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Radiogenic and stable isotopic tracing of crude oils has not so far been undertaken, largely because of the difficulties of dealing with the low trace element contents of oil samples for high-precision isotopic measurements. Here, we present a novel analytical protocol that allows for precise and accurate determination of radiogenic Pb and stable Zn isotopic compositions on as little as 5 ml of crude oil from a variety of geographically, geologically, and environmentally diverse settings. The 41 Pb and Zn samples measured to validate the new protocol were separated from their respective crude oils by liquid-liquid extraction into an aqueous phase readily handled in a clean laboratory for subsequent purification of Pb and Zn by standard anion-exchange column chromatography. Lead and Zn isotopic compositions on the same 5 ml sample of crude oil were obtained by MC-ICP-MS on 95% of the total extracted Pb and Zn, while elemental concentrations were measured by Q-ICP-MS on 5% aliquots. To the best of our knowledge, the present technique is the first efficient procedure for Pb and Zn isotopic analysis of crude oil, which, owing to the elimination of the organic fraction at the liquid-liquid extraction stage, does not require any specialized equipment, neither for the wet chemistry nor the mass spectrometry. The high extraction

Introduction

Crude oil is a naturally occurring hydrocarbon mixture, often mixed with emulsified water with mineral suspensions [START_REF] Tissot | The Composition and Classification of Crude Oils and te influence pf Geological Factors[END_REF]. Metals are found in trace concentrations in crude oils as inorganic salts associated with the water phase, or as organometallic complexes and metals bound to ligands [START_REF] Speight | Handbook of Petroleum Analysis[END_REF]. Their presence in the oil can either be natural or result from post-emplacement contamination during production, transportation, and storage (Stigter et al., 2000).

Due to the high toxicity of lead released by the combustion of anti-knocking compounds in gasoline, Pb in crude oil and petroleum derivatives has been a main health concern over the last half century [START_REF] Hirao | Lead aerosol pollution in the high sierra overrides natural mechanisms which exclude lead from a food chain[END_REF][START_REF] Korn | Atomic spectrometric methods for the determination of metals and metalloids in automotive fuels -A review[END_REF][START_REF] Schaule | The Occurrence of Lead in the Northeast Pacific and the Effects of Anthropogenic Inputs[END_REF]. Numerous techniques have been developed over the years to determine the Pb content of crude oils, the most recent of which have benefited greatly from the advent of inductively coupled plasma mass spectrometry (ICP-MS) (Hwang, 2011). The techniques of microwave-assisted digestion [START_REF] Dreyfus | Determination of lead isotope ratios in crude oils with Q-ICP/MS[END_REF]Ventura et al., 2015) and microwave-induced combustion [START_REF] Pereira | Determination of metals and metalloids in light and heavy crude oil by ICP-MS after digestion by microwaveinduced combustion[END_REF] are limited to small sample sizes (100-500 µl), too small for enough metal to be recovered from low-Pb and low-Zn crude oil samples for high-precision isotopic analysis. So far, no study focusing on the Pb isotopic composition of crude oil has achieved high precision on Pb-poor samples [START_REF] Dreyfus | Determination of lead isotope ratios in crude oils with Q-ICP/MS[END_REF][START_REF] Lord | Determination of Lead and Lead Isotope Ratios in Gasoline by Inductively Coupled Plasma Mass Spectrometry[END_REF]. While the next advent of multiple-collector ICP-MS (MC-ICP-MS) opened up new avenues for high-sensitivity, high-precision, highthroughput Pb isotopic measurements [START_REF] Albarède | Precise and accurate isotopic measurements using multiple-collector ICPMS[END_REF]Belshaw et al., 1998;[START_REF] White | High-precision analysis of Pb isotope ratios by multi-collector ICP-MS[END_REF][START_REF] Woodhead | A simple method for obtaining highly accurate Pb isotope data by MC-ICP-MS[END_REF], applications of this approach to organic geological samples have been limited, mostly because of the difficulties associated with Pb purification from a matrix of organic material.

The ubiquity of Pb in terrestrial samples and its relationship to its radioactive progenitors U and Th make it a powerful tool for dating geological samples and tracing the geodynamic and geological history of a region. Lead has three radiogenic isotopes, 206 Pb, 207 Pb, and 208 Pb, produced by the radioactive decay of 238 U, 235 U, and 232 Th, respectively, and a fourth stable isotope, 204 Pb. The isotopic ratios 206 Pb/ 204 Pb, 207 Pb/ 204 Pb, and 208 Pb/ 204 Pb inform on the tectonic (model) age of a sample (e.g., [START_REF] Albarede | Unscrambling the lead model ages[END_REF][START_REF] Cumming | Ore lead isotope ratios in a continuously changing earth[END_REF][START_REF] Moorbath | Lead isotope abuncance studies on mineral occurrences in the British Isles and their geological significance[END_REF][START_REF] Stacey | Approximation of Terrestrial Lead Isotope Evolution by a Two-stage Model[END_REF]. Additionally, the contrasting chemical behavior of Pb, U, and Th in response to magmatic, metamorphic, and sedimentary processes are reflected in the 207 Pb/ 206 Pb and 208 Pb/ 206 Pb ratios which consequently can be used to reconstruct regional geodynamics [START_REF] Blichert-Toft | Large-scale tectonic cycles in Europe revealed by distinct Pb isotope provinces[END_REF]. Lead isotopes further have been widely applied as tracers of contamination and sources of geological materials according to the following principle: The isotopic composition of 'modern common lead' is defined as the weighted average of the Pb isotopic compositions of different rock types worldwide, but also as the intersection of 'secondary' Pb-Pb isochrons [START_REF] Stacey | Approximation of Terrestrial Lead Isotope Evolution by a Two-stage Model[END_REF]; any deviation of the isotopic signature of a given sample from this reference reflect the history of U-Th-Pb fractionation in the sample and in its protolith.

