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Overview of U.S. Department of Energy Multiwell Experiment, 
Piceance Creek Basin, Colorado 

By Charles W. Spencer 

INTRODUCTION 

The Piceance Creek basin in northwest Colorado contains major resources 
of natural gas in low-permeability (tight) reservoirs. Tight reservoirs have 
in-situ permeabilities of less than 0.1 md. The National Petroleum Council 
(NPC) studied 12 basins and areas in the United States and estimated that the 
appraised basins contained 444 trillion cubic feet (Tcf) of gas in place, of 
which about 231 Tcf was recoverable (NPC, 1980, p. 31). They extrapolated 
these data to 101 other U.S. basins and estimated that 607.8 Tcf is the 
maximum amount of gas recoverable from all 113 basins (NPC, 1980, p. 31). The 
NPC estimated the Piceance Creek basin contained a maximum recoverable gas 
resource from tight reservoirs of about 32 Tcf (NPC, 1980, p. 33). 

In the Piceance Creek basin, most of the gas resources occur in fluvial 
and marine sandstone in the Upper Cretaceous Mesaverde Formation and fluvial 
sandstone in the lower Tertiary Wasatch Formation. Major resources of gas 
also occur in tight rocks of similar age and depositional environments in 
other basins in the Rocky Mountain region. 

The U.S. Department of Energy (DOE) is conducting a field-oriented, 
enhanced-gas-recovery research experiment in the southern Piceance Creek 
basin. This project is called the Multiwell Experiment (MWX) and is being 
undertaken as a major part of DOE's Fossil Energy Western Gas Sands 
Subprogram. The main purpose of the research is to provide new and improved 
technology for the identification of natural gas in tight reservoirs and to 
develop economically viable and reliable methods to recover the gas (Northrop 
and others, 1984). 

The chapters in this volume describe the various types of enhanced-gas 
research being conducted but with emphasis on geologic research, and in 
particular, research being conducted by the U.S. Geological Survey (USGS). 
For completeness, a chapter on MWX-related sedimentologic studies by John C. 
Lorenz, Sandia National Laboratories (SNL), is included in this volume. Three 
closely spaced (115-215 ft, 35-66 m), extensively cored and logged wells have 
been drilled. The wells are designated CER Nos. 1, 2, and 3 MWX and are all 
located in the northwest quarter of sec. 34, T. 6 S., R. 94 W., Garfield 
County, Colorado. The wells were spudded in the upper part of the Tertiary 
Wasatch Formation and reached total depth at or near the base of the Upper 
Cretaceous Mesaverde Formation. Figure 1 shows the location of the MWX site 
in the basin. Figure 2 shows the location of the three wells relative to each 
other at the surface and at various depths. As can be seen on this figure, 
the well bores deviated only slightly from vertical with only minor lateral 
drift with depth. In the discussions that follow, these wells will be 
referred to as MWX-1, MWX-2, and MWX-3. 
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Figure 1.--Index map showing the location of the MWX site in the Piceance 
Creek basin and structural contours in 100s of ft (30.5 m) on the top of the 
Rollins Sandstone (from Johnson, 1983). Dashed lines are inferred thrust 
faults. 
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Figure 2.--Relative location of MWX wells (from Mann, 1984, fig. 7). Well 
labels adjacent to large black dots are well surface locations. The large 
black dots by number 7000 show the location of well bores at 7,000 ft (2133.6 
m). The position of wells at other depths in ft are shown by small black 
dots. 
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One of the main reasons these wells were drilled so closely together was 
because well-interference production testing could be accomplished in tight 
sandstone reservoirs known to be continuous between the three wells. The 
basic approach has been to perforate and produce gas from one of the three 
wells and observe the pressure response or pressure interference in the two 
adjacent (observation) wells. The close spacing and extensive well coring 
also provide data on the lateral and vertical variations of reservoir 
characteristics and the distribution of natural fractures in "blanket" marine 
sandstone and lenticular, fluvial reservoirs. However, the primary-objective 
reservoirs being studied are the lenticular sandstones in the fluvial part of 
the Mesaverde Formation. The fluvial sandstones are the focus of the research 
because (1) low-permeability, gas-bearing reservoirs in Upper Cretaceous 
fluvial sandstone occur in sequences, often thicker than 5,000 ft (>1,524 m), 
in the Piceance Creek basin and many other Tertiary basins in the Rocky 
Mountain region. Furthermore, some Rocky Mountain basins have more than 
10,000 ft (>3,048 m) of strata containing mostly tight gas sandstones (Spencer 
and Law, 1981), and (2) artificial stimulation (hydraulic fracturing) has been 
relatively unsuccessful in lenticular rock sequences and somewhat more 
successful in the so-called "blanket" marine reservoirs of Cretaceous age in 
the Rockies. The various types of tight gas reservoirs in the Rockies are 
described by Spencer (1983). 

Many MWX-related studies are in progress. These studies can be generally 
grouped under five research fields: "1) geology, (2) geophysics, (3) rock 
mechanics, (4) borehole geophysical-log interpretation, and (5) well testing 
and well-data diagnostics. There is considerable interrelationship and 
interaction among the various disciplines. For example, the distribution of 
natural fractures vertically and areally is a very important aspect of the 
recovery of gas from tight reservoirs. Natural fracture analysis and 
prediction of orientation of induced hydraulic fractures at the MWX site 
involves the integration of regional tectonics, surface fracture mapping, 
thermal and pressure history, rock mechanics, geophysics, core study, borehole 
well-log analysis, well testing, and fracture diagnostics. Interpretation of 
porosity and water saturation values from borehole geophysical logs requires 
integration of laboratory-measured core porosity, grain density, and water 
saturation, and petrographic, petrologic, and stratigraphic data. 

SUMMARY OF MWX WELL DRILLING 

Figure 2 shows the relative position of the three closely spaced wells. 
Mann (1984) gives a summary of well-drilling activity. CER Corporation (CER) 
and Sandia National Laboratories (SNL) were directly in charge of the drilling 
but the well design and drilling-fluids program received input from an oil and 
gas industry review panel. This panel also has provided advice relative to 
subsequent coring, logging, and testing. 

