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We are

Our work is rooted in public benefit, scientific integrity, and 
building open source infrastructure; our tools aim to invoke 
consensus standards and promote trust through transparency, 
reproducibility, & auditability.

Product Driven Scientifically Oriented Committed to Open Science

We are pursuing an engineering-heavy 
effort to develop and deliver modeling 
and data infrastructure to support 
high-integrity MRV for early-stage 
ocean CDR companies.

While the need to rapidly scale CDR is 
urgent, we are keenly aware that 
science continues to evolve—we’re 
building an R&D community to ensure 
our tools track the best-available 
science and computing technology 
over time.

The scientific codes at the core of our 
tools are open source & community 
developed; our workflow engines 
support accessibility, transparency, 
and reproducibility; we engage in 
empowerment activities through 
targeted capacity building.



A growing constellation of 
oceanographic models 
adhering to common standards

Serves research & carbon 
crediting needs; facilitates 
cross-sector communication, 
international collaboration, 
standards & capacity building

Multiscale public datasets 
for ocean CDR

Metrics relevant for 
deployment design, techno-
economic analysis, 
permitting, policy & low-
cost MRV

Our Products

C-Star Ocean CDR 
Atlas

C-Star Ocean 
Network

Standardized open-source 
modeling for quantifying 
ocean-based CDR

Ensures ease of use, 
transparency, 
reproducibility, & auditability 
of model calculations



[C]Worthy Funders & Partners
Philanthropic Support

Competitive Federal Grants High Performance Computing

Industry & Academic Partnerships



Ocean CDR Atlas
Multiscale Public Datasets for Ocean CDR 

Ocean Alkalinity Enhancement 
Efficiency Map

Current Datasets & Dashboards

Direct Ocean Removal 
Efficiency Map Research Grade Data



● High integrity

○ Based on Accurate & Transparent Quantification
○ Acknowledged, discussed, and accepted by society 

(social license)

○ Quantifiable & acceptable ecosystem impacts

● Equitable

○ Costs and benefits are collectively understood and accepted

● Efficient, fundable, & sustainable

What is an Effective Climate Intervention?

CDR must remove CO2 from the atmosphere



● Causal impact is considered knowable

● Truth is a product of consensus

○ Transparency & peer-review norms ensure vetting

● Standards codify consensus

● The market mechanism can operate effectively with effective 
quantification & accounting standards, and relational enforcement 
mechanisms

● Standards must track evolving science

Accurate & Transparent Quantification

We are perturbing the Global Commons, the burden of proof is high



Building the Plane as We Fly It

A network of R&D hubs?

● Collective ownership (e.g., government[!], public utilities)

● Centralized planning & execution

○ Public asset portfolio

○ Governance & engagement

○ Funding for prioritized R&D initiatives

● Private sector investment

● Market structure

● Civil society



Context Setting:
Ocean MRV



La rge  s pa tio te mpora l s c a le s
Slow CO2 e qu ilib ra tion  time s c a le s  
le a ds  to  ba s in - s c a le  s igna ls  tha t 
c a nnot be  monitore d  in - s itu .

Unfa vora b le  s igna l- to- nois e
High  in trins ic  ba c kg round  
va ria b ility re la tive  to  s igna l s ize  
ma ke s  s igna l de te c tion  be yond  the  
ne a r- fie ld  impos s ib le .

Comple x ba s e line s  
Counte rfa c tua l ba s e line s  a re  
ne e de d  to  a s s e s s  additionality .

pCO2 deficit after 1 year 

Context for CDR quantification: MRV Challenges



La rge  s pa tio te mpora l s c a le s
Slow CO2 e qu ilib ra tion  time s c a le s  
le a ds  to  ba s in - s c a le  s igna ls  tha t 
c a nnot be  monitore d  in - s itu .

Unfa vora b le  s igna l- to- nois e
High  in trins ic  ba c kg round  
va ria b ility re la tive  to  s igna l s ize  
ma ke s  s igna l de te c tion  be yond  the  
ne a r- fie ld  impos s ib le .

Comple x ba s e line s  
Counte rfa c tua l ba s e line s  a re  
ne e de d  to  a s s e s s  additionality .

pCO2 deficit after 3 years 

Context for CDR quantification: MRV Challenges



La rge  s pa tio te mpora l s c a le s
Slow CO2 e qu ilib ra tion  time s c a le s  
le a ds  to  ba s in - s c a le  s igna ls  tha t 
c a nnot be  monitore d  in - s itu .