We contend that high-precision measurement of the isotopic composition of Pb in crude oils will open up new perspectives to the understanding of oil formation, maturation, migration, and oil-rock interaction during transportation and storage, as well as to reservoir characterization and the tracing of oil prospection-related pollution. We further anticipate applications in forensic designation of oil wells in the context of environmental studies.

To pursue these objectives, we here demonstrate the proof-of-concept of a new liquidliquid extraction technique that efficiently extracts Pb from crude oil into an aqueous phase suitable for ensuing column chromatographic purification and high-precision isotopic analysis of the separated Pb by MC-ICP-MS. The primary interest of the present protocol is Pb, but because Zn is chemically very similar to Pb, Zn gets extracted from the crude oil together with Pb and subsequently requires only one additional elution step for separation on the same anion-exchange column as that used to recover the Pb.

Zinc is potentially of interest as it provides information complementary to that of Pb about the paleoenvironment of the biological oil precursors. In the following, however, we will focus mainly on Pb although both Pb and Zn are simultaneously measured in the same crude oil sample. The new method described here is time-efficient with high yields and low procedural blanks and the Pb and Zn isotopic data are precise and reproducible

Samples

The method presented here was tested on a set of 41 samples from distinct locations and environments provided by three supporting institutions. The British Geological Survey (BGS) provided 15 precisely localized samples, of which 11 originated from the North Sea and offshore areas east and south of the UK, and four came from northwestern Libya. The BGS also supplied a set of 22 samples for which precise coordinates were not provided due to confidentiality issues; only the country or general region of the world were specified. The Norwegian Petroleum Directorate (NPD) further provided two samples from the Norwegian North Sea, and the Institut Français du Pétrole et des Energies Nouvelles (IFPEN) provided two samples from the Paris Basin.

Analytical techniques

The underlying strategy of the proposed protocol is the use of liquid-liquid extraction in the presence of bromide, an anion known for strongly chelating Pb and Zn. The oil sample is dissolved in dichloromethane, then brought into contact with dilute HBr. The number of extraction steps was optimized by taking both blanks and yields into account.

Reagents used

Anhydrous-grade dichloromethane (≥99.8%, Sigma-Aldrich, St. Louis, USA) -DCM -was used for dissolution of the crude oil, while Triton X-100 (Sigma-Aldrich, St. Louis, USA) was used as a non-ionic surfactant in both the extraction and emulsification protocols.

Deionized water (Milli-Q Academic System, Millipore) with a conductivity of 18.2 MΩ.cm -1 was used for all dilutions of reagents and standards and for all cleaning purposes. Nitric (HNO3) and hydrochloric (HCl) acids were distilled in the clean laboratory at the Ecole Normale Supérieure de Lyon (ENS Lyon), while 'BASELINE' hydrobromic acid (HBr) was purchased from SEASTAR (Sidney, British Columbia, Canada) and hydrogen peroxide (H2O2, Suprapur, 30%) was purchased from Merck (Darmstadt, Germany).

All polypropylene material was cleaned for at least 48 hours in an a cold 20% distilled HCl bath, while all Teflon ware was cleaned following a rigorous protocol involving consecutive hot baths of distilled HNO3 and HCl combined with HF-and HBr-reflux steps.

Instrumentation

All analyses were done at ENS Lyon. Concentration measurements of Pb and Zn were carried out on 5% aliquots of each sample as well as on bulk emulsions to check the extraction yield of the method. Analyses were done on an Agilent 7500CX Q-ICP-MS (Agilent Technologies Inc.). Samples were diluted in distilled 0.5M HNO3 + 2 ppb Rh and introduced into the nebulizer via a peristaltic pump. Rhodium was used as an internal standard to monitor and correct for instrumental drift (In was used for the bulk emulsion analyses). Multi-tune measurements were carried out for each sample using Ar and He successively as sampler gas. The use of He allows the removal of polyatomic interferences. Elemental standards diluted in distilled 0.5M HNO3 were run for calibration purposes at the beginning of each session and for sample bracketing. All instrument parameters were optimized to obtain maximum sensitivity and precision (Table 1).

Lead isotopic analyses were carried out on a Nu Plasma HR MC-ICP-MS (Nu Instruments Ltd.) for samples with more than 100 ng of purified Pb, using a DSN-100 desolvation nebulizer system (Nu Instruments Ltd.). For Pb-poor samples, isotopic analysis on the more sensitive Neptune Plus HR MC-ICP-MS (Thermo Scientific) was required, using an Aridus II desolvating nebulizer system (Teledyne CETAC Technologies). The two mass spectrometers were cross-checked for accuracy by running the same sample and standard solutions on both instruments. Prior to each run session, torch position, gas flows, as well as source and voltage lenses were optimized for maximum sensitivity and precision (Tables 2 and3). Samples were dissolved in distilled 0.05M HNO3 + 5 pbb Tl for the Nu Plasma and in 0.05M HNO3 + 1 pbb Tl for the Neptune Plus; the added Tl was used to correct the unknowns (samples and standards) for instrumental mass bias using an exponential law [START_REF] Maréchal | Precise analysis of copper and zinc isotopic compositions by plasma-source mass spectrometry[END_REF]. Sample-standard bracketing was done by measuring, respectively, 25 ppb (Nu Plasma) and 5 ppb (Neptune Plus) solutions of the Pb isotopic Standard Reference Material (SRM) 981 from the National Institute of Standards and Technology (NIST) every two samples throughout the run sessions and normalizing to the values of [START_REF] Eisele | The 320 kyr Pb isotope evolution of Mauna Kea lavas recorded in the HSDP-2 drill core[END_REF] for NIST 981. All measured ratios were obtained by averaging 60 runs per sample/standard run.

