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EXECUTIVE SUMMARY



INTRODUCTION Mine dewatering is the process whereby a mine removes groundwater to prevent it discharging into open pit mines. Any mine constructed beneath the water table requires some dewatering. The amount of required dewatering depends on the local and regional hydrology, and the properties of the formations into which the mine is being constructed.
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The Humboldt River is the largest river basin in Nevada, contained wholly within Nevada (Figure 1). It heads in northeast Nevada in the Ruby and Independence Mountains and flows west across more than two-thirds of the state. The Humboldt River basin contains at least five major mines or mining areas that require dewatering. Most largescale open pit mining requiring dewatering corresponds with two primary mining trends, the Cortez, also known as the Battle Mountain/Eureka Trend and the Carlin Trend. A trend is an area where geology has emplaced a significant amount of gold ore. The Carlin Trend crosses the upstream portion of the Humboldt River basin. A third trend, the Getchell, lies in the far northwest portion of the basin and contains the Twin Creeks Mine. The Independence Trend lies in the North Fork Humboldt River watershed but does not contain mines with significant dewatering because the trend is primarily within a mountain block.
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The six largest mines with dewatering within the basin, analyzed in this report, include Twin Creeks, Lone Tree, McCoy Cove, Pipeline/Cortez, Betze/Goldstrike, and Gold Quarry. The Lone Tree and McCoy Cove mines are in closure. Other mines with dewatering that are not analyzed specifically in this report include the following: o Fortitude: a mountain block pit now part of the Phoenix Mine o Meikle Mine: an underground mine near the Betze/Goldstrike Mine and within its drawdown cone o Leeville Mine: an underground mine near the Gold Quarry Mine and within the Goldstrike drawdown cone. o Cortez Hills: a new mine, under construction in Crescent Valley – will be part of the Pipeline/Cortez dewatering complex
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RA FT D Figure 1: Site map of the Humboldt River basin.
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Figure 2: Gold mining trends in northern Nevada. Source: Wendt, 2003.



The purpose of this report is to document the deficit created in the groundwater of the Humboldt River basin by dewatering and to predict qualitatively the long-term or permanent effects of that deficit. The report considers the following aspects of the basin and deficit being created: o Hydrogeology and conceptual flow model of the basin, including general discussion of recharge, discharge, and geologic properties of the basin o Conceptual model of mine dewatering o Volume of groundwater pumping for mine dewatering by mine, and discussion of factors leading to the quantity of dewatering. o Volume of pit lake o Long-term evaporation from the pit o Water rights for pit lake evaporation o Discussion of long-term effects 5



o Outline of a conceptual model of the cumulative impacts of mine dewatering and the replenishment of the deficit in the Humboldt River Basin



CONCEPTUAL FLOW MODEL OF THE HUMBOLDT RIVER BASIN The Humboldt River flows east to west through the north portion of Nevada, and more importantly the Great Basin; the river heads in northeast Nevada and discharges to the Humboldt Sink, not finding an outlet from Nevada except through evaporation. The headwaters are in the higher mountains of northeast Nevada with the river draining parts of the Jarbidge, Independence and Ruby Mountains (Plume, 2009).
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The geology, arid climate, and groundwater/surface water interactions complicate the conceptual flow model in the Humboldt River basin. Precipitation is much higher in the mountains primarily in the eastern, southern and northwestern portions of the basin. Recharge occurs in the mountains where the geology is sufficiently pervious or at the top of the alluvial fans where mountain runoff emerges onto the alluvial fans. The groundwater discharges into wetlands, springs or streams near the middle of the valleys. The Great Basin is an area of internal drainage, where no surface water flows to the ocean. Basin and range formation divided the Great Basin into small basins, most of which are topographically closed. In these basins, recharge in the mountains and at the mountain front discharges into springs and to wetlands along the base of the mountains and in the playa; excess water in these basins may flow through fractured bedrock to adjacent basins. In this way, the groundwater basins are not closed as are the topographic basins.
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The Humboldt River flow system differs from this description in that the groundwater in the subbasins is interconnected through alluvium and fractured bedrock and connected with surface water flow the Humboldt River. The basin overall is topographically closed. Much of the river flow is runoff, as noted from the headwaters’ mountains, which recharges the alluvium (Prudic et al, 2006). As will be noted, recharge from the river, shown in blue meandering through the center of the basin (Figure 1) and forming the boundary of some of the subbasins (Figure 2), may increase the total recharge in basins along the river well beyond that provided in the mountains and at mountain fronts. The basin geology substantially controls the flows, both surface and groundwater, throughout the Humboldt basin. It controls the location and type of recharge and the groundwater flowpaths through the basin. The US Geological Survey identified eleven general hydrogeologic units that control groundwater flow in eastern Nevada (Table 1, Welch et al, 2008). A hydrogeologic unit is a formation with considerable lateral extent and similar physical properties that may be used to infer their capacity to transmit water. 6



“Proterozoic to Early Cambrian metamorphic and siliciclastic rocks, and Paleozoic siliciclastic rocks typically form the least permeable HGU within the consolidated, preCenozoic rocks. Paleozoic carbonate rocks typically form the most permeable HGUs within the pre-Cenozoic consolidated rocks” (Welch et al, 2008, at 22). Because of the formative properties controlling the units, they are primarily classifiable by geologic epoch (Table 1). Large areas may would have been, for example, on a seashore where marine sediments built up, forming carbonate rock. At the same geologic time but at a different location, conditions may have been different which explains why the properties of rocks of a given age vary across the Great Basin.
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The map of hydrogeologic units in the Humboldt basin (Figure 3) shows a few basic trends. OSU dominates in the northeastern portion of the basin, and CYSU dominates the middle and Reese River portion of the basin. Intrusive rocks form a substantial amount of the eastern and northeastern basin boundary, but they do not likely prevent interbasin flow. The northern part of the basin is volcanic. LCU and UCU rocks outcrop in mountains of the eastern third and certainly underlie many of the other formations there; an aquitard formation, USCU, divides the two carbonate units in areas where it is present and, where it outcrops, probably does not allow significant recharge. The carbonate units, LCU and UCU, are primary aquifers in eastern Nevada and the Humboldt River basin (Figure 3). Areas where carbonate rocks outcrop have little runoff and high in-place recharge rates. They also produce high amounts of water at wells near the fracture or conduit zones. Carbonate units, UCU or LCU, also outcrop west of the commonly accepted boundary of the carbonate aquifer. The western carbonate units are likely not as interconnected and likely do not provide as substantial a pathway for interbasin flow as those in the east.
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A map of primary aquifer units (Figure 4) shows that alluvial aquifers predominate the basin; these are in close communication with the rivers and hold substantial amounts of groundwater. Carbonate aquifers primarily outcrop in the eastern mountains, near the Gold Quarry and Goldstrike Mines, and in a trend near the Pipeline and Cortez Mines. Volcanics, intrusives, and siliclastics not shown on the map are aquifers only in localized areas where fractured. Table 1: Hydrogeologic Units from the BARCASS study. Unit Period Epoch Description of unit FYSU Quaternary Holocene or Pleistocene CYSU Tertiary



Pliocene or Miocene



VFU



Oligocene



Nevada geologic formation names



Fine-grained younger Unconsolidated basin fill, sedimentary rock unit; Holocene incudes playa, marsh, lake to Pliocene fine-grained playa and alluvial-flat deposits and lake deposits of fine sand, silt, and clay Coarse-grained younger Unconsolidated basin fill, sedimentary rock unit; Holocene includes alluvial fan and to Pliocene alluvium, colluvium, stream channel deposits. and local fluvial deposits. Volcanic flow unit; basalt, Cenozoic Basal, andesite andesite and rhyolite lava flows and rhyolite lava flows
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Oligocene VTU



OSU



Eocene or Paleocene



MSU



Cretaceous, Jurassic or Triassic



UCU



Permian or Pennsylvanian



USCU Mississippian



Devonian, Silurian, Ordovician, or Cambrian
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LCU



LSCU Proterozoic Eon IU
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.



Volcanic tuff unit; welded and Shingle Pass Tuff, nonwelded silicic ash-flow tuffs cottonwood Wash Tuff, Lund Formation, and Kalamazoo Tuff Older sedimentary rock unit; Sheep Pass Formation consolidated Cenozoic (Eocene (Eocene) and related units to Miocene) sedimentary rocks and unnamed tuffaceous sedimentary rocks Mesozoic sedimentary rock unit; Moenkopi formation, includes limestone, sandstone thaynes Formation, and and shale related rocks (Lower Triassic), in Butte Mountains Upper carbonate unit Ely Limestone and Lower Permian Arcturus Formation Upper siliciclastic-rock unit; Pilot Shale, Joana predominantly mudstone, Limestone, Chainman shale, sandstone, conglomerate, minor Diamond Peak formation. sandstone Lower carbonate rock unit Cambrian Pioche shale, Eldorado dolomite, Geddes limestone, Secret Canyon shale Lower-siliciclastic-rock unit; Cambrian Prospect sandstones, siltstones and Mountain quartzite metamorphic equivalents Intrusive rock unit, includes Jurasic through Oligocene plutonic igneous rocks such as intrusive rocks granite and granodiorite
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Figure 3: Hydrogeologic map of the Humboldt River, based on the BARCASS hydrogeologic units (Table 1) with two additional units, the WLCU and WMSU added to represent rocks with an age similar to the carbonate unit but with different lithology. See the text for more detailed explanation.
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Figure 4: Primary aquifers in the Humboldt River basin.
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Carbonate rock outcrops in the mountains of Crescent Valley (Figure 5), with LCU apparent in a southeast to northwest line through the mines. No wells have penetrated the fill between Pipeline and Cortez to the bedrock to demonstrate it, but the line of LCU suggests the basement rock could be LCU. The Cortez pit had a lake which drained after dewatering at Pipeline commenced, although this had not been predicted; LCU could provide the connection.



