Lower homologs of n-alkanes depleted 

General depletion of n-alkanes 

Only traces of n-alkanes remain 

Moderate 
No n-alkanes, acyclic isoprenoids intact 

Acyclic isoprenoids absent 

Heavy 
Steranes partly degraded 

Steranes degraded, diasteranes intact 

Very heavy 
Hopanes partly degraded 

Hopanes absent, diasteranes attacked 

Severe C26-C29 aromatic steroids attacked 
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Figure 3.6. Whole-oil GC chromatograms for the four selected natural crude oil samples 

*The vertical axes are the intensity, and the horizontal axes are the retention time (min). 

 

        Based on the relatively low API gravities ranging from 0.3 to 14.5 (Table 3.1), and 

the high sulfur contents ranging from 3.52 wt.% to 5.49 wt.% (Table 3.2), the 20 natural 

crude oil samples examined in this study are likely high sulfur low maturity crude oils 

generated from the so-called “Type II-S” high sulfur kerogens [e.g., 26, 67], which is 

reinforced by the vitrinite reflectance values (0.27-0.48%) achieved from the nearby core 

analysis on the Monterey Formation from the Santa Maria Basin, Well Union Leroy 51-

18, conducted by Curiale and Odermatt (1989) [68]. As the crude oil samples are only 

light biodegraded [66], Lewan’s V/(V+Ni) versus S classification scheme is also likely 

usable for the interpretation on them. Figure 3.7 indicates that all the 20 crude oil samples 

fall into the Regime III of Lewan’s interpretive template, which is interpreted to indicate 

that V(IV) and V(III) under reducing condition are present and available. Conditions 

represent those under which vanadyl and trivalent vanadium cations are available for 

bonding but Ni2+ may be partially hindered by sulfide complexing. (high S contents and 

V/(V+Ni) fractions are greater than 0.56). These conditions suggest anoxic and sulfidic 
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conditions prevailed when organic complexes were metallized. The crude oils from the 

three wells appear to be generated from organic matter deposited under anoxic-reducing 

environmental conditions with a pH range of about 5-8.5 [63]. Filby (1994) and Barwise 

(1990) indicate that the Ni/V ratio of less than 0.5, total Ni and V content of more than 50 

ppm, and high sulfur may indicate a marine depositional environment of source rock and 

an organic matter type forming kerogen of phytoplankton/bacteria [55, 64]. The ratios of 

Ni to V contents in the 20 natural crude oil samples are between 0.22 and 0.33 (average 

0.30 and median 0.31), all of which are below 0.5. The total Ni and V contents in the 20 

natural crude oil samples are between 375 ppm and 597 ppm (average 477 ppm and 

median 479 ppm), all of which are greater than 50 ppm. The 20 natural crude oil samples 

have high sulfur contents (3.52 wt.%-5.49 wt.%, average 4.46 wt.% and median 4.54 

wt.%); therefore, the 20 natural crude oils are likely to have originated in marine 

environment with a precursor organic matter type of phytoplankton/bacteria based on 

Barwise’s classification scheme provided in Table 7 in Filby (1994) [55, 64].  

        Figure 3.8 shows a V versus Ni plot after Galarraga et al. (2008) [65], and indicates 

that almost all the 20 natural crude oil samples except 1(S17)-Well 3-Electra Oil Field are 

distributed along the line between the marine euxinic and marine-terrestrial oxic-disoxic 

depositional environments areas, and the crude oil sample, 1(S17)-Well 3-Electra Oil 

Field, is between the marine anoxic and marine euxinic depositional environments areas 

the; therefore, the 20 natural crude oil samples probably have a marine origin, and the 

depositional environment of source rock is probably anoxic to euxinic for 1(S17)-Well 3-

Electra Oil Field, and disoxic to euxinic for all the other 19 samples. The linear 

correlation coefficient (R2) between V and Ni of the 20 natural crude oil samples is 0.59, 
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whereas the R2 of all the other 19 samples without 1(S17)-Well 3-Electra Oil Field is 

0.90, which indicates that the 19 samples except 1(S17) may have the same or similar 

origin (Figure 3.8). 

 

Figure 3.7. Interpretation on the depositional environments of source rocks for the 20 natural 

crude oil samples using V / (Ni+V) versus sulfur contents (modified from Lewan (1984) [63]) 

 

 

Figure 3.8. Interpretation on the depositional environments of source rocks for the 20 natural 

crude oil samples using V and Ni contents values (modified from Galarraga et al. (2008) [65]) 
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        The achieved whole-oil GC analytical peak areas of different carbon compounds in 

the four selected crude oil samples (2A(S13)-Well 3-Electra Oil Field, 2C#16-23(S15)-

Well 1-Unnamed 0395 Oil Field, 3D#21-22(S10)-Well 1-Unnamed 0395 Oil Field, and 

4E#34-35(S2)-Well 1-Unnamed 0395 Oil Field) are summarized in Table 3.4. Figure 3.9 

indicates that the crude oils might be derived from mixed-marine organic matter (kerogen 

types II/III-II) that was deposited under reducing and transitional to marine environments 

[69-70], which is in agreement with the trace elemental analyses in this study. Based on 

Peters and Moldowan (1993), the pristane/phytane ratio of no more than 2 may indicate a 

marine organic matter input [66]. The ratios of the peak areas of pristane and phytane in 

the four selected crude oil samples are 0.65, 1.04, 1.05, and 1.00, respectively (Table 

3.4), all of which are less than 2. This may indicate a marine organic matter input for the 

four selected crude oil samples [66]. Based on Hughes et al. (1995), the source rocks 

(Monterey Formation) of all the four selected crude oil samples may have a marine 

anoxic depositional environment as all their pristane/phytane ratios are lower than or 

close to 1, and have carbonate to mixed (includes argillaceous carbonates, 

siliceous/phosphatic rocks, and marls) lithology [28], which agrees with Peters et al. 

(2019) [17]. Figure 3.10 shows a plot of carbon numbers (nC15-nC40) versus mole percent 

for the normal alkanes in the four selected crude oil samples in logarithmic scale for the 

vertical axis. The mole percent for a specific carbon number of normal alkane can be 

calculated by:  

Mole percent = (Individual peak area/Total peak area) × 100% (3.1). 
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All the four crude oil samples present a typical exponential functional distribution trends 

(y = Ae-αx), with correlation coefficients (R2) ranging from 0.9454 to 0.9643. The slight 

departures from the pure exponential trend may indicate minor alteration that is possibly 

due to migration [70-71]. The progressive increase of the mole percent values for nC11-

nC15 in all the four crude oil samples (2A(S13)-Well 3-Electra Oil Field: 2.6%, 4.7%, 

5.5%, 6.5%, 7.5%; 2C#16-23(S15)-Well 1-Unnamed 0395 Oil Field: 3.5%, 5.7%, 7.6%, 

7.6%, 10.0%; 3D#21-22(S10)-Well 1-Unnamed 0395 Oil Field: 2.0%, 4.9%, 7.2%, 8.0%, 

9.7%; 4E#34-35(S2)-Well 1-Unnamed 0395 Oil Field: 3.3%, 5.7%, 7.8%, 8.6%, 9.8%) 

could have been an effect of volatilization during the sample preparation.  
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Table 3.4. Whole-oil GC analytical peak areas of different carbon compounds in the four selected 

crude oil samples 

Carbon 

compou

nds 

2A(S13)-

Well 3-

Electra Oil 

Field 

2C#16-23(S15)-

Well 1-Unnamed 

0395 Oil Field 

3D#21-22(S10)-

Well 1-Unnamed 

0395 Oil Field 

4E#34-35(S2)-

Well 1-Unnamed 

0395 Oil Field 

nC11 1119 1517 1263 1580 

nC12 2008 2474 3105 2690 

nC13 2368 3316 4564 3734 

nC14 2821 3317 5038 4083 

nC15 3253 4344 6147 4663 

nC16 2737 3666 5286 3901 

nC17 2746 3918 6023 4121 

Pristane 2942 6018 9205 5710 

nC18 2910 3922 6197 4216 

Phytane 4527 5762 8726 5733 

nC19 3154 3781 6173 4234 

nC20 2679 3073 4319 3094 

nC21 2205 2125 3126 2313 

nC22 2275 1880 2898 2095 

nC23 1912 1425 2133 1555 

nC24 1881 1135 1705 1296 

nC25 1326 677 953 733 

nC26 1213 547 876 674 

nC27 859 348 554 420 

nC28 832 267 486 327 

nC29 757 228 372 251 

nC30 707 241 369 279 

nC31 589 161 267 189 

nC32 521 160 222 197 

nC33 464 177 238 191 

nC34 411 132 204 170 

nC35 315 82 151 111 

nC36 242 101 108 108 

nC37 303 146 192 157 

nC38 292 132 163 124 

nC39 92 64 52 33 

nC40 104 72 53 45 

 



143 
 

 

Figure 3.9. Peak area ratios of pristane/nC17 versus phytane/nC18 for the four selected crude oil 

samples 2A(S13), 2C#16-23(S15), 3D#21-22(S10), and 4E#34-35(S2) (in the dash circle) (the 

interpretive template was modified from Shanmugam (1985) and Mei et al. (2018) [69-70]) 

 

 

Figure 3.10. Normal alkane (nC11-nC40) distributions for the four selected crude oil samples 

2A(S13), 2C#16-23(S15), 3D#21-22(S10), and 4E#34-35(S2) (after Thompson (2016) [71]) 
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        REEs (rare earth elements) mass fraction distribution patterns have been proven to 

be valuable tools in geological and geochemical characterization and determination of the 

provenances, and thermal maturation and depositional environments of source rocks due 

to their similar chemical performances [72-73]. Yttrium is grouped frequently with REE 

in many cases known as REY (rare earth elements and yttrium) because of the similarity 

of chemical behaviors between Y and Ho [74], and that yttrium is always found together 

with REE ores in the nature [75]. Yttrium was placed between Dy and Ho since the three 

elements all have the same charges (+3), and the ionic radii of Dy (105.2 pm) and Ho 

(104.1 pm) are close to Y (104 pm) [76-77]. The REY contents of the studied natural 

crude oil samples were normalized to the PAAS (Post Archean Australian Shales) 

reported by Pourmand et al. (2012) [78], and marked as the subscript SN for source rock 

depositional environments analyses (Figure 3.11).  

        Although the REY prefer the positive trivalent oxidation state, a portion of Ce in the 

oxygen-rich surface waters above the chemocline (usually the boundary or interface 

between the water column and bottom sediments [79]) will be oxidized to +4 oxidation 

state. Ce4+ is insoluble in seawater and will be adsorbed onto the surface of 

ferromanganese oxyhydroxides and oxides to precipitate, leading to Ce depletion relative 

to the other positive trivalent REEs (or negative Ce anomalies) in seawater and precursor 

organic matters of crude oils and thereafter crude oils, and Ce enrichment in the bottom 

sediments [80-82]. Positive Ce anomalies in crude oils may be explained by that as the 

water column is becoming more and more reducing, the tetravalent Ce can be reduced 

and released back into the water column, and participate in the elemental exchanges 

between organisms and seawater [83-86], and eventually incorporated into crude oils. 
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Since the Ce anomaly is of significance in geochemical and environmental redox 

condition-related investigations, various calculation approaches have been developed to 

reflect it. The method proposed by Lawrence et al. (2006) was used in this study, as it 

avoids using La, whose anomalies will interfere the Ce anomalies considerably for the 

traditional method [74, 87]. The Ce anomalies can be calculated by: 

CeSN/Ce*SN = [Ce]SN/(([Pr]SN)2/[Nd]SN) [87] (3.2). 

