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GROUND-WATER RECHARGE NEAR SANTA FE, 

NORTH-CENTRAL NEW MEXICO 

By Scott K. Anderholin 

ABSTRACf 

Sources of rech;;~.rge to the basin-fill aquifer near Santa Fe, New Mexico, and the relative 

amounts. of recharge to evap()tr,~nspir~tion we~ e&timated on. the basis of chloride mass balances 

and stable isotope compositions. The resulu,; of tb~ chloride-balance determi.ruitions in the 

unsaturated zone 4tdicate that no recharge has ocCUl1'ed ~n the recent past at sites that have 

neither runoff nor flooding. Recharge does occur in arroyo channels, and chloride concentrations 

of the recharge water at two such sites ranged from 40 to 60 milligrams per liter. The amount of 

direct recharge in the Santa Fe area is difficult to estimate because no recharge occurs over large 

areas. On the basis of chloride concentrations in ground water, arroyo-channel recharge is not a 

major source of recharge. 

Chloride concentration in ground water in the basin-fill aquifer near Santa Fe varies 

substantially. In several areas, the chloride concentration in ground water is less than 5 

milligrams per liter. Larger chloride concentrations in ground water upgradient from the 

smaller chloride concentrations indicate a change in either the soun:e of recharge water or a 

change in the chloride con~entration in recharg~ water. Possible changes in the sources of 

recharge would be the infiltration of septic tank effluent or infiltration of irrigation water, as 

opposed to infiltration of streamflow alone before these effects of development. In the Buckman 

Cl!"~a, which is in pru.t of the discharge area for the flow system, chloride concentrations gener~ly 

are less than 5 milligrams p~r liter. The small chloride concentrations in this area indicate that 

arroyo-channel recharge doe$ not significantly.affect chloride concentrap,on in ground water. If 

arroyo-channel recharge were, a sigpificant. source of re<;:harge, chloride concentration in the 

Buckman area would be expected to be larger than that measured. Estimates of natural 

mountain-front recharge, using the chloride-balance method and the assumption of runoff out of 

the recharge area, are approximately 2,320 acre-feet per year in the Santa Fe River drainage, 690 

acre-feet per year in the Rio Tesuque drainage, and 830 acre-feet per year in the Arroyo Hondo 

drainage. 

Stable isotopes of hydrogen and oxygen were used to investigate sourceS of recharge to the 

basin-fill aquifer. The relation between stable isotopes of hydrogen (D) and oxygen (18o), 

referred to as the local meteoric water line (o0=8.0o186+11.1), was determined from 

precipitation data collected in the study area. Ground water generally plotted along this meteoric 

water line, indicating little evaporation of recharge waters. Winter precipitation was isotopically 

more negative than summer precipitation. The hydrogen and oxygen isotopic composition of 

ground water was more negative than the annual mean volume-weighted isotopic composition 

of precipitation, indicating winter precipitation as the source of most of the recharge water. The 

isotopic composition of ground water in the Buckman area was generally more negative than 

that in ground water in other parts of the study area. This recharge to the aquifer probably 

occurred during a time when mean annual temperatures were less than at present. 
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INTRODUCI'ION 

Because of the increase in population at:)d ~}le subsequent ~crease in water use in the Santa 
Fe, New Mexico, area. planners and managers have expressed interest in a more detalled. 
understanding of the ground-water system. By knowH'lg the source areas and distribution and 
quantity of recharge, water managers cari improve protection of these areas from potential 
contamination and also can estimate more accurately recharge and water availability for 
planning purposes. Identification of sources and v()lumes of recharge to a particular aquifer is 
important to the understanding of the ground-water system. The application of a computer 
model to simulate ground-w~ter flow requires knowledge of the locations and volumes of 
recharge to the ground-water system. Most recharge studies in ·New MeXico are based on 
rainfall-runoff relations. Techm(p,le5 u5irig chemieal properties of precipitation, surface water, 
and ground water were used to investigat~ recharge in this studY, which was conducted in 
cooperation With the Santa Fe Metropolltan Wat~r Board and the New Mexico State Engineer 
Office. 