Figure 5: Hydrogeologic units in and around Crescent valley, near the Pipeline Deposit and Cortez Mines. The Cortez Hills Mine is just north of the Cortez Mine.



Similar small outcrops occur near the Carlin Trend (Figure 6) with a line of LCU between the mines, although the Post fault (not shown) separates these mines. More carbonate outcrops to the southeast are the south end of the Independence Range, which forms the east boundary of the Susie Creek basin and the north end of the Pinon Range. The Humboldt River flows between these outcrops.
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Figure 6: Hydrogeologic units in and around Boulder Flat and Maggie Creek basins, near the Goldstrike and Gold Quarry Mines.



Recharge
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Groundwater recharge is simply “the entry into the saturated zone of water made available at the water-table surface, together with the associated flow away from the water table within the saturated zone” (Freeze and Cherry, 1979, at 211). The first part refers to water seeping through the overlying unsaturated zone to the saturated zone. The second part requires water in the receiving water to be moving away from the point of entry; it is not recharge if it merely creates a mound of saturated water that is not connected to the local or regional flow systems. Recharge is almost impossible to measure directly and very difficult to estimate. Measurements using lysimeters, which weigh the daily changes in water content at a point with water draining through the bottom being considered recharge, are only point estimates. Recharge estimates are usually made for large areas such as a basin by setting recharge equal to the easier-to-measure discharge from a basin. “Easier-to-measure” is relative because it involves estimating groundwater ET over the entire basin and groundwater flow through the boundaries of the basin. ET varies with depth to groundwater, precipitation, density and type of vegetation, wind speed, solar radiation which depends
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on sun angle, ground surface aspect, cloud cover, and growing season length, to provide partial list of factors, therefore estimates of it have substantial uncertainty. Interbasin groundwater flow estimates depend on the groundwater gradient, cross-sectional area, and effective hydraulic conductivity, in addition to just knowing that all flow pathways have been accounted for; interbasin inflow to the basin must be estimated and subtracted. Groundwater recharge estimates based on being equal to discharge have a similar great uncertainty.
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Two methods have been popular for estimating recharge in the Great Basin. The MaxeyEakin method (Maxey and Eakin, 1949) has been use for decades and been shown to be reasonably accurate (Avon and Durbin, 1992). The method basically estimates recharge efficiencies for precipitation zones in a groundwater basin. For example, three percent of the total precipitation falling within the 8 to 12 inch precipitation zone will become recharge within the basin. Maxey and Eakin estimated discharge from 13 eastern Nevada basins and balanced it with a proportion of the estimated precipitation in the basin. The proportions were estimated on a precipitation zone basis by adjusting the precipitation in the basin according to various efficiencies, determined with trial and error, which are tantamount to coefficients in a regression relationship. Details of the use of this method are beyond the scope of this report, but four points are essential.  The method applies only to a basin because it was created for basins.  The method applies only when using the original method of estimating precipitation – the Hardman 1936 map.  The method includes both distributed and runoff recharge. It does not include recharge from streams flowing into and through the basin.  The method does not predict recharge at a point or for basin subbasins.
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Table 2 presents Maxey-Eakin groundwater recharge for the Humboldt subbasins as estimated in early reconnaissance studies (not all basins had been estimated), from Flint et al (2004). The Water for Nevada report (NV State Engineer, 1971) tabulated groundwater recharge for all Nevada basins; the estimates included streamflow recharge. The basin characterization method (Flint et al, 2004; Flint and Flint, 2007) is more physically based, although not generally calibrated against basin discharge. The method balances precipitation and ET at a point to determine the amount of recharge and runoff, which in turn becomes available for recharge downhill. The method accounts for geology and soil type, unlike the Maxey-Eakin method, by estimating the rates of percolation. Table 2 includes estimates of BCM recharge for the Humboldt subbasins and Figure 15 below shows the distribution of BCM recharge around the basin. Table 2: Estimates of perennial yield and recharge for Humboldt River subbasins. Area, sq. Perennial Basin Name miles Yield, AF/YR Recharge Recharge BCM Rech Maxey-Eakin BCM Rate 42Marys River 1073 22694 0.40 43Starr Valley 332 11381 0.64 44North Fork 1110 10614 0.18 83000
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45Lamoille 46South Fork 47Huntington 48Dixie Creek - Ten Mile Creek 49Elko Segment 50Susie Creek 51Maggie Crk 52Marys Creek



257 99 787 392



53Pine Valley 54Crescent Valley 55Carico Lake Valley 56Upper Reese River 57Antelope Valley 58Middle Reese River 59Lower Reese River 60Whirlwind Valley 61Boulder Flat 62Rock Creek Valley 63Willow Creek Valley 64Clovers 65Pumpernickel Valley 66Kelley Creek Area 67Little Humboldt Valley 68Hardscrabble 69Paradise Valley 70Winnemucca Seg 71Grass Valley 72Imlay 73Lovelock Valley (A) Oreana Subarea 74White Plains Total



1002 752 376 1138 452 319 588 94 544 444 405 720 299 301 975 167 600 435 520 771 635 98 164 16843



25000 13000 6000 With Basin 49 20000 16000 4000 37000 9000 14000



6000



37000 11000 7000



20000 30000



6308 5914 40369



0.46 1.12 0.96



2343 626 346 1571



0.11 0.04 0.03 0.07



37 19060 2136 2234 16598 2320 1177 935 125 231 527 3134 2796 360 4279 31828 17506 9293 1354 1749 831 206 2015 13 222910



0.01 0.36 0.05 0.11 0.27 0.10 0.07 0.03 0.02 0.01 0.02 0.15 0.07 0.02 0.27 0.61 1.97 0.29 0.06 0.06 0.02 0.01 0.39 0.00 0.25
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314 223 396 61



83000



2800



72000



34000 17000 13000 3000 43000 2000 100 463900



24000 9000 10000 12000 4000
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This report considers pumping which creates massive deficits on a local and basinwide scale. The effects of drawdown in pulling recharge from other basins will be considered below, but other factors may affect the recharge estimates in Table 2. Groundwater flow systems may not correspond perfectly with basin topographic boundaries. For example, the carbonate rock in the south end of the Ruby Mountains dips eastward which may cause much of the recharge west of the topographic divide to discharge east of the crest to the Ruby Marshes (Plume, 2009). This could decrease the effective recharge from several basins bounded by the Ruby Mountain Crest. Perennial yield is the amount of groundwater which can be removed from a basin without causing continuing drawdown of the groundwater table. Detailed discussion of how the NV State Engineer determines PY is beyond the scope of this work, but in general the maximum amount that can be developed equals the discharge from the basin. Estimates in the past have included scenarios whereby pumping could be used to induce additional recharge from surface water. The PY estimates of the Nevada Division of Water Planning (1992) for the Humboldt subbasins (Table 2 and Figure 7) clearly reflect this; the highest PY estimates are in the basins along the river which could provide a source of induced 14
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recharge. Based on the NDWP estimates, the total perennial yield in the Humboldt River basin is 463,900 af/y.



Figure 7: Humboldt River subbasin perennial yield. The subbasin has basins have been combined where two or more are treated as one for the purpose of PY (see Table 2). The rate is given as PY/ area (ac). See Figure 1 and Table 2 for names of the basins.
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MINE DEWATERING IN THE HUMBOLDT RIVER BASIN Mine dewatering is the removal of groundwater and lowering the water table so that mining can be completed under dry conditions. As a mine pit or shaft extends below the water table, it fills with water. Dewatering involves either pumping the water from the floor of the mine or pumping from perimeter wells established to prevent inflow to the mine; either way the open pit mine is tantamount to a large diameter well. The water table will develop a drawdown cone with the mine in the middle. The optimal pumping rate will lower the water table to the bottom of the mine so that groundwater does not flow into the mine or weaken the pit headwalls. Dewatering affects the surrounding aquifers and environment, but the extent depends on many factors. This section outlines the overall dewatering in the basin, but first the process of dewatering must be understood.
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Conceptual Model of Mine Dewatering Dewatering removes groundwater from storage and lowers the groundwater table. Rates must exceed natural recharge within the affected area just to achieve drawdown. This exceedence could be very local, within a small portion of a basin, or over the entire basin or series of basins. The system will approach steady state at the point at which the drawdown cone encompasses an area over which the recharge approximates the pumping. Ultimately, the drawdown cone area may exceed the area in which recharge equals pumping because the lowering of the water table increases the unsaturated zone thickness which increases the travel time for recharge to actually reach the water table.
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Dewatering rates depend on the hydrogeologic properties around the mine, including the transmissivity of the various formations and the presence and properties of faults and fracture. Faults can either impede or increase groundwater flow. For example, it is believed that the Post Fault between Gold Quarry and Goldstrike effectively prevents the dewatering of either mine from affecting the dewatering at the other (Plume, 2005). The depth to which the water levels must be lowered also affects the dewatering rate by controlling the gradient.
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Drawdown is the depth over which pumping lowers the water table or potentiometric surface. Drawdown around a well often causes the water table surface to resemble an inverted cone, hence the phrase drawdown cone. The volume of a drawdown cone is the volume of groundwater depleted from storage. Drawdown cones within unconfined aquifers represent aquifer volumes no longer saturated with groundwater. Previously saturated pore volumes have become voids. Within a confined aquifer, drawdown is a decrease in pressure – the pores remain saturated but they have compressed slightly, the volume of which is the deficit. Groundwater wells developed within a confined aquifer have lowered water levels, or increased pumping lift. Once the water pressure head lowers below the top of the confined aquifer, the aquifer has become unconfined and further drawdown will remove water from the pore spaces. Any confined aquifer that intersects a pit wall will become unconfined in part as it drains to the pit or is pumped dry. If pumped groundwater is returned to the basin of origin, the Nevada State Engineer, whose office administers water rights in Nevada1 does not usually consider it a deficit or depletion. In irrigation, if the return flow remains in the basin and usable, only the consumptive use is considered lost and subtracted from the total amount of water available for allocation within the basin (the perennial yield). Some dewatering water is returned to the basin of origin, but rarely is it returned to the original aquifer.