Zinc isotopic analyses were carried out on a Nu Plasma HR MC-ICP-MS (Nu Instruments Ltd.) using an ASX-100 Auto Sampler (Teledyne CETAC Technologies). Prior to each run session, torch position, gas flows, as well as source and voltage lenses were optimized for maximum sensitivity and precision (Table 2). Samples were dissolved in distilled 0.05M HNO3 + 200 ppb Cu, using the added Cu as an internal standard to correct for instrumental mass bias [START_REF] Albarede | Analytical Methods for Non-Traditional Isotopes[END_REF]. Sample-standard bracketing was done by measuring a 200 ppb solution of the Zn and Cu SMR 976 standard from NIST every two samples and normalizing to the 'Lyon' JMC 3-0749 L standard.

Pb-Zn liquid-liquid extraction for isotopic analysis

Pb-Zn extraction from crude oil

All steps involving solvents were carried out in an extraction hood to ensure safety and under laminar flow to minimize contamination (Table 4, Fig. 1a).

Approximately 5 ml of crude oil (Table 4) were transferred from its original glass storage bottle to a pre-cleaned 50 ml polypropylene centrifuge tube using a pre-cleaned 1 ml Pasteur pipette and weighed to the nearest 0.001 g (with the tubes capped to avoid contamination and volatile loss). Although the Pb and Zn contents of the crude oil samples analyzed here almost always allowed for successful isotopic analysis, even when the samples provided were as small as only 1 ml, oil volumes of 5 ml, when available, ensure better precision. After weighing, the oil was dissolved in 10 ml dichloromethane by manually shaking the mixture for 10 minutes (Table 4, Fig. 1a).

15 ml of distilled 1.5M HBr were then added to and mixed with the organic phase by manual shaking for 20 minutes (Table 4, Fig. 1a). The inorganic (top) phase was allowed to separate for one hour, after which total separation was achieved with 5 minutes of centrifugation at 7800 rpm (Table 4, Fig. 1a). Using an Eppendorf micropipette, the aqueous layer was pipetted out into a clean tube (Fig. 1a); the dilution of the sample in dichloromethane -which has a density (1.33) greater than that of dilute HBr -allows for ready and efficient recovery of the top, acidic phase, hence minimizing the risk of contamination and pipetting out of the unwanted organic phase. After collection of the aqueous (HBr) phase, another 15 ml of 1.5M HBr were added to the remaining organic phase and the shaking, centrifugation, and pipetting steps repeated in order to ensure maximum extraction yield (Table 4, Fig. 1a).

In some cases, highly viscous oil samples would not separate properly from the inorganic phase, making pipetting difficult. One ml of Triton X-100 diluted to 5% was then added (Table 4) to act as a demulsifier thereby rendering pipetting of the acidic phase easier.

All the ensuing steps of manipulation of the collected inorganic phase were carried out in a clean laboratory under a laminar flow hood to avoid contamination (Table 4).

Sample attack

The two HBr phases recovered for each sample were transferred and merged into a single PFA Savillex beaker and evaporated to dryness overnight at 110°C (Table 4, Fig. 1a). Residual traces of organic matter were removed following a two-step acid attack (Table 4, Fig. 1b). First, 2 ml of concentrated distilled HNO3 were added to the sample and the closed beaker left to react for several hours on a hot plate at 130°C. After evaporation to dryness at 110°C, 2 ml of concentrated distilled HNO3 and 0.5 ml of 30% Suprapur H2O2 were added and, upon complete dissolution, the sample was evaporated to dryness.

A last step of 6M distilled HCl dissolution was carried out to eliminate any traces of HNO3 and condition the sample for column chromatography. After leaving the closed beakers for two-three hours at 130°C, the samples were evaporated to dryness at 110°C (Table 4, Fig. 1b).

Pb and Zn purification

Lead and Zn were eluted from the extracted samples by ion-exchange chromatography using 250 µl columns filled with AG1-X8 (100-200 mesh) (Table 4, Fig. 1c). The resin was discarded after each use. The samples were dissolved and loaded onto the cleaned, pre-conditioned columns in 2M HBr (Table 4). The sample matrix was eluted with 2M HBr after which Pb and Zn were collected successively in separate beakers using, respectively, 6M HCl and 0.5M HNO3 (Table 4, Fig. 1c). After evaporation to dryness, a few drops of 2M HBr were added to the Zn fraction to eliminate any traces of HNO3 before repeating the column procedure to ensure complete Zn purification (Table 4, Fig. 1c). The Pb fractions were run through the columns only once. A few drops of concentrated distilled HNO3 were added to both the Pb and Zn final fractions to eliminate any traces of Br2 and organic material prior to isotopic analysis (Table 4).

For all the Pb and Zn fractions, 5% aliquots were taken for elemental concentration analysis (Table 4, Fig. 1c) by dissolving the samples in 1 ml of 0.5 M HNO3 and pipetting out 50 µl with an Eppendorf micropipette, and then drying down the aliquots. The remaining 95% Pb and Zn fractions were also evaporated to dryness prior to isotopic analysis (Table 4, Fig. 1c).

About 30 samples can be extracted and purified over a period of two weeks. The only liquid waste is the 10 ml of DCM used to dissolve each sample of crude oil.

Emulsification of bulk oil samples

In order to assess the yield of the extraction protocol, the measurement of Pb and Zn concentrations in the bulk oil was required. A number of techniques exist for the analysis of bulk crude oil but are plagued by a variety of problems. Direct analysis by introduction of an organic sample diluted in a suitable solvent into an ICP-MS causes problems such as long-time memory effects [START_REF] Sanabria Ortega | Different approaches of crude oil mineralisation for trace metal analysis by ICPMS[END_REF], calibration issues owing to differences in viscosity and ionization behavior between samples and standards [START_REF] Amorim | Determination of vanadium in petroleum and petroleum products using atomic spectrometric techniques[END_REF], solvent volatility [START_REF] Khuhawar | Determination of Metal Ions in Crude Oils[END_REF], and carbon coatings inside the mass spectrometer [START_REF] Korn | Atomic spectrometric methods for the determination of metals and metalloids in automotive fuels -A review[END_REF][START_REF] Mello | Sample preparation methods for subsequent determination of metals and non-metals in crude oil-A review[END_REF].