The MWX site is located on the south side of the valley of the Colorado 
River at a surface elevation of about 5,355 ft (1,632 m). MWX-1 was spudded 
September 13, 1981, in the upper part of the Tertiary Wasatch Formation and 
encountered the top of the Mesaverde Formation at 3,901 ft (1,189 m). The 
well reached a total depth (TD) of 8,350 ft (2,545 m) in the upper part of the 
Mancos Shale just below the base of the Corcoran Sandstone Member of the 
Mesaverde. Most of the Mesaverde was successfully drilled with an oil-base 
mud system to minimize sloughing of Cretaceous shales (Mann, 1984, p. 156). 
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MWX-2 was spudded December 31, 1981, and reached TD at 8,300 ft (2,530 m) 
in the Mancos Shale near the base of the Corcoran Sandstone Member. This well 
also drilled the Mesaverde with oil-base mud. 

MWX-3 was spudded June 7, 1983, and bottomed at a total depth of 7,564 ft 
(2,305.5 m) in the Rollins Sandstone Member of the Mesaverde. The MWX-3 was 
drilled with a water-base, modified KC1 polymer mud and no severe hole 
problems or sloughing occurred (Mann 1984, p. 157). 

Numerous borehole geophysical commercial and research-tool well logs were 
run in all three wells on multiple logging runs. Over 4,100 ft (1,250 m) of 
core was cut in the three wells with nearly complete recovery. Sattler (1984) 
describes the details of the coring program. Figure 3, modified from Sattler 
(1984, fig. 1), shows the intervals cored in each well and depths at which 
various log runs were made. This core and subsequent analyses provide the 
basic data for a number of research studies being conducted by the USGS and 
the nearly 20 other research groups and contractors. The USGS work is 
described in more detail in the chapters that follow. 

SUMMARY OF RESEARCH ACTIVITIES 

Approximately 20 research groups and contractors are involved in one or 
more aspects of the MWX project. This work covers a broad spectrum of 
integrated work that can mostly be grouped under five general fields of 
research noted earlier. 

GEOLOGY 

The USGS is responsible for integration of geologic data and provides 
geologic quality assurance to DOE on geologic work by contractors. Geologic 
work being performed by the USGS involves (1) interpretation of petrographic 
data to determine various factors influencing well stimulation and borehole-
geophysical log response, (2) reservoir mineralogy, (3) rock texture, 
(4) sandstone correlation, (5) characteristics of reservoir porosity and 
permeability, (6) origin of gases, (7) thermal maturation of source rocks, 8) 
paleothermal history of the basin and MWX site, (9) stable isotope studies of 
fracture-filling cements, (10) special water analyses, (11) regional 
stratigraphic and tectonic mapping, and (12) surface fracture studies. Many 
of these studies are done in cooperation with other participants in the MWX 
research effort. 

Geologic work by other groups includes routine petrographic studies by 
Bendix Field Engineering Laboratory and detailed sedimentologic studies of MWX 
core and the southern Piceance Creek basin by John C. Lorenz, SNL. CER 
personnel have provided correlation, gas-field studies, well-site geology, and 
other support related to MWX. 
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Figure 3.--Diagram showing sandstone intervals (black) in MWX-1, the cored 
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base of borehole—geophysical log runs (modified slightly from Sattler, 1984, 
fig. 1). The subdivisions of the Mesaverde Formation are from Lorenz (1983, 
fig. 1; and this volume). 
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GEOPHYSICS 

The geophysical activities are mostly directed toward determining (1) 
sandstone reservoir geometry, and (2) analysis of induced-hydraulic-fracture 
direction, height, and length. 

Sandstone geometry studies conducted to date include borehole-to-borehole 
seismic studies (Searls, 1984), a three-dimensional reflection seismic survey 
(Searls and others, 1983; Searls, 1984), and vertical seismic profiling (VSP) 
(Lee, 1984a, 1984b). The ability of these techniques to map sandstone 
geometry is somewhat inconclusive to date. However, the VSP work does show 
good potential for identifying some sandstone channel edges near the well 
bores (Lee, 1984a, 1984b). 

SNL has conducted two seismic surveys to attempt to map induced-
hydraulic-fracture direction, height, and length. Seismometers are placed in 
the two observation wells (MWX-2 and-3). The MWX-1 well is then hydraulically 
fractured. The instruments record the point source of rock bursts and other 
sounds after the injection stops. Data from this research show good potential 
for mapping fracture height, direction, and length (Northrop and others, 
1984). Preliminary analysis of data collected from hydraulic fracturing 
sandstones in the coaly zone above the Rollins Sandstone Member of the 
Mesaverde Formation indicates a hydraulic fracture propagation direction of N. 
66.6°W. ±8° from MWX-1. (Northrop and others, 1984, p. 354). This agrees 
favorably with previously collected in-situ stress, and oriented-core data 
that predicted a west-northwest direction (Clark, 1983) for the expected 
induced-fracture direction. 

ROCK MECHANICS 

A variety of rock mechanics work is in progress (Clark, 1983). Most of 
the work is oriented toward determining (1) rock strength, (2) in-situ stress, 
and (3) fracture gradient of various lithologies. These data can then be used 
to better predict (1) hydraulic-fracture direction, (2) fracture height 
(fracture containment), (3) proper pressure to use for optimum fracture 
geometry, and (4) fracture-closure stress. Some of the research is being 
performed on cores (Sattler, 1983) and some of the data are derived from 
measurements made in the boreholes (Warpinski and others, 1984) or at the well 
site. Rock mechanics tests that are being made on the core include triaxial 
compression, Brazilian tests, pore compressibility, and strain relaxation. 
Figure 4 shows calculated fracture gradient versus well-bore measured minimum 
stress or measured fracture gradient. These data show that the fracture 
gradient is high in shale and silt 'and lower but variable in the sandstones. 
This stress difference provides conditions favorable for hydraulic fracture 
containment in some sandstones at the MWX site such as the Cozzette Sandstone 
Member which is enclosed in tongues of the Mancos Shale (Warpinski and others, 
1984, p. 184). 
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BOREHOLE GEOPHYSICAL-LOG INTERPRETATION 

Borehole geophysical-log interpretation is an important aspect of MWX 
research. Improved log interpretation has high potential for evaluating 
reservoirs at MWX and extending the MWX research advances to other tight gas 
areas and basins. The majority of the well-log interpretation is being done 
by CER. A wide variety of well logs were run in the MWX wells through the 
Mesaverde on multiple log runs (fig. 3). The large amount of core cut in the 
MWX wells provides well-log analysts with an excellent opportunity to compare 
logs to core analysis and petrographic data. 