Under reducing conditions, Eu can be partially reduced to +2 oxidation state, which is 

similar to Ba (II) in coordination number and size, and like BaSO4, the sulfate of Eu (II) 

is insoluble as well, and thereby will be scavenged from the water column, bringing about 

negative Eu anomalies for seawater [74, 88]. Positive Eu anomalies are typically 

attributed to Eu-enriched hydrothermal vent fluids sourced at the mid-ocean ridge 

systems, which can be delivered to the oxygen-rich surface water (or photic zone) 

through upwelling processes [89-91]. Then the carried Eu may participate in the 

elemental exchanges between organisms and seawater, resulting in relative enrichment of 

Eu in crude oils ultimately. In addition, commonly some special ecosystems exist around 

hydrothermal vent sources, which is likely to provide another way for the Eu contained in 

hydrothermal vent fluids to enter organic systems, and thereafter crude oils. The Eu 

anomalies can be calculated by: 

EuSN/Eu*SN = 2 × [Eu]SN/([Sm]SN + [Gd]SN) [74] (3.3). 

We used the following equation to calculate the Y anomalies: 

YSN/Y*SN = 2 × [Y]SN/([Dy]SN + [Ho]SN) (3.4). 
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The shale normalized Ce, Eu, and Y anomalies of the crude oil samples are summarized 

in Table 3.5. Ce, Eu, and Y anomalies were observed in the sample set (Figure 3.11-

3.12). The Ce anomalies are between 0.767 and 2.726 (average 1.040 and median 0.839), 

showing positive anomalies for 3A(S5)-Well 3-Electra Oil Field, 1A(S7)-Well 3-Electra 

Oil Field, and 5(S8)-Well 3-Electra Oil Field, and slightly negative anomalies for the 

other 17 samples (Figure 3.11-3.12). The Y anomalies are between 0.847 and 1.445 

(average 1.179 and median 1.169), showing slightly negative anomalies for 4C#11-

17(S4)-Well 1-Unnamed 0395 Oil Field, 3C#10-12(S9)-Well 1-Unnamed 0395 Oil Field, 

2C#16-23(S15)-Well 1-Unnamed 0395 Oil Field, 3A(S5)-Well 3-Electra Oil Field, and 

1A(S7)-Well 3-Electra Oil Field, and positive anomalies for the other 15 samples (Figure 

3.11-3.12). The ratios of PAAS normalized light REE (LREE) and heavy REE (HREE) 

were used in this study to analyze the relative enrichment of LREE to HREE. The 

LREESN/HREESN can be calculated by: 

LREESN/HREESN = ([La]SN + [Ce]SN + [Pr]SN + [Nd]SN)/([Ho]SN + [Er]SN + [Tm]SN + 

[Yb]SN + [Lu]SN) [74] (3.5). 

The LREESN/HREESN of the crude oil samples ranges from 0.296 to 1.447 (average 0.585 

and median 0.502), showing relative enrichment of LREE for 2(S14)-Well 2-Santa Maria 

Oil Field, and depletion of LREE for the other 19 samples (Table 3.5). Most samples 

have slightly negative Ce anomalies, positive Y anomalies, and relative depletion of 

LREE, showing a REY distribution pattern similar to authigenic carbonate [74], 

indicating that carbonates may be a critical source rock for the crude oils. The Eu 

anomalies are between 0.914 and 3.773 (average 1.942 and median 1.797), showing 
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relatively slightly negative anomaly for only 2A(S3)-Well 3-Electra Oil Field, and 

positive anomalies for the other 19 samples.  

        Positive anomalies are typically not observed in seawater, but may be caused by the 

active submarine hydrothermal vent fluid fields located in the Californian coastal areas 

and East and Northwest Pacific areas, as well as onshore California [92]. Generally, 

hydrothermal vent fluids possess a strikingly positive Eu anomaly that even can be much 

higher than in basalts or gabbros they alter [92-94]. The fact that most of the samples 

show varying positive Eu anomalies, and they are often observed in waters that have 

interacted with rocks, not only during high temperatures (~400 °C) water-rock interaction 

such as seafloor hydrothermal fluids, but also during relatively low temperature 

interactions less than 100 °C. This may suggest a hydrothermal signature. Nakada et al. 

(2017) has suggested that the Eu anomaly becomes larger with increasing temperatures 

for fluid-rock interaction [95].  

        The Monterey Formation may have been subjected to hydrothermal activity 

associated with magmatic and slab window effects as a consequence of the Farallon-

Pacific Ridge subduction, higher heat flow, and later transtensional and transpressional 

deformation that has effected the formation in the study area. These anomalies appear 

consistent with recent Re-Os studies on these oils by Silva (2019) that suggest that 

hydrothermal activity in the region effected the Re-Os isotopic values in the oils [96]. 

The positive Er anomalies are conspicuous for low abundance samples, 2A(S3)-Well 3-

Electra Oil Field, 3A(S5)-Well 3-Electra Oil Field, 1A(S7)-Well 3-Electra Oil Field, 

4E#32-33(S12)-Well 1-Unnamed 0395 Oil Field, 4A(S18)-Well 3-Electra Oil Field, and 
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4D#20-24(S19)-Well 1-Unnamed 0395 Oil Field, and may indicate proximity to the 

quantitation limits for Er. 

Table 3.5. REE ratios calculated for the 20 natural crude oil samples 

Well 

Depth 

(ft) Sample LREESN/HREESN CeSN/Ce*SN EuSN/Eu*SN YSN/Y*SN 

1-

Unnamed 

0395 Oil 

Field 

5679-

5979 

4C#11-17(S4) 0.484 0.809 2.047 0.977 

4D#25-28(S11) 0.515 0.850 2.518 1.445 

4E#34-35(S2) 0.712 0.809 1.401 1.199 

4E#32-33(S12) 0.650 0.885 1.578 1.160 

4(S16) 0.486 0.885 1.865 1.156 

4D#20-24(S19) 0.578 0.770 1.626 1.131 

6032-

6302 

3C#10-12(S9) 0.427 0.777 1.770 0.847 

3D#21-22(S10) 0.473 0.877 2.746 1.123 

6350-

6500 

2A(S6) 0.663 0.902 2.982 1.177 

2C#16-23(S15) 0.489 0.784 2.565 0.966 

2-Santa 

Maria 

Oil Field 

3117-

3310 2(S14) 1.447 0.867 1.099 1.305 

3-Electra 

Oil Field 

5765-

6040 5(S8) 0.639 2.726 2.176 1.344 

6085-

6385 

4B(S1) 0.403 0.783 2.736 1.336 

4A(S18) 0.411 0.808 1.245 1.360 

6435-

6605 3A(S5) 0.643 2.113 1.295 0.946 

6640-

6900 

2A(S3) 0.438 0.826 0.914 1.004 

2A(S13) 0.296 0.767 3.773 1.444 

2(S20) 0.881 0.922 1.256 1.372 

6950-

7170 

1(S17) 0.438 0.829 1.425 1.297 

1A(S7) 0.627 1.810 1.824 0.994 

 



149 
 

 

Figure 3.11. REY PAAS normalized distribution patterns of the 20 natural crude oil samples (the 

data of PAAS are from Pourmand et al. (2012) [78]) 

*The 20 crude oil samples are 4B(S1), 4E#34-35(S2), 2A(S3), 4C#11-17(S4), 3A(S5), 2A(S6), 

1A(S7), 5(S8), 3C#10-12(S9), 3D#21-22(S10), 4D#25-28(S11), 4E#32-33(S12), 2A(S13), 

2(S14), 2C#16-23(S15), 4(S16), 1(S17), 4A(S18), 4D#20-24(S19), and 2(S20). 
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Figure 3.12. Distributions of PAAS normalized Ce, Eu, and Y anomalies of the crude oils from 

the three wells with depth (the data of PAAS are from Pourmand et al. (2012) [78]) 

*The vertical red lines represent the average values of CeSN/Ce*SN, EuSN/Eu*SN, and YSN/Y*SN for 

the crude oil samples from Well 1-Unnamed 0395 Oil Field, respectively. The vertical blue lines 

represent the values of CeSN/Ce*SN, EuSN/Eu*SN, and YSN/Y*SN for the crude oil sample from Well 

2-Santa Maria Oil Field, respectively. The vertical green lines represent the average values of 

CeSN/Ce*SN, EuSN/Eu*SN, and YSN/Y*SN for the crude oil samples from Well 3-Electra Oil Field, 

respectively. The vertical black lines represent the value of 1. 

 

        Certain organophilic and redox sensitive elements (i.e., Mn, U, V, Mo, Cr, Co, P, 

Ba, Ni, Cu, Zn, and Cd) in marine sediments have been proven to be useful proxies for 

paleoenvironments and paleoproductivity conditions [79, 97-99]. However, the analysis 

on the applications of these elements in crude oils on indicating the organic matter types, 

depositional environments (i.e., redox conditions, marine or lacustrine or terrestrial 

origins), lithology, and thermal maturity of source rocks, migration, and alteration is still 

in the early stage. It is known that trace elements are generally delivered to the seawater 

by surface runoff and groundwater from the land. The mechanisms of how most trace 

elements are eventually incorporated into organic matter and crude oils, their fractions 

fixed into crude oils according to the total trace elements flux scavenged from the water 
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column, the existing forms (e.g., organic or inorganic compounds) of most trace elements 

in crude oils, and the relative fraction of each form are still not clear. The incorporation 

mechanisms and primary existing forms of only V and Ni are relatively clear compared to 

the other trace elements in crude oils [46, 100-102].  

        Solving these problems may require a comprehensive and systematic trace elemental 

study on different components of crude oils (e.g., resins, asphaltenes, other organic and 

inorganic compounds), kerogens, extractable organic matters, and other important 

precursor organic matters (e.g., chlorophyll), planktons, bacteria, plants, minerals, rocks, 

etc., or everything that can potentially be the primary providers or transporters of certain 

trace elements. In another aspect, no crude oil reference material has been standardized 

for comprehensive multi-element abundances that can be used for comparative, and then 

quantitative, and finally qualitative analyses on the geochemical characterization for 

crude oils. This also makes it difficult to estimate the degree of enrichment quantitatively 

(i.e., enrichment factor [79, 103]) for multiple trace elements in crude oils. Only V, Ni, 

and S have been successfully developed and widely used for geochemical fingerprinting 

for crude oils [55, 63-64].  

        The development of crude oil standard reference materials may be interfered by a 

variety of factors that potentially influence the original abundances of trace elements in 

both marine and land derived crude oils, which include local sedimentation rate, 

diagenetic mobility issues, migration and entrapment processes (i.e., interaction with 

surrounding minerals, rocks, interstitial fluids, bacteria, etc.), alteration, and even 

potential contamination issues encountered in the industrial exploration, development, 
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production, and sampling stages. These are also the reasons for the fact that single 

element fractionations or any other geochemical indicator cannot be relied on alone for 

the petroleum geochemical fingerprinting; therefore, synchronous detailed elemental, 

isotopic, and molecular investigations should be conducted for inter- inspection and 

verification if possible [55]. 

