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(3) DATA ACQUISITION AND PROCESSING (4) 2D RESULTS (5) 3D RESULTS
3-D Refraction Tomography Results (with joint interpretatigns)

The 3-D seismic survey acquisition parameters are summarized in Table 1 and the survey design is shown in Figure 3. With a 192 Resistivity Profi 2 '
. . . . . . e esIstivi rorie ' i i
channel recording system and a 576 receiver spread, the active receiver spread was rolled over and all shot stations revisited three y ? : | : '% - Elevation (m)
: : : : : Location of faults from 2-D tomography W 0462
times. A standard reflection processing flow was under- : : : 2000
, Vibroseis sweep location i A% oo
taken to develop a 3-D volume stack (Yilmaz, 2001). Receive : 5450
Due to a complex geology and resulting wave-field, re- Eault ol S
flections were difficult to separate from other seismic 3 5440
modes. We therefore carried out a 2-D and 3-D refrac- 5437
. . . 2437
tion tomography analysis using two separate methods 2436
to characterize the subsurface and map the boundary 2435
between the upper sediments and geothermally al-
tered quartz monzonite. Our 2-D and 3-D refraction to-
mography results were based upon the commercial re-
fraction tomography softwares "RayFract” (Intelligent Resources Inc.) and "Seismic Studio" (FusionGeo LLC.), respectively. We used
model grid cell resolutions of 0.5 m for the 2-D tomography and 2 m for the 3-D tomography. For this reason the 3-D refractionto- | No Vertical Exaggeration
mography results show a significantly smoother representation of the subsurface than the 2-D refraction tomography results. o |

(1) INTRODUCTION

Our geothermal study area is in the Upper Arkansas valley that is the northernmost extensional basin of the Rio Grand Rift (Figure
1). The basin is a half-graben bordered to the west by a range-front normal fault (Sawatch Fault) that strikes north-northwest
along the eastern margin of the Collegiate Range. This fault is laterally offset by a right-lateral strike-slip fault (Chalk Creek Fault)
which coincides with an area of hydro-geothermal activity and the Mount Princeton hot springs. We use 3-D seismic, self-
potential, and DC electrical resistivity data to investigate an area of upwelling hot water in a site that is here termed “Long’s field”
after the surname of the property's owner. The DC electrical resistivity and self-potential data previously identified an area of up-
welling hot water that was interpreted to be the consequence of small tensile fractures located 500 m south of the intersection
between the Sawatch and Chalk Creek faults (Richards et al., 2010). These tensile fractures are likely related to the local dilatant
stress field that have been shown to radiate from fault tips at intersecting faults in regions with similar structural geology (Roberts,
1996). Our objective is to identify and characterize these fractures through the use of 3-D seismic, self-potential, and DC electrical
resistivity methods.
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Table 1: 3-D seismic acquisition parameters.
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Figure 1: Topographic map of the Upper Arkansas valley showing the loca-
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(2) BACKGROUND

Long’s field is composed of Quaternary glacial till and alluvial sediments overlying geothermally altered Tertiary quartz monzo-

nite. The field is located at a lateral transition between hot and cold ground water as observed in water wells for the area (Figure

2). Hot water wells are aligned in an east-west direction with the most northerly and southerly wells defining a 200 m wide corri-

dor with geothermal activity. Self-potential and DC resistivity surveys helped explain the possible reasons for the pattern of hot

water wells in the valley (Richards et al., 2010) and identified specific areas of upwelling hot water that were interpreted to coin-

cide with a fault passing through the self-potential anomalies shown in Figure 2. To further investigate these upwelling hot water _, , | ,
events, we designed a 235 m by 220 m high resolution multicomponent 3-D seismic survey to coincide with the largest upwelling . — . —_— T : P

. % ,
event located at the eastern portions of the self-potential dataset (Figures 2 and 3). ,\ﬁltéf g'gﬁﬁ;osn
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Figure 5: Panels A and B show interpretations superimposed on the 3-D refraction tomography and self-potential results respectively. Panel A
shows the elevation above sea level for the 3250 m/s velocity isosurface. The 3250 m/s velocity isosurface is interpreted to represent the top of the
altered quartz monzonite where high elevation is represented by red and low elevation by blue. The bedrock surface elevation is overlaid with the
3-D seismic survey grid that shows the 2-D tomogram and resistivity profile locations. The subdued colors bordering the 3-D refraction results rep-
resent areas of low ray coverage for which the calculated velocities are not well constrained.
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(6) DISCUSSION & CONCLUSIONS

Linear moveout analyses were performed on the two dominant refractions observed in the 3-D seismic survey shot gathers.
This linear move-out analysis found the velocity for the first refraction to be from 1750 m/s to 2100 m/s while the second refrac-
tion was found to be from 3100 m/s to 3300 m/s. Using well logs and surface geology information as controls, we interpret the
first refraction as the interface that separates unsaturated and saturated sediments and the second ~3200 m/s refractor as the
bedrock surface which is a combination of quartz monzonite and kaolinite depending on the degree of alteration.
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Figure 3: Top: Long’s Field, located at the north-west corner of Mt. Princeton Hot Springs Resort where the 3-D seismic, self-potential, and DC resis-
tivity surveys were conducted. The rainbow colors represent self-potential anomalies in mV with high and low values representing upwelling and
downwelling ground water respectively. The self-potential anomaly data is overlaid with the 3-D seismic survey grid that shows the nomenclature
used for inline and crossline receiver and shot stations and the lines along which velocity tomograms were modeled (dashed lines). The map also
shows a 2-D DC resistivity profile which traversed in a north-northwest direction across the eastern portions of the field. Fault A shown to strike in
an east-west direction across the field is based upon work by Richards et al. (2010). Bottom Left: A shot gather located at station 53 on line L15i
showing a possible northside step-up in the bedrock refraction. Bottom Right: A shot gather located at station 55 on line L31i showing a northside
step-up in the bedrock refraction.

