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• Millions of active and abandoned wells in 
the United States

• Historic overlap between drilling and 
valuable formations for GCS

• Well integrity is a potential leakage risk that 
varies spatially among well types, 
configurations, and construction

• Generally poor documentation of well 
construction, use, and integrity history

Motivation
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(Lackey et al., 2021)

(Romeo et al., 2023)

Need to understand drivers of well integrity issues to 
better characterize leakage risks 
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Potential Well Leakage Pathways
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• Well integrity
• Controlled production/injection of fluids
• Isolate formation fluids along depth

• Integrity issues:
• Improper cement seal
• Faulty steel casing
• Fluid invasion from an intermediate

• Integrity testing methods:
• Sustained casing pressure (SCP)/casing-

vent flow (CVF) 
• Annular geochemical sampling
• Temperature log, noise log, bond log, 

pressure fall off tests (SAPT)



Study Area - The Wattenberg Field
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• Regional well integrity monitoring 
since 2010

• CO Energy & Carbon  
Management Commission (ECMC) 
a leader in data availability

• Annular pressure monitoring and 
geochemical sampling

• Relatively high frequency of 
integrity issues

(Wikimedia Commons, 2022)

(Paschke et al., 2011)

Data availability and integrity challenges 
make the Wattenberg Field an ideal case study



Integrity Testing Requirements
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• Routine inspections for Sustained 
Casing Pressure (SCP) 
• Began in 2010; expanded in 2019

• Pressure check and 30 min bleed-off
• Fluids collected if produced during test



Previous Work
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(Lackey et al., 2017)

• 2017: Analysis of SCP occurrence and well 
construction prior to 2016
• SCP in 13.8% of 3,923 wells tested
• Logistic regression model (poor performance)
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• 2017: Analysis of SCP occurrence and well 
construction prior to 2016
• SCP in 13.8% of 3,923 wells tested
• Logistic regression model (poor performance)

• 2021: Analysis of SCP occurrence prior to 
2018 across multiple states 
• SCP in 26.5% of 11,394 wells tested

• 2022: Analysis of geochemical samples 
collected from well annuli with respect to 
well construction
• Thermogenic gas in 96.2% of 2,148 wells
• Gas from below cement top in 73.3% of 1,803 wells

Previous Work

12

(Lackey et al., 2022)

Well integrity issues are common in Wattenberg 
Field and primarily due to barrier failure



Expanded Integrity Testing Dataset
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• ECMC records gathered through 
end of 2019

• Dataset expanded:
• SCP tests from 26,375 wells 
• Geochemical samples from 2,148 wells

• Complementary records gathered 
from proprietary sources (Enverus)

• 106 attributes that describe:
• Location, underlying geology, 

construction, operation, and 
production history



• SCP (Pressure)
• API RP 90-2
• 345 kPa (50 psi) diagnostic threshold
• Pressure did not bleed to zero
• Bled to zero but multiple tests above 

threshold

• SCP (Geochem.)
• Presence of thermogenic gas (C4+) 

hydrocarbons

Well Integrity Evaluation
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(Lackey et al., 2021)

(Lackey et al., 2022)



Integrity Issue Occurrence
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Category All Wells (%)

Tested 26,332

SCP (Pressure) 4,490 (17.1%)

SCP (Geochem.) 2,159 (8.2%)

• SCP testing expanded to all active 
wells

• 26.5% (2021) to 17.1%

• 8.2% of wells with thermogenic gas

New data has decreased estimates of 
percentage of wells with integrity issues



• Getis-Ord GI* hotspot analysis on percentage of 
wells in each section

• Yearly percentage of wells that exceed 
diagnostic threshold

Spatiotemporal  Analysis

16

SCP Pressure SCP Geochem

Statistically significant hotspot 
of well integrity issue 

occurrence. No significant 
temporal trend.



Impact of Hot Spot
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Category All 
(%)

Vert. 
(%)

Dev. 
(%)

Horiz. 
(%)

Inside Hot Spot

Tested 6,914 3,453 1,792 1,627
SCP 
(pressure)

2,614 
(37.8%)

1,193 
(34.5%)

816 
(45.5%)

589 
(36.2%)

SCP 
(geochem.)

1,329 
(19.2%)

557 
(16.1%)

490 
(27.3%)

267 
(16.4%)

Outside Hot Spot

Tested 19,418 10,437 2,984 5,919
SCP 
(pressure)

1,876 
(9.7%)

692 
(6.6%)

434 
(14.5%)

740 
(12.5%)

SCP 
(geochem.)

830 
(4.3%)

317 
(3.0%)

239 
(8.0%)

263 
(4.4%)

Greater than three-fold increase in percent of wells 
with SCP inside the hotspot



Modeling SCP Occurrence
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TVD/MD

Casing/ 
cement 
design

Age

Operator

Type

Status

Oil/gas 
price

Target

Comp. 
method

Integrity loss potential

• Goal: binary prediction of well integrity
• Classifiers considered:

Model F1 Score AUC

Gradient Boosted 0.74 0.82

Random Forest 0.74 0.82

Logistic Regression 0.67 0.77

Using XGBoost Gradient Boosted 
Decision Tree Algorithm



Model Workflow
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• Held out 30% for validation
• Under-sample to balance dataset
• KNN imputation (3.7% of dataset)
• 10-fold cross validation
• Recursive feature drop
• Hyper parameter tuning
• Early stopping
• Target: SCP (geochem.)