        With all the 20 natural crude oil samples used, the Mg/Al versus Ca/Al presents 

correlation coefficients of up to 0.9890 and 0.9251 for Well 1-Unnamed 0395 Oil Field 

and Well 3-Electra Oil Field, respectively, and the bulk correlation coefficient for all the 

20 natural crude oil samples is up to 0.9497, which indicates that dolomite is likely to be 

a major source of the Mg and Ca in the crude oils (Figure 3.13) [104]. The Mg and Ca 

can be incorporated into the crude oils during oil migration or preservation. In contrast, 

the non-linear relationship between the P/Al and Ca/Al does not show an apatite origin of 

the P and Ca in the crude oils (Figure 3.14) [104]. This is in agreement with Dunham and 

Cotton-Thornton (1990) and Odermatt and Curiale (1991) that the major carbonate rock 

type in the Monterey Formation is dolomite [56, 105].  
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Figure 3.13. Correlations between the ratios of Mg and Al mass fractions and the ratios of Ca and 

Al mass fractions for the natural crude oils from different wells 

 

 

Figure 3.14. Correlations between the ratios of P and Al mass fractions and the ratios of Ca and 

Al mass fractions for the natural crude oils from different wells 
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        The V/Mo (both are organophilic elements) in the crude oils are 144-185 for Well 1-

Unnamed 0395 Oil Field, 21.1 for Well 2-Santa Maria Oil Field, and 35-114 for Well 3-

Electra Oil Field (Table 3.2). According to Odermatt and Curiale (1991), based on 

sampling of the Monterey Formation core from Well Union Leroy 51-18 in the Santa 

Maria Basin on shore nearby the three wells sampled here, the V/Mo of EOM 

(extractable organic matter) in the Monterey Formation ranges from 9.6 to 180, but only 

ranges from 0.2 to 6.5 for kerogen [56], which means that the crude oils of all the three 

wells can be potentially matched to the EOM (Figure 3.15). The Ni/Mo in the crude oils 

are 45.3-55.5 for Well 1-Unnamed 0395 Oil Field, 6.4 for Well 2-Santa Maria Oil Field, 

and 9.8-35.4 for Well 3-Electra Oil Field (Table 3.2). The Ni/Mo of EOM in the 

Monterey Formation ranges from 2.6 to 150, but only ranges from 0.2 to 6.9 for kerogen 

[56]. The crude oils of all the three wells match the EOM ratios observed (Figure 3.15).  

        In summary, the crude oils of all the three wells can be matched to the EOM from 

different stratigraphic levels on the Monterey Formation. For the distributions of V/Mo 

and Ni/Mo of the crude oils, each well is also distinct (Figure 3.16). They may be 

partially correlated with restricted intervals of the stratigraphy (or lithofacies) 

documented by Odermatt and Curiale (1991) [56]. The crude oils from Well 1-Unnamed 

0395 Oil Field and Well 3-Electra Oil Field may be dominantly derived from the 

Phosphatic-carbonate lithofacies, and the crude oil from Well 2-Santa Maria Oil Field 

may be derived from the Siliceous lithofacies (Figure 3.15) [56]. Figure 3.17 shows that 

both the distributions of V/Mo versus Mo and Ni/Mo versus Mo are distinct for the EOM 
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and kerogen in the Monterey Formation. Each well has a distinct range of crude oil 

compositions based on these ratios, and each well shows overlap and a good correlation 

with the certain ranges of EOM from various depths, indicating a potential EOM match.  

 

Figure 3.15. Distributions of V/Mo and Ni/Mo of EOM and kerogen in the Monterey Formation 

with depth (modified from Odermatt and Curiale (1991) [56]) 

*The EOM and kerogen samples in the red circles are from dolomite, and the others are from 

shale. The red lines represent the average values of V/Mo and Ni/Mo for the crude oil samples 

from Well 1-Unnamed 0395 Oil Field, respectively. The blue lines represent the values of V/Mo 

and Ni/Mo for the crude oil sample from Well 2-Santa Maria Oil Field, respectively. The green 

lines represent the average values of V/Mo and Ni/Mo for the crude oil samples from Well 3-

Electra Oil Field, respectively.  

 

 



156 
 

 

Figure 3.16. Distributions of V/Mo and Ni/Mo of the crude oils from the three wells with depth 

*The vertical red lines represent the average values of V/Mo and Ni/Mo for the crude oil samples 

from Well 1-Unnamed 0395 Oil Field, respectively. The vertical blue lines represent the values of 

V/Mo and Ni/Mo for the crude oil sample from Well 2-Santa Maria Oil Field, respectively. The 

vertical green lines represent the average values of V/Mo and Ni/Mo for the crude oil samples 

from Well 3-Electra Oil Field, respectively. The horizontal black solid lines represent the top and 

base of the Monterey Formation for Well 1 and Well 2, respectively [29, 106].  
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Figure 3.17. Distributions of V/Mo versus the contents of Mo and Ni/Mo versus the contents of 

Mo for the EOM and kerogen in the Monterey Formation and the crude oils from the three wells 

(modified from Odermatt and Curiale (1991) [56]) 

 

        The V/(Ni+V) in the crude oils from the three wells ranges from 0.75 to 0.82 

(average 0.77 and median 0.76). Figure 3.18 indicates that the V/(Ni+V) in the crude oils 

from the three wells likely correlates with the V/(Ni+V) in the Siliceous lithofacies [56]; 

however, in the Phosphatic-carbonate lithofacies, some EOM samples also have high 

V/(Ni+V) values that are close to the V/(Ni+V) values in the crude oils from the three 

wells [56], which also reveals a potential correlation between the crude oils from the 

three wells and the EOM in the Phosphatic-carbonate lithofacies (Figure 3.18). Based on 

the organic geochemical analyses on the whole rock in the Monterey Formation 

conducted by Curiale and Odermatt (1989), the Phosphatic-carbonate lithofacies is 
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generally considered a better source rock for the crude oils relative to the Siliceous 

lithofacies, because rocks showed higher hydrogen indices at constant thermal maturity 

(Figure 3.19), although both lithofacies have considerable portions of potential or 

effective source rocks based on high TOC and hydrocarbon generation potential (S1+S2) 

(Figure 3.20) [107]. In summary, the distributions of V/Mo and Ni/Mo of EOM, kerogen, 

and the crude oils from the three wells indicate that the Phosphatic-carbonate lithofacies 

is likely the primary source rock for the crude oils from the three wells. The V/(Ni+V) 

values indicate that the Siliceous lithofacies may be the primary source rock, but the 

Phosphatic-carbonate lithofacies also can be a significant source rock of the crude oils. 

The organic geochemical investigations reveal that the Phosphatic-carbonate lithofacies 

has generally higher hydrogen indices, and both lithofacies have significant portions of 

potential or effective source rocks [107].  

        Based on the combination of the above mentioned evidences, the Phosphatic-

carbonate lithofacies is likely the principal source rock, while the Siliceous lithofacies 

also can be a critical source rock of the crude oils. The crude oils generated from this 

zone may also have mixed sources of both lithofacies. Willingham et al. (2013) and 

Sorlien et al. (1999) reported the top and base depths for the Monterey Formation in Well 

1-Unnamed 0395 Oil Field (OCS-P-0395#1) and Well 2-Santa Maria Oil Field (OCS-P-

0424#1) [29, 106]. The top and base depths of the Monterey Formation in Well 1-

Unnamed 0395 Oil Field (OCS-P-0395#1) are 1,542 m (5,059 ft) and 1,895 m (6,217 ft), 

respectively [29]. The top and base depths of the Monterey Formation in Well 2-Santa 

Maria Oil Field (OCS-P-0424#1) are 911 m (2,989 ft) and 1,024 m (3,360 ft), 

respectively [106]. Most crude oils sampled in Well 1-Unnamed 0395 Oil Field were 
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collected within the depth range of the Monterey Formation except 2A(S6) and 2C#16-

23(S15), which were sampled from a deeper depth (Figure 3.16).  

        Based on Table 7 in Willingham et al. (2013), the base depth of Well 1-Unnamed 

0395 Oil Field is 2,355 m (7,726 ft), and this depth does not reach the Top pre-Miocene 

basement unconformity [29]; therefore, based on Figure 6 in Willingham et al. (2013), 

the two samples 2A(S6) and 2C#16-23(S15) were likely sampled from either the Point 

Sal Formation or Obispo Formation [29], and have been highlighted in black hollow 

circles in Figure 3.7-3.21. The two samples do not show apparent distinction from the 

other eight samples in Well 1-Unnamed 0395 Oil Field in most figures except Figure 

3.13, which shows that the sample 2C#16-23(S15) has a high Ca/Al ratio and Mg/Al 

ratio, which is due to the high Ca and Mg concentrations in this sample (Table 3.2). The 

Ca and Mg concentrations in the sample 2C#16-23(S15) are only lower than that in the 

sample 4D#25-28(S11), and higher than all the other samples, indicating that dolomite 

may be a critical source rock for the sample 2C#16-23(S15). The crude oil 2(S14) 

sampled in Well 2-Santa Maria Oil Field was collected within the depth range of the 

Monterey Formation (Figure 3.16).  

        Based on the core analyses of Well Union Leroy 51-18 on the Monterey Formation 

conducted by Dunham and Cotton-Thornton (1990), shale has a much higher TOC (6.2-

21.12%, average 12.68% and median 11.00%) than dolomite (0.07-5.65%, average 

1.86% and median 1.80%) [105], which indicates that shale may be the primary source 

rock in the Monterey Formation; nevertheless, based on the whole rock TOC, hydrogen 

indices, and Rock-Eval pyrolytic analyses on the core of the Monterey Formation from 
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the same well conducted by Curiale and Odermatt (1989), the dolomite in the Phosphatic-

carbonate lithofacies also has high hydrogen indices (Figure 3.19) [107]. Figure 3.20 

shows that four out of the eight dolomite samples from the Phosphatic-carbonate 

lithofacies fall into the excellent source rock area, and the other four dolomite samples 

fall into the good source rock area; hence, both shale and dolomite are likely to be the 

primary source rock [107].  

        Figure 3.21 shows the correlations between the API gravities and V, Ni, and S for 

the crude oils from the three wells. The crude oils from Well 1-Unnamed 0395 Oil Field 

show a general negative correlation between the API gravities and V, Ni, and S. This may 

be due to the fact that V, Ni, and S are generally in asphaltenes and other polar 

constituents in crude oil [64]; thus, the heavier the crude oil, the lower the API gravity, 

the higher the abundances of V, Ni, and S. The crude oil sample, 4E#34-35(S2)-Well 1-

Unnamed 0395 Oil Field, has the lowest API gravity of 0.3. This indicates that it is likely 

to be a tar, which can be formed during reservoir alteration processes (e.g., 

biodegradation, asphaltene precipitation, water washing).  
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Figure 3.18. Distributions of V/(Ni+V) in EOM and kerogen [56], and the crude oils from the 

three wells with depth 

*The vertical dash lines represent the lowest and highest values of V/(Ni+V), respectively, in the 

crude oils from the three wells. The vertical solid line represents the average value of V/(Ni+V) 

in the crude oils from the three wells. 