Well logs currently in use were designed for, and calibrated to, 
conventional reservoirs and may not accurately define reservoir parameters in 
very low porosity (<10 percent), low permeability, (<0.1 md), and complex 
lithology reservoirs. Kukal and others (1983) explain some of the problems of 
log interpretation in tight reservoirs. A significant part of the USGS work 
has been directed toward analyzing the petrographic data in order to determine 
how the rock mineralogy and texture should influence well-log response. This 
work does not necessarily provide interpretation answers but provides input to 
log analysts to show the limitations of the log readings and suggest 
alternative log computation approaches. For example, density logs are 
calibrated to a specific mineral or "matrix" density. In conventional 
sandstone intervals the matrix density used is usually that of quartz (2.65 
g/cm). However, core analysis of MWX core shows that many tight fluvial 
reservoirs have grain densitis in excess of 2.68 g/cm3 and frequently they 
may be in excess of 2.70 g/cmi. Petrographic study of these cores shows that 
there are seven or more minerals commonly present in the reservoir rock with 
densities higher than quartz. These minerals are dolomite, calcite, siderite, 
ankerite, muscovite (sericite), plagioclase, and orthoclase. In addition, the 
two most common clays identified in MWX cores are chlorite and illite. These 
clays have grain densities usually heavier than quartz. 

I have made a comparison of porosity determined from core analysis, well-
log response, and petrographic data at MWX. In general, porosity in an 
individual sample estimated from thin section yields the highest value and 
laboratory determined porosity is the lowest. The well-log response is 
variable through the sample interval depending on lithology (shaliness and 
density) and depth of mud filtrate invasion. However, the unadjusted log-
porosity values are usually higher than those from core analysis and less than 
estimated thin-section porosity. The sonic-log porosity is typically 
abnormally high and the neutron and density porosity log values for a given 
sample are greater than core porosity but less than sonic-log porosity. Thin-
section study of tight sandstones show that rock fragments and altered rock 
fragments are common in the MWX cores and cores of Cretaceous and Tertiary 
reservoirs elsewhere. The rock fragments, other than chert, are of volcanic, 
metamorphic, and igneous origin. The rock texture, rock fragments, and 
alteration of rock fragments to clays is probably responsible for the 
previously described log response. R. M. Pollastro (written commun., 1984) 
has quantitatively analyzed four MWX reservoir samples and the total clay (and 
mica) volume of the samples analyzed is high (25-33 percent). This high 
"clay" content is higher than expected but explains some of the apparently 
anomalous porosity-log responses. Other examples of the relationship of 
petrography and well-log analysis are discussed elsewhere in this volume. 



Kukal (1984) discusses methods of using computer-integrated, conventional 
well logs to attempt to get log-derived data to more nearly approximate 
laboratory derived porosity and expected water saturations. Several well-log 
service companies are conducting similar research to improve interpretative 
capability. 

WELL TESTING AND WELL DATA DIAGNOSTICS 

The main objective of the MWX research is to advance the state-of-the-art 
of enhanced recovery of gas from tight reservoirs. If successful, this 
research will facilitate early development of a major, ecologically 
attractive, energy resource. The well testing is the focus of much of the 
research and is a critical source of hard data for improving gas recovery. As 
noted earlier, the wells were drilled in close proximity in order that 
interference testing could be done in sandstones known to be continuous 
between wells. Permeability and other measurements can be made on a 1-inch 
(2.54 cm) long core. These analyses provide valuable data but certainly are 
not representative of the true reservoir characteristics of a large sandstone 
lens. Borehole geophysical logs only investigate a few inches into rock 
surrounding the borehole; hence, the necessity for testing gas flow in a field 
laboratory environment. 

Several types of well tests are being conducted. A number of stress 
tests have been conducted (Warpinski and others, 1984). These data are 
obtained by injecting a small amount of water into perforations and down-hole 
measuring the instantaneous shut-in pressure after injection is stopped. 
These tests determine the minimum stress or fracture gradient at various 
depths and lithologies. Once the fracture gradient is known, hydraulic 
fracture injection pressures can be tailored to try to keep the injection 
pressure low enough to contain the propagating hydraulic fracture within the 
hounding beds. This assumes that the shales bounding an objective sandstone 
have a fracture gradient that is higher than the sandstone. 

Figure 4 shows fracture gradients of various stratigraphic units. Of the 
intervals tested, the Mancos Shale has the highest gradient and the Cozzette 
Sandstone Member has the lowest. The calculated fracture gradients were 
determined from rock mechanics tests of cores. 

