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Hydrologic Modeling Report Summary
 

Introduction
 
Applied Hydrology Associates (AHA) was engaged by the Southern Ute Indian Tribe (SUIT), in 
collaboration with the Colorado Oil and Gas Conservation Commission (COGCC) and the Bureau of Land 
Management (BLM) Durango Office to develop a regional groundwater model for the San Juan basin as 
part of the larger 3M Project.
 
The model code used is Visual MODFLOW v 2.8.2, based on the USGS-developed public domain 
model MODFLOW, a widely accepted standard for groundwater flow modeling.
 
The groundwater model is linked with a reservoir model of the Colorado portion of the basin. The 
groundwater model simulates pre-production conditions, and is the main basis for determining the 
recharge boundary and starting conditions for the reservoir model. The reservoir-modeling group, in turn, 
provided coal thickness and permeability values for the groundwater model, in an iterative process.
 
AHA developed a steady-state groundwater model representing pre-coalbed methane (CBM) development 
conditions and water balance in the Fruitland Formation. The model covers the entire San Juan Basin 
(approx. 6,700 square miles) on a half-mile grid spacing. The study included: (1) a comprehensive 
evaluation of outcrop recharge based on chloride mass balance, spatial geochemical patterns, production 
well permeabilities, and initial potentiometric head distribution; (2) analysis of chloride and natural 
isotopes as recharge indicators and groundwater dating tools; (3) consideration of formation stratigraphy 
and structure, including multiple proposed barriers and baffles; (4) integration of aquifer parameters 
derived from reservoir modeling; (5) calibration against historic formation pressures; and (6) assessment 
of surface water discharge mechanisms.  
 
Data from over 2200 geochemical analyses from over 600 wells; over 200 initial formation pressure 
measurements; and precipitation data from 23 rain stations around the basin were considered in 
construction of the hydrologic model to date.
 
Based on low vertical permeabilities in the underlying Lewis Shale and Pictured Cliffs Sandstone, and in 
the overlying Kirtland Shale, a single-layer model of the Fruitland was used, with implicit impermeable 
upper and lower boundaries.  Data recently made available by the 3M peer review team suggest that 
vertical flow from the underlying Pictured Cliffs Sandstone to the Fruitland Formation does occur in 
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localized areas.  Some of this flow has already implicitly been included in the model through increased 
transmissibility and storage in such areas, in that the porosity and permeability estimates used in the model 
were derived from actual well performance.  Now that the peer review team has provided additional data, 
a more detailed analysis of these effects will be prepared.
 
Recharge rates were estimated based on several other regional basin studies in the Four Corners region, 
and on a chloride mass balance analysis using USGS rainfall chemistry data and shallow groundwater 
chemistry. Initial recharge rates were then adjusted to get the best fit in the model. Estimated recharge 
rates across the basin are a low fraction (0 to 5%) of the already-low precipitation rate (10 inches per 
year). However, the overall permeability of the Fruitland Formation coals is also low in regional aquifer 
terms. Therefore, the estimated low recharge is adequate to explain the observed initial potentiometric 
heads observed at production wells. Highest precipitation and recharge are along the elevated La Plata 
County outcrop, with relatively little contribution in the lower and more arid New Mexico outcrop. Most 
recharging water travels a relatively short distance to one of several nearby, lower-elevation river gaps, 
where it is discharged to alluvium; some is discharged at springs on the outcrop; but some enters the basin 
and migrates toward the San Juan River in New Mexico, the lowest point in the basin. The discharges to 
streams cutting the outcrop are very low relative to the base flow (<0.1%) in those streams. The modeled 
total stream discharge for the entire basin is 281 acre-feet per year.
 
The model was used to evaluate a number of proposed barriers or baffles, which may represent offset 
faulting or stratigraphic discontinuities. A number of well-documented barriers/baffles were added, 
including the Valencia Canyon and 44 Canyon faults. Other barriers/baffles were evaluated, but they were 
not well supported by field data, and were not essential for good model calibration. The suggested 
hingeline or near-outcrop barrier would not provide a satisfactory model calibration. As a result, for most 
of the La Plata outcrop, it is concluded that the outcrop and down dip basin are hydrologically connected.
 