We therefore turned to an oil-and-water emulsion protocol [START_REF] Al-Swaidan | The determination of lead, nickel and vanadium in Saudi Arabian crude oil by sequential injection analysis/inductively-coupled plasma mass spectrometry[END_REF][START_REF] Amorim | Determination of vanadium in petroleum and petroleum products using atomic spectrometric techniques[END_REF][START_REF] Burguera | Analytical applications of emulsions and microemulsions[END_REF][START_REF] Cardarelli | Analytical application of emulsions -Determination of Lead in gasoline by atomic-absorption spectrophotometry[END_REF][START_REF] Korn | Atomic spectrometric methods for the determination of metals and metalloids in automotive fuels -A review[END_REF][START_REF] Lord | Determination of trace metals in crude oil by inductively coupled plasma mass spectrometry with microemulsion sample introduction[END_REF][START_REF] Mello | Sample preparation methods for subsequent determination of metals and non-metals in crude oil-A review[END_REF][START_REF] Thiem | Extraction efficiencies of emulsions for 21 elements in oil and transmission fluids by inductively coupled plasma spectroscopy[END_REF]. The use of diluted, acidified emulsions using HNO3 has proven well suited for ICP-MS measurements by minimizing the organic load of the sample and thereby the risk of plasma extinction due to carbon build-up on the torch [START_REF] Burguera | Analytical applications of emulsions and microemulsions[END_REF], and by reducing the viscosity difference between the samples and the aqueous inorganic standards, thus enabling direct correlation between the signal of the analyzed species in both solutions. This method also increases instrument sensitivity.

The emulsification protocol adopted here consists of several steps: 0.1 ml of crude oil was placed in a 50 ml pre-cleaned polypropylene centrifuge tube using a 1 ml precleaned Pasteur pipette and dissolved in 0.3 ml of dichloromethane. 0.1 ml of Triton X-100 was added as a surfactant. The dissolved sample was emulsified in 10 ml 0.5M HNO3 + 2 ppb In after 5 minutes of vigorous manual shaking. The volume was increased to 50 ml with 0.5M HNO3 + 2 ppb In while shaking continuously. To account for the matrix load limit of the Q-ICP-MS, the emulsion was further diluted by 50% by adding 0.5M HNO3. Due to this significant dilution factor, only crude oils with relatively high Pb and Zn concentrations were measured using this technique: out of the 41 samples available, the 15 samples provided by the BGS and the two samples provided by the IFPEN contained enough Pb and Zn to be emulsified and used for validating the yield of the HBr extraction method. The other 24 samples either contained too little Pb or Zn with respect to the detection limit of the Q-ICP-MS once emulsification and dilution had been undertaken, or were simply provided in too small quantities for enough oil to be left after the extraction measurement to also carry out the emulsion experiment.

The apparent yield of the extraction protocol was evaluated by comparing the amount of Pb and Zn in the HBr extracted fractions with the bulk crude oil abundances of Pb and Zn as measured by Q-ICP-MS on 17 emulsified portions of the same oil samples.

Results

Optimization of extraction parameters

Dichloromethane was preferred as the organic solvent because of its ability to rapidly and completely dissolve crude oil, and because of its higher density compared to water: having the aqueous phase on top of, rather than below, the organic phase renders extraction by pipetting off of the aqueous phase, containing the Pb and the Zn, more practicable, and reduces risks of contamination and entrainment of organic matter during pipetting.

Each parameter of the protocol was optimized for extraction of the maximum amount of Pb (rather than Zn), hereafter referred to as the 'extractable' Pb, in the minimum amount of time to minimize contamination during manipulation. For each experiment, the extraction method was carried out on a test crude oil sample (the same for all the optimization tests), always making sure to change only one parameter at a time for each experiment (Table 5). The Pb content of the aqueous extracted phase was analyzed by Q-ICP-MS. Table 5 and Figure 2 summarize the results obtained for each tested parameter.

Different volumes of dichloromethane (Table 5, Fig. 2a) and HBr (Table 5, Fig. 2b) were tried to achieve the best possible compromise between the highest extraction efficiency and the smallest amount of reagent. The duration of the manual shaking steps (Table 5, Fig. 2c) also was assessed with the two-fold aim of first ensuring total dissolution of the crude oil sample into the dichloromethane and then optimizing the exposure time of the organic solution to the HBr for maximum Pb extraction. It was found that a one-hour decantation step does not entail measurable Pb adsorption on the walls of the centrifuge tube. We found the optimum volumes of dichloromethane and HBr to be 10 ml and 15 ml, respectively (Table 5, Figs. 2a andb), and the duration of the manual shaking steps to be 10 and 20 minutes for oil/DCM and oil/DCM/HBr, respectively (Table 5, Fig. 2c).

Different molarities of HBr (Table 5, Fig. 2d) were tested to optimize Pb extraction into the aqueous phase. The maximum Pb content after one extraction was obtained for 3.5M HBr (Table 5, Fig. 2d). However, at HBr molarities >3M, the aqueous phase starts to become denser than the organic phase, which causes the organic phase to be entrained upon pipetting. We therefore opted for a 1.5M molarity (Table 5, Fig. 2d). To maximize recovery of the extractable Pb, the 1.5M HBr extraction step was done twice (see next paragraph).

The number of successive HBr extractions necessary for a given crude oil sample to maximize the Pb extraction yield and minimize the reagent volumes, and thereby total procedural blanks, was also established. Four successive extractions were done on the test sample using the optimized values for all the other critical parameters and each extraction was collected and analyzed separately by Q-ICP-MS. Two successive HBr extractions per sample were found to typically recover >95% of the total extractable Pb.