The initial well-to-well interference testing was done in the Cozzette to 
analyze the permeability of marine "blanket" reservoirs. The Cozzette marine 
sandstone was not a major target for testing; therefore, the perforations 
(7,855-7,892 ft, 2,394.2-2,405.5 m) in MWX-1 were broken down with only 55 
barrels of 2 percent KC1 water (Branagan and others, 1984, p. 360). No 
proppant was used. Prior to breakdown, the well was swabbed and the 
unstimulated perforations would not produce gas. This lack of gas recovery 
was to be expected since laboratory tests had shown the rock matrix, at 
in-situ conditions, should have a permeability to gas of less than 0.1 pd 
(Paul Branagan, oral commun., 1984). After the small breakdown, the well 
started flowing gas at the rate of 320 thousand cubic feet per day (MCFD) and 
later flowed at rates of more than one million cubic ft per day. The MWX-1 
flow was monitored in the MWX-2, which was perforated at an equivalent 
stratigraphic position. At the Cozzette level, the wells are 123 ft (37.5 m) 
apart (Branagan and others, 1984, p. 360). The pressure drawdown was detected 
in MWX-2 in less than 2 hours. This rapid-pressure response immediately 
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suggested that the small breakdown intersected a natural fracture, or 
fractures, near the well bore. Subsequent pulse testing over a period of 
several months was modeled and an orthogonal fracture system in the Cozzette 
was identified (Branagan and others, 1984, p. 362). The best permeability 
direction was determined to be west-northwest with a complimentary set of 
lower permeability fractures in a northeast direction. The fracture system is 
large with no apparent limits within 1,000 ft (305 m) of the wells. The 
average calculated permeability of the Cozzette interval, on the basis of well 
testing, is 4 to 7 and (Branagan and others, 1984, p. 362). 

The coaly interval (paludal zone) above the Rollins Sandstone Member was 
tested next. MWX-1 was perforated from 7,076-7,110 ft (2,156.8-2,164 m) and 
7,120-7,144 ft (2,170.2-2,177.5 m) in 1983 and hydraulically fractured with a 
gel with no proppant (Northrop and others, 1984). The objective was to 
determine the hydraulic fracture orientation and height using borehole seismic 
detectors in MWX-2 and MWX-3 (Hart and others, 1984). The fracture height was 
determined to be about 160 ft (48.8 m) and the one-wing length, west-northwest 
of MWX-1, was estimated to be 375 ft (114.3 m). In May 1984, the paludal zone 
in MWX-1 was hydraulically fractured with 193,000 lbs of sand proppant. At 
this writing, the well is still undergoing testing. However, the results to 
date indicate the flow after pre-stimulation breakdown with no proppant and 
the post-stimulation with proppant, are about the same (150-175 MCFD). 
Additional analyses are being made to understand all the factors that caused 
the stimulation to have apparently poor results. 

One of the most significant conclusions of the testing with no proppant 
was that modeling of pressure-drawdown and pressure-buildup tests indicated 
the paludal zone fracture intersected natural fractures, which improved the 
effective reservoir permeability to about 50 pd, versus the 2.3 pd which was 
measured on restored-state core (Northrop and others, 1984, p. 354). 

The work is ongoing, and several shallower reservoir intervals will be 
tested in the next two years. 
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Late Cretaceous Through Early Tertiary General Stratigraphy and 
Structural Geology of the Piceance Creek Basin, Colorado 

By Ronald C. Johnson and Vito F. Nuccio 

INTRODUCTION 

The Piceance Creek basin is a Latest Cretaceous through Paleocene age 
sedimentary and structural basin that formed during the early stages of the 
Laramide orogeny, when rising Laramide uplifts broke up the much larger 
Cretaceous epeiric sea, which extended from northern Canada to the Gulf of 
Mexico. This paper concentrates on the Late Cretaceous age Mesaverde 
Formation which is the principal reservoir sequence of interest at the MWX 
site. A very brief description of the Tertiary section is also included. 
Some knowledge of the Tertiary was needed in order to construct the burial 
curve for the MWX site. Information in this report was almost totally 
extracted from a more comprehensive report on the structural and thermal 
history of the Piceance Creek basin (Johnson and Nuccio, in press). A more 
detailed discussion of the MWX site Mesaverde stratigraphy is provided by 
Lorenz (in the following chapter in this volume). 

STRUCTURE 

The Piceance Creek basin is highly asymmetrical. Strata are gently 
upturned to the west toward the Douglas Creek arch, to the southwest toward 
the Uncompahgre uplift, and to the south toward the San Juan uplift, but are 
upturned to near vertical dips to the east on the west flank of the White 
River uplift (fig. 1). Along the northern margin of the basin, strata have 
been folded by several east—west trending folds that seem to be related to the 
Uinta uplift, that is located northwest of the basin. A huge northwest— 
southeast trending anticline, the Divide Creek anticline is present in the 
southeastern corner of the basin. This anticline appears to be a subsidiary 
fold related to the White River uplift. The MWX site is close to the trough 
of the basin, and just northwest of the flanks of the Divide Creek anticline. 

STRATIGRAPHY 

Fluvial sandstones in the Mesaverde Formation are the principal 
reservoirs of interest in the MWX wells. The Mesaverde was deposited in Late 
Cretaceous late Campanian through possibly early Maestrichtian time, along the 
western margin of the Western Interior epeiric seaway that extended from 
northern Canada to the Gulf of Mexico (fig. 2). At its maximum extent, this 
seaway covered most of the Rocky Mountain foreland sedimentary basin. The 
seaway retreated to the east, across the area of the Piceance Creek basin 
during the early part of Mesaverde deposition. This retreat or infilling 
occurred in a series of pulses which produced several transgressive and 
regressive cycles. When fully developed, an individual cycle generally 
consists of a coarsening upward sequence of interbedded sandstone and shale 
that is typically capped by a thick "blanket" beach sandstone. The capping 
sandstone is either overlain by carbonaceous shale and coal of the lower 
coastal plain environment or marine Mancos Shale, depending on whether or not 
the next marine transgression reached the area. There are also many 
variations to this cycle which are too numerous to discuss here. In general, 
each succeedingly younger regressive cycle reached further to the east as the 
seaway was gradually filled in. 

14 



 

t7MIOCENE BROWNS PARK FORMATION 
„, 

BASALT FLOWS (9-24 /AY)I 1 
71BASALT FLOWS (5 MN.)-.4 
(̂ — OLIGOCENE INTRUSIVE ROCKS (29-34 M.Y 

N 
4 OLIGOCENE EXTRUSIVE ROCKS (27-35 M Y ) 

„s\ 

) 

0 

cy. 