 

 

Figure 3.19. Distributions of TOC, hydrogen index (HI), and hydrocarbon generation potential 

(S1+S2) for the whole rock samples from the Monterey Formation with depth [107] 

*The HI is in mg hydrocarbon per gram organic carbon, and the (S1+S2) is in mg hydrocarbons 

per gram rock. 
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Figure 3.20. Correlations between the TOC and hydrocarbon generation potential (S1+S2) for the 

whole rock samples from the Monterey Formation [107] 

*The (S1+S2) is in mg hydrocarbons per gram rock. 

 

 

Figure 3.21. Correlations between the API gravities and V, Ni, and S for the crude oils from the 

three wells 
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3.4. Conclusions 

        We examined up to 57 trace and ultra-trace elements, normal alkanes, pristane, and 

phytane in the crude oils from the Santa Maria Basin, California, and obtained the 

following conclusions. Based on the widely used scale of Peters and Moldowan (1993) 

(Table 3.3) [66], the crude oils from the three wells might be subject to light 

biodegradation, as the peaks of pristane and phytane are higher than nC17 and nC18, 

respectively (Figure 3.6). All the crude oils from the three wells are in the Regime III of 

Lewan’s interpretive template (high S contents and V/(V+Ni) fractions are greater than 

0.56) (Figure 3.7), indicating that V(IV) and V(III) under reducing condition are present, 

and Ni2+ may be partially hindered by forming NiS precipitates [63]. The precursor 

organic matter of the crude oils from the three wells appears to deposit under anoxic-

reducing depositional environment with a pH range of ~5-8.5 [63].  

        Based on the classification scheme proposed by Barwise (1990) and Filby (1994), 

all the crude oils from the three wells show a marine depositional environment of source 

rock and an organic matter type forming kerogen of phytoplankton/bacteria (high S 

contents, Ni/V < 0.5, and total V and Ni contents > 50 ppm) [55, 64]. Based on the 

classification scheme proposed by Galarraga et al. (2008), almost all the crude oils are 

showing a disoxic to euxinic depositional environment with a marine origin except that 

1(S17)-Well 3-Electra Oil Field shows an anoxic to euxinic depositional environment 

(Figure 3.8) [65]. The whole-oil GC analyses on pristane/nC17 versus phytane/nC18 show 

that the crude oils might be derived from mixed-marine organic matter (kerogen types 



164 
 

II/III-II) that was deposited under reducing and transitional to marine environments 

(Figure 3.9) [69-70]. The pristane/phytane ratios of the crude oils of no more than 2 may 

indicate a marine organic matter input [66].  

        The exponential correlation coefficients (0.9454-0.9593) showing slight departures 

from the pure exponential trend of the crude oils in mole percent analysis indicate that the 

crude oils might have been subject to minor alteration (Figure 3.10) [70-71]. Most crude 

oils from the three wells have slightly negative Ce anomalies, positive Y anomalies, and 

relative depletion of LREE, showing a REY distribution pattern similar to authigenic 

carbonate (Table 3.5) (Figure 3.11-3.12) [74], which indicates that carbonates may be a 

critical source rock for the crude oils. Most crude oils show various positive Eu 

anomalies (Table 3.5) (Figure 3.11-3.12), and the Eu anomalies can be present in waters 

of either high (~400 °C) or low (< 100 °C) temperatures. This may reveal a hydrothermal 

signature in the samples, and the Monterey Formation may have been subjected to 

hydrothermal activities [92-94]. The Mg/Al versus Ca/Al show correlation coefficients 

higher than 0.925 for the crude oil samples from each well, indicating that dolomite may 

be a major source for the Mg and Ca in the crude oils (Figure 3.13) [104]. The Mg and 

Ca can be incorporated into the crude oils during oil migration or preservation. The non-

linear correlations between P/Al and Ca/Al does not show an apatite origin of the P and 

Ca in the crude oils (Figure 3.14) [104].  

        The comparison between the V, Ni, and Mo examination on organic matter in the 

Monterey Formation conducted by Odermatt and Curiale (1991) and our trace elemental 

analyses on the crude oils from the three wells indicates that the crude oils were likely 
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primarily derived from EOM and the Phosphatic-carbonate lithofacies, and each well is 

distinct for the distributions of V/Mo and Ni/Mo of the crude oils (Figure 3.15-3.17) [56]; 

nevertheless, the analyses on V/(Ni+V) for the organic matter and crude oils, and the 

organic geochemical analyses on the whole rock in the Monterey Formation indicate that 

the Siliceous lithofacies also appears to be potential or effective source rocks, and also 

can be a critical source rock for the crude oils from the three wells (Figure 3.18-3.20) [56, 

68]. The source rock quality investigations (TOC versus (S1+S2)) for the whole rock in 

the Monterey Formation show that both shale and dolomite are potential or effective 

source rocks (Figure 3.20) [68]. The crude oils from Well 1-Unnamed 0395 Oil Field 

show a general negative correlation between the API gravities and V, Ni, and S (Figure 

3.21), which may be because V, Ni, and S are generally in asphaltenes and other polar 

constituents in crude oil [64]. 
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ABSTRACT 

        Multiple trace elements in crude oils are of great importance in helping 

understanding oil formation, oil-oil correlations, oil-source rock correlations, oil 

migration, maturation of organic matters, and the depositional environment of source 

rocks, deciding if specific trace metal elements should be removed prior to refinery, and 

understanding if high abundances of toxic trace metal elements are doing harm to the 

local environment. Crude oil is a very complex mixture of both organic and inorganic 

matters. It requires pretreatment (sample preparation) prior to introduced into analytical 

instruments. Direct introduction and mineralization are the most widely used sample 

preparation techniques. Direct introduction includes direct introduction of crude oil after 

dilution with organic solvent and direct emulsion/micro-emulsion introduction. 

Mineralization includes strong acid digestion and ashing, or wet or dry combustion. For 

microwave assisted strong acid digestion, SRC (single reaction chamber) systems are 

more efficient in determining trace elements than rotor-based systems. FAAS (flame 

atomic absorption spectrometry), ET-AAS (electrothermal atomic absorption 

spectrometry) or GF-AAS (graphite furnace atomic absorption spectrometry), CVG-AAS 

(chemical vapor generation atomic absorption spectrometry), ICP-OES (inductively 

coupled plasma-optical emission spectrometry), and ICP-MS (inductively coupled 

plasma-mass spectrometry) are the most commonly used techniques to determine trace 

elements in crude oil and fuel oil samples.  

        Every technique has its own pros and cons. A more advanced technique, QQQ-ICP-

MS (triple quadrupole inductively coupled plasma-mass spectrometry), was pioneered a 
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couple of years ago, which helped to solve problems of the typical single quadrupole 

ICP-MS (Q-ICP-MS), such as polyatomic interferences, isobaric interferences, and non-

mono-charged interferences. 

 

A.1. Introduction 

        Crude oil is a complex mixture of hydrocarbons of various molecular weights and 

other organic compounds, formed from plants and animals that lived millions of years 

ago [1-2]. It is yellow to black liquid found in geological formations beneath the earth 

surface, commonly separated into components to provide various types of fuels using a 

technique called fractional distillation [1]. Petroleum covers both naturally occurring 

unprocessed crude oil and petroleum products that are made up of refined crude oil. It is a 

fossil fuel, formed when large quantities of dead organisms, typically zooplankton and 

algae, are buried underneath sedimentary rock and subjected to both intense heat and 

pressure [1]. 

        Carbon and hydrogen are the most abundant elements in crude oils, ranging from 

82-87% and 12%-15%, respectively [3]. Sulfur is the third most abundant element in 

crude oil, ranging from 0.05% to more than 5%. Oxygen and nitrogen are the fourth and 

fifth most abundant elements in crude oil, respectively. Generally, oxygen contents are 

less than 2%, and nitrogen contents are less than 0.1% [4]. The other elements (e.g., 

vanadium, nickel, calcium, potassium, iron, copper, zinc, boron, arsenic, selenium, 

silicon, phosphorus, etc.) are in trace level (i.e., 0.01%-0.1%) or ultra-trace level (i.e., < 

0.01%).  
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        Although crude oils derived from different sources may be different from each other 

[5], they are based on the same three basic chemical series: paraffins, naphthenes, and 

aromatics [3]. Paraffins and naphthenes are saturated, and the former ones have chain-

like structures, while the latter ones are closed ring series. Paraffins comprise the most 

common hydrocarbons in crude oil, and naphthenes are important in all liquid refinery 

products [3]. Different from paraffins and naphthenes, aromatics have unsaturated closed 

ring structures. They constitute a small fraction of all crude oils. Being the most common 

aromatic series, benzene exists in most of the crudes [3]. Fractionation and isolation 

schemes of crude oil are based on crude oil type [6]. One of the most commonly used 

fractionation schemes is SARA, which is composed of the capitals of the names of 

fractions produced, namely saturates (S), aromatics (A), resins (R), and asphaltenes (A). 

Crude oil separation and identification including SARA method have been reviewed by 

Mansfield et al. (1999) [7]. Crude oil separation and characterization have been carried 

out by a number of researchers [8, 9, 10, 11, 12, 13, 14, 15]. Asphaltenes comprise polar 

fractions of crude oils, including polyaromatics and heteroaromatics, and most trace 

metal elements are present in asphaltenes [16]. 

A.2. Trace Metal Elements in Crude Oils 

        The porphyrins and non-porphyrins of Ni (II) and VO (II) are the most common 

metals existing in crude oils. Other metal ions include lithium, beryllium, sodium, 

magnesium, aluminum, potassium, calcium, scandium, titanium, chromium, manganese, 

iron, cobalt, copper, zinc, gallium, germanium, rubidium, strontium, yttrium, zirconium, 

niobium, molybdenum, palladium, silver, cadmium, tin, antimony, caesium, barium, 
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lanthanum, cerium, praseodymium, neodymium, samarium, europium, gadolinium, 

terbium, dysprosium, holmium, erbium, thulium, ytterbium, lutetium, hafnium, tantalum, 

tungsten, platinum, gold, mercury, thallium, lead, bismuth, thorium, and uranium [17, 18, 

19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35]. Widely distributed and 

highly concentrated chlorophylls are the most common precursors of porphyrins [36]. 

Etioporphyrins (etio) and dexophylloerithroetioporphyrins (DPEP) and their homologues 

are more abundant among the porphyrins found in crude oils [37, 38]. Porphyrins can be 

classified into two groups. One is derived from chlorophylls of algae and phytoplanktons, 

mostly present in marine depositional environments. The other one is transformed from 

plant chlorophylls, which indicate a terrestrial origin [36]. Conversion of chlorophylls to 

porphyrins involves a series of reactions in the water column and during burial in 

sedimentation [39, 40, 41, 42, 43]. Filby (1994) [44] directly concluded that 

metalloporphyrins are formed during early diagenesis and catagenesis of the source 

rocks. Although the isolation of metalloporphyrins is not that easy due to the complexity 

of their mixtures, the separation and identification have been reported by enhanced 

spectroscopic and chromatographic techniques [45]. The V and Ni porphyrins were 

identified much earlier [36], and the organic forms of other metal elements were obtained 

later by gas chromatography (GC) or high performance liquid chromatography (HPLC) 

coupled to inductively coupled plasma-mass spectrometry (ICP-MS) or atomic 

absorption spectrometry (AAS). For example, the porphyrins of Ti, Zn, Cr, and Co were 

distinguished by HPLC-ICP-MS in oil shales [45].  

