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1.	Introduction
These Canadian Institute of Mining, Metallurgy and Petroleum (CIM) guidelines were developed by a Sub-Committee of the CIM Mineral Resource and Mineral Reserve Committee. They are intended for use with brines containing lithium and other valuable ions within relatively shallow, hydraulically-closed desert basins, commonly referred to as salars, salt lakes, salt flats or playas. For convenience, all such features will be referred to as “salars” throughout this document. 
The methods and concepts presented in this document reflect the current state of best practices for estimating Mineral Resources and Mineral Reserves for lithium and other valuable metal ions in salar brine deposits. Salar brine deposits are considered sufficiently unique from solid deposits and from other types of brine deposits to warrant this dedicated guideline. This guidance is intended to provide a level of technical rigour for salar brine projects that is comparable to that established for solid mineral deposits.
The scope of this document is limited to methods and concepts that are distinctive to salar brine deposits, rather than the broader range of practices common to all mineral deposits. For example, some quality assurance protocols, numerical analyses and modifying factors are not discussed, as they are already well established in the wider mineral evaluation literature, and they apply generally across deposit types.
Further, these guidelines are not intended as a step-by-step technical manual. Rather, they present key concepts and approaches. In this spirit, the guidelines indicate that Practitioners should undertake certain work and be familiar with certain concepts, rather than prescribing what must be done. Similarly, prescribed workflows are not provided.
As with all mineral investigations, the evaluation of Brine Mineral Resources and Reserves requires collaboration of multiple specialists including geologists, hydrogeologists, geochemists, and chemical engineers, all with relevant experience in salar deposits. Consequently, a range of specialized Practitioners may benefit from review of these guidelines. 
[bookmark: _Toc218865829]2.	History
The CIM MRMR Committee formed the BH-Li Subcommittee on April 4th, 2024 from a cross-section of industry and academic practitioners and approved the BH-Li Subcommittee’s proposal to update the 2012 Lithium Brine Resources guidelines on June 29th, 2024.
Two new documents were adopted by The Mineral Resources and Mineral Reserves Society of CIM (MRMRS) on MONTH, DAY, YEAR and this guideline supersedes the 2012 Lithium Brine Resources Guidelines. 
[bookmark: _Toc218865830]3.	Salar Brines as Mineral Deposits
[bookmark: _Toc218865831]3.1.   General Brine Deposit Types
Brine-hosted lithium does not technically meet the CIM definition of a mineral because the brine itself is not a “solid material”. However, brines contain dissolved solids that are extracted and recovered as solid products, and on that basis brine-hosted lithium projects are generally regarded within the industry as mineral projects. 

Three primary settings where lithium brines may occur are summarized in Table 1. Practitioners preparing brine-hosted MRMR estimates should be familiar with the geological setting and associated characteristics of lithium brine deposits.

	Name or description
	Salar
	Sedimentary Basin
	Geothermal

	Brine age range
	Quaternary to Present
	Holocene to Cambrian
	Holocene to Cenozoic

	Process of lithium accumulation in brine
	Evaporation in a closed desert basin, possibly enhanced by geothermal
	Currently under active research
	Geothermal fluids contacting source rock with Li-bearing silicates

	Brine depth range (m)
	0-1000
	500–5000
	500–5000

	Potential associated assets 
	Shallow evaporites, other enriched dissolved elements such as K or B
	Hydrocarbons and/or inert gases, dissolved cations / anions (e.g. bromine, magnesium, calcium, strontium, barium)
	Geothermal energy, other critical metals (e.g. manganese, zinc, potassium)

	World examples
	Argentina, Chile, Bolivia, China, Nevada, Utah
	Leduc Fm (western Canada), Smackover Fm (southern US)
	Salton Sea (California), Rhine Graben (Germany, France)


Table 1: Comparison of brine deposit types
[bookmark: _Toc218865832]3.2.   Special Considerations for Evaluating Salar Brines
Brines are fluids with a high total dissolved solids content. They differ from solid mineral deposits in that the valuable elements are contained in a mobile fluid. Consequently, brine composition and grade have the potential to change before, during and after extraction due to intentional or unintended mixing with more dilute waters. The salar brine body is defined by a higher water density than surrounding waters, ranging from 1.1 g/cm3 to about 1.22 g/cm3.

In salar systems, there are typically zones where sharp gradients occur from low density (and low grade) water to high density (and high grade) brine. Consequently, the extent of the brine body should be defined based on the water density, especially around the lateral boundaries of the salar. Within the brine body, variations in fluid chemistry occur, from the variable influences of evaporation and freshwater input on the lateral and upper boundaries of the salar. A combination of geophysics and drilling/sampling may be used to delineate the brine body. 

The most valuable metal ion in salar brine deposits is typically lithium, although economic levels of other constituents, such as potassium and boron, may also be present. Given the widespread industrial use of these constituents, Practitioners should also refer to guidance in the Industrial Minerals Leading Practice Guidelines (CIM, 2023). 

[bookmark: _Toc218865833]3.3.   Types of Salars
Three types of salars are generally recognized:

· Halite-dominant: typically infilled through lower energy processes. These were referred to as “mature” salars in a seminal salar reference by Houston et al. (2011). These salars are characterized by thick evaporitic sequences of nearly pure halite, sometimes with gypsum zones, which may overlie older clastic deposits. Depending on the tectonic and climatic history of the basin, sequences may be disrupted, repeated, or modified. The depocenter of the basin can change over time because of tectonic activity and volcanic deposition.
· Clastic-dominant: infilled in higher energy environments and referred to as “immature” salars by Houston et al. (2011). These salars are characterized by thick sequences of clastic material with lesser amounts of halite and gypsum. The evaporitic or clastic sequences may be deposited in a concentric shell-like sequence from gravel outside, through sand, silt, and clay, followed by carbonate, gypsum, and finally halite in the center (if present). 
· Mixed: a combination of the two noted above. 

These salar type classifications are useful for understanding the depositional environments and exploration approaches for salars. For example, halite-dominant salars may have high brine yields in the shallow zone (typically shallower than 100 m) but may have low permeability in deeper zones, due to compaction. Clastic-dominant salars may pose challenges for drilling if the sandy layers are prone to collapse. However, they may have desirable permeability, even at great depth. Understanding these distinctions allows for better exploration program designs.