Unfa vora b le  s igna l- to- nois e
High  in trins ic  ba c kg round  
va ria b ility re la tive  to  s igna l s ize  
ma ke s  s igna l de te c tion  be yond  the  
ne a r- fie ld  impos s ib le .

Comple x ba s e line s  
Counte rfa c tua l ba s e line s  a re  
ne e de d  to  a s s e s s  additionality .

pCO2 deficit after 5 years 

Context for CDR quantification: MRV Challenges



La rge  s pa tio te mpora l s c a le s
Slow CO2 e qu ilib ra tion  time s c a le s  
le a ds  to  ba s in - s c a le  s igna ls  tha t 
c a nnot be  monitore d  in - s itu .

Unfa vora b le  s igna l- to- nois e
High  in trins ic  ba c kg round  
va ria b ility re la tive  to  s igna l s ize  
ma ke s  s igna l de te c tion  be yond  the  
ne a r- fie ld  impos s ib le .

Comple x ba s e line s  
Counte rfa c tua l ba s e line s  a re  
ne e de d  to  a s s e s s  additionality .

pCO2 deficit after 10 years 

Context for CDR quantification: MRV Challenges



La rge  s pa tio te mpora l s c a le s
Slow CO2 e qu ilib ra tion  time s c a le s  
le a ds  to  ba s in - s c a le  s igna ls  tha t 
c a nnot be  monitore d  in - s itu .

Unfa vora b le  s igna l- to- nois e
High  in trins ic  ba c kg round  
va ria b ility re la tive  to  s igna l s ize  
ma ke s  s igna l de te c tion  be yond  the  
ne a r- fie ld  impos s ib le .

Comple x ba s e line s  
Counte rfa c tua l ba s e line s  a re  
ne e de d  to  a s s e s s  additionality .

Sea-to-air CO2 flux simulated at 0.1°

Context for CDR quantification: MRV Challenges



La rge  s pa tio te mpora l s c a le s
Slow CO2 e qu ilib ra tion  time s c a le s  
le a ds  to  ba s in - s c a le  s igna ls  tha t 
c a nnot be  monitore d  in - s itu .

Unfa vora b le  s igna l- to- nois e
High  in trins ic  ba c kg round  
va ria b ility re la tive  to  s igna l s ize  
ma ke s  s igna l de te c tion  be yond  the  
ne a r- fie ld  impos s ib le .

Ba s e line s  
Counte rfa c tua l ba s e line s  a re  
ne e de d  to  a s s e s s  additionality .

Context for CDR quantification: MRV Challenges



Dosing Location Mixing Zone Coastal Domain Open Ocean

https://registry.isometric.com/protocol/ocean-alkalinity-enhancement

Context for CDR quantification: Spatiotemporal scales



Context for CDR quantification: Epistemology

The Earth System is complex

○ Geophysical fluid dynamics

○ Scale interaction, heterogeneity

○ Metabolism, biogeochemical cycles

○ Ecological interactions

Behaviors:

○ Deterministic, but chaotic

○ Complex, adaptive, & emergent 

○ Nonlinear feedback

Mechanistic Model

Observations
Data & AI



CO2 deficit
Dispersal of

CO2 depleted 
seawater

Alkalinity
Addition

Air-sea CO2 gas 
exchange

Bicarbonate 
Storage

Biogeochemical 
Feedback

■ Near field — bespoke observations & models

■ Wha t ra te s  ma in ta in  c omplia nc e  with  pe rmitte d  lim its ?

■ Wha t a re  the  a lka lin ity p roduc tion  ra te s  from mine ra l fe e ds toc ks ?

■ Wha t a re  the  thre s hold s  a nd  los s  pa tte rns  a s s oc ia te d  with  mine ra l p re c ip ita tion?

■ Are  the  the rmodyna mic  c oe ffic ie n ts  to  s o lve  c a rbon c he mis try s ys te m c orre c t?

■ How do na tura l fluxe s  of a lka lin ity from s e d ime nts  c ha nge ? Bioge nic  
l ifi ti ?

Framing OAE quantification



■ Far field — models & backbone observational networks

■ How c a n  we  ups c a le  from ne a r- fie ld  to  fa r- fie ld  e ffe c tive ly?

■ Wha t a re  the  re s o lu tion  re quire me nts  for a c c ura te ly re p re s e nting  c irc u la tion? 

■ Upon wha t ke y fe a ture s  of mode ls  doe s  unc e rta in ty h inge ?

■ How c a n  it be  de mons tra te d  tha t a  mode l is  s c ie n tific a lly c re d ib le ?