        The ratios of V/(Ni+V) or V/Ni were found to be constant in crude oils of common 

rock source, and up to the rock’s geologic age [46]. The ratios can be used for 
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characterization of source rocks [47, 48]. The compounds of VO DPEP to etio were 

proposed to be biomarkers due to their maturity dependence revealed by their thermal 

evolution investigations [35, 49, 50, 51].  

        The structures of metalloporphyrins are characterized by tetrapyrrolic complexes 

that are similar to heme and chlorophyll [36]. Nonporphyrins are polar compounds, and 

mostly present as cations of organic acids, but their chemical nature requires further 

studies [3]. Sulfur, nitrogen, and oxygen can be constituents of various nonporphyrins 

[52]. Trace elements can also be present in associated formation waters or mineral 

substances. Large quantities of trace metal elements may exist in humic substances, 

which have large capacities for metal complexation [53]. Kerogen may be derived from 

such humic substances with trace metal elements [3]. 

A.3. Determination of Trace Elements in Crude Oils 

        Trace element mass fractions and ratios in crude oils are quite helpful in 

understanding oil formation, oil-oil correlations, oil-source rock correlations, oil 

migration, maturation of organic matters, and the depositional environment of source 

rocks [17, 20, 54, 55, 56, 57, 58, 59]. Additionally, some trace metal elements act as 

catalyst poisons during the catalytic cracking process of crude oils in the refining process, 

especially vanadium and nickel, which can occur in high concentrations [17, 30]. Some 

trace elements can cause considerable corrosion to the refining equipments [17, 30]. 

Mercury may deposit in the equipments, which requires maintenance [60]; therefore, it is 

important to determine these trace metal elements in crude oils precisely and accurately 

to help us decide whether specific metals should be removed prior to refining [61]. On 
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the other hand, on-land surface crude oil or refined oil spills may cause heavy metals to 

enter soils and water supplies, or regional drainage systems. Some heavy metals are toxic 

at high doses. For example, Pb can damage nervous systems even at relatively low doses. 

Additionally, enrichment of heavy metals may occur due to oil spills at sea, which may 

harm the ecological equilibrium [17]; therefore, it is becoming more and more important 

to monitor the potentially hazardous trace elements in crude or refined oils that may do 

harm to the environment.  

        The most widely used instrumental analytical techniques for the determination of 

trace elements in crude oils include atomic absorption spectrometry (AAS) [62], 

inductively coupled plasma-optical emission spectrometry (ICP-OES) [63], and 

inductively coupled plasma-mass spectrometry (ICP-MS) [28]. 

A.3.1. Sample Preparation 

        Crude oil is a complex mixture of both organic and inorganic matters. Crude oils 

may be subject to high viscosity, deleterious instrumental effects, and severity of carbon-

based analyte interferences [35]. Crude oils with high organic concentration and high 

viscosity may influence the stability of the plasma or even cause plasma extinction [43]. 

On the other hand, different phases of sample (i.e., organic vs. inorganic) require 

different pretreatment for the instruments, or damage of the instruments may occur. 

Typically aqueous samples are required for ICP-OES and ICP-MS, since high organic 

load may lead to deposition of carbon on, and clog the nebulizer and plasma tube of the 

ICP-OES, and the nebulizer, plasma tube, and sampler cone and skimmer cone of the 

ICP-MS [43]; therefore, crude oils may not be ideal for direct analysis, and usually 
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require pretreatment prior to being introduced into the analytical instruments mentioned 

before to obtain high precision and high accuracy results [3]. Four methods have been 

mainly used in sample preparation of investigating crude oil samples with high organic 

contents: 1) mineralization by strong acid digestion directly (i.e., wet digestion), 2) 

mineralization by ashing, or wet or dry combustion, 3) direct introduction of crude oil 

after dilution with organic solvent, and 4) direct emulsion/micro-emulsion introduction 

[17]. 

A.3.2. Direct Introduction Sample Preparation Methods 

        Crude oils can be introduced into the instrument after diluted with organic solvent in 

certain appropriate percentages without mineralization [64]. This method is thought to be 

safer and simpler in that there is no need for crude oil samples to be digested under high 

pressure and high temperature, whereas the mineralization technique risks venting or 

even explosion, and sample loss, and is time consuming; however, direct crude oil 

introduction method is usually subject to some problems that have to be considered. 

Expensive organometallic standards are necessary, while cost-effective aqueous 

standards are allowable for mineralization technique and emulsification technique. 

Solubility issues are encountered by some target elements in crude oils. Additionally, the 

required large sample dilutions up to ×100, or ×1,000 for heavy crudes will prevent 

analysts from determining a lot of ultra-trace or trace elements that are a necessity for 

complete geochemical fingerprinting of crude oils [65]. Furthermore, analysts have to 

prepare large quantities of expensive organic solvents as rinsing solution, whereas low-
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cost 2% (v/v) HNO3 is enough for rinsing for mineralization and emulsification methods. 

Long rinsing times imposed by memory effects limit sample throughput [65].  

        Another method, emulsification, has also been used in trace metal analyses [66, 67]. 

Crude oil is modified to form an emulsion or micro-emulsion (three component system) 

with water and a certain kind of surfactant or co-solvent [3]. The surfactant is able to 

make the system homogeneous and stable for a relatively long time. The organic load and 

viscosity of the system are reduced significantly because of the homogeneity, 

stabilization, and dilution of the micro-droplet of oil in water [3]. The emulsion and 

micro-emulsion could be directly introduced into the instrument for determination. Low-

cost aqueous standards can be applied for instruments calibration without carrying out the 

complicated procedures of sample mineralization; however, it has been reported that 

emulsions can be stable for only up to 80 hours [68], and as short as 20-50 min [69] for 

some analytes. This can cause problems when large throughput of oil samples is required. 

The quantification of a wide range of low abundance elements may be limited by large 

dilution factors as well. 

A.3.3. Mineralization Sample Preparation Methods 

        The organic structures of oil can be destroyed and eliminated by combustion, or 

strong acid digestion (i.e., oxidization); thus, the oil can be turned to aqueous solutions 

that have low viscosity and low organic load, which is ideal to be introduced into the 

analytical instruments. This sample preparation technique is called mineralization [3, 66, 

70]. If nearly complete or complete, this can minimize or remove the polyatomic and 

spectral interferences caused by the complex organic matrix in crude oils, and avoid 
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carbon deposition, which may clog the skimmer or sampler cones of the ICP-MS, and 

may cause extinction or instability of the plasma [3, 28]. Furthermore, aqueous sample 

solutions enable the employment of low-cost aqueous standards for instrument calibration 

[35, 71, 72]. 

A.3.4. Closed or Open Vessel Digestion 

        Strong acid digestion methods can be either closed-vessel or open-vessel. Generally, 

analysts prefer closed-vessel strong acid digestion because it helps avoid loss of volatile 

species of certain analytes, and potential contamination, and it enables the application of 

high pressure and high temperature, which attempt to quantify a broad set of low 

abundance analytes effectively with single analytical methods [25, 73]. The closed-vessel 

acid digestions can be carried out with a high pressure asher (e.g., HPA-S, Anton Paar, 

Graz, Austria) [72, 74], or high pressure Parr bombs, or be assisted by a special 

microwave machine. The high pressure asher digestion systems and microwave-assisted 

digestion systems share the same operating principle, which is to keep the mixture of 

reaction reagent and oil sample under the boiling point by increasing the pressure. The 

microwave-assisted digestion systems use microwave energy to heat, whereas the HPA-S 

systems use electric energy to heat. The highest digestion pressure and temperature of 

microwave-assisted digestion systems are lower than HPA-S systems [72, 74]. The 

microwave-assisted strong acid digestion (~60 minutes) [18] can save a lot of time 

compared to high pressure asher strong acid digestion (up to 280 minutes including 

heating and cooling) [72, 74].  
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        High pressure ashers may be subject to contamination problems for certain analytes 

[74]. HPA-S has proven successful for some studies; however, venting of single reaction 

vessels during intensive exothermic reactions may happen as volatile oils are 

decomposed, which may result in sample homogenization problems, setting more limits 

on sample sizes utilized, or sample contamination or loss. Low abundance analytes 

determination may be problematic using HPA-S method, as dilutions up to 200 were 

reported in a literature involving ICP-MS and HPA-S recently [72]. Milestone Inc. 

developed a new and advanced microwave-assisted strong acid digestion system for 

crude oil, named SRC (single reaction chamber) microwave system [17, 18]. The 

difference between the newly introduced SRC microwave system and the traditional rotor 

based microwave system is discussed below. 

A.3.5. Rotor Based or SRC (Single Reaction Chamber) Microwave Digestion  

        Compared to oven heating, microwave enables the settings of wet digestion 

processes to be much more flexible in that the pressure and temperature of the improved 

reactions are able to be monitored and controlled precisely and safely [26, 74], and 

enhances wet digestion processes for oils considerably [35]. A variety of combinations of 

digestion running programs and reagents, therefore, can be tested effectively. 

Additionally, compared to 11+0.5 h (heating+cooling) for Parr bomb strong acid 

digestion, microwave-assisted strong acid digestion saves a lot of time in that it takes 

only 48+22 min for microwave acid digestion to be finished [17]. There are two kinds of 

microwave digestion systems. One is the rotor based systems with closed single sample 

digestion vessels, and loaded with multiple vessels. The other is the SRC systems that is 
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equipped with a closed single reaction chamber (SRC) in which multiple sample reaction 

vessels can be accommodated.  

        Rotor based digestion systems are the most widely used microwave systems, and 

were introduced in the early 1980’s. They have a huge microwave cavity with a rotor 

inside, which is accommodated with tens of individualized reactors [75]. SRC systems 

were developed in 2005, characterized by a strengthened single stainless steel chamber 

[75]. This has some robust advantages described below compared to the more widely 

used in the early times for fuel oils or natural or refined crude oils, typical and traditional 

rotor based microwave digestion systems.  

        First of all, in order to prevent combustion-related or exothermic-reaction-related 

venting and sample loss, a maximum of 0.25 g of sample sizes for rotor based 

microwave-assisted digestion systems or 0.1 g of sample sizes for Parr bomb strong acid 

digestion are required, whereas the SRC enables the use of larger sample sizes (e.g., 0.4 g 

of heavy natural crude oil per 40 ml quartz tube) depending on sample types [17, 26, 74]. 

For the same dilution, a larger sample size makes the determination of low abundance 

analytes possible. On the other hand, SRC enables analysts to run multiple samples of 

different oils at the same time under the same pressure and temperature. Desired MDL 

(method detection limit), MQL (method quantitation limit), and dilution factors [18] 

depending on the types of oils (e.g., condensates, light oils, refined oils, fuel oils, or 

heavy oils with a variety of degrees of homogeneity and analytes abundances) can be 

obtained by selecting various sizes of digestion vessels within SRC to meet various 

requirements for oil sample sizes. Additionally, acid boiling is prevented by pre-
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pressurization of oil samples, and the SRC’s inner pressure is identical to that in the 

sample vessels, which avoids potential sample loss and contamination [17]. Moreover, 

SRC microwave systems specify digestion and seal automatically, which is much faster 

than the assembly of rotor based microwave systems and single sample Parr bomb 

method (one sample per bomb).  