Purpose and Scope 

This report de.SCribes sources of recharge to the basin-fill aquifer in the vicinity of Santa Fe, 
New Mexico (fig. 1) and provides estimates of the amount of recharge· to the basin-fill aquifer. 
The approach was to uSe cherhical properties of various sources of recharge and chemical 
properties of ground water in areas of recharge to investigate sources and amounts of recharge. 
This approa~h Is based on the premiSe that vari~us sources of reeharge water have unique 
chemical properties that can be u5ed to examine the amount of recharge and the movement of 
ground water from recharge areas to discharge areas: With the exception of SOiiie of the chloride . 
and nitrate coriceiltratioriS iri gro'llrtd-water samples, the data used in this study were collected 
during the study. 
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Description of the Study Area 

The study area is within Santa Fe County and exfends from the Sangre de Cristo Mountains 

west to the Rio Grande and from the Pojoaque River seuth to La Cienega (fig. 1). The study area 

includes parts of the Sangre de Cristo Mountains and the Espanola Basin. The Sangre de Cristo 

Mountains, which are composed of rocks of Precambrian and Paleozoic age, rise to altitudes of 

more than 12,000 feet and bound the eastern side of the Espanola Basin. The surface of the 

Tertiary basin-fill material of the Espanola Basin slopes westward from the base of the mountains 

toward the Rio Grande. Several streams and arroyos drain the dissected surface of the basin-fill 

deposits. The streams are perennial in the mountains to or near the base of the mountai~ and 

ephemeral through most of the Espanola Basin. Arroyos flow only in response to intense 

summer thunderstorms. 

. The aquifer of interest in this study is the Tesuque aquifer system in the Espanola Basin, 

which includes the Tesuque and Ancha Formations of Tertiary age. The Tesuque Formation 

consists of several thousand feet of pinkish-tan, arkosic, silty sandstone and minor conglomerate 

and siltstone (Spiegel and Baldwin, 1963, p. 39). The Ancha Formation, which overlies the 

Tesuque Formation, is unsaturated in most of the study area. It consists of gravel, sand, and silt 

(Spiegel and Baldwin, 1963, p. 45). 

Most recharge to the. Tesuque aquifer system occurs at the eastern edge (fig. 2) of the 

aquifer system along the mountain front (area where the Tesuque aquifer system is in contact 

with older rocks of the mountains). Arroyo Hondo, Arroyo de los Chamisos, Santa Fe River, 

Little Tesuque Creek, Tesuque Creek, Rio Tesuque, Rio Chupadero, Rio en Medio, Rio Nambe, 

and Pojoaque Creek are the major drainages in the study area that have headwaters in the Sangre 

de Cristo Mountains. Infiltration of water from these streams is a major source of recharge to the 

ground-water system in the study area (McAda and Wasiolek, 1988). The Rio Grande is the 

major discharge area for the aquifer system; however, ground water also discharges to the 

Pojoaque River, Rio Tesuque, ·and Santa. Fe River along the lower reaches of these drainages 

(McAda and Wasiolek, 1988, p. 13). North· of the Santa Fe River, ground water flows west­

northwest from the mountain front to the Rio Grande; south of the Santa Fe River, ground water 

flows west-southwest from the mountain front toward the lower Santa Fe River and the La 

Cienega area (McAda and Wasiolek, 1988, p. 13) (fig. 3). 
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Recharge Processes 

Recharge is a process that results in the -addition of water to an aquifer or the zone of 

saturation (Meinzer, l923). Recharge to an aquifer can result from the inflow of water from 

adjacent aquifers or infiltration of water from the land surface to the aquifet: In the Santa Fe area, 

inflow of water to the Tesuque aquifer system from aquifers in the Sangre de Cristo Mountains 
could occur. This is referred to as subsurface inflow from the mountains. 