Because of the low fracture porosity of the Fruitland Formation (effective porosity estimated at 0.5-2.0%), 
groundwater velocities are relatively high, and groundwater up to ten miles from the outcrop has a 
calculated age-since-recharge of only a few thousand years. Groundwater up to ten miles from the outcrop 
has the oxygen18/deuterium signature of meteoric water, and it is relatively low in chloride, which also 
corresponds to a recharge signature. Isotope age dates (data from Vastar) are significantly higher.  One 
possible explanation is that these ages reflect matrix water in the coal rather than water flowing in the 
fracture system. In this scenario, through diffusion between the coal matrix and migrating groundwater, 
matrix water chemistry (including its isotope signature) eventually dominates recharge water chemistry. 
Recharging water evolves along flow paths into the basin, from low-chloride (10 ppm Cl) with a “recent” 
isotope age at the outcrop, to high chloride (>1,000 ppm Cl) with an age close to that of connate water (50 
MYBP) several miles down dip.  Isotope data analysis is still emerging, and the age data need to be 
corrected for iodide enrichment (iodide dissolving out of the formation).
 
Several potential criticisms of the hydrologic model (expressed as “quotes”) are discussed below:
 

(1)     “The geology of the basin is so complex that no model can simulate it.” Granted the basin is 
very large and has some complex geologic features. However, MODFLOW can represent an 
almost infinite range of variations in scale, permeability, formation thickness and elevation, 
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discontinuities, faults, folds, etc., limited only by the computing power required to handle the 
level of complexity. The model does successfully simulate observed initial potentiometric heads, 
agrees with basin geochemical trends, and may be consistent with isotope age information when 
that study is completed.

 
(2)     “As a single-layer, lumped parameter (net coal) model, it averages individual coals and does 
not distinguish between flow conditions in different coal seams.” However, the data against 
which the model is calibrated (initial potentiometric heads, and produced water sample 
chemistry) are necessarily average values from coal seams aggregated at a production well. In 
this respect, this is a limitation of the available data rather than of the model.

 
(3)     “Reported initial potentiometric heads (data against which the model is calibrated) are often 
extrapolated data.” This was found to be a significant data limitation, and a delaying factor in 
developing the models. Therefore, these data were screened to ensure that the data used 
represented real field measurements.

 
(4)     “Reported produced water chemistry does not always represent Fruitland Formation water. 
Early production water may reflect frac water chemistry (too saline), and later samples may be 
from condensate (too fresh).” Reconnaissance QA performed on production water “raw data” 
indicated that water chemistry patterns can be used to draw general conclusions about the 
geochemical evolution of recharging water, from outcrop to several miles down dip, but good 
chemical data is not closely spaced enough to be used to map detailed flow paths. Again, this is a 
limitation of the available data, which could be improved upon by better production water 
sampling and reporting.

 
(5)      “Isotope age dates are much older than modeled groundwater ages: diffusion cannot occur 
between the matrix and fracture water.” The apparent discrepancy in ages is a natural result of the 
slow equilibration between old connate water trapped in the coal matrix and younger recharge 
water migrating along fractures. At issue here is whether any molecular diffusion of iodine can 
occur in coal. Measurable molecular diffusion does take place in many other fine-grained media, 
including fractured claystone and fissured Chalk. Therefore, it is unlikely that it does not occur in 
coal. Even with the application of a very severe tortuosity factor to retard diffusion, there is still 
adequate time for the proposed chemical equilibration to occur.

 
(6)     “Permeabilities derived from Fruitland production data reflect flow from seams connected to 
the wellbore, and are most likely much higher than the actual permeablities governing regional 
flow in the heterogeneous coal seams.”  A sensitivity analysis will be run to address this issue.

 
The hydrologic model is not considered to be complete or final. It has been run as a single-layer model, 
and cross-formational flow from the Pictured Cliffs or Kirtland Shale was not explicitly considered in the 
model. Data recently made available by the 3M peer review team will be used to adjust the model to 
account for localized connection to the Pictured Cliffs. The model has been simplified to use lumped net 
coal thickness, so that stratigraphic changes in coal packages have been averaged. Most hydrologic models 
are considered to be works in progress, pending new data. For example, with the final publication of the 
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CGS’s detailed stratigraphic correlations, the model can be converted to a multi-layer model using detailed 
Fruitland subdivision. An improved calibration could likely be achieved with more and better quality 
initial potentiometric heads, and better production water chemistry data. Potentiometric head data from the 
planned outcrop monitoring wells, to be installed as part of the 3M project, will likely also modify the 
model. Further consideration of geochemical patterns, heat flow, stable isotope data (oxygen18 and 
deuterium), detailed stratigraphy and structure, and field evidence of fault displacements, would improve 
its representation of basin hydrology. In addition, new data, evaluations, and insights will likely lead to 
model improvements.
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