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Salt Lake and Nations Draw lie along the Jemez Lineament, a southwest to northeast trending 

zone of structural weakness expressed by a series of volcanic centers extending from the 

Springerville volcanic field in Arizona to the Taos Plateau volcanic field in New Mexico and 

Colorado, and including the Jemez Mountains, the Mt. Taylor/Zuni-Bandera Volcanic field, and 

Zuni Salt Lake (Figures 2 and 3). The Jemez Lineament is also defined by a series of northeast­

trending faults (Laughlin et al., 1982). 

The oldest rocks underlying the study area include undifferentiated Precambrian rocks, which are 

overlain by a Permian section that includes the Abo Formation, the Y eso Formation, the Glorieta 

Sandstone, and the San Andres Limestone (Figures 3,4). These formations are not exposed 

within the study area but have been identified in deep exploratory drill holes in the region. 

Although Permian formations are not utilized for ground water production within the study area, 

it is likely that Permian formations contribute water to Zuni Salt Lake by upward flow through 

the vent from which Zuni Salt Lake Maar erupted. Eruption of the maar created a fracture zone 

of limited areal extent underlying Zuni Salt Lake, thereby facilitating upward movement of water 

from aquifers with artesian heads (Bradbury, 1971; Myers, 1992; SRP Permit Application 

Package (PAP), 1994). According to Bradbury (1971) and the PAP (1993/1994), the saline 

water feeding Zuni Salt Lake is likely derived in part from dissolution of evaporite beds within 

the Yeso Formation. However, the BIA report (King Engineering, 2001) proposes that "The 

preponderance of evidence indicates that the source of salinity in the lake. is evaporation of low 

salinity Dakota and Atarque aquifer waters, alluvial aquifer waters, and surface runoff." 

The Triassic Chinle Formation overlies the Permian section and is exposed in outcrop 

approximately 4.5 miles northwest of Zuni Salt Lake. The Chinle Formation at this location is 

reddish-brown to maroon, non-fractured mudstone (Figure 5). The Chinle Formation is 

generally treated as a confining bed or aquitard, although small quantities of water are produced 

from thin lenses of poorly sorted sandstone in some areas (Myers, 1992). 
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Most of the formations exposed in the study area are of Cretaceous age and include at least two 

important regional aquifers, the Dakota Sandstone and the Atarque Sandstone. From oldest to 

youngest , the Cretaceous formations include: the Main Body of the Dakota Sandstone, the lower 

part of the Mancos Shale, the Paguate Tongue of the Dakota Sandstone, the Whitewater Arroyo 

Tongue of the Mancos Shale, the Twowells Tongue of the Dakota Sandstone, the Rio Salado 

Tongue of the Mancos Shale, the Atarque Sandstone, and the Moreno Hill Formation (Figures 3, 

4). These formations are described in the following paragraphs. 

The main body of the Dakota Sandstone unconformably overlies the Chinle Formation 

throughout the study area (Figure 5). According to Myers (1992), the main body of the Dakota 

Sandstone ranges in thickness from 20 to 105 feet. GGI observed a 40-foot thick cross-bedded, 

fractured sandstone in outcrop approximately 4½ miles northwest of Zuni Salt Lake (Figure 6), 

with an additional 5 to 10 feet of dark gray shale beds at the base of the sandstone. According to 

Camp�ell (1989), the main body of the Dakota Sandstone is a 65 to 85-ft. sequence of marine 

and non-marine sediments, with a 15 to 25-ft. thick cross-bedded, resistant sandstone at the base 

of the formation. The main body of the Dakota Sandstone is a productive aquifer in many 

localities, with secondary porosity in the form of open fractures contributing significantly to 

production (Myers, 1992). McGurk and Stone (1986) report that a video log of the base of well 

FL-36 (the proposed pumping well for the mine) showed the Dakota Sandstone to be fractured, 

with conglomerate present at the base of the unit. The main body Dakota Sandstone outcrops 

observed by GGI are highly fractured, with numerous open, vertical fractures (Figures 5 and 6). 