In the salar setting, lithium-enriched brines occur in the salar infill, and in adjacent formations into which the brine may have migrated. Salar infill can be considered a hydraulic system that typically includes: 
· One or more brine aquifers within the salar, the uppermost of which may extend to the surface, 
· An aquifer system along the margins of the salar, where freshwater recharge enters from upland areas,
· One or more intervening aquitards, which may contain brine that cannot be readily removed,
· A poorly permeable, underlying “hydraulic bedrock” consisting of either sedimentary, igneous, and/or metamorphic rock that effectively bounds the bottom of the overlying brine aquifer system. Although some intrinsic porosity may be present, this unit represents the effective base of the aquifer system where no economic recovery of lithium brine can occur.  

[bookmark: _Toc218865834]3.4.   Unique Parameters for Salar Characterization
Brines must contain elevated, economically significant lithium grades and should be potentially recoverable, and have reasonable prospects of economic extraction. Consequently, salar brine exploration includes characterization of brine chemistry and the hydraulic properties of the system in which the brine is hosted. Characterizing hydraulic properties is a distinct requirement for brine deposits, with no direct analogue in solid mineral deposits. These properties are estimated through various laboratory and field tests. Conceptual definitions for these are as follows:

· Total Porosity (Pt): the ratio of the volume of void space to the bulk volume of the formation (includes pores that do not contribute to active fluid flow), including both connected and isolated pores that do not necessarily contribute to fluid flow.
· Effective Porosity (Pe): the ratio of the volume of interconnected pore space to the bulk volume of the formation, which is less than or equal to Pt, and represents the fraction of pores available for flow.
· Specific Yield (Sy): the portion of the formation that will drain under gravity flow conditions; Sy is commonly referred to as “drainable porosity”.
· Specific Retention (Sr): the portion of Pt in which brine is retained under gravity drainage conditions; note that Pt = Sy + Sr for most laboratory testing methods.
· Specific storage (Ss): the quantity of brine that is released from a unit volume of aquifer, due to aquifer and fluid compressibility.
· Storativity (S): Ss multiplied by the thickness of the aquifer.
· Hydraulic Conductivity (K): K expresses the ease with which brine can flow through a unit area of the formation. Hydraulic conductivity depends on the aquifer permeability and properties of the fluid (e.g., water viscosity). Typically, sedimentary aquifers found in salars present horizontal K values (Kh) which may be one or more orders of magnitude larger than vertical K values (Kv). Higher K is more favorable for brine extraction.
· Transmissivity (T): the hydraulic conductivity multiplied by the thickness of the aquifer.
· Dispersivity: a term used to quantify the degree of solute spreading and mixing along a brine flowpath. It is due to variations in the porous medium.
[bookmark: _Toc218865835]4.	Data Collection and Analysis
[bookmark: _Toc218865836]4.1.   Overview
[bookmark: _Toc218865837]This section discusses widely used drilling, sampling, geophysical and analytical methods for salar brine exploration. The goal of salar exploration is to characterize lateral and vertical distributions of brine chemistry and formation hydraulic properties. Brine chemistry should be understood both in terms of valuable elements and potentially deleterious elements that may negatively impact brine pumping and/or processing.

[bookmark: _Toc218865838]4.2.   Surface and Near-Surface Water Sampling
Surface and near-surface water sampling is commonly the first method used when exploration is initiated in a salar basin, due to the relative simplicity and accessibility of sampling at this stage. Surface samples may be collected from streams flowing into the salar and from lagoons within and around the salar. Near-surface samples are often collected from hand-dug or hand-augered holes excavated on the salar surface. They may be collected in a grid pattern or as grab samples whose locations are based on accessibility. Quantity and spacing of sampling are project-specific and should be determined by the Practitioner.

Laboratory results from shallow samples should be interpreted with care due to potential confounding processes. For example, shallow fresh water may extend some distance into the salar, as a thin floating layer that is not representative of underlying brine. Conversely, shallow brine samples from test pits that are left open for an extended time may show lithium concentrations that are erroneously high due to evaporation.

[bookmark: _Toc218865839]4.3.   Surface Geophysics
Surface geophysics are used for a diverse range of salar exploration objectives, including the following:

· Evaluation of the vertical and lateral extents of the brine body; 
· Initial selection of exploration borehole locations; 
· Basin conceptualization in later stages of exploration; 
· Delineation of fresh water / brine interfaces along the margins of the salar; and
· Mapping of salar stratigraphic units, including hydraulic and geological basement.

Methods based on electrical resistivity may be used to map subsurface brine and freshwater distributions. Low resistivity zones may indicate the presence of brine, but results may also be influenced by the electrical properties of certain lithologies, such as clays, which exhibit low resistivity. Common electrical resistivity methods include:

· Vertical Electrical Soundings (VES), 
· Transient Electromagnetics (TEM), and 
· Controlled Source Audio-frequency Magneto-Tellurics (CSAMT). 

Gravity surveys are commonly used to determine the thickness of the sediments and the depth to bedrock. Seismic surveys may be useful for delineating stratigraphy, depth to bedrock, and geological structures.

[bookmark: _Toc218865840]4.4.   Drilling and Sampling
Drilling enables direct observation and measurement of important brine resource parameters, including salar lithology, hydrostratigraphy, brine grade and hydraulic properties. The selection of drilling methods, drill hole spacing, and drilling depths are critical components of the salar exploration program. The Practitioner should consider the following during program design:

· Borehole sampling methods should be selected to determine parameters of interest (i.e., brine chemistry and aquifer hydraulic properties) at discrete intervals.
· The drilling method and borehole density should account for the differences in stratigraphy and matrix conditions between halite-dominant and clastic-dominant salars.
· The strengths and limitations of various drilling methods for salar exploration should be recognized, for example: 
· Core drilling may enable depth-discrete core sample recovery and brine sampling in more cohesive formations but may present challenges in coarse clastic or flowing sand formations;
· Sonic drilling tends to provide good stratigraphic understanding, but often disaggregates the recovered material, so that reliable laboratory analyses for drainable porosity is not possible.
· Rotary drilling is limited in terms of recovering intact formation samples; however, this limitation can be partially addressed by borehole geophysics.
· Core samples for porosity analysis should be collected in a manner that preserves in-situ conditions, particularly with respect to fractures and saturation.
· Core and brine sampling intervals and frequency should reflect the thickness of hydrogeological units (HGUs) and variability in stratigraphy; sampling should be more frequent in zones where lithology (and associated porosity and permeability) is more variable. 
· Testing for drainable porosity and/or effective porosity by two or more independent methodologies, such as borehole geophysics and laboratory core testing.