        IDL (Instrumental Detection Limit) is referred to as the smallest mass fraction that is 

able to be determined for a certain analyte over the background noise within a sample by 

a certain analytical instrument, which can be achieved by: 

IDL (ng/g) = 3 × SD (cps)/Sens. (cps/ng/g) (A.1) [17], 

where SD refers to the standard deviation (1σ) of a number of replicate determinations of 

the blank for instrument calibration, or 2% (v/v) HNO3. Counts per second (cps) is the 

unit. Sens. represents the sensitivity of a certain analytical instrument (e.g., triple-quad 

ICP-MS, ICP-OES), identical to the value of slope of the instrument calibration curve. 

MDL (Method Detection Limit) is the smallest mass fraction that can be determined for a 

certain analyte within a sample by the introduced analytical technique, which can be 

obtained by: 

MDL (ng/g) = IDL × DF = [3 × SD (cps)/Sens. (cps/ng/g)] × DF (A.2) [17], 

where DF refers to the dilution factor. MQL (Method Quantitation Limit) represents the 

smallest mass fraction that is able to be quantified for a certain analyte using the 

introduced analytical technique, which can be calculated as: 

MQL (ng/g) = 3 × MDL (A.3) [17].  
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MDL can be used to estimate a certain technique, and IDL can be used to estimate a 

particular analytical instrument [17]. 

A.3.6. Sample Determination Techniques 

        As the oil samples are pre-treated to have acceptable low viscosity and low organic 

load, analysts can choose from a variety of techniques to conduct the following 

determination procedures. Different techniques work in different ways, and have their 

own characteristics (i.e., advantages and drawbacks) to cater for various purposes and 

needs. The most commonly used oil sample determination techniques are described 

below. 

A.3.7. Atomic Absorption Spectrometry (AAS) 

        The most widely used AAS techniques are flame atomic absorption spectrometry 

(FAAS) and graphite furnace or electrothermal atomic absorption spectrometry (GF-AAS 

or ET-AAS) [3]. They are able to determine the mass fractions of over 70 different 

analytes dissolved in liquid samples according to the electronic intensity of absorbed 

energy of certain wavelengths of lights (usually 190-900 nm) [76, 77]. FAAS includes a 

flame burner used to atomize sample, a monochromator, and a photon detector [76], and 

has a sensitivity of a few ppm (parts per million) for most of the analytes, whereas the 

sensitivity of ET-AAS can be as low as ppb (parts per billion) [76]; therefore, compared 

to ET-AAS, much larger sample sizes are required for FAAS to analyze trace or ultra-

trace elements [3]. Additionally, AAS can only analyze a particular element per run, 

while some other instruments (e.g., ICP-OES, ICP-MS) are capable of determining 

multiple elements (up to over 70) simultaneously [78]; however, FAAS is accompanied 
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by the lowest running and capital costs, and cost per elemental analysis compared to ET-

AAS, ICP-OES, and ICP-MS [79].  

        Jadoon et al. (2016) determined iron, nickel, chromium, and lead in crude oil 

samples collected from different oil fields of the Kurdistan region, Northern Iraq using 

FAAS technique [80]. Barbooti (2015) analyzed vanadium, nickel, copper, and iron in 

crude oil samples of Eastern Baghdad area, Iraq using FAAS [81]. Pessoa et al. (2012) 

determined calcium, magnesium, and strontium in crude oil samples [82]. Vanadium, 

nickel, and iron in crude oils and residual fuel oils were analyzed by FAAS for standard 

test methods ASTM 2005 [3]. Guidroz and Sneddon (2002) analyzed vanadium by FAAS 

in Venezuelan burned and unburned crude oils [83]. Nickel, cadmium, and lead in 

unburned and burned Venezuelan crude oils were determined by Hammond et al. (1998) 

[84]. Platteau and Carrillo (1995) analyzed nickel, iron, and sodium in crude oil by FAAS 

[85]. Fabec and Ruschak (1985) determined vanadium and nickel in crude oils and heavy 

crude oil fractions using FAAS [64]. Iron, cadmium, lead, sodium, zinc, copper, and 

nickel were determined in crude oils using FAAS by Osibanjo et al. (1984) [86]. Nickel 

alone in fuel oils was analyzed by De la Guardia, M., and Lizondo (1983) using FAAS 

[87]. Šebor et al. (1982) discussed how the organometallic types of copper and iron 

influence their determination in oil samples by FAAS [88]. A graphite furnace can be 

applied to the flame burner to increase the sensitivity [76].  

        Leite et al. (2015) determined copper, iron, and chromium in used lubricating oil 

samples using ET-AAS [89]. Luz et al. (2013) analyzed lead, selenium, copper, and 

cobalt in crude oil, diesel, and gasoline samples by ET-AAS [90]. Arsenic and cadmium 
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were investigated in crudes by de Jesus et al. (2012) using ET-AAS [91]. Iron, nickel, 

chromium, and vanadium in crude oil samples were analyzed by ET-AAS by Luz and 

Oliveira (2011) [92]. Dittert et al. (2010) analyzed vanadium and cobalt in crude oil using 

high-resolution continuum source GF-AAS [93]. Quadros et al. (2010) evaluated 

Venezuelan and Brazilian crude oils for vanadium and nickel by high-resolution 

continuum source GF-AAS [94]. Vale et al. (2008) determined non-volatile and volatile 

vanadium and nickel species in crudes using ET-AAS [10]. Brandão et al. (2006) 

analyzed nickel in crude oil using GF-AAS [95]. Volatile species of vanadium and nickel 

were determined by Damin et al. (2005) using GF-AAS [96]. ET-AAS was utilized to 

analyze vanadium in asphaltenes and diesel samples by Aucélio et al. (2004) [68]. 

Vanadium again in heavy crude oil samples was determined by Nakamoto et al. (2004) 

using GF-AAS [97]. Vale et al. (2004) used high-resolution continuum source GF-AAS 

to analyze nickel alone in crudes [98].  

        ET-AAS was used by Burguera et al. (2003) to determine chromium in bitumen-in-

water emulsion and heavy crudes [99]. Meeravali and Kumar (2001) reported the analysis 

of vanadium and nickel in naphtha and fuel oil samples using transverse heated ET-AAS 

[69]. Stigter et al. (2000) determined arsenic, copper, chromium, zinc, and cadmium in 

crudes by GF-AAS [100]. Chemical modifiers for determination of vanadium in oil and 

water samples were compared by Thomaidis and Piperaki (1996) utilizing ET-AAS 

[101]. Heavy crude oil samples were analyzed for vanadium, nickel, mercury, 

manganese, lead, chromium, cobalt, copper, cadmium, and arsenic by Turunen et al. 

(1995) using GF-AAS [102]. ET-AAS was conducted by Barrera et al. (1991) for the 

determination of vanadium in crude oil samples [103]. Alvarado et al. (1990) used GF-
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AAS to evaluate crude oil samples for their vanadium, nickel, iron, copper, zinc, sodium, 

manganese, and chromium [104]. Gonzalez et al. (1987) reported to use GF-AAS to 

determine copper, iron, nickel, lead, and vanadium in petroleum fraction samples [105]. 

Direct determination by ET-AAS was carried out for nickel alone in gas oils by Bruhn 

and Cabalín (1983) [106]. 

        Sometimes extremely low abundance elements, such as As, Sb, and Hg, exist in 

light oils, or condensates, or fuel oils. Even ET-AAS is not able to detect them. At this 

point, chemical vapor generation atomic absorption spectrometry (CVG-AAS) is proved 

to have the required sensitivity to solve this problem [66]; however, CVG is subject to 

high risks of target elements loss because some analyte species are volatile, and tend to 

adsorb on various surfaces at the level of ppb [107]. Additionally, the application of CVG 

methods like hydride generation (HG) for antimony and arsenic or cold vapor (CV) for 

mercury require that the organic structures of oil samples should be destroyed 

completely. In other words, the oil samples should be mineralized to aqueous phase. By 

doing this, analysts can reduce or minimize the spectral interferences suffered from by 

the determination procedures [66]. Trindade et al. (2006) determined arsenic in gasoline 

using HG-AAS [108]. The CV-AAS was reported in application of analyzing mercury in 

gasoline by Brandão et al. (2005) [109]. Wilhelm and Bloom (2000) have reviewed and 

summarized the application of CV-AAS for high sensitivity determination of mercury 

[110]. De la Guardia et al. (1988) introduced the CVG-AAS technique to investigate the 

additives of gasoline for manganese and lead [111]. 
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A.3.8. Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) 

        Typically the ICP techniques include inductively coupled plasma-optical emission 

spectrometry (ICP-OES) and inductively coupled plasma-mass spectrometry (ICP-MS). 

The ICP-OES usually has a peristaltic pump, a nebulizer, a spray chamber, a plasma 

torch, a monochromator, and a detector. ICP instruments are able to conduct multi-

element analysis for over 70 analytes per run, and provide a much wider linear dynamic 

range (up to 4-6 orders of magnitude) than AAS [52]. Commonly, the IDL of ICP-OES 

ranges from a few to tens of ppm for different analytes, slightly better than FAAS, but 

less sensitive than GF-AAS and ICP-MS [17, 79]; therefore, ICP-OES and FAAS are 

typically used for determination of high abundance elements, such as vanadium, nickel, 

sulfur, and occasionally others in natural crude oil samples. ICP-OES can be used to do 

pre-screening to pick out the high abundance elements and low abundance elements in 

crude oils.  

        The high abundance elements are those whose mass fractions are above the MQL of 

ICP-OES, and falling into the dynamic range and calibration range of ICP-OES, and thus, 

have a good RSD (relative standard deviation) (usually less than 20%) [17]. The low 

abundance elements are those below the MQL of ICP-OES, and thus, have a poor RSD; 

then, the low abundance elements need to be further analyzed by more sensitive 

instruments, such as ICP-MS and GF-AAS. Yang et al. (2017) determined sulfur, 

vanadium, and nickel in NIST RM (National Institute of Standards and Technology 

research material) 8505 using ICP-OES [17]. Poirier et al. (2016) applied both ICP-MS 

and ICP-OES on the determination of iron, nickel, calcium, and vanadium in crudes 
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[112]. Akinlua et al. (2015) used ICP-OES to determine vanadium, nickel, copper, iron, 

chromium, cobalt, and manganese in crude oils and condensates from South African 

Basins [113]. Maryutina and Musina (2012) determined aluminum, calcium, manganese, 

vanadium, silicon, magnesium, nickel, zinc, iron, and barium in heavy oil residues using 

ICP-AES [114]. Iron, lead, chromium, calcium, boron, copper, aluminum, barium, sulfur, 

magnesium, molybdenum, nickel, sodium, manganese, silicon, vanadium, potassium, 

phosphorus, and zinc in crude oils were determined by Nadkarni et al. (2011) using ICP-

AES [115]. De Azevedo Mello et al. (2009) analyzed vanadium, sulfur, and nickel in 

crude oil distillation residues by ICP-OES [116].  

        Vanadium, nickel, manganese, chromium, cobalt, molybdenum, zinc, cadmium, 

titanium, and iron were analyzed for crude oils using ICP-OES by de Souza et al. (2006) 

[117]. ICP-OES was applied to determine vanadium, titanium, chromium, and 

molybdenum in fuel oil and diesel by de souza et al. (2006) [118]. Wei et al. (2006) 

investigated fuel oil by determining vanadium, aluminum, and sodium using ICP-AES 

[119]. Fischer and Krusberski (2005) determined aluminum, nickel, chromium, copper, 

lead, and iron in lubricating oil samples by ICP-OES [120]. Determination of refractory 

elements, chromium, molybdenum, nickel, titanium, and vanadium in used lubricating 

oils, were conducted by Souza et al. (2004) using ICP-OES [121]. Kuokkanen et al. 