The lower part of the Mancos Shale "is a 55-75 ft. thick, dark-gray or dusky-yellow marine shale 

with interbedded claystones and siltstones" (Campbell, 1989) and overlies the main body of the 

Dakota Sandstone. The lower part of the Mancos Shale is a slope-forming unit that is poorly 

exposed in the study area (Figure 7). Bentonite beds may be present within the lower part of the 

Mancos Shale (Campbell, 1989). The predominance of marine shale and the presence of 

bentonite beds support treating the lower part of the Mancos Shale as a confining bed (McGurk 

and Stone, 1986; PAP, 1993/1994). 
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The Paguate Tongue of the Dakota Sandstone is a fine-grained, poorly-sorted, poorly-cemented 

sandstone (Campbell, 1989), which overlies the lower part of the Mancos Shale. The Paguate 

Tongue is poorly exposed in the vicinity of the study area and was observed in outcrop by GGI 

approximately 6 miles north-northwest of Zuni Salt Lake as boulder remnants underlying a 

gravel lag of the Fence Lake Formation (Figure 7). Although SRP well logs generally show a 

Paguate Tongue thickness of 40 feet, and Campbell indicates a thickness of 20 to 55 feet, the 

Paguate Tongue observed in outcrop was less than 10 feet thick. The Paguate Tongue sandstone 

produces water at windmills in some locations, but does not appear to be an important regional 

aquifer. 

The Whitewater Arroyo Tongue of the Mancos Shale is an olive-gray to dark gray shale that 

overlies the Paguate Tongue of the Dakota Sandstone. The Whitewater Arroyo Tongue is 65 to 

85 feet thick and includes a one-foot thick bentonite layer (Campbell, 1989). The Whitewater 

Arroyo Tongue was observed in outcrop in steep, gullied hill slopes underlying the Twowells 

Tongue of the Dakota Sandstone (Figure 8). In outcrop, the Whitewater Arroyo Tongue shale 

did not exhibit open :fractures. Small fractures present near the top of the Whitewater Arroyo 

Tongue were filled with gypsum. The lack of open fracturing within the shale, the presence of 

gypsum-filled fractures, and the presence of an extensive one-foot thick bentonite bed indicates 

that the Whitewater Arroyo Tongue of the Mancos Shale should be treated as a confining bed. 

The bentonite bed is ·present in SRP's borehole geophysical logs and GGI identified this bed (or 

an equivalent) in the field during a 1997 GGI-led field trip for Zuni, OSM;BLM and other 

Federal agencies and interested tribes. According to SRP, the bentonite may act as an aquiclude, 

preventing leakage from the overlying Twowells Tongue (McGurk and Stone, 1986; PAP, 

1993/1994 p. 12-11), supporting GGl's conclusion that the Mancos Shale is properly treated as a 

confining layer. 

The Twowells Tongue of the Dakota Sandstone overlies the Whitewater Arroyo Tongue of the 

Mancos Shale and is a fine- to medium-grained sandstone sequence with a thickness of27 to 39 

ft (Campbell, 1989). In outcrop northwest of Zuni Salt Lake, GGI observed the flat-bedded, fine 
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Figure 9. Twowells Tongue of Dakota Sandstone overlying the Whitewater Arroyo Tongue of Mancos Shale 
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to medium-grained lower unit and the extensively bioturbated middle unit of the Twowells 

Tongue (Figure 9). The thickness of the Twowells Tongue observed by GGI ranged from 4 to 6 

ft. Although thicker sections may produce small amounts of water, the Twowells Tongue section 

observed in outcrop in the area between Zuni Salt Lake and Moreno Hill does not appear to be an 

important regional aquifer. 

The Rio Salado Tongue of the Mancos Shale, which overlies the Twowells Tongue of the Dakota 

Sandstone, was observed in outcrop by GGI at the base of Moreno Hill, an escarpment located 

approximately 8-9 miles north of Zuni Salt Lake (Figures 1 and 10), where it is a gray, olive­

gray, to dark gray shale. The Rio Salado Tongue is 130 to 300 ft thick and contains thin beds of 

fossiliferous limestone concretions and calcarenite (Campbell, 1989). The top of the Rio Salado 

Tongue grades into the Atarque Sandstone over a 10- to 12-ft thick transition zone consisting of 

interbedded thin sandstone and shale beds (Figures 11 and 12). Fractures present in the 

overlying Atarque Sandstone die out ( decrease in aperture) in the transition zone; approximately 

10% of the fractures .propagate into the upper part of the Rio Salado Tongue, where they are 

present as closed fractures (Figure 12). Based on the thickness of this unit and the observed lack 

of fracturing, the Rio Salado Tongue is interpreted as a confining bed or aquitard within the 

study area. 