4,, O 

44, 
40,0 

1 

(-* 
L-'10(3 

"(( 

rt4RUS r Fain langl• polfit• to n.n9ln9 v.11 sld• 

A 4' B B.— e,oss seat ions for models showing structural 
311 10.•11.1 0•V11111300I•111 01 tit• Plo•.no• Cr look Bilstn FIG. 211 

A' 

SCALE: San Juan Uplift 

0 10 20 30 40 50 MILES 

0 10 20 30 40 50 KILOMETERS 

Figure 1.--Structure contour map of the top of the Rollins and Trout Creek 
sandstones, Piceance Creek basin, Colorado (from Johnson, 1983). The 
surrounding uplifts and the MWX site are also shown. The hypothesized 
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Geothermal gradients on the uncorrected map range from 1.2°F/100 ft in 
the northern part of the basin to 2.0°F/100 ft in the south. The corrected 
map ranges from 1.6°F/100 ft in the north to 2.4°F/100 ft in the south. The 
geothermal gradient for MWX using the correction factor is approximately 2.2°F 
to 2.4°F/100 ft. Figures 3 and 4 also show approximate present-day 
temperatures on the base of the Cameo-Fairfield coal zone. The temperature of 
this zone at MWX using the correction factor is approximately 245°F to 250°F. 

BURIAL HISTORY FOR THE SOUTHERN PART OF THE BASIN INCLUDING MWX 

Figure 5 shows the reconstructed burial history for the southern part of 
the Piceance Creek basin including MWX coals. The curves were determined 
using isopach maps and making some assumptions about the amount of overburden 
removed. Present-day thermal gradients were used for the entire history of 
the coal. Three temperatures are shown at the right side of the burial curve; 
the first is uncorrected bottom-hole temperatures and the second and third are 
derived from the MWX correction factor. 

Three different coal metamorphism models (Hood and others, 1975; Waples, 
1980; Suggate, 1982) were used to determine if the geothermal gradients we 
applied to our burial curves were higher or lower in the past and to see if 
they accurately predict our coal ranks. This comparison is shown on figure 
6. When uncorrected bottom-hole temperatures are used, all three models 
underpredict the coal ranks we obtained. When corrected bottom-hole 
temperatures are used, the model of Hood and others (1975) fairly accurately 
predicts the coal ranks whereas Waples (1980) overpredicts and Suggate (1982) 
still underpredicts. From this, we concluded that the biggest problem with 
all the models is the inability to accurately measure present-day thermal 
gradients, and the difficulty of predicting paleogeothermal gradients. Most 
coalification models assume a doubling of the reaction rate for every 10°C 
increase, so even a modest error in the temperature history will result in a 
markedly different coal rank prediction. In general though, the coal ranks 
are fairly regular in the basin suggesting that with more data, a reliable 
model can be constructed. 
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Tests of Vitrinite Reflectance and Paleotemperature Models at the 
Multiwell Experiment Site, Piceance Creek Basin, Colorado 

By Neely H. Bostick, and Val L. Freeman 

INTRODUCTION 

Solid organic matter in rocks (coal and coal-like grains in shale and 
sandstone) is very sensitive to heating of the rocks. Therefore, the 
alteration of the coaly material can serve as a natural thermometer of past 
maximum rock heating that results from deep burial or from proximity to 
igneous intrusions. However, this type of paleothermometer can not be 
calibrated in the laboratory. It requires calibration in field areas that 
have well known rock burial histories and thick sequences or roc:7.s that 
contain coal beds or suitable dispersed solid organic grains. The MWX site 
provides a good opportunity for paleothermal calibration because of extensive 
coring within a thick (>4,000 ft, >1,200 m) sequence of rock with coals and 
organic-rich shales. (It is possible to use well cuttings, but interpretation 
of the vitrinite reflectance data is not as reliable.) 

Data from the MWX site should help us build an organic paleothermometer 
with regional application to exploration for oil and gas, geothermal 
resources, and some types of ore deposits. The studies of organic matter are 
important for understanding gas generation and the origin (and alteration) of 
tight gas reservoirs in the Piceance Creek basin, and elsewhere in the Rocky 
Mountain region. The MWX site is northwest of a thermal disturbance caused by 
shallow volcanic stocks and likely deeper batholiths in the area of the Elk 
Mountains and West Elk Mountains. The studies of organic matter included a 
consideration of whether the igneous heat has had any significant thermal 
influence at the MWX site and elsewhere in the Piceance Creek basin. 

The method which we use to measure changes in the organic matter is 
optical. It is the reflectance of a polished surface of vitrinite. Vitrinite 
is the predominant organic constituent of most coals and other sedimentary 
rocks. The reflectance (or "brightness") of vitrinite has been shown to 
increase progressively with increasing temperature in the past history of a 
sample--a result of changes in the molecular and chemical structure and the 
moisture content of the organic material. Reflectance is measured under high 
microscope magnification so that we are able to use single grains of the 
constituent vitrinite without the disturbing effects of other types of organic 
matter or adjacent mineral matter. 

VITRINITE DATA 

Figure 1 shows a regional map of vitrinite reflectance prepared by 
Freeman (1979) which covers a 200 square-mile (512-km2) area near and 
southeast of the MWX site. This preliminary map (expanded by Nuccio and 
Johnson, 1983), and some trends of reflectance versus elevation of a selected 
coal bed in separate boreholes, indicate that the MWX site is beyond the 
measurable influence of heat from the igneous bodies. The completed MWX 
boreholes provide unusually good suites of samples with carefully controlled 
depth plus supplementary control such as the temperature logs, run several 
months after mud circulation in the hole, shown on figure 2. 
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Cores from the Upper Cretaceous coaly interval of the Mesaverde Group 
yielded high-quality vitrinite reflectance data (fig. 3) ranging from 0.88 
percent Ro near the top of the Group to 2.07 percent Ro (oil immersion random 
reflectance) near the bottom. The excellent reflectance data plus the well-
defined geologic setting and burial history (figs. 4 and 5) allow a test of 
three ways to evaluate ht3at-caused changes in vitrinite. 

