ONLINE SUPPLEMENTARY MATERIAL A
Table A1: Data Phase 1 – Project preconditions and initiation (authors’ own creation)
	CAS codes, deductive
	Emerging key themes
	Exemplary events and actions 
	Exemplary quotes

	Internal mechanisms
	Agents and schemata
	Diverging schemata across downstream, midstream, upstream supply chain
	Downstream actors face pressure from EU Battery Regulation (EUBR) but struggle with lack of visibility and inertia from midstream
‘Hidden’ midstream actors opposed to attention and reputational risk that traceability brings
Some joint schemata/practices in place, but not so much aligned underlying beliefs
	“You need very strong incentive to allow supply chain transparency. Unless there is a regulation, unless there is an alternative benefit for the suppliers, it's really hard to get that transparency. When we are asking our suppliers to get ready to start opening up their information sources, they refuse to do it until the moment when the law [EUBR] is signed” (I2, Sustainability manager, downstream)
“Supply chains are not today set up for companies to start asking for visibility. You buy things on the market and you're not even asking where this is coming from, and there have been multiple aggregations. Almost every supply chain in the world has traders and the minute you hit a trader you have a problem: they bring little value to supply chains, they create blocks in information flow both ways. There's no efficiency, there's no logic of networks. It's just sub-optimized at all levels and I think the minute we are able to see full supply chains, we will start asking ourselves questions on how we can make it more efficient” (I1 Supply chain sustainability manager, Downstream)
“When we send requests to our suppliers for conflict minerals we have a quite good response rates, but when it comes to cobalt we have very bad response rates. We are really struggling and the replies that we get from the suppliers is that there is no law, this is not regulated. Unless it is regulated, a lot of suppliers will not go the extra mile in order to perform proper due diligence on critical raw material supply chains” (I2, Sustainability manager, downstream)

	
	Self-organization and emergence
	External pressure exerted on downstream sensed by upstream actor
Upstream starts blockchain project for traceability and sustainability standards
	UpstreamMiningCompany senses EUBR pressure on downstream actors and is aware of how difficult data collection and visibility far upstream is for downstream actors
UpstreamMiningCompany anticipates competitive advantage from traceability and being able to demonstrate sustainability standards
UpstreamMiningCompany decides to take matters in own hands, initiates blockchain project
	“Article 65 concerns the battery passport and requires that, by 1 January 2026, industrial batteries and electric-vehicle batteries shall have an electronic record for each individual battery they place on the market” (Document 29, 2020 Proposal for new battery regulation, European Commission) 
“the legislation is getting stricter, like Battery Passport Requirements. (...) Mining companies see how difficult it is to collect data for clients and, ideally, they need to automate it” (I4, Sustainability manager, UpstreamMiningCompany)
“the last five years or so, we've had an enormous wave of information requests coming in from all sorts of stakeholders, right? Our customers, our customers’ customers, NGOs, and so on. So first of all, it's also about efficiency. Providing the same set of data only once and in a consistent and reliable way.” (W5, Director Sustainability, upstream)
“One of the findings that we realized is that we can't do this alone at the same it's not an option not to do it” (I1, Supply chain sustainability manager, downstream)
“"We wanted to collaborate with both of our midstream and downstream partners to give them this standard and to push for improvement of transparency and sustainability in the cobalt supply chain. But as we worked towards taking and building and cobalt tracking solutions we realized this incredible demand. Not only for cobalt tracking but also for other battery materials about not only tracking of the metal and providing the proof of provenance for the metal but also for the capture of ESG metrics along the supply chain.” (W5, COO, BlockchainStartup)
“Blockchain traceability project was started as a marketing initiative. (…) Plus, if you participate in the novel project like blockchain-based traceability, you can use this as your advantage in communications with clients and other stakeholders” (I4, Sustainability manager, UpstreamMiningCompany)
“How It All Came About. At the root of [BlockchainStartup], the founding companies wished to understand and demonstrate the origin of the minerals’ units used in the end products” (Document 23, Website, BlockchainStartup)

	
	Connectivity

	Complex, dynamic supply chain with low connectivity
	Complex supply chain, flowing from mines through various refiners, smelters, cathode producers, battery and battery cell producers to downstream automotive firms, via various traders
Dynamic supply chain with changing suppliers and cobalt from different sources being mixed at various stages in supply chain
	Visualization of battery value chain (Document 12, Sustainability Report, UpstreamMiningCompany)
“Implementation barriers: Points of aggregation: minerals and metals supply chain features important material aggregation points – primarily at the smelter/refiner level – where minerals and metals from different sources – including potentially from artisanal and small-scale mining (ASM) as in the cobalt example. (…) Points of transformation: Minerals and metals also undergo several processing stages along the supply chain, including crushing, washing, grinding, separation, etc. (depending on the supply chain) during which product characteristics such as size, weight, grade, and price change” (Document 36, Report on traceability in mineral supply chains, Consultancy)