The 2D and 3D seismic tomography results show the bedrock dipping to the south with average bedrock dips between 4° and
20° and localized maximum dips of up to 50° (e.g. stations 73 and 85 on L31i and station 77 on L15i).

Figure 2: Major fault systems and Long’s Field located at the north-west corner of Mount Princeton Hot Springs Resort where the 3-D seismic, self-
potential, and DC resistivity surveys were conducted. The rainbow colors represent self-potential anomalies in mV with high (red) values indicat-
ing upwelling ground water and low values (blue) representing downwelling ground water. The self-potential anomaly data is overlaid with the

The low resistivity (< 100 ohm-m) and seismic velocity (~3200 m/s) values for the quartz monzonite (Figure 4) suggest that it is
3-D seismic survey shot points that are shown in more detail in Figure 3.

highly fractured and saturated. The low resistivity values suggest that it has been altered to kaolinite as observed on the ex-
posed Chalk Cliffs located 500m to the west.
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o e SN are also observed in the velocity tomograms with the most significant offsets being Faults B and C in the western half of the

field (L15b and L31b, Figure 4).
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The smaller scale self-potential anomalies in Figure 5b have a NW-SE trend that can also be observed more subtly in the 3-D to-
mography results (Figure 5a). We use these mapped NW-SW trends to tie together the faults observed in our 2-D data (Figure
4) and show four interpreted faults in Figure 5. Fault C lies along the northern margin of the self-potential anomaly and may
therefore be a northern bounding fault for upwelling hot water. This interpretation is consistent with well temperature data
and self potential data further to the west that shows a boundary between hot water wells to the south and cold water wells
to the north (Figure 2).
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We interpret Fault A to coincide with an axial low in the bedrock that is also aligned with the larger scale positive self-potential
anomalies to the west (Figure 2). It is possible that this bedrock low is not real and is instead an apparent low caused by a local-
ized slow down in bedrock velocity. This would be representative of changing bedrock conditions caused by upwelling hot
water degrading the quartz monzonite, as suggested by the corresponding positive self-potential anomaly. It is inconsequen-
tial as to whether the bedrock low is real or apparent because a bedrock low or velocity slow down could both be interpreted
to represent an area of structural weakness and a pathway for upwelling hot water.
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Our seismic tomography results show NW-SE striking faults and a bedrock low projecting in the direction of Mount Princeton
Hot Springs resort to the SE. These results strengthen results from previous self-potential and DC resistivity studies that inter-

in. Geothermal Resources Council Transactions, 32,279-283. | , | ] 5% | A i, | 4 . e . . o -

et L angle, Chaffee County, Co .,5“;,‘ é- )t C adc L _ ¢ 3 hy sndec ra f Mi tate U . Figure 4: Panel L15a shows the DC resistivity inversion result (using commercial code 2DRESINV)for the DC resistivity profile shown in Figures 2

T pver a5 - :.:-h ' and 3. The resistivity data was acquired using a Wenner array with 20 m electrode spacing. Panels L15b and L15c show the self-potential and 2-D

e -‘T"'-'E-"-i’ ange Lo Tl ault, Colorad 5 USA. refraction tomography results for L15i (location shown in Figure 3). We interpret the tomogram to represent unsaturated sediments, saturated

R 4'11*-*‘\_ - A H;:'HFH - O ' : _ _ R sediments and altered quartz monzonite. We interpret two faults that we term 'Fault B’and 'Fault C'to coincide with steps in bedrock at crossline

o n A :V‘v"'::: '.;. b-J: 18" t, ) | J Cnrinac C . A _ . .5 » e 4300 ’ . stations 67 and 84 respectively. The interpreted faults correspond with lateral contrasts on the resistivity profile. We have also represented the
: S R Ty ' ' : ] ' " . location of the bedrock low from our 3-D refraction modeling results using a white star and we interpret this to coincide with the fault interpreted

' using self-potential data by Richards et al. (2010) (Figure 2). Panels L31a through L55b show the self-potential and 2-D refraction tomography re- preted the self-potential anomalies in Figure 2 as being the source of the Mount Princeton Hot Springs (Richards et al., 2010).
sults for lines L31i, L45i and L55i (locations shown in Figure 3). Our interpreted location of Faults A through D are shown on each of the these
panels along with a shot gather from station 55 on line L31i. The shot gather shows a step-up in the bedrock refraction at station 91 that is These results exemplify the combined use of seismic, self-potential and resistivity data to identify fault structures responsible
common to many of the shots shooting northwards in the eastern half of Long’s field. for upwelling hot water in hydrogeothermal systems; information that can be used by local stakeholders to make better in-

formed decisions about where to drill wells in order to efficiently develop their geothermal resources.
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