The Atarque Sandstone is a regressive beach sand, that is approximately 45 feet thick at the base 

of Moreno Hill escarpment (Roybal et al., 1987; confirmed by GGI field observations). The 

Atarque Sandstone observed in outcrop is a fine- to medium-grained, yellow, quartz sandstone 

that is well-fractured with open, vertical fractures (Figure 12). A fossil rich marker bed 

( coquina) was identified near the top of the Atarque during the course of GGI field work (Figure 

13). The coquina, which is present in the Atarque throughout the study area, serves as a valuable 

aid to mapping the extent of the formation and the presence of geologic structures. The Atarque 

Sandstone is considered part of the Mesaverde Group aquifer by Myers (1992), which he 

j describes as a semi confined to confined aquifer in the vicinity of the site. The Atarque 
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Sandstone is likely a productive aquifer, with secondary porosity in the form of open fractures 

contributing significantly to production. 

The Atarque Sandstone is overlain by the Moreno Hill Formation, which is subdivided into 

Lower, Middle, and Upper Members. The Lower Member contains the coal seams that SRP 

proposes to mine. The Lower and Middle Members of the Moreno Hill Formation are an 

interbedded sandstone, siltstone, shale and coal sequence exposed at Moreno Hill (Figure 14) 

and, along with the Upper Member, are exposed throughout the study area. The abundance of 

petrified wood found at the base of the Lower Member (Figure 15) marks the contact between 

the Moreno Hill Formation and the underlying Atarque Sandstone. Hydrologic characteristics of 

the Moreno Hill Formation are highly variable depending on lithology and structure (Brown, 

Consulting Report tci SRP). The Moreno Hill Formation underlying Fence Lake Coal Mine does 

not appear to be in direct hydrologic communication with Zuni Salt Lake. 

The Moreno Hill Formation is overlain by the Tertiary Baca Formation. The Baca Formation 

consists of red, yellow, and gray sandstone, arkosic sandstone, and shale with lenses of 

conglomerate (Myers, 1992). The Baca Formation is hydrologically disconnected from Zuni Salt 

Lake. Therefore, Baca Formation hydrology will not be discussed further in this report. In some 

areas the Moreno Hill Formation is overlain unconformably by the Tertiary Fence Lake 

Formation (Figure 16). The Fence Lake Formation outcrop observed by GGI was a basalt 

boulder conglomerate with a calcic cement matrix. The Fence Lake Formation may contain 

lenses of perched water but likely contains little or no water in the study area (Myers, 1992) and 

the formation is hydrologically disconnected from Zuni Salt Lake. Therefore, Fence Lake 

Formation hydrology will not be discussed further in this report . 

Several prominent volcanic flows and features are located within the study area including the 

Oligocene-age Techado Mountain Basalt, the Miocene-age Veteado Mountain Basalt, the 

Pliocene- or Miocene-age Tejana Mesa Basalt, the 12.6 ± 0.8 million year old (Miocene-age) 

Cerro Prieto basaltic andesite.neck and· Zuni Salt Lake Maar (Anderson, 1994, Baldridge et al., 
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1989; Campbell, 1989; Coal Mine Reclamation Bureau, 1994). Zuni Salt Lake Maar was formed 

by volcanic and phreatic explosions in the late Pleistocene (Bradbury, 1971; Myers, 1992). 

Quaternary alluvium consisting of clay, silt, sand, and gravel is present in valley bottoms and 

along drainages throughout the study area. Major drainages in the study area, including Frenches 

Draw and Nations Draw, are underlain by at least 67 feet of alluvium (Love and Hawley, 1984). 

According to Brown (SRP Consulting Report) the maximum thickness of alluvium within the 

Fence Lake Coal Mine area is greater than 190 feet. Numerous wells are completed into the 

Quaternary alluvium within the study area (Myers, 1992), although with the Cretaceous bedrock 

formations forming the boundaries of the drainages, alluvial aquifers likely pinch out at the 

margins of Nations Draw, and are limited in areal extent. Water levels in alluvial aquifers are 

influenced by seasonal precipitation and recharge. 