(2001) analyzed nickel, vanadium, chromium, copper, cadmium, and lead in waste 

lubricating oil samples by ICP-OES [122]. Lead in gasoline was determined directly by 

Brenner et al. (1996) using ICP-AES [123]. Murillo and Chirinos (1994) used ICP-AES 

to determine vanadium, nickel, and sulfur in heavy crude oils [124]. ICP-AES was 

conducted by Botto (1993) to analyze lead directly in aviation fuel, and aluminum, 
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calcium, iron, sodium, nickel, vanadium, and zinc in NIST SRM 1634b fuel oils [125]. 

Aluminum, chromium, copper, iron, magnesium, nickel, lead, and sulfur in oil and oil 

products were determined by Borszéki et al. (1992) using ICP-AES [126]. 

A.3.9. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) 

        Typically, the ICP-MS is composed of a peristaltic pump, a nebulizer, a spray 

chamber, a plasma torch, a mass spectrometer, and a detector. It is another powerful tool 

in determining trace elements in oil and oil derivatives because of its widely known 

advantages compared to the others. It has very low LOD (can be as low as 0.02 pg/g, 

commonly around 1 pg/g) for almost all elements [17]. It is able to do multi-element 

analysis for a single run, and determine more than 70 analytes. Particularly, it can do 

isotope related analysis as it distinguish different kinds of ions by mass to charge ratio 

(m/z); however, similar to ICP-OES, high organic load in the sample solution can make 

the plasma unstable, or even extinguish. Carbon may deposit on the skimmer cone, or 

sampler cone, or ion lens, affecting the transport efficiencies of ions. A few years ago, a 

more advanced technique, triple quadrupole ICP-MS (QQQ-ICP-MS), was introduced, 

which helped to overcome limitations of the typical single quadrupole ICP-MS (Q-ICP-

MS), such as polyatomic interferences, isobaric interferences, and non-mono-charged 

interferences due to the unique configuration of two quadrupole mass filters on either 

side of an octopole reaction system (ORS) [17, 72]. Walkner et al. (2017) determined 

magnesium, aluminum, phosphorus, sulfur, potassium, titanium, vanadium, chromium, 

manganese, iron, cobalt, nickel, copper, zinc, arsenic, selenium, rubidium, strontium, 

molybdenum, silver, cadmium, barium, rhenium, lead, and uranium in NIST SRM 1634c 
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fuel oil, NIST SRM 1084a fuel oil, and crude oil samples by QQQ-ICP-MS [72]. Up to 

54 trace elements in NIST RM 8505 were analyzed by Yang et al. (2017) using QQQ-

ICP-MS [17].  

        Rare earth elements in crude oil samples were determined by Pereira et al. (2014) 

using ultrasonic nebulizer ICP-MS [127]. Ortega et al. (2013) analyzed vanadium, nickel, 

manganese, cobalt, arsenic, molybdenum, barium, and lead in crude oils by ICP-MS 

[128]. Pereira et al. (2013) determined rare earth elements by ultrasonic nebulizer ICP-

MS in crude oil samples [129]. Arsenic and selenium were determined in crude oils by de 

Albuquerque et al. (2012) using ICP-MS [130]. Pillay et al. (2012) determined 40 trace 

elements in neem biodiesel and commercial biofuels using high performance ICP-MS 

[131]. Silver, arsenic, barium, Bismuth, calcium, cadmium, chromium, iron, potassium, 

magnesium, lithium, manganese, nickel, lead, rubidium, selenium, strontium, thallium, 

vanadium, and zinc in both light and heavy crude oils were analyzed by Pereira et al. 

(2010) using ICP-MS [132]. Rare earth elements were determined by Akinlua et al. 

(2008) in Niger Delta crude oils using ICP-MS [133]. Saint’ Pierre et al. (2006) analyzed 

silver, cadmium, copper, lead, and thallium in fuel alcohol by electrothermal vaporization 

ICP-MS [134]. Kowalewska et al. (2005) determined copper in crude oils using ICP-MS 

[135]. Silver, arsenic, cadmium, copper, cobalt, iron, manganese, nickel, lead, tin, and 

thallium were determined by Saint’ Pierre et al. (2005) using electrothermal vaporization 

ICP-MS in fuel alcohol [136]. Saint’ Pierre et al. (2004) determined cadmium, copper, 

iron, lead, and thallium in gasoline using electrothermal vaporization ICP-MS [137]. 

Kelly et al. (2003) analyzed mercury in SRM crude oil samples and refined products by 

cold vapor ICP-MS [25]. Botto (2002) determined arsenic, sodium, phosphorus, 
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vanadium, lead, and mercury in petroleum naphthas and tars using direct injection ICP-

MS [30].  

        Duyck et al. (2002) analyzed cobalt, yttrium, cadmium, lanthanum, vanadium, 

barium, molybdenum, and nickel in crude oil and its fractions by ultrasonic nebulization 

ICP-MS [32]. Copper, manganese, nickel, and tin were analyzed by Saint’ Pierre et al. 

(2002) in gasoline using electrothermal vaporization ICP-MS [138]. Wondimu et al. 

(2000) determined silver, aluminum, arsenic, barium, Bismuth, calcium, cadmium, 

cobalt, chromium, copper, iron, mercury, magnesium, molybdenum, nickel, lead, 

antimony, tin, strontium, titanium, thallium, vanadium, uranium, and zinc in NIST RM 

1634b residual fuel oils by ICP-MS [26]. Lead, nickel, and vanadium in Saudi Arabian 

crude oils were analyzed by Al-Swaidan (1996) using ICP-MS [139]. Al-Swaidan (1994) 

determined lead and cadmium by ICP-MS in Saudi Arabian petroleum products [140]. 

Determination of lead and lead isotope ratios was conducted using ICP-MS in gasoline 

by Lord (1994) [141]. ICP-MS was used to analyze commercial gasolines and crude oil 

reference materials by Reimer and Miyazaki (1993) for nickel and vanadium [142]. Lord 

(1991) determined nickel and vanadium in various crude oil samples, vanadium, 

chromium, manganese, iron, cobalt, nickel, zinc, and lead in NBS 1634b microemulsion, 

and magnesium, aluminum, titanium, chromium, iron, nickel, copper, molybdenum, 

silver, tin, and lead in NBS 1085 microemultion [143].  
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Figure A.1. Map of Trinidad showing the locations where the seven crude oil samples from 

Trinmar Offshore were collected (in the box) (modified from Requejo et al. (1994) [144]) 

 

A.3.10. A Case Study: Natural Crude Oils from Trinidad and NIST RM 8505  

        The most recently published multi-element analyses for NIST RM 8505 (a high 

vanadium Venezuelan crude oil, Yang et al., 2017) and crude oil samples from Trinmar 

Offshore, Trinidad, are summarized in Table A.1. Figure A.1 shows the locations where 

the seven crude oil samples from Trinidad were collected. 

        Trinidad is a small but oil-rich island locating in the northeastern part of the East 

Venezuela Basin. Due to different stages of structural movement, it can be further 

divided into five subbasins; however, the southern-most two basins, namely Southern 

Basin and the Columbus Basin (Figure A.1), have attracted most of our attention since 

they have the highest potential of oil and gas production. According to previous study 
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(Galarraga et al., 2008), the primary source rocks in these areas were in Guayuta Group, 

usually including Querecual and San Antonio Formations. Deep water calcareous shales 

and mudstones, which contain lots of organic compositions and deposited in anoxic 

environments are dominated in these formations (Casani, 1985). Furthermore, combining 

with the overlain deltaic depositions, they are undoubtedly served as best reservoirs, with 

totally more than 2 billion barrels of oil and approximately 20 trillion cubic gas 

production. 

        As Table A.1 shows, crude oil samples from different places have a huge variety of 

abundances for a specific element. Different elements in a specific crude oil sample may 

have a significant difference in abundances. Crude oil samples from the same location 

may be of great difference for the abundances of a specific element. The abundances can 

be as low as less than 0.002 ppb for tantalum, and as high as around 27,000,000 ppb for 

sulfur. The ratio of the highest value and the lowest value can be up to 13,500,000,000. 

These large spans on abundances of the interested trace elements in crude oils from the 

same or different origins are most likely to be caused by diverse Eh-pH conditions [54], 

although how the oxidizing and reducing processes taking place in various pH ambients 

affect their contents needs further investigation. The precision in terms of RSD (relative 

standard deviation, 1σ) is less than 4% for most of the elements, although there are still 

elements not detectable for the ICP techniques. Various classification systems have been 

reported based on the depositional environments of source rocks using nickel to 

vanadium ratio and their total contents [44, 54, 55, 145]. Typically, low nickel to 

vanadium ratio and their high total contents reveal a marine depositional environment, 

whereas high nickel to vanadium ratio and their low total contents reveal a non-marine or 
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terrigenous depositional environment. Based on this, the nickel to vanadium ratio of 

NIST RM 8505 is the lowest, and its total content of vanadium and nickel is the highest, 

so the NIST RM 8505 is most likely to be marine originated. For the seven crude oil 

samples of Trinidad, only the fourth sample’s ratio of nickel and vanadium is over 2, 

which is much higher than the others, and the fourth sample has the lowest total content 

of vanadium and nickel, only 22,348 ppb, which is much lower than the others. This 

indicates an origin closest to the non-marine depositional environment. 

        Galarraga et al. (2008) [145] did statistical descriptive analyses using vanadium, 

nickel, and sulfur mass fractions in some nonmature crude oil samples from different 

Spanish and Venezuelan basins, and utilized the results to complete a generic diagram 

with four well defined zones by limit vanadium to nickel ratios or nickel contents. This 

diagram is helpful in the determination of depositional environments of source rocks, and 

oil-oil, oil-source rock correlations. The data of vanadium and nickel in the seven crude 

oil samples from Trinidad and NIST RM 8505 were projected on this diagram (Figure 

A.2). It is clear that the source rocks of NIST RM 8505 deposited in a marine anoxic 

condition, and the source rocks of Trinidad crudes have a terrestrial oxic depositional 

environment. On the other hand, the nickel to vanadium ratio of NIST RM 8505 is 0.13, 

which is very close to most of the data of crude oil samples from Urdaneta, Venezuela 

[145]. This indicates that NIST RM 8505 and the crude oil samples from Urdaneta may 

have the same origin, and their most likely source rocks are La Luna Formation [145]. 