	
	Dimensionality

	High dimensionality with autonomous actors and limited overarching control
	Limited visibility across chain, thus limited control from any one entity
	“We have this vision of having supply chains mapped, but the minute you have it mapped it has changed already. So how to manage that is a big question: the more dynamic, the less control” (I1, Supply chain sustainability manager, Downstream)

	Environment
	Visible horizon
	Downstream faces visible horizon as barrier to traceability & legal compliance 
	Downstream actors face restrictive visible horizon. 
Regulation (e.g. EUBR) extends downstream actors’ horizon of responsibility beyond horizon of visibility
	“Visibility is very low in the supply chain because we have a lot of suppliers (about 50,000 suppliers at tier one). Knowledge is power to these suppliers so retaining a big chunk of that knowledge, not sharing who the sub tiers are, allows them to retain intellectual property, to remain secretive on the amount of raw materials and therefore secure certain negotiation leverages when it comes to negotiating the price. So that’s why in most cases we don't know who the suppliers are beyond the tier one” (I2, Sustainability manager, downstream)
"It's a fundamental question, and how much you as a company can do, where is the boundary of your responsibility? And now the regulator, it starts to move you in the direction that the boundaries of your responsibility go much further than your perimeter of possession. Accordingly, your perimeter of impact becomes your responsibility" (I7, Founder, tech provider)



	
	Rugged landscape
	Very rugged: low visibility & heterogenous conditions across landscape
	Low visibility across the supply chain, very opaque
Considerable geographical, operational and cultural distance across supply tiers
Heterogenous conditions on the ground, difficult to control or optimize with single standard
	"I mean, when we look at supply chain complexity, I mean, all the materials that end up in the battery, from all parts, from all over the world, we have very heterogeneous conditions everywhere” (W5, Director regulatory affairs, midstream)

	
	Dynamism
	Dynamic external environment 
	New regulation emerging across globe, e.g. EUBR and various human rights and environmental due diligence (HREDD)
Stakeholder (e.g. NGO) pressure spotlighting cobalt, creating a dynamic of its own
Critical minerals key to green transition, thus demand growing and placing pressure on extraction
Technological possibilities (e.g. blockchain-based traceability) improving rapidly
	“the [regulations] are expanding the scope of what traditionally due diligence has been focused on, human rights primarily. Now obviously, in the federal regulations, especially the German due diligence act, for example, there is enhanced requirements around environmental impacts, and of course, greenhouse gas emissions is a big addition. And obviously, the requirement for traceability by default, really, in order to get the data is (…) quite clearly a requirement now.” (W5, Founder, tech provider)
“There were a lot of initiatives already on cobalt, I think cobalt, there's a big focus because it has this connection to child labor, to artisanal and small-scale mining. It has been more in the eyes of the public even though you have the exact same issues on mica, lithium and all of other critical raw materials” (I2, Sustainability manager, downstream)

	Co-evolution
	Quasi-equilibrium
	Quasi-equilibrium shaken by EUBR
	EUBR shakes prior quasi-equilibrium between voluntary industry initiatives and regulatory demands; compliance as main incentive for companies to act
Related upcoming regulation (e.g. CSDDD) suggests regulatory pressure will only increase
Creates pressure on industry to react
	“We run due diligence on conflict mineral supply chain and on cobalt supply chain and we are doing it because there is an expectation from our customers, our investors, because we see it as a way to get ready for the upcoming regulations.” (I2, Sustainability manager, downstream)


	
	Non-linear changes
	High hopes in blockchain technology as traceability/ compliance panacea 
	Optimistic expectation that blockchain will come in, provide traceability and solve everything that industry has been struggling with for decades
	“[EUBR] not only requires you to map your entire supply chain for key raw materials, but it also requires you to monitor different social and environmental KPIs in your supply chain. That's why we started looking into digital tools. The RMI [Responsible Minerals Initiative] tools are okay but they're far from being perfect and they stop at the smelters level and all they are assessing is whether the smelters have good traceability processes which is really far from what the battery regulation is expecting from us. The RMI tools do not allow us to measure impact on biodiversity, erosion, population displacement, all of these KPIs that the regulation is expecting us to monitor. That is why we are turning ourselves to more digital and technical solutions” (I2, Sustainability manager, downstream)

	
	Non-random future
	New regulation incisive yet not unexpected
	EUBR incisive, yet not unexpected. Followed on from previous cycles of (ultimately insufficient) industry initiative alternating with new or tighter regulation (e.g. the Dodd-Frank Act or EU Conflict Minerals Regulation) on sustainability issues in mining. 
	