1



This statement is based on my experience with the NSE who administers groundwater on a perennial yield basis. Nevada water law requires that the NSE grant water rights permits if they do not unduly harm another water rights holder. It does not prevent drawdown nor does the NSE require that diversions occur from specific aquifers.
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Dewatering Pumpage in the Humboldt River The six primary dewatering mines within the Humboldt River basin pumped almost 2,900,000 af through April 2009 (Table 3). Over the entire basin, about 30% has been discharged to surface water, primarily the Humboldt River or a nearby tributary (Gold Quarry into Maggie Creek). About 42% has been reinfiltrated to nearby aquifers to maintain the water balance of the local basin, although this amount is highly inflated by considering seepage from ponds and irrigation in Boulder Flat as infiltration at the Goldstrike Mine. A small portion has been used for irrigation; in these cases the dewatering water should replace existing irrigation sources. About 13% of the dewatering is consumptively used, mostly in mining and milling operations. Table 3: Summary Table of Mine Dewatering Pumpage, Discharge to Surface Water, Infiltration and Irrigation, and Consumptive Use for the Five Largest Dewatering Mines in the Humboldt River. Date Through April 2009. Period 91-09 96-09 89-01



Total Total Total Total Consumptive Pumped Discharge Infiltrated Irrigation Use Disch % 752468 577391 66025 41806 76.7 119958 42226 2450 72080 35.2 285000 N/A N/A 0.0
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Mine Lone Tree Twin Creeks McCoy/Cove Cortez/ Pipeline Gold Quarry Goldstrike Total



97-09 96-08 90-09



401088 278175 1061006 2897695



300895



154986 57255 831858



846242 1215612



59683 26975 86658



40509 74853 157508 386756



0.0 55.7 5.4 28.7



Most of the data from 1996 onward were provided by the Nevada State Engineer in Excel spreadsheet form.
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The numbers may not balance because small uses are not reported. These include Lone Tree dewatering water to Marigold, Trenton Canyon Mines and to Valmy Powerplant For Lone Tree, the total discharge is actual from 1996 to 2009 and estimated from . For Lone Tree, the total consumptive use is actual from 1996-2009 and estimated as 0.07*Qppg for 1991 to 1995, based on 1996/97 discharge/ppg values Twin Creeks infiltration only in 1998 and 1999 Discharge at Gold Quarry reported from 1999-2009 and estimated as proportion of pumpage 1996-1998. Goldstrike total pumpage and consumptive is as reported to NDWR 1996-2009, and estimated from BVMP for previous years Goldstrike discharged to Humboldt R from January 1998 to February 1999; the BVMP total discharge to river value is 81,798 af Goldstrike infiltration/irrigation is the difference between dewatering pumping and the sum of consumptive use and discharge to river.



Groundwater deficits due to mining will occur in the middle portion of the Humboldt River basin (Figure 8) near the largest dewatering mines. As will be discussed, the mines lie between the primary recharge and discharge points. These volumes of water can be quite impressive. For example the total amount of water pumped is about 16 times the entire annual amount hoped for by the Southern Nevada Water Authority in its Nevada Groundwater Plan (SNWA, 2009). The cumulative consumptive use is of a similar order of magnitude of the annual consumptive use in 17



southern Nevada. Current and future impacts caused by this pumping of course depend on the scale.
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The following sections consider dewatering at individual mines. Following that, the dewatering and its impacts are put into the context of the overall basin and its subbasins.
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Figure 8: Dewatering pumpage and pit lake volume in the Humboldt River Basin.



Lone Tree Mine



Dewatering at the Lone Tree Mine commenced in the early 1990s (Figure 9). The Nevada State Engineer provided annual pumpage and discharge for the period 1996 to the present. Pumpage for 1991 through 1995 were determined from graphs (Newmont, 2007). Lone Tree Mine has pumped the second largest volume of groundwater of the six largest mines in the basin.
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RA FT Figure 9: Mine dewatering and its discharge at the Lone Tree Mine.



Most dewatering pumpage was discharged to the Humboldt River with estimates between 1998 and 2007 included in date from the State Engineer; for 1996 and 97, discharge to river was estimated as:
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Qdewater is total pumpage, Qsppc the amount delivered to the Valmy powerplant, Qmg the amount delivered to Marigold Mining, and Qcons consumptive use. Consumptive use is that used at the mine; water sent to other mine and to the power plant is also effectively consumptively used. Of course, deliveries to other users prevent them from pumping new groundwater. The total discharged was about 77% of the total pumped (Table 3); this includes an estimated 93% of the total pumped from 1991 to 1995, a percentage based on the 1996/97 proportion. Newmont began to infiltrate some of the dewatering water on a fan southwest of the mine in the last several years of operation and infiltration was about nine percent of total pumpage. Consumptive use peaked in the summer at about 13% of the total because the water is used for dust control and process facilities lose water to evaporation. None of the other individual uses showed a significant seasonal variation. Total pumpage peaked in 2005 and dropped just slightly to 2006 prior to stopping when the mine ceased operating (Figure 9). The system had apparently not reached steady state because rates increased until the end of mining which means the drawdown cone would still be actively expanding, if pumpage had continued. 19



Twin Creeks Mine
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Santa Fe Pacific Gold, Newmont’s predecessor at Twin Creeks, commenced dewatering at the Twin Creeks Mine in 1996 (Figure 10), although there may have been pumpage at the precursor mines that were joined to form Twin Creeks. Total annual pumpage has varied from about 8000 to 11,000 af/y, with the highest rate being pumped in 2008. Twin Creeks Mine has pumped the smallest volume of groundwater of the five largest mines in the basin (Table 3).



Figure 10: Mine dewatering and its discharge at Twin Creeks Mine. Data for 2009 is for three months.



The last reported consumptive use is 2007 because the State Engineer spreadsheet contained an obvious error for 2008, an order of magnitude overestimate. The cause of the error was not researched because of its relatively small amount with respect to total dewatering in the basin. Infiltration occurred only for two years (Figure 10), but surface water discharge, which is to an ephemeral Rabbit Creek, also effectively recharges the formations because creek flow seeps into the bed and recharges the underlying alluvium. It is unknown whether the recharge reaches a regional aquifer or whether a mound is forming beneath the creek. The reason that the discharge has increased with time while total pumping has not is not known. 20



It is unclear whether the pumpage rate is at steady state because the magnitude has changed only little since 1996, the initial dewatering period. The increases observed since 2004 probably reflect pit deepening.



Cortez Pipeline Mine
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Placer Dome, commenced dewatering at the Pipeline Mine in 1997 (Figure 11). Pipeline has pumped the third largest volume of groundwater of the five largest mines in the basin (Table 3). The dewatering rate for the Pipeline Mine has ranged from 30,000 to about 37,500 af/y, with the highest three years being 2006-2008. The total pumped has been 401,088 af with 40,509 af of consumptive use, 300,895 af of infiltration, and 59,683 af of irrigation. Approximately 90% of the dewatering water has either been returned to the groundwater basin or has replaced existing irrigation use (Table 3).



Figure 11: Annual flow rates and consumptive use for the Cortez Pipeline Mine. See the text for an explanation of the estimated irrigation and infiltration rates



Cortez manages the excess dewatering water by discharging it to infiltration basins within the basin fill aquifer in Crescent Valley and, since 2000, irrigating with it at the Dean Ranch (Geomega, 2007, page 61). Water management data, reported only for 2004, 2007, and 2008, included measured irrigation water (Figure 11). The proportion of dewatering water used for irrigation during those years varied very little between 17.7 and 18.9%, averaging 18.2%. Consumptive use is the sum of mill supply, dust suppression, and evaporation (presumably from the infiltration basins). Infiltration was also reported only for the years with water management data, therefore the amount for 21



other years was estimated as dewatering minus the consumptive use and irrigation use. Annual irrigation rates were estimated for the years for which the database does not include irrigation. Using 18.2% of dewatering as irrigation yielded irrigation estimates for 2001-2003 that were about 800 af less than during the other years. Dewatering water was not limiting and assuming the irrigated acreage was constant, an average for 2004, 2007, and 2008, equaling 6630 af/y, was used for the other years to estimate total infiltration.



