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[bookmark: _Toc106207779]5.1. Introduction
Reference materials (RMs), whether Primary Reference Materials (PRMs) or Secondary Reference Materials (SRMs), are important tools in implementing several aspects of measurement quality of laboratory results, and are used for method validation, calibration, measurement uncertainty estimation, training, and for internal and external quality control purposes.
 Preparation of any reference material requires a thorough knowledge of the type of material and its properties. Further, expertise in the selection of appropriate and sensitive methods for carrying out homogeneity tests, stability tests and material characterisation, and good command of the statistical methods necessary for the correct processing and interpretation of experimental data.
The procedure for the preparation of an SRM for external quality control is similar to that for PRM. The difference between a PRM and an SRM is that the former is subject to rigorous ring testing for its certification.
For the Global Geochemical Reference Network project, the following Secondary Reference Materials should be prepared for each of the recommended sample media:

· Rock
· Residual soil
· Stream sediment
· Overbank/Floodplain sediment, and
· Blank solid sample.

For rock, residual soil, stream sediment, and overbank/floodplain sediment, at least five SRMs for each sample type must be prepared with different major and trace element concentrations. The two solid blank project reference samples should be made from fine-grained kaolin tailings from two different kaolin plants, and if possible, from two different countries (Schermann, 1990). Alternatives to kaolin are quartz (need to manage silicosis risk) or feldspar ‘wash’, or even corundum. The risk and cost/benefit analysis of these materials should, however, be considered.
The recommended minimum amount for each SRM must be at least 1000 kg (refer to Chapters 8 & 10).
[bookmark: _Toc106207780]5.1.1. Definitions
The following definitions are according to ISO Guide 35 (ISO, 2017a, p.2):

Reference Material (RM): Material, is sufficiently homogeneous and stable with respect to one or more specified properties, which has been established to be fit for its intended use in a measurement process.
Certified Reference Material (CRM): Reference Material characterised by a metrologically valid procedure for one or more specified properties, accompanied by an RM certificate that provides the value of the specified property, its associated uncertainty, and a statement of metrological traceability.
In applied geochemistry, the term Primary Reference Material (PRM) is used and is synonymous with CRM, i.e., it is an internationally certified standard with recognised and accepted elemental concentrations (Johnson, 2011, p.64).

[bookmark: _Hlk94455401]Secondary Reference Material (SRM): Generally, an in-house reference sample, is developed for internal use by projects, and is kept ‘blind’ to the analyst (Johnson, 2011, p.64). It is for ‘internal use’ by the project, and is referred to as an ‘external’ reference material because it is used by the applied geochemist to assess the quality of the analytical results generated by the laboratory, and it is kept ‘blind’ to the analyst. Laboratories usually have their own in-house secondary reference materials (Thompson et al., 2006; ISO, 2014; Gowing and Hayr, 2020).
[bookmark: _Toc106207781]5.2. Planning preparation of Reference Materials
Detailed planning of each activity is needed to prepare the RM. The preparation project begins by defining the RM type. A key criterion in the selection and specification of an RM is that its chemical and mineralogical composition should be as close as possible to the actual samples to be analysed in the project, as well as to be available in a sufficient quantity. Knowledge of the analytical procedures commonly used in the analysis of these sample types is required. The RM (bottles) being prepared should contain a sufficient amount of material for single and/or multiple measurements.

Key steps in RM preparation are:

· Material specification
· Material acquisition
· Material processing
· Homogenisation, sub-division and packaging
· Homogeneity test
· Stability test
· Characterisation / Value Assignment
· Documentation / Information, and
· Storage of material.
[bookmark: _Toc106207782]5.3. Collection of RM sample
The first task is to obtain a sufficient amount of material for:

· The homogeneity test
· The stability test
· Level test (e.g., concentration above the detection limit (DL) for the majority of elements)
· Organisation of interlaboratory comparisons (IC) − characterisation of assigned values, and
· Control analyses for the planned number of analyses of elements in collected reference samples.