Further steps were found to be prone to contamination, mostly because of the high blank/sample ratio, and the number of extraction steps therefore was limited to two.

Procedural blanks

All reagents and material used were tested for their Pb and Zn blanks. Differential procedural blanks were measured on the pipetting step done to extract the HBr phase, on the extraction part of the protocol, and on the column chromatography procedure.

Triplicated total procedural blanks of the entire method were less than 300 pg Pb and 60 ng Zn. In both cases, this is negligible compared to the typical Pb and Zn contents of crude oils of the order of a few to several hundred ppb Pb and a few hundred ppb to tens of ppm Zn. The measured isotopic composition of the total procedural Pb blank was 

Accuracy and precision

Sample duplicates were analyzed for Pb and Zn concentrations and Zn isotopic compositions on the two crude oils provided by the NPD (16/1-8 and 33/2-2S), while triplicates were measured for Pb isotopic compositions on the same samples (Table 6).

These two samples were chosen for duplicate and triplicate analysis because they were provided in large enough quantity to allow so. Both samples show excellent reproducibility of ±0.1% to ±4% for Pb concentrations, ±3% to ±6% for Zn concentrations, less than ±1‰ variation on Pb isotopic compositions, and up to 0.01‰ on Zn isotopic compositions (Table 6). The external reproducibility, estimated from repeat standard measurements of SMR 976 for Zn and NIST 981 for Pb, are 0.05‰ for Zn isotopic compositions and 100-200 ppm (or 0.01-0.02%) for Pb isotope ratios based on 204 ( 206 Pb/ 204 Pb, 207 Pb/ 204 Pb, 208 Pb/ 204 Pb) and 50 ppm (or 0.005%) for 207 Pb/ 206 Pb, 208 Pb/ 206 Pb, and 207 Pb/ 208 Pb. Internal run errors for both standards and unknowns (samples) always were inferior to the external reproducibility for both Pb and Zn (Table 6).

The accuracy of elemental analyses was verified by running standard solutions of increasing concentrations prior to the sample measurements. Calibration lines always gave R 2 >0.999. For isotopic analysis, accuracy was achieved by normalizing the unknowns to the accepted values of the Pb and Zn standards NIST 981 [START_REF] White | High-precision analysis of Pb isotope ratios by multi-collector ICP-MS[END_REF] and 'Lyon' JMC 3-0749 L [START_REF] Maréchal | Precise analysis of copper and zinc isotopic compositions by plasma-source mass spectrometry[END_REF].

Pb and Zn extraction yields

Table 7 and Figure 3 compare the results of the bulk oil emulsion measurements with the concentration data obtained after Pb and Zn extraction in order to evaluate what may be considered the 'yield' of the latter. For both Pb and Zn, the yields are comparable for the two methods, though the extraction procedure often recovers quantities up to three times higher than those recovered by the bulk emulsion procedure. This discrepancy, however, varies greatly from one sample to another and is not correlated with the measured concentration in the crude oil. We interpret this to indicate that some of the Pb and Zn in the crude oil are inaccessible by emulsion analysis due to being bound to larger organic complexes in a manner and proportion that may vary from one crude oil sample to the next. In addition, a fraction of the oil may be lost from the emulsion in the form of droplets, while the large amount of carbon in the sample may cool the plasma and reduce the ionization yield. In contrast, the more efficient recovery achieved by the extraction method may reveal the total of the free and bound Pb and Zn.

Whether more strongly complexed Pb and Zn remain in the oil after extraction is unclear but the fact that almost no additional Pb or Zn are gained by repeating the extraction procedure a third time (as discussed in section 4.1) suggests that all accessible -or 'extractable' -Pb is recovered, which corresponds to what we consider the 'geologically significant' Pb and the object of interest here.

In a few cases, however, we found that less Pb and Zn were recovered from the HBr extraction protocol than from the bulk emulsion procedure. For Pb, this only occurred (but not systematically) for samples with low Pb contents, yet the ratio between the HBr extraction and the emulsion yields does not fall below 0.7 (Table 7). A first explanation may simply be that Pb and Zn were not homogeneous in the original sample.

Alternatively, this phenomenon may be an artifact of the lower measurement precision inherent to Pb-poor samples rather than to a significant difference in the actual extraction yields between the two methods. For Zn, a similar phenomenon is observed though for three samples the ratio between the HBr extraction and the emulsion yields are 0.3, which cannot be ascribed to an artifact of low-precision measurement. We consider that since the HBr extraction method was optimized with respect to Pb, and not Zn, it is possible that it is less efficient for Zn-poor samples. For crude oils with Zn contents higher than 1 ppm, the high Zn yields obtained with the HBr extraction method are robust.

Pb and Zn isotopic variations in successive extraction steps

Lead and Zn isotopic compositions were determined on four successive fractions extracted from three samples, A2-NC1, 529-003, and #1 (Table 8). For Pb, very little variation is observed, typically a few parts in 10 4 for 204 Pb-normalized ratios and a few parts in 10 5 for the other Pb isotope ratios, i.e., very close to the analytical uncertainties (Fig. 4). The variations are systematic from fraction 1 to fraction 4. The magnitude of Pb isotopic variation is comparable to mass-dependent isotope fractionation by anion exchange chromatography [START_REF] Blichert-Toft | Hawaiian hot spot dynamics as inferred from the Hf and Pb isotope evolution of Mauna Kea volcano[END_REF] and liquid-liquid extraction with DC18C6 crown ether [START_REF] Fujii | Nuclear field shift effect of lead in ligand exchange reaction using a crown ether[END_REF]. For A2-NC1, the direction of fractionation of 207 Pb/ 206 Pb and 208 Pb/ 206 Pb is opposite that of the other two samples.