Gold Quarry
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Gold Quarry has pumped the fourth largest amount of the five largest dewatering mines since the earliest reported data in 1996 (Figure 12). The pumpage reported herein includes Leeville Mine since 2002. Discharge to Maggie Creek, a Humboldt River tributary, has been the primary method of disposing Gold Quarry dewatering water; it accounts for about 56% of the total pumpage. The total proportion could be an underestimate because the database does not include discharge to surface water for 1996 through 1998. Discharge during these years was estimated using the 1999 through 2009 proportion. However, the proportion could be low because irrigation, which probably diverted some of the Maggie Creek discharge, commenced in 2000.



Figure 12: Mine dewatering and its discharge at Gold Quarry Mine.
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Barrick Goldstrike and Meikle Mine Barrick’s Goldstrike mine has pumped the most water for dewatering of any mine in the Humboldt River basin (Table 3). The Meikle Mine is a large underground mine mostly within the drawdown cone of the Goldstrike Pit; the database combined pumpage for these two mines. Dewatering peaked at over 100,000 af/y in 1998 (Figure 13) – that is about 70,000 gpm. Dewatering increased from about 25,000 af/y in 1996 to the peak in 1998 and then decreased to less than 50,000 af/y in 2001. It decreased slightly from year to year after 2001, reaching as low as 30,000 af/y by 2008 (Figure 13).
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The dewatering rate decreases because the gradient continues to decline. It does not yet appear to be at steady state.



Figure 13: Mine dewatering and it discharge at the Barrick Goldstrike Mine.



Goldstrike discharged most of the dewatering to the Humboldt River prior to 1999, but beginning in that year, it has returned up to 80% to the basin. The phrase “returned to basin” means irrigation, with some water infiltrating to the groundwater and some being consumptively used by irrigation (Figure 13). The State Engineer accepts the entire amount as being returned to the basin because the irrigation consumptive use replaces water that would have been pumped for irrigation elsewhere. As will be discussed below, the returned water has created a mound in the alluvium while the dewatering has removed substantial water from the underlying bedrock.
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Pit Lake Volume Pit excavation creates a substantial deficit in addition to the dewatering because it removes all of the rock from an area that probably had just a couple percent pore space – the pit is essentially a large pore space that will fill with water. Depending on the local hydrogeology, the lake volume could exceed the volume pumped from the local aquifers. Total expected pit lake volume, in excess of 1.0 million af , equals almost a third as much volume as the total groundwater that has been pumped (Tables 1 and 4 and Figure 14). At least two mines, Goldstrike and Twin Creeks, will have substantially smaller pit lakes than estimated by HCI (1997) due mostly to proposed backfilling. The Pipeline and Lone Tree pit will be larger due to expansions since that previous report. Table 4: Pit lake volumes. Source



Volume (HCI, 1997)



Evaporation (af/y)
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Area Approximate Volume When Full Depth When When Full (ac) full 35000 360000 175000 129900



165.4 710.0 371.0 400.2



Twin Creeks



128558



393.0



Crossroad



143220



269.0



Cortez Hill Total



79931 1051609



179.0



HCI, 2001 1120Schaeffer, 2007 HCI, 1997 WMC, 2008 Geomega, 852 2007b Geomega, 870 2007a Geomega, 840 2007a



580000 175000 93000



645.2 2769.0 1446.9 1560.9



460000



1532.7



44000



1049.1 698.1 9701.9
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Figure 14: Pit lake volume by basin in the Humboldt River basin.



Pit Lake Evaporation
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The major open pits in the basin will have a total surface area in excess of 2500 acres which will evaporate water in perpetuity. BLM (1998) does not very accurately or directly consider the long-term pit lake evaporation other than to note that “[i]n the postmining period, some ground water outflow from the system would occur as seepage for pit lake filling, and at steady state, to replace water lost from pit lake evaporation” (BLM, 1998, at 3-71). BLM’s water balance for the Boulder Flat and Maggie Creek Basins (BLM, 1998, Tables 3-18 and -19) included long-term seepage to the pit lake equal to 2900 and 1200 af/y, respectively. This is likely the “steady state” rate referred to in the quote. Based on surface area in Table 4, the evaporation rate for Goldstrike and Gold Quarry is 4.08 and 3.23 ft/y, respectively, but, the BLM’s estimates may be based on different surface areas. BLM (1998) suggested the open water evaporation would be about 44 in/y (3.67 ft/y) in the Boulder Flat/Maggie Creek area. Nichols et al (2000) estimated groundwater evaporation from open water equals three feet/year. Prudic (2007) did not consider it at all. Newmont has used 3.9 ft/y in its annual reports for the Lone Tree Mine, and that rate was adopted for use in this study.
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The total evaporation for the Humboldt River basin will be about 9700 af/y, based on 3.9 ft/y and the areas in Table 4, or about 4.4 and 2.0 percent of the BCM recharge and PY for the entire basin (Table 2). The rate is also about four percent of the annual average dewatering rate for the mines considered in this report (Table 3). Perhaps a better comparison, however, is that the long-term evaporation will approximate 30 percent of the average mining consumptive use rate for 1996 to 2008 dewatering period (Table 3).



LONG-TERM GROUNDWATER DEFICIT DUE TO OPEN PIT MINE CONSTRUCTION IN THE HUMBOLDT RIVER BASIN
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Mine dewatering creates deficits in three ways: 1. Dewatering pumpage 2. Replenishing pit lake volume 3. Pit lake evaporation



The previous section discussed the magnitude of these losses for the Humboldt River basin. The deficit created depends on the natural rate of recharge and the scale of the area being considered. Impacts could be local and regional, or basinwide. The large open pit dewatering mines spread throughout the central portion of the Humboldt basin, so the impacts would clearly not be localized.



Cumulative Basinwide Dewatering and Pit Lakes with Recharge
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Replenishment of the first two deficits will eventually occur as groundwater levels rebound and pit lakes fill to a long-term equilibrium level that depends on the pit lake evaporation rate. The impacts the cumulative deficit will have depend on their volume in relation to recharge. Dewatering has a removed a large proportion of the recharge to the Humboldt basin, but the expected impact depends on the choice of recharge data. The highest recharge of only precipitation occurs in the mountains on the east and north sides of the basin (Ruby, Independence, Jarbidge and Santa Rosa Mountain) (Figure 15). These high-recharge headwaters basins have no dewatering pumpage (Figure 15) and should remain a source of inflow to the basin. Basins all along the river have the lowest recharge rate (Figure *) due to their low elevation and precipitation. Two dewatering mines, Lone Tree and Goldstrike, lie in the basins with the lowest inbasin recharge. The Goldstrike Mine has pumped more than 4000 times the one year inbasin recharge estimated by Flint et al (2004) (Figure *), but see discussion above regarding the Boulder Flat basin. Using Mauer et al’s (1995) recharge estimate, the total dewatering pumpage is 76 times the one-year in-basin recharge in Boulder Flat. 26
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Figure 15: Recharge by basin and total dewatering as a proportion of annual recharge. Recharge from Flint el al (2004).
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Total groundwater recharge to a basin includes the in-basin precipitation and river recharge. Using estimates from the Water for Nevada report (NV State Engineer, 1971), the recharge distribution around the basin (Figure 16) differs somewhat from that observed considering just in-basin recharge (Figure 15). The highest rates are still in the east with two basins along the upper Humboldt River, Boulder Flat and Elko Segment, having much higher recharge rates because of the amount of recharge received from the river. Mauer et al (1995, at 46) estimated recharge to Boulder Flat from the river equals 40,000 af/y based on flow losses between gaging stations; these losses include irrigation diversions but they treat these loses as recharge because the diversions are either lost to irrigation ET or return to the river as return flow (which is included in the basin’s water budget).
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Figure 16: Recharge by basin and total dewatering as a proportion of annual recharge. Recharge from NV State Engineer (1971).
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Dewatering does not take as high a proportion of the recharge when river inflow is considered. Lone Tree has the highest with total dewatering equaling about 230 times the annual recharge in the basin. The river does not significantly recharge the groundwater in this basin. Goldstrike is not near as high proportionally as when just considering the inbasin recharge, but it remains consequential. The Water for Nevada recharge estimate (NV State Engineer, 1971) of 17,000 af/y does not reflect the river recharge estimate of Mauer et al (1995), but the perennial yield estimate of 30,000 af/y probably accounts for additional recharge (Table 2), whether induced or natural.