Single and double packer systems are widely used for depth-specific brine sampling during drilling and may also be used for discrete permeability analysis. Obtaining samples uncontaminated by drilling fluid can be particularly challenging. HydraSleeve sampling bags and double-valved bailers are less commonly used during drilling but may be applicable after well construction. Regardless of the brine sampling method employed, the Practitioner should implement a protocol to confirm that samples are representative of the formation. 

Less commonly used brine sampling techniques, include core pore fluid extraction and low flow sampling in the upper part of the cased well using a small battery or generator-powered submersible pump. These may be considered under certain conditions and as alternative method checks to the more commonly used techniques described above. 

In general, sampling should be of sufficient density and quality to support the resource and reserve estimates. Identified hydrogeological units should be delineated to support the confidence categories of the Brine Mineral Resource estimate. Multiple samples of brine chemistry should be obtained spatially in all of the relevant hydrogeologic units so that assigned average chemistry values are more reliable. Brine chemistry should be adequately characterized for both target constituents and parameters that may potentially interfere with production. More frequent sampling should be undertaken where greater heterogeneity of brine chemistry and/or hydrogeologic units are observed. 

[bookmark: _Toc218865841]4.5.   Borehole Geophysics
After completion of in situ sampling of brine and core, borehole geophysics is commonly used prior to well casing installation. The typical list of downhole parameters includes:
· Temperature, 
· Caliper (borehole diameter), 
· Natural gamma, 
· Single point resistivity, 
· 16- and 64-inch resistivity, and 
· Spontaneous potential. 

Borehole magnetic resonance (BMR) can be used to evaluate porosity and permeability. It is an especially useful salar exploration method because it can evaluate the entire borehole and can complement laboratory results from depth-specific core samples.

After the well has been constructed and the groundwater inside the casing has had sufficient time to equilibrate with the surrounding aquifer, downhole resistivity surveys can be completed to help identify fresh, brackish mixing, and brine zones.

Borehole geophysical results should be interpreted in conjunction with sampling, logging, and surface geophysics. They provide important additional support for interpreting chemistry, lithology, and hydraulic property characteristics.

[bookmark: _Toc218865842]4.6.   Hydraulic Testing
Following construction of exploration wells, pumping tests should be conducted. Pumping tests should: 

· Be of sufficient duration to enable reliable calculation of transmissivity, hydraulic conductivity, and storage parameters, and 
· Include monitoring of water levels in nearby observation wells. 

There is no prescribed time for constant rate pumping tests; however, 72-hour tests are commonly conducted on cased wells during early project phases, with longer-term (e.g., 30-day) tests are typical during more advanced phases. Variable rate “step” tests should be conducted to establish optimal pumping rates for subsequent long term constant rate tests. Water level recovery should be recorded for all tests. 

Longer duration tests are preferred as they impose greater aquifer stress, enlarge the capture zone area, may reveal the presence of hydraulic boundaries (positive or negative), and provide greater confidence in detecting potential changes in lithium grade.

When pumping tests are performed, brine samples should be collected from the discharge water during pumping. Unlike depth-specific brine samples, these samples are composite brine samples and are a mixture of groundwater flowing into the well naturally during pumping. These samples are important because they will likely represent the chemistry of the brine that will ultimately be processed. 

[bookmark: _Toc218865843]4.7.  Laboratory Analyses and Quality Assurance and Quality Control        (QA/QC)
[bookmark: _Toc218865844]General QA/QC requirements are discussed in the Estimation of Mineral Resources & Mineral Reserves Best Practice Guidelines (CIM, 2019). The estimation of resources and reserves for salar brines is typically supported by analysis of brine samples for chemistry and analysis of core sample for various measures of porosity.

[bookmark: _Toc218865845]Chemical analysis of brine can be more complicated than freshwater, due to the high dissolved solids content of brine. Consequently, the Practitioner should be comfortable that the certified laboratory used for exploration samples has a proven record for analyzing brine. Components of the brine chemistry QA/QC program should include the following:

· Use documented chain of custody protocols for sample collection and transmission.
· Laboratory methods should be appropriate for lithium analyses (e.g., inductively coupled plasma – optical emission spectrography (ICP-OES), nuclear magnetic resonance (NMR) spectroscopy, etc.).
· An initial “round robin” style evaluation should be considered by submitting “standard” samples to multiple, qualified laboratories to identify the most accurate laboratory for brine sample analyses.
· Bulk standards should be composed of brine that is similar in composition to brine from the subject site. Typically, standards are prepared for a range of concentrations (high, medium, low).
· Standards should either be collected from the subject exploration site or laboratory-composed. In either case, bulk quantities should be retained for ongoing inclusion in the brine sampling program (see next point).
· Pre-made “standard” duplicate, and blank samples should be included at regular intervals in the sampling program (not identified to the laboratory) to improve confidence in laboratory results.
· Duplicate samples should be included at regular intervals in the sampling program (not identified to the laboratory).
· Blank samples (composed of distilled water) should be included at regular intervals in the sampling program (not identified to the laboratory).
· A sub-set of duplicate samples should be submitted to multiple laboratories.
· Where the analytical suite is sufficiently complete, an overall check of laboratory analysis should be conducted, in the form of a charge balance calculation.
· Specification of QA/QC sample frequency is beyond the scope of this document; inclusion should be sufficient for the p to validate that the data are acceptable for use in resource estimation.