Table A2: Data Phase 2 – Basic pilot trial – Self-organization and momentum from upstream (authors’ own creation)
	CAS codes, deductive
	Emerging key themes
	Exemplary events and actions
	Illustrative quotes

	Internal mechanisms
	Agents and schemata
	Upstream supplier initiates blockchain pilot with schematically-aligned actors
Difficult to onboard midstream due to diverging schemata
	For participation in the blockchain pilot, UpstreamMiningCompany reaches out to other actors along the supply chain, prioritizing actors that – for different reasons – have shared schemata: 
The initial pilot includes a trader with whom they have established supply relations, a degree of trust and shared commercial interest in traceability, as well as a smelter headquartered in the EU, thus subject to regulatory pressure and with shared interest in demonstrating traceability and sustainability.
Collaboration beyond these actors is deemed difficult at this point due to diverging interests: Other midstream actors still do not see the point in blockchain project.
UpstreamMiningCompany initiates StakeholderAlliance as forum for discussing schemata, involving downstream firms and securing a say for upstream companies to have seat at table

	“If it's a common goal, if it's directed in interest and plus you understand each other's limitations, then basically rowing in the same direction is not as difficult” (I7, Founder, Tech provider).
“[StakeholderAlliance]allows companies to form a common language in terms of ESG targets and indicators, to form common standards (…) The fact that [StakeholderAlliance]is a multi-stakeholder organization makes it possible to integrate the vision of different parties” (I5, Program Manager, StakeholderAlliance).
"Today, if you're an automotive company, do you need to have supply chain traceability? Yes. Do you need to wait when It's done to do something about cobalt? No, because you know you have cobalt in your products and you know you are implicated quite indirectly but quite clearly into the human rights abuses that go on in the sector. " (I6, CEO, tech provider)
“You have to have a normal trust between them [partners in initial blockchain], and it's a very long process. So you can't just get together with three competitors and you're gonna have a f****** great time. You have to socialize together, you have to get to know each other, listen, argue, talk, talk about interests." (I7, Founder, tech provider)”

	
	Self-organization and emergence
	Blockchain pilot emerges between schematically-aligned actors
Upstream actor broadens pilot to include competitors; starts stakeholder alliance to engage downstream 

StakeholderAlliance emerges
	UpstreamMiningCompany officially starts blockchain project and discussions with partners for first pilot trial
Efforts and expenses for blockchain grow, UpstreamMiningCompany decides to broaden pilot and involve other cobalt mining companies to share the effort and cost. Precompetitive arrangement emerges and pilot broadens across upstream.
StakeholderAlliance emerges out of discussion with downstream actors and pushed by UpstreamMiningCompany 
	“no one is stopping you from implementing traceability tech before you know [who is in your chain]. Start and just slowly, reeling it back in, you don't even have to do mapping, it's fine to just (…) say let's get some of these [RFID] tags or something and slowly work your way up” (I7, Founder, Tech provider, with background in upstream)
“We initially partnered with [trader] that is already under the vertical chain…, but we realized that without other cobalt producers it would not make sense… you are mixing anyway, and it just doesn't make sense to track only your cobalt, like nobody at the top of the chain, nobody has the task to track everything... in the process of formulating hypotheses about what we're doing, it became clear that it didn't make a lot of sense [to try this without them]” (I7, Founder, tech provider)
“[BlockchainStartup] was founded by [UpstreamMiningCompany] and other major cobalt producers and is being developed with inputs from a wide range of battery value chain stakeholders” (Document 08, Sustainability Report, UpstreamMiningCompany)
“Founded by [UpstreamMiningCompany], [other mining company] and [other mining company]and launched in 2019, [BlockchainStartup] was later joined by [midstream company], as well as a battery company and an EV producer” (10, Press release, upstream company)
“we have good visibility in terms of sustainability for social and environmental aspects. We are actually willing to share quite a lot more than the scope of this battery pilot at this stage" (W5, Director sustainability, upstream)
“[StakeholderAlliance] allows companies to form a common language in terms of ESG targets and indicators, to form common standards, which will take into account the opinion of all actors. The fact that [StakeholderAlliance] is a multi-stakeholder organization makes it possible to integrate the vision of different parties and ensure that decisions are made” (I5, Program manager, StakeholderAlliance)
“Companies have a vision of what they would like to see in the market, and [StakeholderAlliance] provides a platform for companies to promote their interests, not through lobbying but through dialogue and building a common position. (…) Incentives for organizations to come together are lack of understanding of where to go in solving a problem, lack of industry experience, or lack of technological competence. Here the testing ground is created, where in the clear, general rules of the game and new technologies are tested” (I5, Program manager, StakeholderAlliance)
“We see many standards evolving and (…) this hopefully helps us to streamline that set of information and of course, it's about the standards around, for instance, carbon footprints” (W5, Director sustainability, upstream)