The measurements of the Zn isotope composition of 529-003 failed, presumably because of excess organic material (Table 8). For the other samples, 66 Zn/ 64 Zn fractionation is of the order of 0.03‰, i.e., overlaps with analytical uncertainties. Not enough Zn could be extracted in fractions 3 and 4 for reliable isotopic analysis (Table 8).

Discussion

Evaluation of the extraction protocol and isotope analyses

Even the most sophisticated mineralization techniques (e.g., Ventura et al., 2015) have failed to demonstrate reproducibility of the yields for Ni, Cr, and V concentrations and we suspect the same must be true for Pb and Zn. It is therefore very difficult to rigorously assess the yield of different techniques, and the attempts made in the present work to evaluate Pb and Zn concentrations of the total sample by emulsifying the oil illustrates this issue (Table 7). However, the very narrow range of Pb and, to some extent, Zn isotope compositions in successive extractions (Table 8, Fig. 4) indicates that robust isotope compositions are obtained by the present technique, even when the extraction yield is lower than 95 percent. The range of Pb isotopic compositions is near the standard reproducibility and compatible with liquid-liquid isotope fractionation compounded by some sort of Rayleigh distillation.

It is nevertheless conceivable that a hydrous phase, either dissolved or emulsified in the oil, may be present. It is, however, unlikely that water conceals a Pb and Zn reservoir with isotope compositions different from those of the oil. It is well known that water solubility in oil steeply decreases with decreasing temperature. At about 250°C, a typical water content is 20%. This number reduces to 2% water at 100°C, and 0.1% water at ambient temperature [START_REF] Glandt | Effect of Water Dissolution on Oil Viscosity[END_REF][START_REF] Griswold | Hydrocarbon-Water Solubilities at Elevated Temperatures and Pressures[END_REF]. How fast material is isotopically homogenized may be appreciated by considering water diffusion rates. The diffusion coefficient D of water is large (typically >10 -10 m 2 s at 40°C, [START_REF] Widmer | Fluid Phase Equilibria Water diffusivity in a mixed phase binary system : Effective water diffusion coefficients in tetradecanol-eicosanol mixtures[END_REF]. Even at such a low temperature, the diffusion distance (Dt) ½ is ~100 m for a time interval t=1Ma. Lead and Zn isotope abundances should be homogenized at a rate that cannot be smaller than that of their solvent. It is therefore concluded that Pb and Zn isotopes must be quickly homogenized over the molecular distances relevant to oil-water solutions and emulsions. Even if Pb is not fully extracted, it is unlikely that a 'hidden' fraction with a different Pb isotope composition remains unsampled, and likewise for Zn.

Potential geological applications

The suite of crude oils analyzed here are of diverse geographic and environmental origins and show large variabilities in Pb and Zn contents and isotopic compositions (Tables 6 and7).

The Pb isotopic signatures of some of the samples (IGI 574, IGI 1831, IGI 1832, IGI 1878, IGI 1881, as well as samples 1 and 2 from the non-geolocalized batch of oils) are coherent and consistent with all of them being derived from the UK's North Sea. Samples 11 and 12 from Cameroon also show similar isotopic compositions, as do samples 14 and 15 from East Africa. At a regional scale, therefore, Pb isotopic signatures seem geographically well ordered. 003, and 641-002) also show significant differences: samples 6151 and 529-003 display similar isotopic compositions that would tend to confirm the general relationship between geographical region and Pb isotopic signature, but sample 641-002 has ratios much higher than 'modern common lead' ( 206 Pb/ 204 Pb ≈ 19.3, 207 Pb/ 204 Pb ≈ 15.7, 208 Pb/ 204 Pb ≈ 38.9), which implies an excess of U and Th in this sample's source region or along its migration path. In contrast, sample 52433 has very low Pb isotopic ratios compared to 'common lead' which reflects an old system that became isotopically closed a very long time ago [START_REF] Stacey | Approximation of Terrestrial Lead Isotope Evolution by a Two-stage Model[END_REF]; that signature may have been inherited from an exchange between the oil and much older bedrock. Sample 13 from Cameroon also differs from samples 11 and 12; although we do not have precise geographical coordinates for these three samples, we can assume that they originated from different regions and have interacted with rocks of different types and ages.

Samples IGI 540 and IGI 542 come from the same well and yet have very different Pb isotopic compositions. Sample IGI 540 has been sampled from deeper in the well, in the Lower Jurassic, whereas sample IGI 542 comes from the Middle Jurassic, a few feet above. Sample IGI 540 shows very unradiogenic Pb compared with common Pb which, as for sample 52433 discussed above, may imply that it interacted with ancient bedrock.

In contrast, IGI 542 displays Pb more radiogenic than common Pb, suggesting it interacted with a high-U/Pb source. As sample IGI 542 derives from higher within the stratigraphic column, and since oil migrates upwards through the geological layers, it is probable that the oil that reached the Middle Jurassic emplacement migrated through a U-rich layer situated between both sampling sites, which overprinted the 'old-bedrock' signature carried from below and preserved in the Lower Jurassic emplacement. Based on the observations and relationships discussed above it hence seems that Pb isotopes in crude oils are a good indicator of geological context and migration history, holding potential for new approaches to oil exploration.

The corresponding Zn isotopic compositions (Table 6) usually lie between -0.3 and +0.3‰, likely reflecting the planktonic or, sometimes, higher plant origin of the crude oil source material [START_REF] Conway | The biogeochemical cycling of zinc and zinc isotopes in the North Atlantic Ocean[END_REF][START_REF] Moynier | Isotopic fractionation and transport mechanisms of Zn in plants[END_REF][START_REF] Weiss | Isotopic discrimination of zinc in higher plants[END_REF]. A few samples have higher δ 66 Zn values: this is the case of samples 11 and 12 from Cameroon, sample 16 from Sudan, sample 20 from Myanmar, and sample 6151 from the Paris Basin, the latter with a value of +1.59‰. As sample 16 comes from a lacustrine depositional environment, it can be presumed that these higher values attest to a terrestrial influence on the source material of these crude oils. Zinc isotopes thus may inform on the paleoenvironment contemporary to the deposition of the organic matter that eventually led to the formation of the crude oils.