randomVITRINITE REFLECTANCE, % R 

Cy C) al G. 0 O o o o 
o O o 0000-

+5 
1 T 1 1 1 1 1 T 

MWX & ARCO-EXXON ADJUSTED SLOPE ABOVE 
LEVEL "A" IN PROPORTION TO PRESENT 

LOGGED TEMPERATURE GRADIENTS ABOVE 
AND BELOW LEVEL "A" 

U 
u. + 3-1 

3 
0 

I 

•w 0-4-0 

0 

11.1 
CC 
0 

0 

Q 3-

K
IL

O
M

E
TE

R
S 

GP ..1 
/-c3 (13, 

s.
o:$--• ..,

iS` tS,i.. Tr 

p. 
• 

F - — 
I 
0 
tri 

I 
_J 

I
F- 7-

1 1 1 I I 1 1 1 1 

Figure 3.--Vitrinite reflectance of coal samples from the cored intervals in 
MWX-1 and MWX-2 and from the nearby ARCO-EXXON borehole. The maturation 
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shows the effect of igenous intrusion (Spatafore-1) is shown for 
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The rock layers near the MWX site are nearly horizontal. They were 
probably covered by thin basalt flows about 10 million years ago, and subse-
quently the Colorado River cut down and removed about 4,500 ft (1,400 m) of 
rock (fig. 4). The rocks near the site have been dated by paleontologic and 
radiometric techniques so it is possible to draw a diagram of the history of 
the rock accumulation and subsequent erosion by the Colorado River (fig. 5). 

VITRINITE MATURATION MODELS 

Figure 3 shows that the reflectance values form a linear, semi-
logarithmic trend with depth. Many workers have noted that in undisturbed 
situations (no erosion) the vitrinite reflectance values trend toward a 
surface intercept value of about 0.2 percent Ro. Extrapolation of the MWX 
trend in the Cretaceous to a value of 0.2 percent reflectance projects to a 
level about 2,000 ft (610 m) above the drill site. At first glance this would 
indicate that maximum temperatures were attained after part of the Colorado 
River canyon had been cut--about 3 million years ago. However, if the semi-
log extrapolation is "kinked" according to the shape of the present 
temperature gradient (thermal conductivity gradient) in the rock section 
(dashed line on fig. 3), it reaches the 0.2 percent Ro point about 4,000 ft 
(1220 m) above the well site--a position only slightly below the surface of 
known rocks before erosion by the Colorado River. Thus, this rough method 
does indicate that maximum temperatures predated the canyon erosion, but it 
does not explain how high the temperatures were. 
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Some specialists in maturation of organic matter have found evidence-that 
duration of maximum temperature plays a measurable role in the alteration of 
the organic matter. If this is the case, we do not have a really good 
thermometer until we can demonstrate the role of time or can prove that the 
heating duration does not have a significant role. Various workers have 
divised "models" of organic maturation, and these fall into two groups: (1) 
those which make a thermometer independent of heating duration, and (2) and 
those which adjust for duration of maximum temperature. 

Some time-independent models, shown by the heavy lines on figure 6, yield 
a paleotemperature gradient abcve the coal-bearing rocks of about 74° to 87° 
C/km--much higher than normal, and an indication of igneous heating. However, 
the absolute temperatures indicated by these time-independent models would 
extrapolate to surface intercepts at about the present depth of the drill 
site. This would mean very high heat flow at about the present time--not in 
accord with available temperature information. 

The models which attempt to adjust for duration of heating of the organic 
matter yield paleotemperature gradients above the coal-bearing rocks of about 
30° to 40° C/km during maximum heating. This is the same as present 
temperature gradients and indicates that the influence of the igneous bodies, 
if any, was slight. Moreover, the surface temperature intercepts of the past 
maximum temperature profiles from these time-adjusted thermometer models are 
at 4,000 to 5,000 ft (1,200 to 1,500 m) above the site (fig. 6)--approximately 
coincident with the interpreted former maximum burial before erosion by the 
Colorado River. 
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Figure 6--Maximum paleotemperatures in rocks in the MWX boreholes based on 
various "models" that estimate past temperature from the reflectance of 
vitrinite. Those that discount influence of heating duration (time 
independent) are shown with heavy lines. The thin lines mark models that 
account for duration of the heating (time-dependent). The dotted lines are 
models by authors who specifically reserve judgement whether there may be a 
measureable influence of heating duration. The numbers on each line are the 
paleotemperature gradient (C/km) of the lines--given both above the coal 
interval (above 1.3 km) and in the coal-bearing section. The amount of 
"kink" at 1.3 km present depth is based on the shape of the present 
temperature gradient (fig. 2). Ground surface temperature is taken as 20°C, 
a likely mean temperature before uplift of the Colorado plateau. 
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CONCLUSION 

We conclude the following: 

1. The time-dependent thermometer model gives results in accord with the 
geologic information. 

2. The time-independent thermometer (elimination of a duration factor) gives 
high rock paleotemperatures that have surface-temperature intercepts at the 
depth of the present well site. In other words, very high thermal gradients 
would have occurred after erosion of the canyon by the Colorado River. But 
such high temperatures do not fit in with the demonstrated present rock 
temperatures as seen from the MWX temperature logs and it is unlikely that 
such high heat flows could have dissipated in a short time. 