Subbasin Effects Comparing the basins, Boulder Flat clearly has the largest deficit of any of the Humboldt basins undergoing open pit mine dewatering (Figure 17). In most basins, the dewatering rate ranged from about 15 to 25 times the BCM recharge, with the exception being the Kelly Creek area, with a lower proportion, and Boulder Flat with a much larger proportion.
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Figure 17: Comparison of open pit mine dewatering deficits by basin. The dewatering rate is a 12year average from 1996 through 2008; pit lake volume is the total volume divided by 50 years to give it a comparable flux to one-year recharge; evaporation rate is divided by annual recharge. Recharge values are the BCM method (Flint et al, 2004).
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Proportional to recharge, the pit lake volumes will require much less of the recharge based on a fifty-year refill for comparison. The differences among valleys do not depend on hydrogeology as they simply depend on the size of the gold deposit (which defines the size of the pit). The large proportion in Boulder Flat reflects the very low BCM recharge and the fact the pit lake may actually require much longer to fill. Fifty years remains a good time for comparison, though, because most of the 400-year fill volume will actually occur during the first 50 years; as pit lakes fill the gradient controlling the flow to the lake decreases as does the inflow. Evaporation takes a much smaller proportion of the annual recharge, ranging from 35% in the Kelley Creek area to 92% in the Maggie Creek basin, except for almost twelve times in the Boulder Flat basin, again due to a large pit lake area and small basin recharge. However, evaporation will occur essentially forever and at steady state, much of the local recharge will be lost to evaporation. As noted above, the perennial yield in these basins is much higher than the BCM recharge, so pit lake evaporation may draw water from surface water sources, including the Humboldt River. All of the pit lakes, excepting Lone Tree, are a significant distance from the river, but the bottom of the all 29



the pits will be below the river level, so long-term steady state conditions will take a long time to manifest and may include induced recharge from the river.



Basinwide Effects Considering the deficit sources as a function of basin area along with the recharge as a function of basin area can help to understand the effects throughout the basin. One assumption is that deficits will not extend upstream beyond the basin of their source, similar to surface water in which a diversion decreases the flow downstream from the site only. It is of course possible for a substantial drawdown to extend into adjoining subbasins, but there is no evidence this is occurring. Drawdown from the most upstream mines, Gold Quarry and Goldstrike, has not apparently extended upstream from their basins, although this should be considered in future modeling.
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The dewatering pumping data covers about twelve years, so I graphed recharge for twelve years as a function of cumulative area in the basin along with dewatering and pit lake volume (Figure 18). The headwaters area, above any large-scale mine dewatering are 4500 mi2 that generate a 12-year recharge is about 1.2 maf (million acre feet) (Figure 18). The next two tributary basins add about 2300 mi2, but the cumulative dewatering increases to 650,000 af. These are Maggie Creek and Crescent Valley, the bulk of which enters the river system upstream of Boulder Flat. Adding Boulder Flat to the comparison, at about 10,300 mi2, the 12-year dewatering pumpage essentially equals the cumulative recharge (Figure 18). The Humboldt River watershed from the point Boulder Flat joins the river has dewatered a volume equal to the total recharge in twelve years. Further downstream, as the Clovers area and Kelly Creek area add small amounts of recharge to the cumulative value, the Lone Tree and Twin Creeks mine cause the cumulative dewatering volume to exceed the cumulative recharge volume by about 800,000 af (Figure 18). Adding the remainder of the basin allows recharge to “catch up” to the total dewatering. Twelve years of dewatering in the middle portions of the Humboldt River pumps as much groundwater as nature recharges to the entire basin for a year. The cumulative pit lake curve parallels the cumulative recharge curve quite closely (Figure 18), with the total volume equaling about one third of the cumulative recharge. The dewatering rate reflects the rate at which the pit lake will recover, however. Once the pumps stop, water will flow into the pit. The initial rate will depend on the groundwater gradient and the cross-sectional area – the area which groundwater intersects the dry pit. Goldstrike and Gold Quarry both have had decreased dewatering rates because the nearby aquifers have been depleted, so they may start filling a little slower than their higher dewatering rates. As the lake levels rise, the gradient will decrease which will also decrease the inflow rates. Evaporation will cause a depletion from the pit lake surface and prevent the pit lake from recovering to preexisting groundwater levels. There will be a permanent drawdown around all of the pit lakes.
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Figure 18: Comparison of pit lake volume, total dewatering pumpage, and twelve years of recharge, cumulatively with area in the Humboldt Basin.
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As outlined in the section concerning dewatering at individual mines, not all of the dewatering is consumptively used or wasted in the basin. However, the deficit is frequently created in aquifers separate from those where the water is replenished. This is most apparent in Boulder Flat and Crescent Valley where dewatering mostly removes groundwater from bedrock while infiltration or irrigation returns it to the overlying alluvium. Most of the water returning to the pits initially will be from deep bedrock. The exceptions could be mines with a source of water in the basin fill - Lone Tree and Pipeline. Lone Tree would because the fill connects to the river and could increase flow losses from the river. Pipeline could draw some of the groundwater mound created under the infiltration basins into the pit lake. Pit lake evaporation is essentially a permanent draw on the groundwater of the basin. Except possibly for Lone Tree which lies near the Humboldt River, the recharge available to fill the pit lakes will be locally derived. Most of the pit lake evaporation in the basin occurs in the area where the cumulative recharge line is flattest (Figure 19) – that is the area where the recharge is least. Most occurs in the low recharge zone between the high recharge in the headwaters and the Santa Rosa Mountains.
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Figure 19: Comparison of pit lake volume, total dewatering pumpage, and twelve years of recharge, cumulatively with area in the Humboldt Basin. Note that pit lake evaporation is plotted on the right side.



Drawdown in the Humboldt River Basin
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Mine dewatering has changed groundwater flow patterns throughout the Humboldt basin. The general flow pattern prior to mining was from the mountain and upriver recharge zones, described above, to the west and toward the river, where it discharged into shallow aquifers, phreatophytes, and the river. Dewatering lowers the water table near the largest mines which causes groundwater to flow toward the hydraulic sink created at the mine. Groundwater mounds have occurred in the shallow basin fill aquifers where infiltration or excessive irrigation with dewatering has occurred. Some of those mounds have become new discharge locations due to ET of shallow groundwater or seepage to the river. To consider the groundwater and drawdown contours, I used well water level and site data, obtained from the NV State Engineer website (http://water.nv.gov/well%20net/), to plot groundwater level and drawdown contours, and hydrographs. These data include monitoring wells near the mines and in nearby irrigation or other wells. The database includes two files for each hydrologic basin. One includes level data with a site number, depth to water, date, and various codes and comments regarding the measurement. The second describes the site, including legal description, well name, owner, elevation, and GPS coordinates in latitude/longitude, which can be used for mapping the data. I used well data for the basins with dewatering mines and adjacent basins, to consider overlapping effects. For all basins except Crescent Valley, I used all available data; 32



Crescent Valley had more than 650 wells and because each required individual manipulation of the data, I chose to subsample them; the large amount of data is due to monitoring wells for the infiltration basins and dewatering for three mines. For the purposes of plotting basinwide contours, it was unnecessary to consider all of those wells. Presumably, the mining companies provide the monitoring well data for their wells. There is no monitoring well data for Twin Creeks or McCoy Cove in the database.
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Contouring was completed with an automated technique due to the massive amount of data to be considered over the entire basin. I used the inverse distance squared method with a 20,000 meter radius to determine a contouring grid (meters because coordinates are UTM zone 11), implemented with Golden Software’s Surfer 8 contouring package. Squaring the distance significantly biases the average to nearby wells. I used judgment to manipulate the contours where necessary. All wells were used for contouring which means that significantly different amounts of drawdown may be averaged over a small area. Actual drawdown contours at a point may have been less than could be observed in one or more individual wells. Groundwater contours determined for specific depths would be more accurate, but there are too few wells for contouring. Initial groundwater levels were considered the first water level observed at a given well, if it preceded mining. Groundwater levels for a given year were the last available data for that year. Drawdown was determined as the initial groundwater level minus the level for a specific year. Drawdown calculated for wells with initial dates postdating the beginning of mining may be inaccurate.
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Groundwater contours for 2008 show the general pre-mining shape with large drawdown cones in three areas – Lone Tree, Pipeline, and Goldstrike/Gold Quarry (Figure 20). The later is a large cliff of contours as the groundwater drops over a thousand feet, from about 5800 ft amsl east of the Trend to about 4600 ft amsl west of the trend. In Crescent Valley, the contours show clearly a sink near the Pipeline Mine. The contours also show a significant sink near the Lone Tree Mine. Drawdown maps for 2006 and 2008 (Figures 21 and 22) also show similar features, although in the Carlin Trend, there is a clear cone. About thirty miles between the Lone Tree and Carlin Trend Mining areas have drawdown approximating zero, but the maps also show the large area affected by drawdown. From northwest to southeast in the Carlin Trend, drawdown affects about 40 miles; perpendicular to that line (which parallels the trend), drawdown affects about 15 miles. The green contours in Boulder Flat are mounds caused by irrigation. An interesting question is whether there is a drawdown at depth, in the bedrock beneath the fill, because all of the wells in this area are shallow; the next section addresses this question. There is also a small mound at depth in the Marys Creek area, and this occurs in the bedrock in the mountains area. 33