Several methods are available for estimating drainable porosity and effective porosity from drill core samples. QA/QC considerations for submitting core samples for porosity analyses include the following:

· Core submitted for analysis should be intact, and not loose. Because not all sediments will be sufficiently competent to sample and analyze, this may result in a sampling bias toward lower porosity values.
· Re-packing of loose sediments is undesirable, as it may tend to overestimate drainable porosity. 
· Core samples should remain saturated with native brine the entire time prior to being received by the laboratory to prevent mineralization in the pore spaces in the core. Mineralization in the pore spaces will artificially lower the resulting porosity values of the analyzed core and therefore, also reduce the drainable porosity estimated for the associated hydrogeologic unit.
· It is noted that true duplicate analyses are not possible for core, because the laboratory methods are destructive, and lithologic changes can occur over small intervals. However, some fraction of proximal core samples should be submitted for “duplicate” analysis by the same method, and by a secondary independent method (such as laboratory BMR geophysics).  
· The laboratory should use brine for any required re-saturation, as the use of freshwater may result in dissolution of halite, and erroneously high porosity and drainable porosity results.

The Practitioner should consider the use of secondary methods (e.g., downhole BMR geophysics, analysis of rock quality designation and core recovery trends) to support the assignment of porosity values.
[bookmark: _Toc218865846]5.	Resource Estimation
[bookmark: _Toc218865847]5.1.   Overview
The basic conceptual equation for resource estimation of lithium in a brine-hosted aquifer deposit is as follows:

Resource = Bulk Aquifer Volume × Lithium Grade × Drainable Porosity 

Brine Mineral Resources may be estimated with a range of modelling methods, from simple calculations compiled in a spreadsheet to 3-D block models that represent detailed spatial trends. Consequently, the above equation may be applied on a block-by-block basis, or throughout a given zone of the resource, depending on the modelling method. Models with a higher degree of spatial discretization may provide more accurate estimates if the supporting data are adequate.

Resources should be categorized into Measured, Indicated, and Inferred categories, based on degree of confidence. The Practitioner should only consider in the estimate those resources that have reasonable potential for eventual economic recovery (RPEEE) under reasonably assumed technical and economic conditions. Because the industry is dynamic with respect to future costs for recovery and projected future prices for lithium, technical and economic factors need to be considered. 

These resource considerations are discussed further in the subsections below.

[bookmark: _Toc218865848]5.2.   Bulk Aquifer Volume
Bulk aquifer volume refers to the total volume of the aquifer before drainable porosity is considered. It is a function of the mapped three-dimensional shape of the aquifer. If the resource aquifer extends beyond concession boundaries, then it should be cropped to the boundaries, with the rationale that the outside zones are not under the control of the project owner. 

At the resource stage, bulk aquifer volume may include some low permeability (aquitard) zones, if the Practitioner considers that these may contain some component of recoverable resource. For example, it is well-known in the water supply industry that some clay layers (aquitards) may release water through consolidation, if underlying or overlying pressures are decreased by pumping. More detailed hydraulic assessment would be conducted to support subsequent reserve estimation.

The resource zone should be divided into lithium brine-bearing hydrogeologic units, defined by hydraulic properties (not necessarily by age or rock type). The resource zone, and the units within it, should be interpreted based on all relevant information including, but not limited to drilling results, subsurface geophysics, shallow sampling and aerial or satellite imagery. Of these information types, drilling carries the most weight. Vertical and lateral extrapolation of the resource should be based on the confidence of the Practitioner, in the interpretation of the aquifer system. 

[bookmark: _Toc218865849]5.3.   Lithium Grade
The presumptive list of lithium chemistry results used in resource estimation should initially include all results available throughout and beyond the resource zone. Because the brine is mobile, a flow and transport model is needed to estimate the quantity of brine that will eventually be coverable from the production wellfield, regarding whether the brine is captured from on-site or whether brine is flowing toward the wellfield from off-site properties. In selecting the results to use in the estimate, the Practitioner should provide clear rationale for the composition of the final lithium dataset, including:

· Any results that are excluded from the analysis;
· Treatment of duplicate results;
· Treatment of any results from historic exploration, including whether they are consistent with current exploration;
· Treatment of results from repeated sampling locations, such as pumping tests or monitoring wells
· Any data points that do not represent a direct laboratory result, for example, data formed by a combination of results, or inferred through some form of trend analysis.

The final lithium grade dataset will be used to interpret a reasonable distribution of lithium throughout (and beyond) the resource zone. The methods for conducting this interpretation will depend on the complexity of the modelling approach. For example, in a simple spreadsheet-type estimation, it may be assumed that the grade at one sampling point extends halfway to the nearest adjacent point. In other estimates, interpolation methods such as kriging or inverse distance weighting might be used. These provide more rigorous analysis of grade distribution. The Practitioner should ensure that the complexity of the interpolation method is appropriate based on the quantity and quality of available data.

This guideline does not express a preference for modelling methods regarding lithium grade. However, it is noted that smaller datasets may not support more sophisticated methods that use mathematical interpolation. Similarly, as data density increases through successive stages of exploration, simpler methods will tend to become impractical. Regardless of the modelling method, the Practitioner should provide clear rationale for the following:

· Any situation where data are combined, for example, where all lithium results are averaged for a given hydrogeological unit;
· Methods for interpolating between data points, including interpolation parameters;
· Software used for interpolation;
· Assumptions used for the distance and grade of any lateral or downward extrapolation beyond measured data;
· Assumptions used for any downward extrapolation, beyond measured data;
· Assumptions used for the upper boundary of the resource, including the use (or exclusion) of any near-surface brine samples (from the salar crust) and any surface water chemistry. 
· Any expectation of seasonal effects to lithium grade in the upper zone of the resource, for example, due to changes in evaporation and precipitation;
· Assumptions for any artificial data points (sometimes called “ghost” or “dummy” points) used to constrain the lithium grade distribution and to prevent extrapolation of high grades that are not supported by the data. In addition to characterization of lithium grade, resource estimation should also include mapping of any other brine constituents that may result in economic benefits (for example, boron, potassium), or economic burdens (for example, constituents that impact processing costs). 
[bookmark: _Toc218865850]5.4.   Drainable Porosity
Lithium brine resource estimation requires an estimate of the recoverable brine from the resource zone. In salar settings, Drainable Porosity (Pd) is typically used for this purpose, and can be considered equivalent to the hydrogeological term Specific Yield (Sy). Use of this term carries the implicit (and simplifying) assumption that salar aquifers are (or will become) unconfined during production and that all the recovered brine will originate from de-saturation in the drawdown cones of the pumping wells. 