3. Former maximum heating at the MWX site apparently occurred 10 to 40 
million years ago, during the time of maximum depth of burial (fig. 5). 
This is a time when volcanic stocks were emplaced about 40 miles (64 km) 
southeast of MWX causing some local heating adjacent to the stocks. The 
paleotemperature gradients derived from time-dependent models at the MWX 
site are normal for a sedimentary basin--about 30-40° C/km, and the results 
of conclusion #1 indicate that local igneous heating did not occur at 
MWX. Nevertheless, slightly higher gradients in the coal-rich part of the 
section, because of the low heat conductivity, would lead to somewhat higher 
paleotemperatures in deeply buried rocks than found in many petroleum basins 
and probably were one of the factors responsible for the high degree of 
lithification of the tight reservoir rocks in this area. Also, the higher 
temperatures in the deeper part of the section, coupled with the abundance 
of coal and dispersed organic matter, would have produced large amounts of 
catagenic natural gas. 
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Detection and Delineation of Lenticular-Type Sand Bodies 
by the Vertical Seismic Profiling Method 

By Myung W. Lee 

A series of seismic investigations were performed at the MWX site in 
order to delineate the character of lenticular-type sand bodies within the 
Mesaverde Group. To this end, a comprehensive seismic program was initiated 
to determine how well these discontinuous sand bodies could be mapped. The 
program was run in three separate phases: (1) a high-resolution, three-
dimensional survey, (2) a vertical seismic profile (VSP), and (3) a hole-to-
hole survey (Searls and others, 1983). This investigation focuses on the 
second phase of the program. 

VSP data were collected on two separate field trips. The first trip-was 
in May of 1982 during which time the data were collected from two source 
locations at the MWX-1 and MWX-2 wells (Lee, 1984a). The second trip was in 
April of 1984 during which time the data were acquired simultaneously at the 
MWX-2 and MWX-3 wells from four different source locations. 

The primary objective of the first trip was to collect VSP data that 
would be tied to the three-dimensional, high-resolution surface seismic data 
that had been collected previously to delineate the lateral extent of the 
tight-gas sand body. However, analysis of the surface seismic data indicated 
the difficulty in mapping spatial distribution of the sand bodies primarily 
due to the low-frequency content of the surface data. On the other hand, the 
VSP data showed some possibilities for delineating lenticular sand bodies in 
this area. 

The second trip for VSP data collection was initiated in order to 
determine the lateral extent of the sand bodies, particularly in the coastal 
zone. For this purpose, a series of three-dimensional diffraction VSP models 
were generated and analyzed to see how the seismic character of the lenticular 
sand body is manifested on the VSP section (Lee, 1984b). 

The first problem to be addressed in the model studies is the 
relationship between size of the sand body and detectability. In other words, 
how small a sand body can be detected? Amplitude analysis of a finitely 
extended body (such as a circular disc or a rectangular body) is appropriate 
for detection of a small target using VSP configuration. The amplitude 
variation with respect to detector location is very similar to a thin-bed 
amplitude variation with respect to bed thickness. Figure 1 shows the seismic 
response of a circular disc with respect to detector locations using 40 Hz 
Ricker wavelet. In this figure, heavy horizontal lines represent the impulse 
response of a body, light dotted and continuous lines represent each 
individual response for the input wavelet, and heavy continuous lines denote 
the total seismic response. 
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Figure 1.--Zero-offset VSP model response for a circular disc with a radius of 250 ft. The model parameters 
are: velocity = 10,000 ft/sec and depth of the disc = 5,000 ft. Zd represents the distance between 
the detector and the disc. Each spike is convolved with 40 Hz Ricker wavelet which appears as a light-
weight solid or dashed line. The composite waveform appears as a heavy solid line. 



 

The first spike of each plot shown on figure 1 represents the response 
from the center of a disc and the following spike represents the response from 
the edge of the circular disc. When a detector is very close to the target 
horizon, the amplitude of a seismic response is greater than the individual 
responses due to a constructive interference. When the detector is far away 
from the reflector, the total amplitude is much smaller than the individual 
response due to destructive interference. The seismic response at Zd 5,000 
ft corresponds to the surface seismic data whose amplitude is approximately 
1/5 of the amplitude response at Zd = 300 ft. From this figure, the advantage 
of the VSP configuration over surface seismic profiling in detecting small 
bodies is very clear. 

The second question to be answered is how accurately the edges of the 
lenticular-type sand body can be mapped. To this end, the model in figure 2 
was examined. In this figure, the specular reflection point coming from the 
edge of the model is shown, and the distance from the target where the ray 
intersects with a borehole is denoted by Ze. The amplitude response below Ze 
consists of the regular reflection response from inside the body and the 
diffraction response from the edges of the body. However, the amplitude 
response above Ze consists of the diffraction response only. The amplitude 
variation near Zic, is the key factor to be considered in an attempt to map the 
edge. A detailed analysis of the model indicated that there was no simple 
relationship between the amplitude variation and the geometry of the body. 
When the source is in the direction of the axis of the lenticular-type body 
and the width of the body is in the order of the two input wavelengths, the 
error in delineating the edge of the body using 1/4 amplitude criteria will be 
in the order of one source wavelength. 

The model shown on figure 3 was investigated to determine the feasibility 
of detecting and delineating small lenticular-type sand bodies. The velocity 
of the model is constant with 10,000 ft/sec. Four infinitely extended layers 
and three lenticular sand bodies (A, B, and C) are included in the model. In 
the left column of figure 3, the reflection coefficients and depths of the 
reflecting bodies at the interface are shown. The reflection coefficient of 
sand body A is similar to that of the coastal sand, and the reflection 
coefficients of sand bodies B and C are similar to those of the paludal 
sand. The bottom two layers are simulated as a coal bed with a reflection 
coefficient of 0.53. 