Figure 20: Humboldt River basin, 2008 groundwater contours for select basins.
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Figure 21: Humboldt River basin drawdown 2006 contours.
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Figure 22: Humboldt River drawdown contours, 2008.
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Near Lone Tree, the deep drawdown is near the mine but drawdown up to 60 feet extends up to about twelve miles. For example, there is a 60-foot drawdown contour about ten miles northeast of the mine (Figure 21). The 20-foot drawdown contour cuts a broad swath about 15 miles east to north of the mine. Southwest of the mine, there is a small area of mounding that does not show up at the scale of these maps. The maps show broadscale trends and flow patterns around the basin, but the impacts are more nuanced which can only be considered locally. The next section provides basin by basin detail discussing individual trends of paired wells and drawdown as affected by subbasin hydrogeology.
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Drawdown and Groundwater Level Trends with Time in Subbasins around the Humboldt Basin With one exception, the basinwide drawdown maps (Figures 21 and 22) show the drawdown from individual mines does not overlap with drawdown in adjacent basins. The exception is the potential overlap between Boulder Flat and Maggie Creek (the Goldstrike/Meikle Mines and Gold Quarry, respectively). “Potential” is the operative word however because faulting may actually segregate the dewatering stresses by basin. The differences between and among basins affect the impacts of replenishing the longterm deficits, including the ultimate sources of replenishment water (locally stored water from reinfiltration, surface water through induced recharge or even more distant groundwater storage) and the magnitude those sources will be affected.
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Carlin Trend Water Levels



The Carlin Trend mines align along the Tuscarora Mountains with the Gold Quarry Mine in Maggie Creek basin, just east of the divide, and the Leeville and Goldstrike/Meikle Mines in Boulder Flat basin (Figure 2). The trend “line” is rotated just west of due north. The Humboldt River flows east to west just south of this mine trend. There is also a trend of lower carbonate unit outcrops from southeast to northwest along the mine trend (Figure 6). Boulder Flat and the Goldstrike Mine Groundwater contours show a deep hole northwest of the Goldstrike mine (Figure 23) because of the deep drawdown at the DEE-5 monitoring well (Figure 24); initial groundwater levels were about 600 ft bgs but they began to drop quickly after dewatering (Figure 25). Barrick had deepened this well to more than 2300 feet with fractured rock 37



below 1620 feet bgs but with perforations only in hard black rock. The well had been permitted as a dewatering well.
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The groundwater level map (Figure 23) shows a drawdown trending from the southeast to the northwest. This trend may coincide with the western edge of the carbonate province, with less drawdown into the volcanic rock bounding the carbonate on the west. There is a dearth of deep monitoring wells in western Boulder Valley, so identification of drawdown in the volcanic rock is difficult. Barrick makes some assumptions in its contour plotting, in that the Boulder Valley Monitoring Report shows a large groundwater contour extending from the pit to just past DEE-5 but the observed water levels within the contour all are much higher. Barrick therefore assumes the drawdown, at depth, is higher than the drawdown shown in shallower wells, as may be demonstrated from considering individual paired wells and well clusters.
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Figure 23: Groundwater levels over the Carlin Trend in 2006. The figure combines all wells. Contours were determined using the inverse distance squared method with a 5000 m search radius with manual changes to better consider the geology.
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Figure 24: Carlin Trend area site map showing monitoring wells with hydrographs presented in this report. Base map 1:100K USGS.
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Boulder Flat Miscellaneous Wells Northwest of Betze/Post Pit 5500.0000
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Figure 25: Various wells NW of Betze. DEE-5 screened from 1443 to 2340 ft bgs; NA-5 from 360 to 400 ft bgs, and MW-4 from 130 to 140 ft bgs.



Northwest of the pit, most wells with shallow screens along the drawdown trend show less drawdown than do deeper screens (Figures 26 and 27). Piezometer PZ96-12 is a good example with water levels in the deep screen being up to 800 feet lower than in the shallower screen, although shallow in this well is 940 feet bgs; only 500 feet separate the screens (Figure 26). PZ93-7 (S and D) is another example (Figure 26). Noticeably, groundwater levels in wells screened over large aquifer thicknesses tend to follow the trends of wells screened only at deeper levels. This suggests that long screens connect the different levels and that the deeper fracture zones are more conductive so that they “absorb” some of the water entering the higher fracture zones. Southeast of the Betze Pit lies the Leeville underground mine with some monitoring wells 2. Considering the variable drawdown near the mine (Figures 28 and 29), fractures likely control some of the response to pumping. Wells with lower initial water levels, LUC-21, LUC-143, LUC-207, and NHD-44, show more drawdown. Groundwater levels at many wells with higher initial levels, including HDP-15A, HDP-14C, HDP-17C, and HDP-17D, reached their deepest level in 2004 only to recover as much as 150 feet during 2005 after which they leveled out (Figure 28). Groundwater levels in deeper wells continued to drop. It is possible that Newmont shifted the dewatering to deeper levels and due to a limited connection among levels groundwater in the upper levels recovered.
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The database for the wells near the Leeville Mine is fraught with errors. Few of the wells in the site data database show a well log, and some of those that do clearly cannot be correct. Shallow wells, such as HDP-17A, -17B, and HDP-8 show perforations less than 40 feet but depth to water of 1187.4, 1134.8, ad 1097.8 feet, respectively.



Drawdown at HDP-13S and NHD-44, with data beginning in 1998 and 1994, respectively, had exceeded 300 feet by 2006. These shallow wells show that drawdown near Leeville commenced prior to its construction indicating that drawdown from either Gold Quarry, to the southeast, or more likely to Betze to the northwest, expanded to that location. One well near Leeville, HDP-14D, with high initial groundwater level, had almost no drawdown, (Figure 29). Others with high groundwater levels, such as NA-1, had a longterm, slow, drawdown. Deeper wells, such as HDP-17A and -17B, had level water levels or less than 5.3 feet of drawdown; wells HDP-17C and -17D had drawdown exceeding 200 feet but were also 200 feet above wells HDP-17A and -17B; they started 400 feet higher. Unfortunately, the screen levels for these wells are not known so the vertical gradient represented by this cluster of wells with variable screen depths cannot be estimated.
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Boulder Flat Near the Pit and to the Northwest
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Figure 26: Hydrograph of miscellaneous wells near and NW of the Betze Pit. Screen levels ft bgs: PZ93-7D, 590-790; PZ93-7S, 150-250; PZ96-12D, 1568-1606, grey-green rock w fractures; PZ96-12S, 940-1002, grey-green rock w fractures; BW-13, 650-1370, black rock w fractures barely mentioned; BW-7, 730-1590, black rock, fractured over four zones, highest water bearing at 320 bgs; SJ-144, 1395-1415, ; PZ97-1D, 1990-2010, black rock; PZ97-1S, 1440-1460, black rock fractured.
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Boulder Flat Southeast Near the Pit 5800.0000
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GS-1706
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Figure 27: Hydrograph of miscellaneous wells near the Betze Pit. Screen levels ft bgs: GS-1706, 150-1600; NA-3, 560-600, rhyolite; NA-3AS, 360-380, sand and brown clay; NA-3AD, 780-800, black rock; NA-13, 61-101, cement & gravel. Boulder Flat Leeville Area
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Figure 28: Hydrograph of Boulder Flat wells near the Leeville Mine. Only a few wells have logs available. Screens depths: HDP-16D, 430-720; HDP-17B, 35-40, gravel and alluvium; HDP-8, screen and log reported as log 47701 but this log shows a well 40 ft deep constructed in 1994, not 1997 as indicated here, screen unknown; LUC-21, 178-188, sandy clay and gravel; NA-1, 180-220, gravel; NHD-44; 20-280, siltstone.
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Boulder Flat Leeville Area 5800.0000
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Figure 29: Magnification of Figure *.
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Wells southwest of Goldstrike in the flats near the irrigation show increasing water levels and a developing mound (Figure 30). Groundwater levels in the BV93* wells have increased up to 20 feet and in wells BV96* varied up to five feet seasonally. Each set of wells, for example BV93-1A, -1B, and -1C, represent different aquifer levels at each location within the top 100 feet. Groundwater levels at the BV93* and BV96* wells were less than ten feet bgs at the end of the graphed periods (Figure 30); groundwater levels at some had increased to near the ground surface and others were near there all the time. The hydrographs closely track among aquifer layers indicating there is no vertical gradient and likely little clay layering within the top 100 feet of fill. Other wells screened up to 588 feet bgs (061 N33 E49 01BD1) also showed mounds up to 48 feet. None of the shallow wells in this area had drawdown. Groundwater in the nearest deep well, IMW95-1 with perforations from 1179 to 1495 ft bgs, lowered about 25 feet within 2 years after construction in 1996 (Figure 31). This well has also experienced larger seasonal fluctuations than the fill wells. It lies near the edge of the Sheep Range with a well log (50373) that shows red volcanics with moderate fracturing over the entire 1495 feet. Groundwater levels ceased lowering near the time that substantial irrigation and artificial recharge commenced in Boulder Flat, but has never recovered. This suggests that a connection with near-surface fill aquifers allows groundwater to reach deep into the bedrock. 44
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Figure 30: Hydrograph of Boulder Flat wells near the Leeville Mine. The wells are all screened at less than 100 feet.
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Wells further to southwest, such as G-32 and G-33, also have minor increases in water level – up to 10 feet but mostly less than 5 feet. The mound has spread away from the irrigation sites. The increases in the western portion of Boulder Flat are limited by the ground surface because of high initial water levels. There are no wells further west that help identify the full extent of the mound on Boulder Flat or whether it may cause seepage out of the Boulder Flat area or into the Humboldt River.
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Figure 31: Hydrograph of Boulder Flat wells IMW95-1. The screen is from 1179 to 1495 ft bgs developed in red volcanics.