HYDROLOGIC/CHEMICAL BALANCE OF ZUNI SALT LAKE 

According to Bradbury (1971), Myers (1992), and SRP's 1994 PAP, Zuni Salt Lake has between 

five and seven major sources of water. According to the PAP, the following are the major 

sources of water for Zuni Salt Lake: (1) direct precipitation - fresh water; (2) direct runoff from 

the interior of the crater - probably fresh water; (3) ephemeral stream flows from the south as 

induced only by major precipitation events in the watershed containing Cheap John Lake 

probably fresh water; (4) flow from Smith Spring - fresh water; (5) flow from the eastern shore 

seeps - fresh to brackish water; ( 6) seeps at the toe of the western cinder cone which contains the 

Cinder Cone Pool - brine water; and (7) water coming directly up the vent to feed the Cinder 

Cone Pool and seeps which feed directly into the floor of the Zuni Salt Lake - brine water. 

Of particular interest to Zuni Pueblo and GGI is the groundwater that comes directly up the vent 

to feed Zuni Salt Lake. In the unanimous opinion of the USGS (Myers, 1992), the State 

Engineer (Core, 1996), the BIA (King Engineering, 2001), and GGI, this is the water source that 

would be most directly affected by SRP's planned pumping of the main body Dakota Sandstone 

aquifer. The vent that was the source of the eruption of Zuni Salt Lake Maar penetrates every 
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Any faults with offsets of greater than 105 feet (the maximum thickness of the main body of the 

Dakota Sandstone in the region) will result in a significant disruption of groundwater flow in the 

Dakota aquifer. Regardless of the sense of motion on a fault (i.e. whether the Dakota Sandstone 

is uplifted or downdropped), an offset of this magnitude would place the Dakota Sandstone 

against either the Mancos shale (if the Dakota Sandstone were uplifted) or the Chinle Formation 

(if the Dakota Sandstone were downdropped). Both of these formations have significantly lower 

- I permeability than the Dakota Sandstone, so placing the Dakota Sandstone against either 

formation would disrupt flow patterns in the Dakota aquifer. Northeast-southwest oriented 

structures (faults) along the Fence Lake Mine-Zuni Salt Lake corridor would act as barriers to 

recharge from the northwest and southeast, thereby greatly increasing the effects of pumping 

Dakota Sandstone wells at the Fence Lake Mine on Zuni Salt Lake. Conversely, northwest­

southeast oriented faults cutting across Nations Draw would lessen the effects of pumping at the 

mine on the lake. The magnitude of the reduction of flow across structural boundaries ( and the 

resulting effects on the lake from pumping at the mine) could best be evaluated by conducting a 

properly configured, long-term pumping test in the Nations Draw area. As previously suggested 

by GGI, and supported by the BIA Report, all structures should be identified prior to running 

such tests. 
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To this end, GGI conducted field studies in late November and early December 2000 to 

determine the nature of the linear features observed on topographic maps and air photos. The 

goal of the study was to field-check published geologic maps of the Nations Draw area and 

verify the location of faults identified in the BIA report (King Engineering, 2001; compiled from 

various published and unpublished sources). The results of GGI' s field studies are described 

below. 

Results of GGJ's Field Work in the Nations Draw Area 

The primary focus of GGI' s fieldwork was to field check existing maps of the area north and 

west ofNations Draw (Campbell, 1989; King Engineering, 2001) to ensure their accuracy, and 

correlate stratigraphic units in the area. During this initial reconnaissance, GGI identified unique 

characteristics of various units that made it possible to validate or invalidate the existence of the 
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geologic structures proposed by previous investigators. In particular, the presence of a 

distinctive shell-rich marker bed (coquina) in the Atarque Sandstone allowed GGI to easily trace 

the lateral extent of the unit and distinguish it from sandstone beds present in adjacent units. 

After verifying that Campbell's (1989) map was accurate, the GGI study mapped out the contact 

between the Atarque Sandstone and the Moreno Hill Formation in the Nations draw area, paying 

particular attention to areas that had not previously been mapped in detail. By tracing out this 

contact, which is relatively easy to identify in the field, GGI was able to verify the presence of 

many of the structures identified in the BIA Report. 