	Environment
	Visible horizon
	Upstream actor’s visible horizon restricts pilot
	UpstreamMiningCompany realizes that its visible horizon restricts range of pilot into midstream; initiates StakeholderAlliance to engage with downstream actors and extend visible horizon
	“It was an opportunity to participate in the introduction of these new standards, talk to the whole supply chain, boost our power in supply chain” (I4, Sustainability manager, UpstreamMiningCompany).
“(…)nobody at the top of the chain, nobody has the task to track everything... in the process of formulating hypotheses about what we're doing, it became clear that it didn't make a lot of sense [to try this without them]” (I7, Founder, tech provider) 

	
	Rugged landscape
	Rugged landscape shapes which actors to involve in pilot 
Heterogenous on-the-ground conditions and infrastructure complicate pilot 
	UpstreamMiningCompany selects EU-headquartered smelter that faces external pressure, engages them for pilot
Challenges with practical implementation of blockchain pilot due to heterogenous conditions on-the-ground, varying confidentiality concerns along supply chain or practical challenges:
e.g. printing manually scanned QR codes turns out to be too time intensive and impractical on mining sites, whereas automatically scanned RFID tags are more practical but require finding local suppliers that can produce and install metal frames needed to scan RFID tags at gates)
	“Another challenge is the confidentiality issue. Sometimes our supplier is willing to share the data but their suppliers have confidentiality agreements and are not allowed to share anything” (I1, Supply chain sustainability manager, Downstream)
“physical implementation of passport elements, e.g. marking and identification of a battery and its components while leveraging a huge diversity of instruments like QR-codes, RFID tags and others available tools represents an area for product development” (Document 16, Interim pilot report, StakeholderAlliance)

	
	Dynamism
	CAS-internally, blockchain more complicated to develop than expected
CAS-externally, geopolitical tension rising 
	Internally, blockchain technology more complicated to develop than expected, pilot thus becoming slower and more expensive
Externally, geopolitical tensions increase as Russia invades Ukraine, causing renewed sense of urgency around energy transition and critical minerals
	“I mean, we had many, many calls where we looked at each other, not understanding exactly what was the next step. So it's, it's slow” (W5, Director regulatory affairs, midstream)
"The problem and one of the biggest challenges at the moment is that geopolitics is playing against progress on business and human rights. With a race to access critical minerals related to the energy transition, security of supply is winning over human rights any day" (I6, CEO, Tech provider)


	Co-evolution
	Quasi-equilibrium
	In flux
	In flux, actors across supply chain figuring out how to deal with regulatory pressure
	"Yeah so in terms of regulations, there's a new wave of regulations coming. Mostly encouraging I would say for Planet Earth, nevertheless, challenging to see what it's going to mean for us” (W5, Director sustainability, upstream)

	
	Non-linear changes
	In limbo
	Hesitation from mid- and some upstream actors due to uncertainty of blockchain’s economic impact. Support could kickstart (or falter) once clarified.
	“Right now, it's not clear if [blockchain] projects will either take away or bring in profits” (I5, Program manager, StakeholderAlliance)





	



Table A3: Data Phase 3 – Full pilot and launch – Emergence through rugged landscape (authors’ own creation)
	CAS codes, deductive
	Emerging key themes
	Exemplary events and actions
	Illustrative quotes

	Internal mechanisms
	Agents and schemata
	Shared traceability schemata formalized in blockchain 
Shared sustainability schemata developed & formalized in stakeholder alliance’s sustainability standards
	During blockchain pilot, shared traceability schemata, e.g. concerning data sharing and confidentiality, were agreed. The actual blockchain design signifies and formalizes these traceability schemata, providing commitment for involved actors.  
Shared sustainability schemata were developed between actors and formalized in StakeholderAlliance’s joint standards on sustainability metrics, e.g. human rights, to be used on blockchain for data inputs for the battery passport. 
Despite full pilot, some divergence in schemata persists between midstream firms, on the one hand, and upstream and downstream firms, on the other hand. While the former continue to hesitate on traceability efforts and data sharing, the latter two favor traceability and are more closely aligned in their schemata.