CO2 deficit
Dispersal of
CO2 depleted 

seawater

Alkalinity
Addition

Air-sea CO2 gas 
exchange

Bicarbonate 
Storage

Biogeochemical 
Feedback

Framing OAE quantification



■ Storage

■ Wha t is  the  re s ide nc e  time  of oc e a n  d is s o lve d  inorga nic  c a rbon?

CO2 deficit
Dispersal of
CO2 depleted 

seawater

Alkalinity
Addition

Air-sea CO2 gas 
exchange

Bicarbonate 
Storage

Biogeochemical 
Feedback

Framing OAE quantification



Mobilization



Carbon Market Mechanisms

https://africacarbonmarkets.org/wp-content/uploads/2024/07/ACMI_Status-and-Outlook-Report-2024-_v2.pdf



https://africacarbonmarkets.org/wp-content/uploads/2024/07/ACMI_Status-and-Outlook-Report-2024-_v2.pdf

Carbon Market Mechanisms





Carbon Markets: Benefit Sustainable Development Goals

https://africacarbonmarkets.org/wp-content/uploads/2024/07/ACMI_Status-and-Outlook-Report-2024-_v2.pdf



Public
“Pay for Practice”

● Activity evidence, not ton metering

● Less granularity in MRV

○ Ongoing monitoring & state 
estimation

○ Centralized registry & 
traceability

Market -Based 
Crediting Frameworks

● Precision MRV

○ Project-specific system 
boundaries

○ Removal “assets” require 
monitoring as carbon credit

○ Registry & traceability

MRV Requirements Hinge on Markets
What ocean -based CDR pathways are candidates for “pay for practice”?



Ocean CO2
Uptake

intervention

baseline

Net Carbon 
Removal 

Time

mol CO2 m–2 yr–1

Metrics of Net Carbon Removal
Simulated air-sea CO2 Flux

Computations systems for quantification



Computation

Orchestration

Integrity Layer 

Markets
SocietyData Metrics

MRV Engines



Computation

Orchestration

Integrity
Layer

Data
• Backbone observing networks
• Large scale state estimation
• Project-level observation

• Model codes
• Codify consensus on science
• Interdisciplinary communities

• Accessibility & Reproducibility 
• Data management 
• Computing resources

• Curate standards
• Provide market-ready metrics
• Support auditability

MRV Investment Needs

• Software Development
• Product Requirements
• Market & Social Forums

• Large-Scale Infrastructure
• Research Funding
• Community Building

Scientific Research & Development

Software & Standards

Collective Obligations

Private Opportunities



Safe to 
ignore

License to 
operate

Knowledge gap

Im
po

rta
nc

e
Critical research 

priorities

License to 
punt

Knowledge Taxonomy
Where can we enable markets to operate?



Empirical

Lack of measure-
ments of complex, 
diverse, or hetero-
geneous process

Sampling

Statistically under-
sampled process 
preventing precise 
determination of a 
summary statistic 
(e.g., an average) 

Ontological

Lack of conceptual 
understanding of the 
underlying process 
(or model) 

Intrinsic

Uncertainty arising 
due to a 
fundamental 
property of the 
system (e.g., chaos, 
complexity)

Epistemic Aleatoric

Reducible Irreducible

Uncertainty Taxonomy

Which sources of uncertainty are most important? 



Knowledge Gap Taxonomy

What type of knowledge blocks scaling for each pathway?

Engineering 
Challenges

Design technology 
for safe & effective 
deployment—
including robust 
MRV

Social
Challenges

Public ownership & 
engagement—infor-
med assessment to 
inform equitable 
decision making

Science 
Challenges

Discover new 
knowledge of 
natural phenomenon

Market 
Challenges

Establish effective 
quantification & 
accounting 
standards & 
enforcement 
mechanisms



Market
Scale Responsibly 

Trus tworthy, h ig h-
in te g rity c a rbon 

ma rke ts

E- As s e t 
Ac c ounting  
Fra me works

Best available science
Adopt consensus standards

Sc ie n tific a lly c re d ib le  a s s e s s me nts  
of re mova l qua ntitie s  & impa c ts

Suppliers
Support robust quantification 

Compa nie s  ha ve  the  too ls  to   
e ffe c tive ly qua ntify & s e ll re mova ls

Learning
Incentivize research & innovation 

Adva nc e  MRV me thods  in  
c omme rc ia l p ilo ts  & re s e a rc h  fie ld  

tria ls

Effective standards can create a flywheel for innovation

Iterative deployment tracking the best available science
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