By ‘sufficient amount of material’ is meant that there should be enough material to last for the duration of the Global Geochemical Reference Network project, and an adequate amount to be leftover for at least another run of the project.
[bookmark: _Toc106207783]5.4. Preparation of RM
The sample preparation scheme of the relevant RM will depend on the type of material and the required parameters of interest in the project.
For the preparation and testing of the RM is necessary for the laboratory to have the suitable equipment and environmental conditions, such as a clean environment, which ensures that the reference material is not contaminated during its preparation. Further, if certain components of the material have dangerous properties, it is necessary to take the appropriate measures to avoid endangering the health of the personnel handling the material. 
[bookmark: _Toc106207784]5.5. Processing of RM
The collected material (soil, sediment) contains water, which is removed by drying at ambient or elevated temperature (maximum 40°C), depending on the parameters of interest, as some RM volatile components may be partly lost. After drying the soil or sediment sample, it is necessary to crush, disintegrate, grind and reduce the particle size to <2 mm by sieving with a nylon screen to improve the homogeneity of the material.
The sieved samples with the desired grain size (<2 mm) are homogenised in a tilting mixer for 24 hours. During homogenisation, the material is checked for lumps.
Rock reference materials following crushing should be pulverised in agate mills to <0.075 mm.
It is important to record all the preparation stages of RMs, and the type of equipment used.
[bookmark: _Toc106207785]5.6. Packaging, labelling, distribution
After the RM has been homogenised, it is necessary:

· To select a type of packaging that protects the reference material during storage, transport and handling, i.e., the selection of packaging considers the type of prepared material.
· To label the packed material with the name of the test material and the name of the preparation laboratory.
· To maintain material homogeneity, and
· To avoid segregation of finer particles in the processing of soil or sediment during sub-division.

The sub-division of a bulk material should be completed in the shortest possible time to minimise the chances for the matrix to revert to heterogeneity.
Although it is probably not so relevant to the sort of standard reference materials used in geochemistry, tracking of standards is a requirement of accreditation organisations (e.g., ISO 17025 (ISO, 2017b), and the date of preparation is one thing they like to track. Therefore, the date of preparation should be on the label of each reference material.
[bookmark: _Toc106207786]5.7. Homogeneity test and statistical treatment of homogeneity data
As most RMs are prepared as batches of ‘units’ (e.g., bottles or vials), all units must be of the same chemical composition within the stated uncertainty for each determinand (ISO, 2017a). The homogeneity of the prepared material is verified by a homogeneity test on a selected and sufficient number of units. The measurement is performed on those determinands that are of interest to the project. The choice of methodology shall ensure that the method is validated and has a sufficient level of repeatability.
According to ISO Guide 35 (ISO, 2017a), analytical test procedures that have little or no sample preparation (so-called non-destructive methods) can show better accuracy than those requiring extensive multi-stage sample preparation.
Homogeneity has two aspects, between-unit homogeneity and within-unit homogeneity.  The between-unit homogeneity reflects changes in measurement results in each unit of material. The within-unit homogeneity is expressed as the minimum quantity of subsample that is representative of the whole unit. The results of the homogeneity test verify, whether the between-unit variance of the measured values ​​of the monitored determinands of the test material is not statistically significant compared to the within-unit variance, and whether the within-unit variance is statistically significant compared to the variance of the method used. 
The recommended number of units, from the multi-unit batches comprising a stock of ‘n’ - individual units, to perform the homogeneity test should be three times the cubed root of ‘n’ (ISO, 2014). Example: For the preparation of 1000 units, 10 units or more are sufficient, depending on the matrix of the test material. Stratified random sampling is recommended for selecting ‘n’ units from the entire set of prepared packages. Random samples should be determined using random number generation software.
Measurements are carried out under optimal repeatability conditions, i.e., throughout the day, on the same instrument, by the same operators, against the same calibration standards, to minimise the potential impact of the measurement equipment’s instability. 
The selection of determinands for the homogeneity test must be carried out in such a way that the tested determinands represent the largest possible number of determinands to be tested in an organised project.  
For the assessment of homogeneity, the procedures given in ISO Guide 35 (ISO, 2017a), according to one-way or two-way analysis of variance are used. The calculated F-test result must be less than the appropriate critical value for the selected degrees of freedom and at the 95% level of confidence.
The test and evaluation of homogeneity are carried out directly after packaging the test material in the final form.
The following procedure is appropriate for carrying out the homogeneity assessment:

· Random selection of ‘m’ samples from the final package where m ≥ 10.
· Preparation of two test portions from each sample by the most appropriate method, which minimises differences between test portions.
· Measure 2 ‘m’ test aliquots for the whole series in random order under repeatability conditions, and
· [bookmark: _Hlk94460201]Calculate the arithmetic mean, x̄, from the measurement results, the within-unit standard deviation, Sw, and the between-unit standard deviation, Ss (Thompson et al., 2006; ISO, 2014, 2015, 2017a).
Replicate measurements are performed in random order or reverse order so that drift measurements can be distinguished from any trend in the batch of samples. 
Graphic analysis reveals outliers, trends or systematic effects. Another possibility for identifying outliers is the Cochran outliers test (Thompson et al., 2006). The measured determinands should be evaluated to be sufficiently homogeneous in the prepared RM. To use an RM, the between-unit standard deviation must be no more than one-third of the interlaboratory reproducibility standard deviation. 
[bookmark: _Toc106207787]5.7.1. Within-unit homogeneity
The simplest method for testing significant within-unit heterogeneity is similar to the between-unit homogeneity study, with the difference being that the variance of interest is a member within-unit, between subsamples. From one RM unit, ‘m’ test portions are taken over the expected value of the minimum sample quantity, and each is processed and measured nw ≥ 1 times. Within-unit heterogeneity testing should provide at least 5 degrees of freedom for the within-unit term, e.g., m ≥ 6 subsamples per unit shall be taken. Where a repeat analysis is performed on each subsample, analysis of variance should be used followed by an F-test for significant between-subsample variance. In a single RM unit with aliquots measured multiple times, a single-factor ANOVA may be used (ISO, 2017a).
The minimum amount of sample can be determined by an experimental study from a within-unit homogeneity test with different weights of the sample intake. It is permissible to set the minimum amount of sample, based on experience or from the laboratory sampling used, which has reached acceptable precision in an interlaboratory characterisation.
[bookmark: _Toc106207788]5.8. Stability test
In preparing the RM, it is necessary to assess whether the stability test is necessary for all relevant properties, i.e., if the conditions of packaging, storage and transport are met, to examine whether the published data in the literature for a given matrix type show stability. Experimental studies are not necessary if stability information of very similar materials stored under the same storage conditions is obtained. In principle, if there is a presumption that some form of stability assessment is necessary, approaches to confirm stability in the form of short-term and long-term stability tests should be applied (ISO, 2014, 2016, 2017a). 
Tests must be performed on a sufficient number of units (usually at least two units) to ensure confidence in the stability of all prepared units. Units for the stability study are normally selected randomly from a set of packaged units. 
When choosing the methodology, it is considered that the method has sufficiently reliable repeatability and good sensitivity. The measurement of samples must be performed randomly so that it is possible to distinguish the trend caused by the effect of measurement from the instability of the properties of the monitored samples. 
The procedures are given in ISO Guide 35 (ISO, 2017a) and can be used to assess stability. The results of the stability test can contribute to the evaluation of uncertainty.
[bookmark: _Toc106207789]5.9. Characterisation and value assignment
Matrix reference materials such as soil and sediment samples are in most cases characterised through the implementation of interlaboratory comparisons (IC). According to ISO 17034 (ISO, 2016), the characterisation of an RM can be accomplished by several strategies. A variant of the procedure using two and more methods of demonstrable accuracy, and in several competent laboratories, should be used for soil and sediment RM samples. Care must be taken in interlaboratory comparisons that at least two different measurement principles are used. The organiser of an IC must define the objectives of the procedure, i.e., the various goals include method validation, proficiency testing and RM characterisation. To ensure reliable assigning property values of RM, the IC organiser must inform participants that the interlaboratory comparison procedure will focus on characterising RM properties. 
Interlaboratory comparison participants are expected to have validated methods, are competent enough, i.e., they are accredited to perform the tests for a given matrix type (ISO, 2017b), and to have good Proficiency test results (ISO, 2017a). An important aspect of a good evaluation of RM property values is that which has a sufficient number of independent data sets. The IC organiser shall provide participants with all necessary information, and test instructions, such as study objective, number of samples, number of replicates, interlaboratory comparison schedule, method of reporting results according to prepared forms, etc., which are given in more detail in ISO Guide 35 (ISO, 2017a). 
Prior to the statistical processing of data sets, results from each participating laboratory should be checked for completeness by visual inspection and graphically, assessed for basic errors, procedural errors, and evaluated for technical errors that may have arisen from the procedures used. Appropriate statistical procedures should be applied to the data set to determine outliers (ISO, 2016, 2017a).
An effective way to determine the RM property value is to use the mean of the laboratory averages from the results of the organised interlaboratory comparison (IAEA, 2003; ISO, 2017a).
[bookmark: _Toc106207790]5.10. Assigned uncertainty
The value of the component properties of an individual RM unit may be affected in principle by the RM characterisation process, between-unit variance, and changes in property values of RM during transportation and storage. Adding measurement uncertainty to the RM property, better confidence in the validity of the measured result is ensured. According to the measurement uncertainty documents (Pauwels et al., 1998; Linsinger et al., 2001; ISO, 2017a; Ramsey et al., 2019), the combined standard uncertainty of the reference material - URM can be expressed as a positive square root of the sum of the squares of each type of uncertainty - relationship:

	URM = [u2char + u2bb + u2lts + u2sts]1/2				          (1)
Where:
uchar  = uncertainty calculated from interlaboratory comparison
ubb   = uncertainty calculated from the inhomogeneity of the sample
ults   = uncertainty regarding the instability of the test sample in the long-term stability test
usts   = uncertainty regarding RM instability in the short-term stability test.

If, calculating the value of the RM component, the average of the data sets shows a normal distribution, the standard deviation of the mean of all data sets may be used as uchar - relationship (ISO, 2017a):
	
	uchar =
	SXp
	(2)

	
	
	√p
	


Where:
SXp = standard deviation of the mean
XP  = total arithmetic mean of laboratory averages
√p  = square root of data set (total number of laboratories).
[bookmark: _Toc106207791]5.11. Documentation and information 
[bookmark: _Toc106207792]5.11.1. Expiry date
Each prepared RM should have a specified expiration date. Its determination should be based on experience with RMs having the same matrix and property values and information.
[bookmark: _Toc106207793]5.11.2. Storage and transportation of RM
The prepared RM should be stored under conditions that do not alter its properties. The normal temperature for soil, sediment and rock is ambient. The stored RM samples should be kept away from heat, light, and moisture, and the packages must be securely sealed. The RM long-term storage area should be monitored for changes in storage conditions, and it is also necessary to assess the continued fitness-for-purpose of the material.
[bookmark: _Toc106207794]5.11.3. Documentation and usage of RM
Documentation from RM preparation should be available, containing all necessary information and instructions for its use (ISO, 2014, 2016):

· Name and description of RM
· Batch number
· Date of preparation
· Expiration date
· Instructions for use, handling, storage conditions
· Reference values ​​of tested parameters
· Minimum amount of material - minimum weight, and
· Security measures, risks if necessary.

The unit of packaging should be clearly labelled with the RM name, batch number, date of preparation, expiry date and package size. In addition to this information, in the case of an inquiry or when preparing a new batch of RM, it is good to keep information on the origin and method of RM preparation and the type of packaging. Additional information on moisture, grain size, procedures used for homogeneity test, stability test and way of characterisation of the property values of the RM should be available to users. 
When using an RM for quality management, information is needed on how to proceed if the RM is stored for a long time. As RM sedimentation and separation may occur, the unit should be thoroughly shaken before use and visually inspected for material change, and clumping. If the RM values ​​are reported as content per dry weight of the sample, the conditions to ensure the calculation of the moisture content of the sample shall be indicated.
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