Recharge to the Tesuque aquifer system due to the infiltration of water from the land 
surface can be divided into two types: direct recharge and channel-bed recharge. Direct 

recharge is the process of direct infiltration of precipitation through the unsaturated zone to the 

saturated zone. If the thickness of the unsaturated zone is large and the amount of precipitation 
that infiltrates below the root zone of plants is small, it can take thousands of years for water to 
move from land surface to the saturated zone. Channel-bed recharge is the process of infiltration 
of surface water in an arroyo or stream 'through the bed material and down to the saturated zone. 
In the study area; channel-bed recharge can be divided into two types on the basis of the source 

of water in the channel: mountain-stream-channel recharge and arroyo-channel recharge. 

U the source of water in the channel is runoff from the mountains, recharge from these 

channels is called mountain-stream-channel recharge. Many channels crossing the Tesuque 
aquifer system have their headwaters in the Sangre de Cristo Mountains and most of the water in 

these channels near the mountain front is from runoff of precipitation that falls on the mountains. 

Channels of this type generally contain water near the mountain front most of the year; however, 
a large.part of this water infiltrates and recharges the ground""water system close to the mountain 
front. Arroyo Hondo, Santa Fe River, Little Tesuque Cree~ Tesuque Creek, Rio Tesuque, Rio 
Chupadero, Rio en Medio, Rio Nambe, .and Pojoaque Creek are the major channels where 
mountain:.stream-channel recharge is dominant (fig. 1). Mountain-front recharge is the sum of 

mountain-stream-channel recharge and subsurface inflow from the mountains. 

· If the source of water in the channel is runoff from nonmountainous areas underlain by 

basm;.;fill sediments, retharge from these .channels is called arroyo-channel recharg~. In general, 

the5e channels have flow only a5 the re5tilt of runoff from intense summer precipitation. 
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PREVIOUS ESTIMATES OF RECHARGE 

Several estimates of rates of recharge to the Tesuque aquifer system have been published. 

Summaries of these estimates of recharge are provided so the estimates can be compared. 

Spiegel and Baldwin (1963) studied in detail the hydrology of the Santa Fe area and 

estimated several rates of recharge. They estimated (p. 143) that 96 percent of precipitation in the 

Santa Fe area is returned to the atmosphere by evapotranspiration, or approximately 4 percent of 

the precipitation is available for direct recharge (0.04 x 14.27 inch per year= 0.57 inch per year). 

Spiegel and Baldwin (1963, p. 136) indicated that direct recharge per unit area is likely to be 

greater on the Ancha Formation, which crops out over much of the Santa Fe area, than on the 

Tesuque Formation. The Ancha Formation is generally more permeable and crops out in areas 

having less surface relief, resulting in less runoff. In the La Cienega area, direct recharge was 

estimated to be approximately 0.7 inch per year (Spiegel a~d Baldwin, 1963, p. 191). In the 

Arroyo Hondo area, direct recharge was estimated to be approximately 0.5 inch per year (Spiegel 

and Baldwin, 1963, p. 192). Arroyo-channel recharge was not estimated by Spiegel and Baldwin 

(1963) and may be included in their estimate of direct recharge, although that is not clear in their 

report. 

Mountain-stream-channel recharge along the Santa Fe River has changed in response. to 

changes in land use along the river. Spiegel and Baldwin {1963, p. 173) estimated that under 

natural conditions in a reach of 4 miles from the motintain front, approximately 5,800 acre--feet 

per year would have been ·the maximum sustained loss of flow (recharge) and 2,900 acre"-feet per 

year would have been the "optimum" recharge to the ground-water system (table 1). As 

irrigation was developed (after settlement of the Spanish in 1609), water was diverted from the 

river and natural flow was reduced in the channel; because of ditch leakage and extensive water 

spreading (as the result of irrigation), however; the· proportion of streamflow resulting in 

recharge was probably larger (possibly 30 to 50 percent) than it was under natural conditions, in 

which more water flowed down the Santa Fe River and out of the basin (Spiegel and Baldwin, 