	"The main motivation [with StakeholderAlliance] was a unified goal of some sort, to realize that the whole industry has a common threat. that there is this threat, that there is child labor, untraceable cobalt and so on. And having that common goal, it has helped a lot to actually unite the industry" (I7, founder, tech provider)
“this industry-wide body that provides clarity on the standards and approaches is a very good option. There are sticky issues around data governance that really need to be decided in a forum like the [StakeholderAlliance]” (W5, Founder, Technology provider)
“there is an opportunity with the battery passport to standardize all the reference standards effectively for our greenhouse gases disclosures and our due diligence or human rights assessment or sustainability criteria. There's also a risk there with the [StakeholderAlliance]. [StakeholderAlliance] is only one of many initiatives that are out there looking at the passport and I think there is a risk that we somehow fracture that opportunity into, you know, many different standards as well.” (W5, Founder, technology provider)
"I think the key was that we get together and create an atmosphere of trust through these trials and demonstrate it together. So that we had the opportunity to discover all, let's say, the similarities or the common ground with all our stakeholders and build on those rather than kind of hide behind excuses and the differences that we often use as an excuse to not do something" (W5, Director regulatory affairs, Midstream)
“In late 2022, the [StakeholderAlliance] launched three Battery Passport rulebooks (and, where relevant, accompanying assessment indices) focused on child labour, human rights and GHG emissions” (Document 08, Sustainability Report, UpstreamMiningCompany)
“value of the battery passport lies not only in measuring sustainability performance or how to implement it technologically. Establishing a trust-worthy interplay proved the most significant challenge to address to ensure a sustainable outlook for the first ever battery passport ecosystem. Neither common language (metrics, instruments, rules), standardization nor common principles of data collection, protection and exchange are sufficient by themselves to create trust in battery passports” (Document 16, Interim pilot report, StakeholderAlliance)

	
	Self-organization and emergence
	Full blockchain pilot and battery passport
Distributed organization emerged yet remains volatile due to costs and practical challenge
Prior trust essential, but trust-building facilitated through blockchain pilot
	Launch of the full blockchain pilot and first battery passport, integrating blockchain-based traceability and sustainability info as per StakeholderAlliance standards
Self-organization of blockchain project remains volatile due to contested schemata, not self-carrying. Blockchain implementation (still) requires lots of manual labor, funding and technological development. Blockchain still needs to prove its value, involved actors disillusioned and further actors remain to be convinced. 
Prior trust and established relations among actors critical in emergence of blockchain project. However, actors acknowledge that implementation process itself facilitated further trust-building and overcoming differences between partners
	“In 2022, the solution will be applied on an ‘end-to-end’ basis at major participant sites, starting at the point of mining. This will include its application to all cobalt production at [mine in DRC], which will enable customers to trace their cobalt back to the operation and will confirm the application of responsible production standards – as well as mine-to-electric vehicle tracing” (Document 08, Sustainability Report, UpstreamMiningCompany)
“Following the successful piloting, the Battery Passport proof of concept was launched in early 2023” (Document 12, Sustainability Report, UpstreamMiningCompany)
“Success factors include getting a lot of companies on board, to give them what they want for their requirements, which means that you have to keep up with updates on standards and so on, so that you're ready for whatever they want. Fully functional platform, software, good technological partner, access to financial resources is a success factor” (I4, Sustainability manager, UpstreamMiningCompany)
“We need to be able to do it. So it needs to be a hands-on thing and it needs to be a balance between effort and benefits that is adequate. So if it does not create business value, we won't buy it" (W5, Director regulatory affairs, Midstream)
“Once [with blockchain] we become aware of all of these issues along the supply chain, it would most likely add an enormous amount of work on us as well. More, most likely more onsite audits, more self assessments as well, like desktop assessments. So we also need to secure in generally that we have the right amount of resources to process the extra information and therefore the extra work this will entail” (I2, Sustainability manager)
“it is challenging to get the full supply chain on board, especially midstream. To succeed (…), companies need to have established networks and trust with supply chain members.” (I4, Sustainability manager, UpstreamMiningCompany)
“there was a lot of trust that was I think engendered in that process between the group and so people got a lot more comfortable with sharing information due to the fact that we're participating in this together with the same objective" (W5, Founder, technology provider)”
“I think the key was that we get together and create an atmosphere of trust through these trials and demonstrate it together” (W5, Director regulatory affairs, midstream)

	
	Connectivity
	Additional layer of connectivity 
	Additional layers of connectivity  through commitment to blockchain project and stakeholder forum, on level of ‘support supply chain’ (Carter et al., 2015)
Yet, midstream resistant to join due to concerns around data sharing and cited fear of violating anti-trust rules
	“Anti-trust mechanisms are used as an opportunity to keep information out for fear that publishing excessive information about the supply chain would increase reputational risks for the company (..) In the pilot, no one knew how the data provided would be used, which caused a lot of resistance from participants” (I5 Program manager, StakeholderAlliance)
“it is challenging to get the full supply chain on board, especially midstream (…) You need to solve challenge on disclos[ing] one set of data but at the same time not disclosing the sensitive data. If you have something missed somewhere, that's a very big reputational risk” (I4, Sustainability manager, UpstreamMiningCompany)