Three primary conclusions may be drawn from the overall analysis of drawdown in Boulder Flat. o Goldstrike and Leeville cause a very significant drawdown with the maximum drawdown occurring in the deepest aquifer layers. o Because there are few wells screened at the deepest levels, knowledge of the extent of drawdown in the deepest bedrock is very uncertain. For example, drawdown could extend northwest beyond DEE-5 or west in the bedrock under the basin fill in Boulder Flat without the current wells documenting it. o Irrigation has increased groundwater levels in the basin fill of Boulder Flat.
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An important question is whether the mound in the Boulder Flat fill, downhill from the Goldstrike Pit, will replenish the deficit created in bedrock and whether doing so will cause the deep drawdown to expand to the surface, after irrigation with dewatering water ceases, as it appears to be doing both northwest and southeast of Betze. There is a gradient between the mound and the drawdown near Betze but the connections between the fill and bedrock near the pit are unknown. This is a critical question to answer because if the mound does not replenish the deficit in the bedrock, the deficit will water levels further from the mind. The mound may be available for irrigation in Boulder Flat, for a while, but two fluxes induced by the groundwater level being close to ground surface will deplete the water stored in the mound. o There is likely a significant groundwater discharge to evapotranspiration. o The mound has increased the gradient toward the Humboldt River and continued artificial recharge will cause groundwater to increasingly flow toward the Humboldt River. 46



Maggie Creek Basin and Gold Quarry Mine East of Boulder Flat and beyond a couple of faults lies the Maggie Creek Basin which contains the Gold Quarry Mine. Groundwater level responses near the mine have been somewhat convoluted, but the general trend for most bedrock wells has been downward (Figure 32). Some of the changes appear to be irregularities in the data base. Deep well GQP-57 (Figure 32) is an exception because it has not responded much at all (Figure *). Well GQDW-12 had a very rapid 500-foot groundwater level lowering in 1999, but then recovered over a six year period that had no observations. The long-term trend in well GQP-48 is consistently downward with the inexplicable 100-foot increase during 2000 (Figure 32). The 300-foot drop and increase in groundwater levels in GQP-44 which occurred around 1997 allowed the overall trend to be relatively consistent.
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The shifts in the hydrographs appear convoluted and inexplicable, but may be explained by considering in detail the dewatering rates from specific wells. These details are more in the realm of detailed management than consideration of the regional impacts of dewatering. They are not likely to affect the overall drawdown near the mine or its affects at locations away from the mine.
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Groundwater levels at depths up to 958 ft bgs northwest of Gold Quarry have responded very little. Well NMC-2, about two miles from the mine, has artesian pressure, occurring in an 800-foot zone of Carlin formation containing various types of alluvium from clay to coarse gravel (Figure 33). The database apparently does not include any carbonate wells, because Newmont’s Maggie Creek Basin Monitoring Report shows drawdown extending northwest to about the crest (Figure 34). Interestingly, well GQP-60 is within the 4400 ft amsl contour on this map (Figure 34), but the water level in the well as shown on the map, is 4849; this well is not in the NV State Engineer’s database. If correct, groundwater levels in the underlying carbonate are about 250 feet lower than in the overlying alluvium. Plume (2005) also shows a 650-foot drawdown contour extending northwest, but without any obvious well observation to support the depth. He states that patterns “cannot be confirmed because no carbonate rock monitoring wells have been installed … because of excessive depths to the rock” (Plume, 2005, at16). The pattern of drawdown northwest of Gold Quarry is inconclusive due to the depth of the rock and lack of monitoring wells; the one well used by Newmont does not support the mapped level of drawdown. It must be also be concluded however that there is no hydrologic data (monitoring wells) that show the Tuscarora Mountains or GPX fault are flow barriers.
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Figure 32: Hydrographs near the Gold Quarry Mine. GQDW-12 screen is from 320 to 2315; GQP-48 from 2280 to 2300; GQP-57 from 1893 to 1993; and MC-2 from 980 to 1000 ft bgs, respectively.



Figure 33: Hydrograph of groundwater levels in well north of the Gold Quarry Mine. NS-2C screen is from 176 to 196; GQP-59 from 55 to 65, NMC-2 from 178 to 958, Petrochem from 170 to 200, and EISMW3 from 261 to 282 ft bgs, respectively; the remainder do not have a published screen depth.
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Figure 34: Snapshot from Map 4: Current Groundwater Elevations, Maggie Creek Basin Region from Newmont 2008, Maggie Creek Basin Monitoring Plan 2nd & 3rd Quarter, 2008.



Plume (2005) indicated the drawdown extends over an area about 12 miles by six miles, and his Plate 1 shows an extensive area with 650 feet of drawdown. This drawdown and area equals a volume of about 27,648,000 af; Plume also wrote of about 220,000 af total pumping during the development of this drawdown. This drawdown volume would correspond to a porosity of 0.008 in the bedrock, which is a little low for carbonate rock as determined in other studies of carbonate rock. Carbonate rocks of the LCU an UCU have three distinct types of porosity that influence permeability and associated storage and movement of ground – primary or intergranular porosity, fracture porosity, and vug or solution porosity. [LCU] from southern Nevada have relatively low primary porosity. Studies … have continued to emphasize correspondence of faults and broad structural belts with zones of high transmissivitiy, presumably the result of formation of fractures 49



during deformation… faulting and karst development significantly enhanced hydraulic conductivity. (Welch et al, 2007, at 23) Considering the high yield in the dewatering wells (how much the pumping exceeded the basin recharge), there must be a high conductivity zone caused by high permeability and porosity in fracture zones. Primary pores may not even drain to dewatering wells but secondary pores in fractures more than accommodates. The pores yielding the dewatering water are probably limited to a much aquifer smaller volume than the entire drawdown cone, and the dewatering therefore primarily affects fracture zones.
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Southeast of Gold Quarry Mine, a mound may be forming, at least near the surface, in the Carlin Formation. Groundwater levels in wells 29-2, 29-7, and 29-8 have increased about 50 feet since the early 1990 (Figure 35) due to dewatering water being stored in the Maggie Creek Reservoir – leakage from that reservoir is apparently unintentional but also fortuitous. Additionally, groundwater seeping from Maggie Creek adds to the storage in the Carlin Formation. This water could seep to Maggie Creek and replenish future losses once dewatering discharge ceases. Dewatering the carbonate beneath the Carlin formation has lowered the potentiometric surface several hundreds of feet (Figure 34). If there is a connection, there is a clear gradient to draw groundwater from the Carlin formation into the carbonate. However, BLM and Newmont have claimed a clay layer separates the carbonate from the surface formations which would limit the connection and the tendency for deficits in the deep bedrock pulling water from the surface formations (BLM, 1998). The extent of this connection will significantly affect the longterm response of the system to dewatering and recovery.



Figure 35: Hydrograph of groundwater levels east of Gold Quarry Mine in the Carlin Formation.



Groundwater level responses near the Humboldt River are more of a concern, however, as illustrated by the hydrographs for wells PAL-* (Figure 36) which are in alluvium next to the river. All three wells show a downward trend although the deepest well, PAL-1, has the highest water level and the least trend. The second deepest well, PAL-3A, has 50
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trended the most; based on the water levels, the zone represented by that well should be receiving both upward and downward flux to replace water drawn away at some point. That water is being drawn from the Humboldt alluvium is an unmistakable conclusion based on the trend in well PAL-3A – downward since 1995 regardless of the wet/dry annual conditions. Only an externally applied stress, such as dewatering, can cause this type of trend in a well in alluvium next to a river.



Figure 36: Hydrograph of selected wells in the Marys Creek Basin. Screen depths for PAL-1 are 400 to 420, PAL-3A is 340- to 360, and PAL-4 is 70 to 90 feet bgs.



Lone Tree Mine Area
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The Lone Tree Mine lies close to the Humboldt River, near an outcrop of the Vinini Formation. Drawdown extends in all directions, including under the river and into the bedrock southwest of the mine (Figure 37). Exceptions may be shallow wells, in the alluvium, next to the river, and near the infiltration basins on the alluvial fan southwest of the mine (Figures 37). Several hundred foot drawdown in bedrock extends southwest of the mine about three miles (Figure 37) but, beyond that the infiltration mounds, confuse the picture and it is unknown whether the deficit extends beneath the alluvium. The following paragraphs discuss trends in wells with illustrative hydrographs (Figure 38).
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Figure 37: Drawdown in Clovers and Pumpernickel Valley, near the Lone Tree Mine.
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Figure 38: Select monitoring wells near the Lone Tree Mine.



53



Near Lone Tree Mine, drawdown generally paralleled the mine’s development. The pit bottomed near 3600 ft amsl (Figure 39). The groundwater level in most of the wells near the pit remained several hundred feet above the pit bottom (Figures 39 and 40). Well M/ O 12-4 bottomed in 2005 about 300 feet above the pit bottom (Figure 40). Other wells, such as M/O 15-7B, 15-11B and 15-5B (southwest of the pit), reached a relative steady state from 300 to 450 feet above the ultimate pit bottom; groundwater recovery had not commenced in those wells within two years of the end of pumping (Figure 40). The deepest well, M/O 15-7B, had the lowest water level although levels at all wells started at the same elevation (Figure 40). A similar trend is seen east of the pit, although the well with the deepest screen, M/O 35-29-1B, reached steady state with only about 50 feet of drawdown (Figure 40). Well M/O 12-4 had the deepest drawdown and screen depths from 608 to 806 feet bgs.