1963; p.173). During the time of large-scale· irrigation along the Santa Fe River {1800's and early 

1900's), the springs at La Cieneguita and Agua Fria were apparently larger and more dependable 

than they were in the 1950's (Spiegel and Baldwin, 1963, p. 173). After the enlargement of 

McClure Dam on the Santa Fe River (1947), which is located upstream from the mountain front 

on relatively impermeable bedrock and used to store water for municipal use in Santa Fe, Spiegel 

and Baldwin (1963, p. 175) estimated that the reservoir spill rate probably would not exceed 

2,900 acre-feet per year ("optimum" recharge); however, most of the reservoir spill would result 

in recharge.. A flow of 0.5 cubic foot per second in the Santa Fe Riv~r (\ownstream from the 

reservoirs due to springS and snowmelt also would recharge the aquifer ·during the winter 

months (6 months, 180 acre-feet per year); however, this water would be consumed by 

evapotranspiration in the summer months (Spiegel and Baldwin, 1963, p~ 175). Spiegel and 

Baldwin (1963, p. 175) rioted that a part of the water delivered by the munidpal systein to homes 

couid resuli in recharge as the resul~ of iilfiltratioil of water used for lawn and gan:ien watering 

and infiltration of water from septiC systems and c:esspools; most of the sewager howevet is 

routed to the city sewage--treatment plant Part of the effluent from the treatment plant is used 

for irrigation and the reiriaipder is diScharged to the Santa ·Fe River where the effluent infiltrates 

and recharges the aquifer. Thirty to 50 percent of the effluent from .the water-treatment plant was 

estimated to recharge the ground-water system during the summer and 100 pen:ent during the 

winter (Spiegel and Baldwin, 1963, p. 176). 
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Mountain-stream.channel recharge along the Tesuque drainage also was investigated by 

Spiegel a.Iid Baldwin (1963). They indicated that streamflow in the Tesuque drainage is less than 

that in the Santa Fe drainage because the drainage area is smaller and lower in altitude. Using 

streamflow records, Spiegel and BaldWin (1963;;' p. 155) estimated the natural streamflow in 

Tesuque Creek upstream from diversions to be approximately 2,800 acre-feet·per year and the 

natural streamflow in Little Tesuque Creek upstream from diversions to be approximately 900 

acre-feet per year (table 1). The Tesuque drainage has no storage reservoirs upstream from the 

mountain front, and the majority of streamflow is the result of snowmelt and spring precipitation 

(Spiegel and Baldwin, 1963, p. 193}. A maximum of 1,450 acre-feet per year was estimated to 

recharge the ground-water system along the Tesuque drainage near the mountain front (Spiegel 

and BaldWin, 1963~ p. 197) (table 1). 

Lee Wilson .and Associates (19?8, p. 1-61 - 1-66} estimated direct and mountain-front 

recharge in the Santa Fe area on the oasis of a review of existing literature and examination of 

streamflow records for the area. They estimated 0.28 inch per year of direct recharge for the 

Santa Fe area; howeve~ they indicated this to be a conservative estimate (Lee Wilson and 

Associates, 1978, P• 1-62). Mountain-'front recharge was estimated to be 2,700 acre-feet per year 

for the Nambe-Pojoaque drainage, 1,500 acre-feet per year for the Tesuque drainage, and 3,500 

acre-feet peryear for the Santa Fe River drainage (Lee Wilson and Associates, 1978, p. 1-6S) (table 

1). 

Reiland (1975) and Reiland and Koopman (1975) estimated natural mean monthly 

discharge and mean annual discharge at several sites in the Pojoaque drainage using linear 

regression analysis·of streamflow records and rainfall-runoff relations (table 1). These estimates 

were used by later investigators to estimate mountain-stream-channel recharge (Hearne, 1985; 

McAda and Wasiolek. 1988). 