An alternative approach for estimating recoverable brine is to use Effective Porosity (Pe) which is a measure of the portion of aquifer pore space that participates in active flow (i.e., excluding dead end pores). It is important to note that Pe may be somewhat larger than Pd, and it may be a more accurate approximation for scenarios where production well water level drawdown will be minimized. This could be the case, for example, where brine is processed by direct lithium extraction (DLE) and spent brine is to be reinjected near production wells, to promote resource flushing and minimize production well drawdown provided that no dilution of the pumped brine by the spent brine is anticipated. 

Where Pe is used for resource estimation, the Practitioner should justify its use. Further, if the resource estimate assumes that reinjection is to be conducted close enough to production wells that drawdown is affected, then the Practitioner should also address the potential for resource losses due to dilution with spent brine reinjected into the resource zone.

Pd, Sy, and Pe are typically estimated by laboratory methods and borehole geophysical methods. Additionally, field methods such as pumping tests and specialized tracer tests may be employed under specific conditions. The Practitioner should recognize the limitations of various porosity measurement methods, for example:

· Laboratory methods are conducted with intact core samples. While the approach is widely used, it is apparent that there are issues of scale, where samples of a few centimetres in length are used to represent expansive aquifers, that commonly have a high degree of heterogeneity.
· Borehole geophysical methods are conducted by migrating an appropriate tool in an open or cased (with PVC) borehole. Since this is an indirect method, it should be compared and verified against other independent lab-based methods.
· Pumping tests can provide an accurate measure of Sy. However, the measurement will only represent the drawdown cone which, by definition, occurs in the upper part of the formation.
· Tracer tests can provide an accurate measure of Pe between two wells: a pumping well and a reinjection well. However, the tests are expensive, delicate to set up, and may only relate to the zone of the resource where they are conducted (i.e., multiple tests would be required).

In using porosity data for resource estimation, it is uncommon for the results to be used in the same way as lithium grade data. That is, porosity results are not typically used as point data that are interpolated throughout the resource. Again, this is due to the high degree of aquifer heterogeneity in salar formations, which tends to yield highly erratic and unrealistic interpolation results. Instead, porosity data are typically aggregated according to hydrogeological unit, and to use a statistical measure of central tendency (mean, median, etc.) as an overall estimate of porosity (Sy, Pd, or Pe) for the unit.

The Practitioner should clearly state how the porosity data have been used in the resource estimate and provide rationale for any results that were excluded. Conversely, they should highlight any results that were included in the build-up of the estimate but are inconsistent with the final values. The Practitioner should also state whether the final porosity field is consistent with the expected properties of the hydrogeological units. 

[bookmark: _Toc218865851]5.5.   Estimation Methods
The two primary resource estimation methods used for lithium brines include:

· The polygonal method, where lumped estimation data and parameters may be compiled in a spreadsheet; and 
· 3-D block modelling (combined with interpolation methods), as supported by various software options. 

The method used for a given project will depend on Practitioner preference. However, selection will be influenced by the amount of data available. The Practitioner should ensure that the estimation method is consistent with the data density and project stage.

The polygonal method has been commonly used for projects in early exploration phases with small datasets. It involves the following steps:

· Defining and mapping polygons around measurement points, with GIS software; 
· Subdividing polygons vertically, according to hydrogeological units;
· Assigning parameters values (e.g., lithium grade and drainable porosity) within each level in each polygon; and then
· Running calculations. 

[bookmark: _Toc218865852]Conversely, as more data is obtained, more sophisticated 3-D block modelling can be developed, and includes the following general steps:

· Representation of boundaries of each primary hydrogeological unit within the model using appropriate block sizes;
· Exploratory data analysis, to determine appropriate interpolation parameters;
· Mathematical interpolation of primary variables (i.e., lithium and other brine constituents) throughout the model domain by methods such as kriging, inverse distance weighting, or other geostatistical methods;
· Assignment of porosity values to blocks within selected zones of the domain (based on hydrogeological units); and then
· Running calculations. 

Regarding resource modelling, the Practitioner should provide:

· The rationale for model selection;
· A summary of model construction;
· Identification of any data excluded from the model; and
· Any checks that were conducted to validate model results including (for example) estimates conducted by alternative methods. 

[bookmark: _Toc218865853]5.6.   Resource Categorization
Detailed definitions for Measured, Indicated and Inferred Resource categories are provided by CIM (2014). These definitions are based on the amount of data and confidence in the dataset, consequently, they apply equally to solid mineral deposits and brine deposits. In addition to these general definitions, the salar brine Practitioner should also consider the following brine-specific considerations, when assigning resource categories:
· Continuity of brine grade and hydrogeological properties (i.e., porosity and permeability); 
· Brine model conceptualization, as supported by drilling, sampling, and geophysics;
· Quantity and quality of project data (e.g., depth-specific core and brine chemistry samples); 
· Implemented QA/QC procedures; and
· Potential for brine recoverability.

In terms of quantitative delineation of categories, salar brine methods are conceptually similar to those used for solid mineral deposits. However, practitioners with experience in both fields will note that brine categories tend to be much more extensive, due to the typical distribution of lithium in brine which tends to be stable over relatively long distances. The two most widely-used methods for resource categorization in salars include:
· Uncertainty analysis based on geostatistics, with results mapped to a block model; and
· Exploration well spacing criteria (e.g., Houston et al., 2011).

The former method tends to be less used because it can lead to a highly convoluted configuration of resource categories. Such a configuration does not lend itself to brine production planning, where it is not feasible to target brine pumping on complex-shaped resource zones. Nevertheless, it is a possible method and may be feasible in some settings. The Practitioner should clearly describe the basis for resource categories.