	External environmentnvironment
	Visible horizon
	Upstream and downstream collaborate to extend visibility
	Upstream and downstream companies are joining efforts for building visibility in midstream by working from their respective upstream and downstream visible horizons
	“for example, AutomotiveCompanyA comes in and completely does not manage to track their whole chain. And even AutomotiveCompanyB [with decent visibility] actually said ‘we'll be interested to see, whether or not the cobalt actually ends up coming to us’” (I7, Founder, Tech provider).
“Supply chains are not today set up for companies to start asking for visibility. You buy things on the market and you're not even asking where this is coming from, and there have been multiple aggregations. Almost every supply chain in the world has traders and the minute you hit a trader you have a problem: they bring little value to supply chains, they create blocks in information flow both ways. There's no efficiency, there's no logic of networks. It's just sub-optimized at all levels and I think the minute we are able to see full supply chains, we will start asking ourselves questions on how we can make it more efficient” (I1 Supply chain sustainability manager, Downstream)

	
	Rugged landscape
	Rugged landscape ‘hides’ existing sustainability issues
‘Garbage-in-garbage-out’ problem persists
Midstream actors benefitting from lack of visibility 
	Blockchain could help chart rugged landscape, yet midstream actors resistant as they have been benefitting from the opacity in the past. 
Rugged landscape ‘hides’ existing sustainability issues that may (or not) be revealed at any time 
Heterogeneous conditions on-the-ground in terms of available infrastructure at sites creates practical challenges for blockchain
‘Garbage-in-garbage-out’ problem of blockchain: need to verify sustainability data continues, particularly in more rugged areas 
	“I think in many cases, the company is better off not knowing. It's the Don't Tell principle. If we take away all the fluff and the pretty phrases with the big grandstanding, then systemically there's very little incentive for a company to know what's really going on in their chain, because more often than not, they have to pay for it to keep it from happening” (I7, Founder, tech provider).
“Traceability is something that adds value to the system by tracing goods, but there is still a need to verify the actual working conditions and human rights impacts on the ground” (I6, CEO, Tech provider)
“So [in this blockchain case] you have a binary system. Traceable, non-traceable. Here's X percentage in X volume coming in at X stage from a chain.” (I7, Founder, tech provider). The interviewee continues with an anecdote: “But it’s quite valid and useful information, especially if AutomotiveCompanyA thinks they have all their cobalt coming from MiningCompanyB, because two battery engineers say they buy it all from MiningCompanyB through TraderA, And then you realize MiningCompanyB doesn't have that kind of volume" (I7, Founder, tech provider).

	
	Dynamism
	Risk of uncovering issues actors did not know they had
Blockchain’s immutability vs. dynamic reality
	Full traceability brings risk of encountering sustainability issues that companies did not know they had. Snowballs into further questions on responsibility for issues linked to weak institutions and politics, and choice between disengagement vs. change on the ground 
Question of whether EU regulation is achieving its purpose
Blockchain is immutable, yet on-the-ground reality is dynamic

Startup nature of most blockchain projects
	"The downside of visibility is, will we have the resources to process everything that will come out of it? Because right now we are still a rather small team. If somehow we manage to get full supply chain transparency and we're able to monitor all of our sustainability KPIs, we're going to uncover things that we are not going to be able to ignore. It might require us to go to the site, run an audit, set up some corrective action plan that we will have to monitor over time, so it becomes a much bigger correction activity than what we're currently doing. So we will need to secure that we actually have the resources to process the additional work." (I2, Sustainability manager, downstream)
“I think in many cases, the company is better off not knowing. It's the Don't Tell principle. If we take away all the fluff and the pretty phrases with the big grandstanding, then systemically there's very little incentive for a company to know what's really going on in their chain, because more often than not, they have to pay for it to keep it from happening” (I7, Founder, tech provider).
"Companies have a major responsibility in effecting change on the ground, especially in places where the state has shown limitations in solving the social and ecological problems. The biggest questions are that one, who is going to pay for that, and two, who is going to solve the issues found? There are liability questions that are quite complex and that's an ongoing debate. There are some things that require significant changes as the public sector reforms and other structural changes on the governmental level" (I6, Founder, technology provider)
“all the traceability projects are mostly start-ups, and they have all the risks and challenges of start-ups like high initial investments, possible failures in business model or lack of skilled staff” (I4, Sustainability manager, upstream)

	Co-evolution
	Quasi-equilibrium
	Still in flux, but settling into quasi-equilibrium as traceability appears more feasible
	Achieving traceability and compliance with EUBR appears feasible as full blockchain pilot and thus first battery passport launched successfully
Now shifted focus on balancing compliance demands with what is practical for industry
	"EU regulation is driving adoption [of product passports], right. But obviously, it's a blunt instrument. And the devil is in the detail, as we've kind of discovered on this pilot and so (…) as we're trying to do these passports, we need to get that balance right between what the regulation is trying to achieve and what is practical because the regulations don't understand the realities of supply chains" (W5, Co-founder, Technology provider)