Conclusions

We have developed a new method to separate simultaneously 'extractable' Pb and Zn from crude oil into an aqueous phase easily manipulated in a clean laboratory environment. The end-product is an inorganic, purified extract suitable for standard Pb and Zn anion-exchange column chromatography and high-precision isotopic analysis by MC-ICP-MS. The method has low blanks and excellent extraction yields and hence can be carried out on small quantities (1-5 ml) of crude oil. In addition, working with small samples is allowed for by the low detection limits and high sensitivity of state-of-the-art Q-and MC-ICP-MS technology. The present technique has lower total procedural blanks than other existing techniques aimed at isolating trace metals from crude oils, is timeefficient, and requires no specialized equipment beyond that typically available in standard clean laboratory and Q-and MC-ICP-MS facilities. To the best of our knowledge, the precision and accuracy of the extraction technique developed here have not been achieved previously for Pb and Zn isotopic measurements of crude oils. This new technique holds the potential of opening up doors to the use of Pb isotopes as a tracer of crude oil genesis and evolution. The asterisk (*) in the last line of "Step 2" indicates the solution that is loaded onto the chromatography columns in "Step 3". For the "Zn fraction" in "Step 4", the same asterisk indicates the solution that is loaded for the second chromatography procedure when "Step 3" is repeated. 
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  Pb/ 204 Pb = 17.144 ± 0.224, 207 Pb/ 204 Pb = 14.940 ± 0.186, 208 Pb/ 204 Pb = 36.143 ± 0.455, 208 Pb/ 206 Pb = 2.108 ± 0.002, and 207 Pb/ 206 Pb = 0.871 ±0.001 (n = 3), which is similar to the ratios obtained when dividing the natural Pb isotope abundances from the Chart of the Nuclides ( 206 Pb/ 204 Pb = 17.214, 207 Pb/ 204 Pb = 15.786, 208 Pb/ 204 Pb = 37.429, 208 Pb/ 206 Pb = 2.174, 207 Pb/ 206 Pb = 0.422). The differences observed are ascribed to the low precision on the Pb isotopic composition of the blank due to the low concentrations of the three total procedural Pb blanks. The isotopic composition of the total procedural Zn blank was δ 66 Zn = 0.19‰.

  At a smaller scale, however, greater variability can be found within a single region. The four Libyan samples clearly fall into two distinct groups, correlating with their geographical coordinates: samples A2-NC1 and C1-NC1 both come from the NC1 prospection area, around latitude 32.2 and have similar Pb isotopic compositions ( 206 Pb/ 204 Pb ≈ 17.2, 207 Pb/ 204 Pb ≈ 15.5, 208 Pb/ 204 Pb ≈ 37.0), whereas samples Z1-NC7A and 1508-3 come from a prospection site farther west and have a completely different isotopic composition from samples from prospection area NC1 ( 206 Pb/ 204 Pb ≈ 18.7, 207 Pb/ 204 Pb ≈ 15.6, 208 Pb/ 204 Pb ≈ 38.2-38.7). Such geographically correlated discrepancy likely reflects environmental influence on the crude oil's Pb isotopic composition, possibly associated with exchanges with the surrounding bedrocks during oil migration and storage. Similarly, samples from the London-Paris basin (samples 52433, 6151, 529-
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Table 1

 1 

	. Agilent 7500CX Q-ICP-MS instrument settings
	Carrier gas	0.7 -1.2 l/min
	Make-up gas	0.12 -0.18 l/min
	Helium gas	5 l/min
	Integration time	0.1 s
	Repeats per integration	3
	Oxide load (156/140)	<2%
	Double charges (70/140)	<2%

Table 4 .

 4 Pb and Zn liquid-liquid extraction protocol for crude oil, followed by acid attack, column chromatography, and aliquoting

	Task/Step	Reagent added	Volume (ml)	Time (')	Hotplate temperature (°C)
	Step 0: Weighing of the crude oil sample -extraction hood, laminar flow	
	Pipetting and weighing	Crude oil (sample)	5		
	Step 1: Liquid-liquid extraction of Pb and Zn from crude oil -extraction hood, laminar flow	
	Manual shaking	DCM	10	10	
	Manual shaking	1.5M HBr	15	20	
	Gentle manual shaking (optional)	Triton X-100 5%	1	2	
	Phase separation			60	
	Centrifugation (7800 rpm)			5	
	Pipetting of HBr phase				
		Repeat Step 1		
		Step 2: Acid attack -clean laboratory, laminar flow		
	Evaporation on hotplate				120
	Closed beaker on hotplate	Conc. HNO3	2	until complete dissolution	130
	Evaporation on hotplate				110

Table 5 .

 5 Extracted Pb contents when varying one parameter at a time for the HBr extraction protocol

	DCM volume	HBr volume	HBr molarity	Oil/DCM	Oil/DCM/HBr	Number of	Pb conc.
	(ml)	(ml)	(M)	shaking time (')	shaking time (')	extractions	(ng/g)
	5						162.3
	10						184.3
		20	1	10	20	2	
	15						111.9
	20						124.5
		5					107.1
		10					139.8
	10		1	10	20	2	
		15					186.6
		20					184.3
			0.5				99.8
			1				97.3
			1.5				136.7
			2				140.2
			2.5				118.0
	20	20		10	20	1	
			3				124.8
			3.5				192.3
			4				129.3
			4.4				136.5
			8.8				123.5
	10	20	1	0.5	20	2	146.4

Table 6 .