The latter method (well spacing criteria) is widely used for salar brines and is also one of the most common categorization methods for solid mineral deposits. Application of the methods involves assigning acceptable “well densities” to Measured, Indicated, and Inferred zones. Well densities can be derived on a site-specific basis, using geostatistics. However, it has become common practice to use the well density criteria published by Houston et al. (2011). The authors relate the criteria to salar type, on the basis that mature (halite) salars tend to exhibit more stable and uniform lithium concentrations than immature (clastic) salars.

The Practitioner should ensure that assigned resource categories are appropriate, in terms of the CIM definition of each category and the brine-specific considerations. Further, the Practitioner should state the basis for selecting a quantitative method for resource categorization and provide clear explanation of categories. The rationale should be supported by maps, sections, or other graphics that clearly show categories relative to project drilling and the geological model.

[bookmark: _Toc218865854]5.7.   Reasonable Prospects for Eventual Economic Extraction
The statement by CIM (2014) that a Mineral Resource must have “reasonable prospects for eventual economic extraction” can be considered equally applicable for solid mineral deposits and salar brine deposits. The Practitioner should ensure that the salar brine resource estimate meets these criteria. A preliminary understanding of the economic lithium cut-off grade should be established as part of the resource estimation process. Low-grade lithium brine should not be included in the resource estimate if it is considered infeasible to process. A well-defined (economic) cut-off grade will be required during subsequent reserve estimation. 
Recoverability should be addressed at the resource phase using drainable or effective porosity, along with discussion of any relevant hydraulic testing information. Resources should be reported as an in-situ estimate of recoverable mass in the aquifer, with a statement regarding limitations on full removal. Resource reporting should also state that dynamic reserve modelling is required for a better estimate of the resource proportion that can feasibly be extracted as a reserve. It is noted that most salar brine reserve modelling conducted to date concludes that less than half of the resource would be extracted over a typical mine life.
[bookmark: _Toc218865855]6.	Mineral Reserve Estimation
[bookmark: _Toc218865856]6.1.   Overview
Practitioners should note that due to the mobile nature of brine, it is generally not feasible to map a block-by-block conversion of Resources to Reserves. This limitation is illustrated by contrast in estimation approaches, where brine Resources are implicitly static, whereas Reserve estimates must account for the dynamic flow and mixing that occurs during brine recovery.

Reserve estimation of a salar brine deposit is based on exploration data and test work that feeds into a process of numerical model development. To date, most, if not all the publicly reported lithium brine reserves have been estimated using calibrated groundwater flow and solute transport models. Reserve modelling includes simulation of the production wellfield system, to support the demonstration that production over mine life is economically feasible. 

Numerical reserve model results should be adequate to establish the following, in accordance with CIM Leading Practice Guidelines for Mineral Processing (2022):
· Process flow sheets for recovery of lithium and other valuable metal ions;
· Associated recovery factors; and
· Estimation of capital and operating costs.

While salar brine resource estimates represent static entities, reserve estimates for these deposits are dynamic. Consequently, they must account for a range of dynamic processes, including:
· Mixing of low grade and high grade zones; 
· Potential capture of brine from off-concession; 
· Potential effects on sensitive habitats (if present); 
· Seasonal effects of precipitation and evaporation; and
· Potential future dilution of produced brine with natural freshwater and reinjected spent brine.

The Practitioner should ensure that the reserve estimate considers the full range of dynamic processes that could affect project viability. This analysis will typically require the development and application of a numerical flow model. Because the investing public is generally not conversant in numerical modelling methods, the Practitioner should provide a user-friendly explanation of the modelling work, that is highly supported by high quality, understandable graphics.

[bookmark: _Toc218865857]6.2.   Conversion of Resources to Reserves
The general process for converting a brine mineral resource to a mineral reserve is similar to that used for solid mineral deposits. Indicated Resources can be converted to Probable Reserves, and Measured Resources can be converted to Proven or Probable Reserves, depending on uncertainties related to the modifying factors (see Section 5.4). However, since brine is mobilized during production (i.e., during pumping), it is generally not feasible to relate the brine produced at a given wellhead to the brine that resides in a given zone of the resource.

The Practitioner should ensure that the movement of brine is tracked during reserve simulations, to maintain continuity with the allocated resource and reserve categories. Tracking methods may vary, depending on analyst preference and modelling software. Regardless of the method used, the key objective for the Practitioner should be to demonstrate that Probable Reserves originate from Indicated Resource zones and that Proven Reserves originate from Measured Resource zones. 

[bookmark: _Toc218865858]6.3.  Key Elements for Salar Brine Reserve Estimation
6.3.1. [bookmark: _Toc218865859]   Summary
Estimation of a salar brine reserve requires all the elements that support resource estimation, plus the following key additional elements:

· Initial engineering constraints (final form to be determined through the iterative reserve modelling process), including an economic cut-off grade.
· An understanding of freshwater/brine interactions on the salar boundaries,
· Additional hydraulic parameters for the HGUs, 
· A basin-wide water balance, including an understanding of seasonal precipitation and evaporation; and
· Information regarding pumping by others in the basin.

These elements are described briefly below. The Practitioner should determine whether any additional elements are required.

6.3.2. [bookmark: _Toc218865860]   Initial Engineering Constraints
The Practitioner requires ongoing interaction with the mine planning group. This interaction will confirm several types of fundamental engineering information, which can be considered either constraints or targets for the reserve estimate, including:

· Cut-off grade,
· Layout of the production wellfield,
· Target grade and quantity of produced brine, and
· Fresh water supplies and reinjected spent brine locations that may be within the hydraulic influence of brine production.

Initial estimates of these parameters are required early in the reserve estimation process. These estimates are used to inform and guide early development of the numerical reserve model. The process of “reserve estimation” is effectively an iterative operation whereby the model is adjusted until it provides results that are acceptably close to the engineering constraints and targets. A side benefit of this process is that it will provide insights into the hydraulic and chemical behaviour of the deposit and useful feedback for production system design.

The Practitioner should ensure that all important engineering constraints and targets are considered in the calibrated numerical model, and that the model is robust enough for the task of reserve estimation.