Moreno Hill Fault - The Moreno Hill Fault is a N-NE trending, down to the SE normal fault 

mapped by Campbell (1989) and included on the BIA Report summary map. GGI' s mapping of 

the fault confirmed the existence of the fault and supports Campbell's (1989) location of the 

fault, shown in Figure 1. In the SW¼ of Section 24, T4N, Rl 8W the Moreno Hill fault places 

the Rio Salado Tongue of the Mancos Shale in the hanging wall against the main body of the 

Dakota Sandstone in the footwall, indicating a minimum vertical offset along the fault of 210 

feet, and a maximum vertical offset of 540 feet at this location. North of this location, offset 

along the fault becomes progressively less, while to the south it is commonly covered in 

alluvium, making determinations of offset difficult. It is probable, however, that equal or 

greater offsets than described above are present to the south of section 24 in Nations Draw. 

Anderson (1994) indicated that the Moreno Hill Fault merges with or is truncated by the· Zuni 

Salt Lake Fault (see below) near Zuni Salt Lake. GGI agrees with this interpretation due to the 

lack of evidence for the Moreno Hill Fault south of Zuni Salt Lake. 

Zuni Salt Lake Fault- The Zuni Salt Lake Fault is a NE trending, down to the SE normal fault 

originally mapped by Anderson (1994). The majority of the fault, as previously mapped in 

Largo Wash, is covered by Quaternary deposits, however it is shown cropping out in Cretaceous 

rocks at the southern end of Santa Rita Mesa. GGI mapped this area and found little evidence of 

a large fault. However, it is possible that small normal faults mapped by GGI in the area could 

be antithetic or synthetic splays from a larger structure that is covered by Quaternary deposits. 
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To the southwest of Largo Wash, the Zuni Salt Lake Fault is better exposed and shows evidence 

of 300 to 600 feet of stratigraphic throw (Anderson, 1994; Chamberlin et al., 1994). It is GGl's 

opinion that, while the Zuni Salt Lake fault is a small feature to the northeast of Largo Wash, it 

becomes a major feature to the southwest and, therefore, is most likely a significant feature in the 

subsurface near Zuni Salt Lake and across Largo Wash. 

Tejana Mesa North Fault- The Tejana Mesa North Fault is a NE trending normal fault whose 

southwest terminus is adjacent to the north end ofTejana Mesa. The location of the fault is 

shown as approximate and/or covered by Chamberlin et al. (1994), and was not mapped by 

Roybal (1982). GGl's mapping of the area around this proposed structure found no surface 

evidence of a fault. Where exposed on the east side of Tejana Mesa, beds that cross the strike of 

the Tejana Mesa North Fault (Middle and Upper Moreno Hill Formation, Baca Formation, and 

the Quaternary basalts capping the mesa) are continuous and show no evidence of either folding 

or faulting. However, structure contour maps of the base of coal beds in the mine lease area to 

the northeast of Tejana Mesa indicate offsets in the contoured beds of approximately 100 feet 

along the trend of the Tejana Mesa North Fault. The fact that the fault is not observed in surface 

exposures but is seen on contour maps created from drilling data indicates either that the faulting 

occurred after deposition of the Lower Member of the Moreno Hill Formation but prior to 

deposition of the Middle and Upper Members (the members with the most exposure at the 

surface in the study area) or the fault dies out to the southwest and is not exposed outside the 

mine lease area. 

Tejana Mesa Central Fault- The Tejana Mesa Central Fault is a N-NE trending, down to the 

NW normal fault originally mapped by Roybal (1982). On Roybal's (1982) map, the fault cuts 

Tertiary sediments (Baca Formation) and is truncated by overlying Tertiary basalt flows. This 

relationship suggests a latest Tertiary or early Quaternary episode of NW-SE directed extension. 

GGl's examination of this fault supports this interpretation, with the exception that the Tertiary

basalt flow is either offset or draped across the fault. Evidence for the fault includes the presence 

of a large (60-80 feet high) basalt scarp that crosses Tejana Mesa along the trend ofthis fault. 

Due to its poor exposure, GGI was unable to determine if this scarp was a result of faulting of the 
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