Figure 39: Hydrographs of the forming Lone Tree pit lake and several bedrock wells near the pit within Pumpernickel Valley. Screen levels for M/O 15-7B, 15-11B, and 15-5B are 540 to 560, 447 to 467, and 453 to 473 ft, respectively.
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Figure 40: Hydrographs of monitoring wells east of Lone Tree pit within the Clovers Area. Screen levels for M/O 24-1, 12-4, 35-29-1a and 35-29-1B are 198 to 801, 608 to 806, 160 to 180, and 1400 to 1440 ft, respectively. No screen level available for unlisted wells.
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Wells 35-29-1a and -1B lie about 9.3 miles northeast of the Lone Tree Pit and have significantly different screen depths (Figures 38 and 40). Well 1B, screened from 1400 to 1440 ft bgs, is clearly a deep well, although it experienced about a 70 foot drawdown while the relatively shallow -1A had a slight increase. The deep screen is in bedrock, but unfortunately the well log (#80392) lists it as “gray rock”. This demonstrates that dewatering stress draws groundwater from the bedrock under and significantly north of the Humboldt River. The lack of drawdown at -1A does not prove there is no connection between bedrock and alluvium because of the distance from the dewatering and the thickness of alluvium. The drawdown was late in reaching nine miles from the mine (Figure 37) and stress may propagate slowly vertically from the bedrock. Bedrock wells near the Lone Tree had increasing drawdown with depth to about 800 ft bgs; deeper wells had less drawdown (Figure 41). Further from the pit, wells with similar depth to screens have had substantial but perhaps from one to two hundred feet less drawdown. Drawdown in well M/O 19-1, which lies about 1 ½ miles further southwest from the pit is about 100 feet and it lies about 1 ½ miles further southwest from the pit than does M/O 21-2 which experienced about 170 feet more drawdown (Figure 41). Steady state also apparently commenced sooner in the l nearer well. Both factors clearly reflect the decreasing drawdown with distance from the mine in the same layer.
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Figure 41: Hydrographs of monitoring wells southwest and northeast of Lone Tree pit, within Pumpernickel Valley. Screen levels for M/O 19-1, 21-2, and S23MW2 are 550 to 750, 345 to 545, and 578 to 778 ft bgs, respectively. No screen level available for unlisted wells.



Lone Tree pumped a great deal of water until it ceased operation in 2006. Drawdown extended in bedrock and deep alluvium at least several miles in all directions. A big remaining question is whether drawdown in the bedrock draws groundwater from the alluvium. A cluster of wells northwest of the mine in near-river alluvium suggests changes caused by the mine may have affected water levels in the riverbed.
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Between 1995 and 2006, water levels in the alluvium trended upward (Figure 42). Overall, the increase was up to about four feet, although groundwater trended downward during 2002. During 2003, the level recovered from 2002 and continued its relative upward trend. Between late 2006 and 2008, after Lone Tree ceased discharging into the Humboldt River, groundwater levels along the river dropped to levels lower than seen in 1995. Detailed comparison of river flow rates, Lone Tree discharge rates, and groundwater levels is beyond the scope of this study, but the implications from Figure 42 are clear – discharge to the river recharges the groundwater in the area and the cessation of discharge caused much of the water stored in the alluvium to leave storage; whether that groundwater returned to the river or was lost to phreatophytes is unclear.
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Figure 42: Hydrograph of shallow wells near the Humboldt River northwest of Lone Tree Mine. Well screens are between 5 and 15 ft bgs.



CONCEPTUAL DEWATERING MODEL FOR THE HUMBOLDT RIVER BASIN



D



Dewatering has caused substantial drawdown around the Humboldt River basin. The effect this drawdown has had or will have on stream or spring flows is less apparent. As dewatering lowers groundwater connected to surface water, either discharges to the surface water will decrease (for example a dried spring) or surface water will infiltrate at higher than average rates due to an increased gradient – a process known as induced recharge. Whether these changes have begun to occur is difficult to ascertain because of discharge to the river from three mines - Lone Tree, Gold Quarry, and Goldstrike (in 1998) - have exceeded any significant river flow decreases. These discharges have caused normally dry river reaches to have water to the benefit of ranchers who depend on the Humboldt River for irrigation water. The deficit created in the basin, if taken wholly from surface water flow, will significantly decrease those flows. Most decreases would be to river baseflow, which is primarily groundwater discharge. There is no avoiding these impacts – inflow equals outflow in a groundwater basin and as dewatering is a new outflow the natural discharges (flow to the river) must decrease. A primary question is how long will this take? The major difference between pumping from a groundwater basin which discharges to the river and directly from the river is the lag between pumping and the decreased flow to the river.
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As groundwater levels decrease, the gradient between the surface and groundwater changes so that groundwater discharge decreases or seepage from the river increases. In the Humboldt River basin, bedrock groundwater likely discharges to alluvium near the river where it either goes to phreatophytes or to the river baseflow. If the water table near the river is lowered, the gradient for river water recharging the groundwater will be increased. This could decrease flows during runoff, but the amount of decrease may not be measurable because it is less than the river flow measurement error. This induced recharge of river water will help to maintain groundwater discharges later in the season.
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Deficits at either Twin Creeks or the Pipeline/Cortez Hills mines will not likely significantly impact the Humboldt River. Twin Creeks lies too far away and its deficit is not very large. Crescent Valley contributes little flow to the river system and the dewatering mines therein are too far south to lower the water table and draw river flow into the valley. Infiltration and irrigation water replacement has also decreased the deficit. Local effects within Crescent Valley may be substantial with infiltration not replacing the deficit created in the bedrock from which springs discharge. This leaves Lone Tree in the Pumpernickel and Clovers Valleys, Gold Quarry in the Maggie Creek Basin, and Goldstrike in Boulder Flat, which also includes Leeville and Miekle, as the three mines and four groundwater basins from which groundwater deficits may affect Humboldt River flows, or more local stream flows.



Lone Tree
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Drawdown in the bedrock extends in all directions from the mine, under the alluvium, including under the river which flows across the alluvium, of course. Discharge to the river had seeped into the alluvium, raising groundwater levels there. Those levels have lowered since discharge ceased, but it is unclear whether the lowering groundwater levels is due to stored groundwater simply draining back to the river without continuing recharge to supplement it or whether drawdown in the bedrock is pulling groundwater away from the alluvium. The answer to this question will help determine the long-term effect on Humboldt River baseflow for decades into the future.



Gold Quarry



Drawdown from dewatering Gold Quarry extends in bedrock (carbonate rock) northwest at least to the divide between Maggie Creek and Boulder Flat. It also extends in the bedrock an indeterminate distance northeast along Maggie Creek and southeast under Maggie Creek into the Carlin formation. Discharge into Maggie Creek and the Maggie Creek Reservoir has caused a groundwater mound to develop southeast of the mine. As dewatering discharge to Maggie Creek ceases, there is little doubt that this stored water will at least partially replenish or maintain the flows. The big question is groundwater stored in the Carlin formation will be drawn vertically downward to replenish the 58



underlying bedrock. If so, there could be little remaining to maintain flows in Maggie Creek. Wells near the Humboldt River suggest that a downward vertical drawdown will occur in the alluvium near Carlin. Ultimately the big question is whether the Humboldt River will become a primary source of water to fill the bedrock deficit. The drawdown cone in the bedrock does not appear to be expanding greatly, therefore it may have hit an impermeable fault which could be bounding it; this could limit the potential replenishment. Pumping continues at a high, but reduced rate, which raises the question of where the water is coming from if not from bedrock groundwater storage. It could be drawing from the alluvium along the river, as indicated by the lowering water level along the river. Contrary to EIS promises (BLM, 1998), Gold Quarry dewatering could affect Humboldt River flow long after discharge to the river ceases.
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Goldstrike



The Goldstrike mine in Boulder Flat has pumped far more water for dewatering than other mines, but the local recharge is rather low. The large deficit being created requires lots of water from possibly many locations to be replenished. There appear to be a connection between the fill and volcanic rock west of the mine, but whether a connection exists to replenish the huge deficits in the bedrock near the pit, and the pit itself, is unknown. The mound in Boulder Flat could seep to the river and leave the drawdown deficit to be made up from elsewhere.
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Faults between Boulder Flat and Maggie Creek would seem to limit the potential for interbasin flow from Maggie Creek to replenish the deficit, although the actual impeding characteristics of the faults remain unknown. It is unlikely there is enough drawdown southwest of the mine, under the alluvium, to create a draw on the river. Based on the current trend of drawdown and faults, it seems likely the drawdown will expand further northwest into the Rock Creek area. Because of the huge deficit and minor distributed recharge, the deficit could expand in that direction for a long time.



RECOMMENDATIONS Detailed analysis of the flows and water levels along the Humboldt River near Lone Tree, determine seepage along the reach and compare to water level changes. Detailed analysis of where the dewater water at Gold Quarry is coming from. This could be done by tracking the chemistry of the dewatering water. Detailed analysis of the drawdown cone and hydrographs in Maggie Creek, Susie Creek, and Marys River basins to determine whether there is sufficient data to determine whether the cone continues to expand and where the dewatering is coming from. 59
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