6.3.3. [bookmark: _Toc218865861]   Fresh Water Locations
Development of a salar reserve estimate requires an understanding of not only the brine aquifer system but also any freshwater aquifers that may be within the hydraulic influence of production. In a salar, fresh water enters the system from the sides of the basin and “floats” on top of the brine due to density differences. Under natural conditions, mixing of the two water types may be limited to the area of the freshwater-brine interface. However, during production, the induced flow from brine pumping may also affect the flow of the fresh water, potentially inducing flow of the freshwater toward the brine production wells. 

In this way, it is important to consider freshwater aquifers in the reserve model, both as a potential source of brine dilution and, depending on the site, a potential loss of freshwater or sensitive habitat. The site-specific requirement for density-dependent flow should be considered in model development. Options may include development and application of density-capable 2-D models for selected areas of the salar.

Understanding the freshwater aquifer systems is also important because these aquifers may ultimately provide fresh water for lithium processing and camp requirements. In addition, the freshwater aquifers along the edges of a salar basin often support unique ecosystems. Using the groundwater model to simulate potential future impacts to these systems, which could result from brine pumping, may be essential for project permitting and/or to avoid irreversible damage to these ecosystems. 

The Practitioner should ensure that freshwater interactions are adequately addressed in the numerical reserve model, including assessment of whether some form of density-capable modelling is required.

6.3.4. [bookmark: _Toc218865862]   Hydraulic Conductivity, Specific Storage, and Dispersivity
Hydraulic conductivity (K), specific storage (Ss), and dispersivity (Đ) are basic aquifer parameters that are required for development of a numerical reserve model. The Practitioner should report on the exploration methods used to derive values for these parameters, and the analytical methods used to assign parameter values throughout the model. The Practitioner should document any assigned values that are inconsistent with exploration results or with typical values from the technical literature. 

6.3.5. [bookmark: _Toc218865863]   Basin-Wide Water Balance
A basin-wide water balance is critical for reserve estimation because it represents the hydrologic connection between the salar and the upland watershed in which it is located. The water balance should consider recharge, evaporation, change in storage, and any anthropogenic water extractions, in both the upland watershed and the salar itself. The water balance may be used in numerical model development, to assign freshwater inputs around the salar perimeter. In addition, projected changes in climate should be included if available because future changes have the potential to affect aquifer recharge.

The Practitioner should understand and report on the dynamic relationship between the freshwater issuing from the watershed and the brine in the salar. In settings where the planned production rate from the salar represents a substantial portion of the water balance, the Practitioner should demonstrate that production is feasible, in terms of basin hydrology.

6.3.6. [bookmark: _Toc218865864]   Pumping from Adjacent Properties
Salars can be of considerable size and multiple operators may be present on a given salar. Property rights in salar brine deposits are defined by nominally vertical planes between surface coordinates. However, due to the dynamic nature of the brine deposits, brine extraction operations can have effects beyond the corresponding property limits.

The Practitioner should understand and report on the potential impact of extraction operations on adjacent properties and make provisions for necessary setbacks and reductions in the corresponding volume of potentially available brine. To the extent that brine production rates on adjacent properties are known, the Practitioner should ensure that they are represented in the numerical reserve model because that could eventually reduce the total projected extractable brine for the project.

[bookmark: _Toc218865865]6.4.   Numerical Modelling
6.4.1. [bookmark: _Toc218865866]   Modelling Software
Commercial software that is commonly used to simulate salar brine deposits include the following:

To support salar brine reserve estimation, modelling software should be capable of providing robust simulation of the following:

· Fluid flows, including density-dependent flow, 
· Changes in brine chemistry over time, 
· Water level drawdown and/or pressure head changes,
· Evaporation and precipitation,
· Extraction of brine, lithium, and other relevant solutes over time, and 
· Fluid and lithium mass balance changes. 

The Practitioner should provide rationale for model selection, including precedents for using the software in salar brine reserve estimates.

6.4.2. [bookmark: _Toc218865867]   Model Construction
Construction of the reserve model should be consistent with previous geological and brine grade modelling used to support resource estimation, where possible. The Practitioner should identify and explain these minor differences between the resource and reserve representations of the deposit.

The Practitioner should also provide comparisons of previous resource estimates and corresponding estimates conducted with the reserve model, providing an explanation for any differences. 

6.4.3. [bookmark: _Toc218865868]   Model Calibration
The reserve model should be calibrated by comparing simulated and actual water and brine level measurements. Calibration should include:

· Salar-scale, natural (non-pumping) long term, quasi-steady state conditions,
· Salar-scale, natural (non-pumping) short term, transient conditions in response to episodic rainfall (if significant water level response is noted),
· Local-scale transient response to any pumping tests conducted at the site.

The initial objective of calibration is to provide the basis for adjusting model parameters to adequately simulate field conditions. The ultimate objective is to demonstrate that the model is an adequate tool for simulating future wellfield pumping. The Practitioner should identify the calibration objectives that are considered adequate, and how they have been met.

Various general groundwater modelling guidelines exist (e.g., Anderson et al., 2015). However, salar systems are unique and it may be challenging to achieve typical scaled statistics due to a limited range in measured water levels.

The Practitioner should demonstrate and confirm that the calibration is acceptable and that the model is valid for predictive reserve simulations. The Practitioner should note that recalibration of the groundwater model will be required as additional data is collected.

6.4.4. [bookmark: _Toc218865869]   Wellfield Simulation and Design
The current industry standard for salar reserve estimation includes the use of a calibrated model to simulate long-term production pumping from wells. Simulated results support production system design, and will typically include:

· The optimal number of wells required to meet the target production rate,
· Chemistry of the pumped brine including changes over time,
· Water level drawdown and pressure changes in the aquifer system,
· Targeted pumping in specific resource zones to maximize favorable results (for example, maximizing grades), and
· Targeted pumping to mitigate potential negative results (for example, drawdown in sensitive habitats or on adjacent operations). 

The Practitioner should report on any model outputs that pertain to wellfield design and highlight any technical limitations the model may have for this purpose.

6.4.1. [bookmark: _Toc218865870]   Reinjection of Spent Brine
Increasingly, lithium brine projects are designed to incorporate the use of DLE technologies. These processes extract lithium from the brine using techniques such as sorption, ion exchange, solvent extraction, membranes, electrochemistry, and carbonation, among others. Unlike conventional solar evaporation pond methods, DLE generates a large volume of spent brine that must be managed. Even in jurisdictions where spent brine reinjection is not legally mandated, it is often the preferred method of disposal.