Metric All

AUC 0.84

F1 Score 0.33

Recall 0.81

Precision 0.21

Model Performance – All Wells
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• Reasonable classification power
• Held-out set: 

• 7,833 wells; 647 (8.3%) with SCP
• 527 (81.5%) of 647 identified
• 120 (18.6%) with SCP misclassified

• Favored precision over recall
• 2,043 false positives

• Reduces wells considered by 
67%

• 20.5% in selected pool have SCP
• 2.3% in non selected pool have SCP

Selected
Threshold

No SCP SCP 

No SCP 

SCP 

Tr
ue

 L
ab

el

Predicted Label

All Wells

Model Useful for Risk Assessment



Importance of Location/Geology
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Vertical Deviated Horizontal
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• Strong spatial correlation in SCP occurrence among wells



Importance of Location/Geology

22

Vertical Deviated Horizontal

Mean |SHAP Value| Mean |SHAP Value| Mean |SHAP Value|

• Strong spatial correlation in SCP occurrence among wells
• Wells located in valleys are more likely to exhibit SCP



Importance of Location/Geology

23

Vertical Deviated Horizontal

Mean |SHAP Value| Mean |SHAP Value| Mean |SHAP Value|

• Strong spatial correlation in SCP occurrence among wells
• Wells located in valleys are more likely to exhibit SCP
• Location with respect to faulting, over pressured zones, and thermal 

maturity also important



Feature Importance – Location/Geology
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• Highly complex geology – nexus of basin axis and wrench fault system

• Aligns with path of St. Vrain Creek, South Platte River, and Longmont 
Wrench Fault

• Extension overlies region where source rocks have highest thermal maturity 



• Cement bond logs (CBLs) industry 
standard for interpreting quality of 
cement seal between casing and 
formation

• CBLs available for 18,639 tested 
wells in the Wattenberg Field

Incorporating Cement Quality
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Formation
Cement
Casing

3’Receiver

Transmitter



• Cement bond logs (CBLs) industry 
standard for interpreting quality of 
cement seal between casing and 
formation

• CBLs available for 18,639 tested 
wells in the Wattenberg Field

• CBLs downloaded for 13,464 wells

Incorporating Cement Quality
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Sufficiently large dataset to identify 
relationships between cement quality and 

well integrity issues



• .LAS Files
• Amplitude 
• CCL
• Gamma Ray

• PDF files:
• Amplitude: 
• VDL
• Gamma Ray
• Collar Location
• Sector Maps
• Pressure

Bond Log Data
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• Gather amplitude data from .las files

• Identify cement top 

• Identify amplitude for 100% and 0% bond

• Calculate the bond index (BI) score 
• Good: 0.8-1 
• Mid: 0.6-0.79
• Poor: 0.4-0.59
• Worst: 0.0-0.4

• Derive cement quality parameters

Bond Index Calculation
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𝐵𝐼 =
𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐵𝑜𝑛𝑑 𝐼𝑛𝑑𝑒𝑥

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛

(Haagsma et al., 2015)

(Bigelow, 1990)



CBL Model Parameters
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Model Parameters

Min. BI

Max BI

Total Average BI

Good Footage

Mid Footage

Poor Footage

Worst Footage

Top Third Avg.

Mid Third Avg.

Bottom Third Avg.

Sussex Avg.

Niobrara Avg.

Codell Avg.

Sussex

Niobrara
Codell



• Ensemble decision tree model

• CBL data only model & combined model

• Confounding variables
• Pressure applied during CBL
• Eccentricity
• Expert judgement

Ensemble Decision Tree Approach
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Long Short-Term Memory Networks

• Recurrent neural networks

• Architecture designed for 
sequential data (speech, text, 
sensor, financial)

• Sequential data processing 
preserves the order of the data

• Challenges:
• long sequences
• variable length 
• variable resolution (0.5’ vs 1’ intervals)

Alternative Modeling Approaches
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LSTM 
Unit

LSTM 
Unit

The current state of the LSTM 
unit and “outputs” (hidden 
state) are used as inputs for 
the next interval of data

LSTM 
Unit

LSTM 
Unit



• The Denver Basin contains 70% of 
all CO2 storage capacity in 
Colorado

• 82 screened candidate oil and 
gas reservoirs in 31 fields have a 
total estimated capacity of 505 
MMT and an average of 6.2 MMT 
per field (McPherson, 2006)

GCS in the Denver Basin

Model Application for GCS

32

(McPherson, 2006)



• The Denver Basin contains 70% of 
all CO2 storage capacity in 
Colorado

• 82 screened candidate oil and 
gas reservoirs in 31 fields have a 
total estimated capacity of 505 
MMT and an average of 6.2 MMT 
per field (McPherson, 2006)

• Potential formations include Terry 
and Hygiene Sandstone, Niobrara, 
Codell, Greenhorn Limestone, 
Muddy Sandstone, Dakota and 
Lakota

GCS in the Denver Basin

Model Application for GCS
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(Drake et al., 2014)



Case Study GCS Site Selection

Model Demonstration
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• Wattenberg field provides the largest capacity in the Denver basin at an estimated 352 MMT (Drake et al., 2014) and presence of CO2 emitters with 
stacked formations makes it a good candidate for GCS (Ning and Tura, 2022)

• Existing wells in the field create potential leakage pathways
• Regional well integrity monitoring data and predictive models are valuable for site selection and corrective action planning

GCS Case Study - Wattenberg



Conclusions
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• Well integrity can be forecasted with regulatory records

• Geology is a primary driver of oil and gas well integrity issues in the 
Wattenberg Field of Colorado

• SCP monitoring programs help identify regions with a high risk of well 
integrity issues and provide valuable insight for future GCS operations

• Incorporate CBL data in ensemble decision tree modeling approach

• Explore LSTM approach

• Develop GCS case study in the Wattenberg Field that demonstrates 
value of regional integrity monitoring data and predictive modeling 
approach for GCS

Next Steps
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