	
	Non-linear changes
	Blockchain as expensive and mostly for high-risk contexts; yet, high-risk status can change fast and non-linearly when issues are picked up by stakeholders
Volatile geopolitical situation persists
	Think you do small change, uncover issues you did not know you had, things unravel

Blockchain for critical materials, but could be non-linear if NGOs pick up on issue in other supply chain and this snowballs into scrutiny for another product or issue

	“Again, the question is why (…) To be honest, I don't really understand why [blockchain traceability is so hyped across industries]. I mean, like, is it worth it? And especially now that everyone's saying you should, I don't know, trace, I don't know, food, I'm kind of shocked because it's just some weird shit, that, you know, I mean, tracing a box of apples? A crate of apples? Like three crates of apples? What's the purpose of that? I mean, what's the purpose of this exercise?” (I7, Founder, Technology provider)
“[c]ompanies are being requested to be externally proactively sharing visibility and so being transparent about supply chain visibility, but often those who do that end up being penalized” (I1, Supply chain sustainability manager, Downstream)
“Because it's very expensive and requires a lot of resources, it seems to me that at least in the near term it's going to be a niche solution for some critical products, whether it's metal or non-metal. So it has to be something going on with a product, affect reputation or bring other risks, so that there would be such a powerful incentive to pay lots of money to make it happen” (I4, Sustainability manager, UpstreamMiningCompany)

	
	Non-random future
	Regulatory compliance in sight, yet question of impact on the ground remains. New iteration likely.
Actors highlight need for systems thinking.
	Settling into a new quasi-equilibrium of regulatory compliance. However, appears likely that another round of regulatory or other stakeholder pressure will disrupt the equilibrium and challenge companies to take further action: current (currently planned) measures considered insufficient to effect sustainable change in the sourcing regions; suppliers resistant to voluntarily share information beyond what is needed regulatorily; actors are already thinking about how to shape future iterations of regulation in their favor
	“Сonflict minerals are regulated and for cobalt reporting, templates are available from the RMI. Given the outputs that we are receiving for cobalt, we are wondering whether it's even worth spending the energy collecting data on other minerals as well if it's to receive blank templates from our suppliers” (I2, Sustainability manager, Downstream)
“creating a vocal stakeholder consensus I think that's in the future very important, that will need to be done prior to secondary legislation when the battery regulation is becoming more concrete with the delegated and implementing acts. When it comes to concrete, carbon footprint specifications, when it comes to recycled content, numbers and all of that. I think that is very important that we have this dialogue with legislators to have a smart discussion about what is it that matters and how we can really put it into practice (…), applying a more systemic and lifecycle approach. (…) also legislation needs to get smarter and needs to get more aligned. So that in the end, that regulation should not contradict the end of life vehicle regulation, or the waste shipment regulation, all of that needs to be aligned. That's a big thing to be done over the next decades" (W5, Director regulatory Affairs, midstream)
“I don't think that traceability was something that was going to solve that problem [i.e. sustainable change on the ground]. It's more about expanding the perimeter of responsibility and finding the tools that really incentivize that change. I don't have an answer for it, unfortunately. (…) I don't think anybody has an answer to that question, but it's interesting to see how the system works." (I7, Founder, tech provider



ONLINE SUPPLEMENTARY MATERIAL B
Table B1: Overview of propositions against prior literature and empirical patterns (authors’ own creation)
	Authors’ proposition
	In previous literature
	Empirical pattern from this case

	P1: The emergence of blockchain-based traceability for sustainability in a supply chain begins with the sensing of external environmental stimuli by either a dominant buying firm or a traditionally ’non-focal’ firm such as an upstream supplier.
	“The emergence of environmental innovations in a supply network begins with a dominant buying firm sensing external environmental stimuli” (Nair et al., 2016, p. 73)
	Our case demonstrates that upstream actors have agency and that exerting said agency was instrumental in the initiation (and possibly, discontinuation) of blockchain. In our case, UpstreamMiningCompany sensed the entry into force of EUBR and anticipated the associated traceability and battery passport requirements that would result for downstream companies. UpstreamMiningCompany then anticipated and even preempted downstream buyers’ actions by piloting a blockchain project and initiating a broader StakeholderAlliance in response to the EUBR.

	P2: Firms that sense external stimuli but are not targeted directly by them (e.g. upstream suppliers) take action on blockchain adoption when they anticipate gains from demonstrating traceability and sustainability standards.
	
	Further, in terms of motivations for UpstreamMiningCompany’s action, our empirical data shows that they did not act entirely altruistically, but instead took action when expecting financial benefits from good marketing and more direct supply relations with downstream companies (similarly, they ceded action when cobalt prices and financial prospects dried up).