Reinjection of spent brine has the potential to affect the brine resource, through dilution of lithium grades. Therefore, if spent brine reinjection is planned for a zone that is proximal to the resource, reinjection should be included (simulated) in the reserve model. If reinjection is planned for a distance that is protective of the resource, the Practitioner should consider whether freshwater or sensitive habitat could be affected and whether a stand-alone model (separate from the resource model) is required to evaluate the situation.

[bookmark: _Toc218865871]6.5.   Modifying Factors
The conversion of mineral resources to mineral reserves requires consideration of modifying factors, or parameters that could affect mineral extraction, processing, and economic viability of production over the projected mine life. A review of general modifying factor concepts is provided by CIM (2014, 2019). Unique modifying factors specific to brine projects may include, but are not limited to, the following: 

· Freshwater dilution and mixing with the brine aquifer system,
· Pumping limitations due to brine level drawdown,
· Well interference,
· Wellfield optimization for both increased production and/or mitigation of potential impacts to surface water systems that may be supporting environmentally sensitive areas, 
· Production well inefficiencies: additional attention/costs that may be incurred due to brine pumping and increased corrosion/encrustation potential,
· Aquifer boundary effects,
· Nearby pumping from other operators,
· Unique permitting/legislation associated with lithium brine extraction (i.e., the Chilean Special Lithium Operation Contracts (CEOL)),
· Processing inefficiencies, or losses of mass from the wellhead to generation of product,
· Reinjection of spent brine and its potential effect on wellfield operation and production, and 
· The need for additional wells to meet production target.

In addition, the Practitioner should consider uncertainties related to the numerical model predictions. 

[bookmark: _Toc218865872]6.6.   Mineral Reserve Statements
Mineral reserve statements are outlined in the Estimation of Mineral Resources & Mineral Reserves Best Practice Guidelines (CIM, 2019).

Statements specific to salar reserves should consider the following: 

· Extraction of lithium from the deposit, including decline in lithium grade over time, if applicable;
· Process efficiency of lithium through the selected processing method;
· Impact of other brine constituents, whether valuable or deleterious; and 
· Clear description of the cut-off grade and supporting elements (capital and operating costs estimates, pricing forecasts, escalation).

Although not prescribed, brine reserves reporting typically includes the following elements, as estimated by the calibrated model:

· Time period over which Proven and Probable Reserves will be pumped;
· Total brine volume pumped for the reserve time periods;
· Average grade for the reserve categories;
· Amount of contained metal included in the reserve categories; and
· Metal equivalents (e.g., lithium carbonate equivalent for lithium) and the conversion factor used.

Reporting must clearly state the point of reference for the reserve estimate. Typical points of reference for salar reserves include brine pumped at the wellhead or as product leaving the site. Because the groundwater flow model is the tool to estimate the lithium reserve, the starting values for the reserve is the quantity of raw brine being pumped. If using the raw brine at the wellhead as the point of reference, an estimate of the processing efficiency should be included to provide a more reliable estimate of the amount of final product would be.

[bookmark: _Toc218865873]

7.	Conclusions
This document outlines Leading Practices for the estimation of lithium brine resources and reserves, with a focus on salar deposits. Due to the fluid nature of brine deposits, the methods used to evaluate them differ significantly from those applied to solid mineral deposits. This document is intended to support industry professionals who report on brine resource and reserve estimates, while adhering to NI 43-101 and applicable CIM guidelines.

Key information includes:

1. Special considerations of salar brine deposits - Emphasis on the unique characteristics of salar brines, including the dynamic nature of brine aquifers, the important influence of natural processes such as evaporation and precipitation, the potential for freshwater to affect brine production and, conversely, the potential for brine production to affect freshwater and habitats.
2. Exploration methods - Methodologies for characterizing brine deposits, such as surface and near-surface sampling, geophysics, drilling, deep sampling, and laboratory analyses. The importance of quality control (QA/QC) procedures is also addressed to ensure reliable data.
3. Resource estimation – Methods for estimating brine resources are explored, including key parameters such as brine volume, grade, and aquifer geometry, resource categorization, and how these contribute to determination of reasonable prospects for economic extraction.
4. Reserve estimation – The document highlights the process of reserve estimation, including numerical modelling techniques used to simulate fluid dynamics and brine transport. It also provides guidance on modifying factors that can affect resource viability, such as aquifer boundaries, dilution, and reinjection strategies.
5. Brine reporting - An outline is provided of the special considerations for reporting on salar brine resources and reserves in compliance with regulatory standards, including the key elements for transparent, relevant, and compliant reporting.
Table 2 summarizes key technical report considerations for salar brine projects.

	Issue
	Considerations for Mineral Brine Projects

	Mineral Rights
	Nature of the mineral tenure and any potential risks and uncertainties regarding “ownership” of the brine.

	Climate
	Relevant meteorological data such as solar radiation, precipitation, wind, etc. (needed for modelling)

	Geology and Mineralization
	Geology of the aquifer, hydrogeological units, hydrological aspects of the property such as surface and groundwater, and water balance; characteristics of the brine body such as its geometry, chemical composition, variability, grade, etc.

	Deposit Types
	Characteristics of the host salar (salt flat), associated hydrogeology, aquifer boundaries, physical properties, etc.

	Sampling
	Controls and protocols for brine sampling and preservation and determination of key variables such as brine chemistry, specific yield, effective porosity, etc.

	Brine Resources
	Key variables such as brine volume and grade, aquifer geometry, effective porosity, specific yield, flow rate, recoverability, etc., to meet the definition of reasonable prospects of economic extraction.

	Brine Reserves
	Key variables such as hydraulic conductivity, recovery, brine behaviour and grade variation over time, etc. and groundwater flow and transport modelling to demonstrate that economic extraction can be justified over the projected mine life.

	Mining Method
	Relevant information related to the design of the well field, infrastructure, pumping rate, brine body response to extraction, reinjection (if applicable), etc.


[bookmark: _Toc218865874]Table 2. Reporting considerations specific to salar brine projects
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