The fourth sample of Trinidad and the others may have different origins; however, it may 

be derived from the same source rocks as the crudes from Ceibita, Venezuela (Figure 

A.2). 
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        REE (rare earth elements), or lanthanides, includes fourteen elements forming a 

series starting from lanthanum (the lightest) to lutetium (the heaviest). Yttrium is often 

investigated together with REE due to its similarity in chemical properties to holmium 

[146]. REE+yttrium (REY) have such similar chemical properties that they usually 

behave coherently, which leads to predictable distribution patterns when normalized to a 

standard shale, PAAS (Post Archean Australian Shale). Among the REY elements, 

cerium and europium are special because they can exist in two oxidation states, while the 

other elements are typically in only the +3 oxidation state [146]. Cerium can occur in 

both the +3 and +4 oxidation states. Ce (III) can be partially oxidized to Ce (IV) on the 

surface of Mn (oxyhydr) oxides under oxic conditions, resulting in its depletion 

compared to the other REE [147]. Cerium anomalies (CeSN/CeSN*) can be calculated by: 

 

Figure A.2. Graphic zonation of vanadium and nickel values as tool for depositional 

environments interpretations (modified from Galarraga et al. (2008) [145]) 

(the data of Hamaca, Silvestre, Ceibita, Urdaneta, and Ayoluengo are from Galarraga et al. (2008) 

[145]) 
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CeSN/CeSN* = 2 * [Ce]SN/([La]SN + [Pr]SN) (A.4) [146], 

where SN stands for shale normalized. Under strongly reducing conditions, europium can 

exist in its bivalent state. Its anomalies (EuSN/EuSN*) can be calculated by: 

EuSN/EuSN* = 2 * [Eu]SN/([Sm]SN + [Gd]SN) (A.5) [146]. 

NdSN/YbSN can be used to determine if the light REE (LREE) or heavy REE (HREE) 

are depleted or enriched [148]. 

        The REY concentrations in the seven Trinidad crude oils range from 3.6 ppb to 2984 

ppb, with an average of 435 ppb. The fourth sample has an extremely high REY 

concentration compared to the others, 2984 ppb; however, the REY concentrations in the 

other six Trinidad crude oil samples range from only 3.6 ppb to 16 ppb, with an average 

of 11 ppb. The NdSN/YbSN of the fourth Trinidad crude oil sample is 1.32, indicating a 

slightly enriched LREE, while the other six Trinidad crude oil samples show a depleted 

LREE (NdSN/YbSN from 0.12 to 0.26, average at 0.19). All the seven Trinidad crude oil 

samples have non-seawater-like distribution patterns after normalized to the PAAS 

(Figure A.3). The first, fourth, and sixth Trinidad crude oil samples have slightly negative 

cerium anomalies (CeSN/CeSN* from 0.91 to 0.98, average at 0.95), while the other four 

samples have small positive cerium anomalies (CeSN/CeSN* from 1.11 to 1.43, average at 

1.21). The second, third, sixth, and seventh Trinidad crude oil samples have negative 

europium anomalies (EuSN/EuSN* from 0.30 to 0.83, average at 0.53), while the first and 

fourth samples have positive europium anomalies (EuSN/EuSN* are 1.40 and 1.43, 
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respectively, average at 1.42). The fifth sample does not have europium anomalies as its 

EuSN/EuSN* is 1.00.  

 

 

Figure A.3. PAAS normalized REY distribution patterns of the seven Trinidad crude oil samples 

and NIST RM 8505. The REY data of PAAS used are from Nance and Taylor, 1976 [149]. The 

REY data of seawater used are from Moller et al. (1994) [150], Bau et al. (1995) [151], and James 

et al. (1995) [152]. Thulium and lutetium were not detectable for the third and seventh Trinidad 

crude oil samples. Lutetium was not detectable for the seawater sample 
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Table A.1. Analytical results (mass fractions, ng/g) of the tested elements in the NIST RM 8505 

[17] and seven crude oil samples from Trinmar Offshore, Trinidad, by ICP techniques with SRC 

microwave assisted high pressure and high temperature acid digestion 

Elements T1a T2 T3 T4 T5 T6 T7 8505 

Li 1.8 2.5 3 2350 4 2.3 2.6 2.3 

Be 2.9 3.3 2.6 36 4.8 3.2 2.6 2.5 

B 109 142 135 7842 349 174 181 107 

Na 6095 12777 22677 4266517 18334 8457 25924 13300 

Mg 151 480 204 201611 845 377 309 5267 

Al 435 560 581 1540381 1415 709 515 668 

P 78 64 76 23722 67 79 174 147 

K 172 285 255 331395 306 575 324 580 

Sc 1 1 0.2 129 0.9 1 0.3 5.2 

Ti 1892 1445 524 12869 1422 1905 480 374 

Cr 179 229 128 222783 151 134 77 171 

Mn 14 8.3 9.9 27053 9.9 20 15 759 

Fe 2766 1716 6408 984140 2720 4073 7978 4354 

Co 777 485 1836 347 682 886 1924 658 

Cu 27 48 20 98756 60 32 27 50 

Zn 971 248 681 53726 179 1019 784 416 

Ga 203 365 97 399 524 243 103 33.5 

Ge 1.2 1 2.3 45 0.6 1.4 1.9 2.2 

As 117 224 38 994 242 110 34 215 

Se 587 520 402 59 631 552 366 371 

Rb 0.1 0.2 NDb 1437 0.1 0.6 0.05 0.9 

Sr 11 39 50 218685 40 16 53 288 

Y 7.6 6.6 2.1 320 5.5 7.2 1.8 33.1 

Zr 43 33 26 762 21 32 14 24.2 

Nb 0.5 0.4 0.1 22 0.2 0.2 ND 0.3 

Mo 346 722 321 805 722 326 289 264 

Ag 0.01 ND ND 174 ND ND ND 0.02 

Cd 1.3 24 197 46 25 1.3 175 0.8 

Sn 31 36 33 210 34 42 99 81 

Sb 2.5 1.9 2.6 442 1.5 1 1.5 11.6 

Cs ND ND ND 114 ND 0.003 ND 0.08 

Ba 80 419 446 14648 35 42 397 438 

La 0.6 0.5 0.3 508 0.4 0.7 0.2 10.9 

Ce 1.4 1.4 0.5 1105 1 1.6 0.4 24.6 

Pr 0.2 0.1 0.03 134 0.1 0.2 0.03 3.3 

Nd 1.1 0.9 0.3 498 0.8 1.1 0.3 15.2 

Sm 0.5 0.4 0.1 108 0.3 0.5 0.1 4.4 

Eu 0.2 0.1 0.01 31 0.1 0.1 0.01 1.3 
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Gd 0.8 0.7 0.2 94 0.6 0.8 0.2 5.9 

Tb 0.2 0.1 0.01 14 0.1 0.1 0.01 1 

Dy 1.4 1 0.3 77 1 1.4 0.3 6 

Ho 0.3 0.2 0.03 14 0.2 0.2 0.03 1.3 

Er 0.8 0.6 0.2 38 0.6 0.8 0.1 3.4 

Tm 0.1 0.1 ND 5.2 0.05 0.1 ND 0.5 

Yb 0.7 0.5 0.1 33 0.6 0.5 0.1 2.8 

Lu 0.1 0.05 ND 4.5 0.04 0.04 ND 0.5 

Hf 0.6 0.6 0.5 33 0.3 0.4 0.2 0.5 

Ta 0.01 0.002 ND 0.1 0.1 0.1 0.3 0.03 

W 2.3 0.6 ND 90 ND ND ND 3.1 

Tl 0.2 0.1 ND 8.2 ND ND ND 0.07 

Pb 26 51 140 180128 49 29 120 20.5 

Th 0.4 0.4 0.3 262 0.3 0.4 0.2 2.8 

U 0.4 0.2 0.2 106 0.05 0.3 0.1 0.4 

V 63860 67954 56789 6849 75843 67036 55078 390380 

Ni 55332 51533 50398 15499 57544 58582 50158 49809 

S 15155778 18912171 13110159 4015333 20692112 15833724 12575015 27051379 

V + Ni 119191 119488 107187 22348 133387 125618 105236 440189 

Ni / V 0.87 0.76 0.89 2.26 0.76 0.87 0.91 0.13 
a: the first sample from Trinmar Offshore, Trinidad; b: Not detectable. 

 

        The REY concentration in the NIST RM 8505 is 114 ppb. The NdSN/YbSN of the 

NIST RM 8505 is 0.48, indicating a depleted LREE. The NIST RM 8505 has non-

seawater-like distribution patterns after normalized to the PAAS (Figure A.3), and 

slightly negative cerium anomalies (CeSN/CeSN* is 0.94) and positive europium 

anomalies (EuSN/EuSN* is 1.16). 

 

A.4. Conclusion 

        Determination of trace elements in crude oils is of great importance in understanding 

their formation, oil-oil correlations, oil-source rock correlations, oil migration, maturation 

of organic matters, and the depositional environment of source rocks. On the other hand, 
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some trace metal elements are problematic because they are not only the poisons to the 

catalysts, but also can cause significant corrosion to the refining equipments during 

refinery. Whether specific trace metals should be removed prior to refinery depends on 

their abundances which are supposed to be determined accurately and precisely. On-land 

surface crude oil or refined oil spills can result in toxic heavy metal elements entering 

soils and water bodies, which will threaten the local natural environment.  

        Crude oils are complex mixtures of both organic and inorganic matters, with high 

organic load and viscosity, which can cause polyatomic and spectrometric interferences 

during determination, and instability or even extinction of the plasma; therefore, 

pretreatment is required before they are introduced into the analytical instruments. 

Mineralization by strong acid digestion, mineralization by ashing, or wet or dry 

combustion, direct introduction of crude oil after dilution with organic solvent, and direct 

emulsion/micro-emulsion introduction are the most commonly used techniques for 

sample preparation. The first technique can be conducted with either closed vessel or 

open vessel. Closed vessel mineralization has been proved to be more efficient in 

digesting crude oils as much higher temperature and pressure can be applied to the 

digestion compared to open vessel digestion. For closed vessel digestion, microwave-

assisted digestion works better than oven heating digestion in that the pressure and 

temperature of the improved reactions are able to be monitored and controlled precisely 

and safely.  

        The rotor based microwave system and SRC (single reaction chamber) microwave 

system are the most common microwave digestion systems so far. Compared to the 



213 
 

typical and traditional rotor based digestion system, the SRC digestion system allows 

larger sample sizes per sample vessel, which is good for ultra-trace elements 

determination. Additionally, the SRC systems enable analysts to analyze multiple oil 

samples at the same time under the same temperature and pressure. Furthermore, the SRC 

systems avoid potential sample loss and contamination by achieving the same pressure in 

both the sample vessels and SRC. 

        The pretreated oil samples are introduced into proper instruments for determination. 

The most commonly used analytical techniques include FAAS (flame atomic absorption 

spectrometry), ET-AAS (electrothermal atomic absorption spectrometry) or GF-AAS 

(graphite furnace atomic absorption spectrometry), CVG-AAS (chemical vapor 

generation atomic absorption spectrometry), ICP-OES (inductively coupled plasma-

optical emission spectrometry), and ICP-MS (inductively coupled plasma-mass 

spectrometry). Every technique has its own pros and cons. Generally, FAAS is the 

cheapest technique, and simplest to be operated, but it has the highest detection limits, 

and can only analyze a single analyte per run, whereas ET- or GF-AAS is able to 

determine lower abundance elements due to its much higher sensitivity. CVG-AAS is 

even more sensitive than ET-AAS. This technique, however, is subject to sample loss as 

some interested trace elements species are volatile, and oil samples need to be 

mineralized prior to determination to avoid severe spectral interferences. The ICP 

techniques are among the most expensive. ICP-OES has a sensitivity a little better than 

FAAS, while the sensitivity of ICP-MS is the highest. Both ICP-OES and ICP-MS make 

the multi-element analysis possible (more than 70 elements); however, both ICP 

techniques do not work well if exposed to high organic load, which may cause instability 
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or even extinction of the plasma. For ICP-MS, carbon can deposit on sampler and 

skimmer cones and ion lens to affect the transport efficiencies of ions. 
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