	P3a: Focal firms have visible horizons, but so do traditionally non-focal firms such as upstream or midstream suppliers.
	”The supply chain is bounded by the visible horizon of the focal agent” (Carter et al., 2015, p. 93)

	Following from our prior assertion that non-focal firms have agency, we find that they are likewise restricted by a visible horizon that has limitations and is blurry around the edges, comparable to the one defined by Carter et al. (2015) for downstream firms. UpstreamMiningCompany initially intended to work more closely with downstream buyers but – unable to cut through the opaque midstream – struggled to identify which downstream firms were ultimately sourcing their cobalt. Eventually, they resorted to running the pilot with those within their visible horizon, i.e. a trader in their network and, subsequently, several competitors, for pragmatic reasons. 

	P3b: The relevance of companies in implementing traceability efforts is less determined by their position in the supply chain (e.g. nexus suppliers like smelters or mills) and more determined by a) the complementarity of their visible horizon and b) their commitment to sufficiently aligned sustainability/traceability schemata with their respective partner.
	Various studies highlighting the role of nexus suppliers such as smelters in mineral supply chains (Sancha et al., 2019; Sauer & Seuring, 2018) or traders in palm oil supply chains (Grabs et al., 2024; Grabs & Carodenuto, 2021)
	In our study, the visibility issue lies particularly with midstream opacity. We find evidence that it can be an effective workaround for upstream and downstream actors (regardless of whether they share a chain to begin with) to connect and work from their respective ‘visibility bubbles’: UpstreamMiningCompany’s workaround was to co-initiate StakeholderAlliance and leverage this cross-supply-chain forum to collaborate with downstream automotive manufacturers, irrespective of evidence that they shared a supply chain to begin with. Whereas previous literature has emphasized various midstream actors for their nexus position as central partners for visibility, our data demonstrates that upstream actors can assume a comparable role for building visibility when their schemata align better than midstream actors’. In our empirical data, downstream and upstream firms ended up partnering to build visibility since their respective schemata around wanting more traceability and sustainability were aligned better than those of ‘traceability-averse’ midstream actors. This opens an alternative route for tackling traceability from both ends in cases of midstream opacity and inertia. 
Similarly, we find that the proactivity for extending the visible horizon and finding a suitable partner for this endeavor need not originate from downstream, but – again – can also be initiated by upstream firms that are looking for the ‘right’ partner to build their visible horizon. 

	P4a: Blockchain acts as a platform for formalizing and materializing shared schemata, thereby facilitating trust across tiers and the ‘onboarding’ of new actors.
	Boundary-spanning agents like industry consortia or stakeholder alliances are important platforms particularly for “blockchain implementation [where] joining consortia is critical because it yields cost savings and accelerates learning among the stakeholders” (Yadlapalli et al., 2022, p. 298).
 “Boundary-spanning agents, comprising internal and external agents in the network, can help overcome existing conflicts between the schemas of agents and facilitate the proliferation of environmental strategies in the network”  (Touboulic et al., 2018, p. 330)
	We find evidence that this holds true from an upstream perspective: In our study, building shared schemata around traceability’s importance, data governance and sustainability standards was critical in onboarding midstream actors, yet this would have been hard without StakeholderAlliance as a joint discussion forum. Similarly, blockchain – while triggered by external dynamics like EUBR – emerged essentially as a platform to formalize these schemata on how to collaborate, define sustainability and trace material between actors. In our case, the higher-level StakeholderAlliance and more concrete blockchain application emerged as co-evolving, complementary arenas for formalizing and materializing shared schemata, therefore we suggest proposition P4a on blockchain’s role in a CAS. 

	P4b: Once established, blockchain can facilitate trust-building processes among involved actors and fast-track or replace trust-building in the ‘onboarding’ of new actors, yet the adoption itself cannot occur without prior trust-building efforts among initial members. 

	Blockchain’s trustless element is considered a central characteristic and some scholars view it as “likely to transform the current trust-based theories in supply chain management.” (Saberi et al., 2019, p. 11).
"Ultimately, blockchain alone may not be capable of building an ideal trusted ecosystem of supply chain networks. In the long run, other instruments and mechanisms are required to be involved in the sustainable enhancement of trust in supply chain management" (Yavaprabhas et al., 2023, p. 64)
	In our study, the ‘trustless’ component and operative trust in blockchain only becomes possible because processual trust is gradually built and extended among UpstreamMiningCompany and its various partners across the implementation and standardization process by overcoming unexpected challenges and disagreements. Yet, our data demonstrates that trust is still essential for establishing blockchain in the first place and convincing companies to participate: UpstreamMiningCompany opted to partner with a trusted trader for the first trial, before building on the initial success by onboarding others. Besides, trust and visibility are important for managing suspected/detected sustainability issues, either for direct follow-up or effective cascading of requirements. Further, in treating blockchain as a proxy for trust, we see a risk that this could erode trustful relations as companies underestimate the need to build and invest resources in building such ties, although they remain critical for management of detected issues.