The axis of the lenticular sand bodies is in an E-W direction and sand 
body A is symmetrically located about the borehole, the center of sand body B 
is shifted 750 ft to the west, and the center of sand body C is shifted 750 ft 
to the east. Depth increments of 25 ft from 6,200 ft to 1,000 ft and a 40 Hz 
Ricker wavelet were used to generate the VSP models. Two source offsets were 
used in the VSP models: one located 3,000 ft east of the well; and the other, 
3,000 ft west of the well. 
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Figure 2.--Geometrical relation of a rectangular-type body. A Plan view in 

the X-Y plane. B Cross-sectional view in X-Z plane. Xe is the 
X-coordinate of the edge of the rectangular-type body in the X-Z plane, 
and Z is the Z-coordinate where the ray path from the image source toe 
the X intersects the borehole axis. e 
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Figure 3.--Model parameters for the composite lenticular-type sand bodies. 
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Figure 4 shows the result of laterally stacking the VSP data. The -
maximum investigation distance away from the borehole by VSP lateral stacking 
for the horizontally layered media is one-half that of the source offset 
distance. Therefore, the west edge of sand body B and the east edge of sand 
body C cannot be interpreted from figure 4. Notice the amplitude variations 
of the sand bodies with respect to the lateral location away from the 
borehole. The edges of sand body A are difficult to determine due to 
processing noise. However, it is possible to estimate that sand body A is at 
least 2,000 ft long. If the 1/4 amplitude criterion is used in determining 
the east edge of sand body B and the west edge of sand body C, the laterally 
stacked VSP data shown on figure 4 are reasonable in the error range of one 
source wavelength. 

In order to compare the laterally stacked VSP data with conventional 
surface seismic data, three-dimensional normal-incident diffraction modeling 
was performed on the model shown on figure 3. A normal-incidence seismic 
model of the E-W line from -4,000 to 4,000 ft was generated. In order to. see 
the edges of the sand bodies, a two-dimensional finite-difference migration 
technique was applied to the synthetic data. The migrated data shown on 
figure 5 clearly show the lateral extents of the sand bodies. Comparing the 
results of the laterally stacked VSP data and the 2-D migrated surface data 
reveals the advantages and disadvantages of the VSP method. 

In mapping sand bodies B and C, the spatial distribution is better 
defined by the migrated surface data even if the overall amplitudes are less 
than those of the VSP data. However, using actual surface seismic data to map 
sand body A would be difficult because of the low amplitude response. This 
example also shows the advantage of using the VSP method to detect small 
bodies around a borehole in the seismic frequency band. 

Thus, the application of conventional VSP methods to delineate the 
spatial extent of lenticular-type sand bodies is very limited. If the 
approximate orientation of a lenticular-type sand body is known, the VSP 
method seems feasible in mapping the edges of the body. However, when the 
orientation of the sand body is unknown and the borehole does not penetrate 
the sand body, application of conventional VSP techniques may not be practical 
because many source locations would he required in the azimuthal direction 
around the borehole. 

Based on the model studies, a second set of VSP data was acquired during 
April of 1984. The recording instrument was a 48-channel MDS 10 and the 
surface seismic source was a Bolt 450 in.3 land airgun. Downhole geophones, 
designed and provided by Sandia National Laboratories, were tri-axial, three-
component, and wall-locking. 

Two wells--MWX-2 and MWX-3--were available for profiling. The three-
component downhole geophones were lowered into the MWX-2 and MWX-3 wells and 
recorded the seismic signal simultaneously. Figure 6 shows an example of the 
processed VSP data at the MWX-3 well from a source located about 3,000 ft 
northwest of the well. The bottom portion of the figure was processed in 
order to enhance converted upgoing shear wave and the top portion of the 
figure was processed to emphasize the mode conversions at the boundaries. 
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127 



 

W WELL 
4000 FT 4000 FT-41p-

1111 

1.0 

frI

111111111011111L itIMMICIN1101111111
T 

11 

Figure 5.--Migrated section of the synthetic seismogram generated for the, model shown 
on figure 3. 
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This figure indicates that the surface airgun source generated a substantial 
amount of shear waves. Notice the complicated wave fields. Near the 
unconformity, at about 3,800 ft depth, not only transmitted and reflected 
P-waves but also converted transmitted and reflected S-waves can be seen. The 
mode conversions at the boundary affects not only the processing but also the 
interpretation of the data. 

The presence of shear waves on the VSP section gives both advantages and 
disadvantages in the interpretation of VSP data. Most of the disadvantages 
could be handled by careful processing. The advantages should be fully 
utilized in the interpretation of VSP data. 

The reliability of the shear wave information extracted from VSP data 
shot by a surface source is shown on figure 7. At the MWX-2 well, vertical 
component P-wave from the near-offset VSP data and horizontal component SH-
wave from the far-offset VSP data are correlated. The primary objective of 
correlating P- and SH-waves recorded from two different source locations was 
to examine the errors introduced by processing. The overall seismic responses 
of the P-wave are very similar to those of the SH-wave, implying a high level 
of confidence in both P-wave and SH-wave data. 

Figure 8 shows the laterally stacked P-wave section and figure 9 shows 
the SH-wave section. Both VSP data sets were recorded at the MWX-3 well from 
the source northwest of the well. In both figures, the traces at the far left 
represent cumulatively summed VSP data which can be used for the inter-
pretation of the surface data. Unlike the model study, the seismic amplitude 
variation in the coastal zone is very complicated. Some other amplitude-
controlling factors, which were excluded in the model study, include source 
radiation pattern, source and geophone coupling to the medium, angular 
dependence of the reflection coefficient, attenuation, and mode conversion. 

Even if accurate amplitude analyses cannot be made due to the above-
mentioned complicated phenomena, the following tentative conclusions can be 
made from the VSP data: 

1. The lower coastal sand bodies could extend at least 1,200 ft to the 
west of the well. 

2. The extent of the upper coastal sand bodies could not be resolved due 
to their low and discontinuous amplitude responses, implying that the upper 
sand bodies may be smaller or thinner than the lower sand bodies. 
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Figure 7.--Correlation between P- and SH-waves at MWX-2 well. The top portion is the vertical-components 
upgoing wave from the near-offset source and the bottom portion is the horizontal (transverse) 
component upgoing wave from the far-offset source. These VSP data were collected during May of 1982. 
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surface airgun located about 3,000 ft to the northwest of the well during April of 1984. 



DISTANCE FROM WELL, FT 
.0b co h.)
0 0 ,0 

Figure 9.--Laterally stacked, horizontal-component SH-wave. These VSP data 
were recorded at MWX-3 well from a surface airgun located to the 
northwest of the well during April of 1984. 
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