 6 Pb and Zn concentrations and isotopic compositions of crude oil

	Sample name	Latitude	Longitude	Well	Location	Color	Viscosity	Pb conc. (ng/g)	Zn conc. (ng/g)	206 Pb/ 204 Pb	2σ	207 Pb/ 204 Pb	2σ	208 Pb/ 204 Pb	2σ	δ 66 Zn (‰) ±0.05‰
	16/1-8	58.84N	2.24E	16/1-8	North Sea (Norway)	Dark brown	Liquid	15.0	718.1	18.517	0.0006	15.644	0.0004	38.295	0.0011	0.18
								14.4	677.8	18.542	0.0011	15.641	0.0013	38.314	0.0034	0.19
										18.540	0.0007	15.639	0.0006	38.311	0.0018	
	33/2-2S	61.75N	1.61E	33/2-25	North Sea (Norway)	Dark brown	Liquid	99.4	116.5	18.914	0.0011	15.687	0.0011	38.541	0.0034	0.14
								99.3	120.3	18.909	0.0008	15.681	0.0007	38.524	0.0022	0.15
										18.913	0.0007	15.685	0.0006	38.534	0.0014	
	A2-NC1	32.22N	11.49E	A2-NC1	Ghadamis Basin Lybia	Dark brown	Liquid	1260.2	5133.0	17.159	0.0013	15.524	0.0013	36.918	0.0039	0.32
	Z1-NC7A	29.48N	12.31E	Z1-NC7A	Ghadamis Basin Lybia	Brown	Liquid	801.0	2903.6	18.795	0.0006	15.689	0.0006	38.678	0.0015	0.36
	C1-NC1	32.21N	11.49E	C1-NC1	Ghadamis Basin Lybia	Dark brown	Liquid	1788.7	16974.4	17.365	0.0007	15.536	0.0008	37.099	0.0023	0.01
	1508-3	29.27N	13.29E	2A4-NC8	Hamada Basin Lybia	Dark brown	Liquid	81545.5	1592.5	18.691	0.0008	15.640	0.0006	38.194	0.0017	0.41
	52433	48.49N	3.12E	Donnemarie 1	Paris Basin France	Dark brown	Liquid	116837.1	1373.6	17.771	0.0011	15.585	0.0012	37.786	0.0037	0.30
	6151	48.97N	3.41E	Essises 1	Paris Basin France	Brown	Liquid	15168.2	41522.9	18.212	0.0008	15.624	0.0008	38.293	0.0027	1.59
	529-003	53.37N	0.05E	Keddington	United Kingdom Onshore	Dark brown	Liquid	270.1	1740.0	18.224	0.0007	15.626	0.0006	38.278	0.0017	0.12
	641-002	53.24N	-0.43E	Reepham-1	United Kingdom Onshore	Dark brown	Liquid	338.4	1038.4	19.316	0.0006	15.709	0.0006	38.895	0.0017	-0.01
	IGI 540	56.72N	1.70E	29/9B-2	United Kingdom Offshore	Dark brown	Liquid	267.0	338.7	17.633	0.0009	15.582	0.0010	37.294	0.0028	0.30
	IGI 542	56.72N	1.70E	29/9B-2	United Kingdom Offshore	Dark brown	Liquid	2896.8	364.7	18.995	0.0010	15.675	0.0009	38.555	0.0024	0.28
	IGI 574	57.03N	2.06E	23/26B-4	United Kingdom Offshore	Orange	Liquid	3100.1	843.4	18.389	0.0010	15.633	0.0008	38.416	0.0022	0.33

Table 8 .

 8 Pb and Zn concentrations and isotopic compositions of four successive fractions extracted from three crude oil samples

	Sample name	Extraction step	Pb conc. (ng/g)	Zn conc. (ng/g)	206 Pb/ 204 Pb	2σ	207 Pb/ 204 Pb	2σ	208 Pb/ 204 Pb	2σ	208 Pb/ 206 Pb	2σ	207 Pb/ 206 Pb	2σ	δ 66 Zn (‰) ±0.05‰
	A2-NC1	1st	86.6	1636.5	17.365	0.0006	15.536	0.0006	37.098	0.0018	2.136	0.0000	0.895	0.0000	-0.01
		2nd	24.6	392.0	17.366	0.0007	15.537	0.0006	37.105	0.0016	2.137	0.0000	0.895	0.0000	0.02
		3rd	11.1	72.9	17.366	0.0007	15.538	0.0007	37.110	0.0019	2.137	0.0000	0.895	0.0000	
		4th	4.3	44.9	17.374	0.0005	15.544	0.0006	37.128	0.0016	2.137	0.0000	0.895	0.0000	
	529-003	1st	267.0	1721.5	18.222	0.0007	15.623	0.0007	38.268	0.0019	2.100	0.0000	0.857	0.0000	
		2nd	46.0	281.2	18.227	0.0006	15.626	0.0006	38.278	0.0015	2.100	0.0000	0.857	0.0000	
		3rd	3.9	17.5	18.234	0.0005	15.627	0.0006	38.286	0.0015	2.100	0.0000	0.857	0.0000	
		4th	1.0	4.2	18.306	0.0009	15.631	0.0009	38.366	0.0021	2.096	0.0000	0.854	0.0000	
	1	1st	1167.5	10859.6	18.331	0.0006	15.647	0.0005	38.383	0.0015	2.094	0.0000	0.854	0.0000	-0.04
		2nd	368.9	2053.2	18.336	0.0007	15.650	0.0006	38.394	0.0018	2.094	0.0000	0.854	0.0000	-0.01
		3rd	74.1	220.6	18.344	0.0006	15.653	0.0006	38.402	0.0015	2.094	0.0000	0.853	0.0000	
		4th	12.4	39.3	18.348	0.0006	15.652	0.0005	38.402	0.0013	2.093	0.0000	0.853	0.0000	
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