.. Hearne (1985) used the streamflow-discharge estimates of Reiland (1975) and Reiland and 

Koopman (1975) in a mathematical ino4el of the Tesuque aquifer system, in which the model 

calrulated the amount of recharge and diScharge along the. Pojoaque River and its tributaries 

(table 1}. The results of this simulation indicated that the Rio Tesuque drainages contribute 

approximately 1,800 acre-feet per year (400 + 303 + 1,090, table 1) of mountain-stream-channel 

recharge to the ground-water system. Discharge from the Tesuque aquifer system to the Rio 

TesuG(ue drainages was calculated to be approximately 250 acre-feet per year (table 1). 

Mountain-stream-channel recharge to the groul1d-water system along the Rio Chupadero and 

Rio en Medio was calculated to be approximately 390 and 890 .acre-feet per year, respectively 

(Hearne, 1985, table 8). The ground-water system discharges approximately 950 ac.re-feet per 

year of water to the Rio Nambe and 330 acre-feet per year of water to Pojoaque Creek (table 1) 

(Hearne, 1985, table 8). Approximately 725 acre-feet per year of ground water discharges to the 

Pojoaque River based on the simulation (Hearne, 1985, table 8). An estimated 800 acre-feet of 

ground water in the Pojoaque River Basin is discharged.by evapotranspiration (Hearne, 1985, 

p. 26). Hearne (1985, p. 17-18) estimated arroyo recharge and direct recharge to be approximately 

2~ acre-feet per year in the Pojoaque River Basin; however, this recharge was applied along 

the eastern bormdary of the modeled area. On the basis of these figures, the difference between 

total recharge (mountc~in-stream-channel plus direct recharge) and total discharge is 

approximately 2,250 acre-feet per year. 
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In the upper reaches, near the mountain front, the Santa Fe River recharges approximately 

5,220 acre-feet per year of water to the ground.:. water system, ·and the ground-water system 

discharges approximately 3,150 acre-feet per year of water to the Santa Fe River in the lower 
reaches; based on the simulations (Hearne, 1985; p. 25-26') (table 1). Based ort these figures, net 

recharge to the ground•watet system from the Santa Fe River is approximately 2,070 acre-feet per 

year; hqwever, the amount of mountain""stream-channel recharge to the aquifer is 5,220 acre-feet 

per year. 

McAda and Wasiolek (1988; p. 29-33) estimated mountain.:.stream-channel recharge and 

direct recharge. They also estimated. the amount of subsurface inflow from the mountains to the 
basin-fill aquifer, which they called mountain-front recharge, to be approximately 6,080 acre:-feet 

per year in the Pojoaque River Basin and 5,390 acre-feet per year in the Santa Fe River Basin 

(McAda and· Wasiolek, 1988, P• 37-38). McAda and Wasiolek (1988; p. 43) estimated 

approximately 5,900 acre-feet per year of mountain-stream-channel recharge in the Pojoaque 
River Basin (table 1) and approximately 5,300 acre-feet per year ofground•water discharge to the 

Pojoaque River and.its tributaries. They estimated approximately 5,430 acre-feet.per year of 

mountain"-stream-charinel recharge from lhe Santa Fe River, 1,010 acre-feet per year from Arroyo 

de los Chamisos, and 510 acre-feet per year from Arroyo Hondo (McAda and Wasiole~ 1988, 

p. 37-38) (table 1). Ground-water discharge to the Santa Fe River was estimated to be 4,700 acre­

feet per year (McAda and Wasiolek, 1988, p. 36). The direct recharge rate estimated by McAda 
and Wasiolek (1988, p. 33) varied from 0.05 to 0.5 inch per year to account for differences in the 

amount and distribution of precipitation, permeability of the basin-fill deposits and soU cover, 
and evapotranspiration rates (fig. 4). The total direct recharge estimated by McAda and Wasiolek 

(19~8, p; 36) was 7,700 acre-feet per year; which includes arroyo-channel recharge. 

Wasiolek (in press) estimated the amount of recharge due to subsurface inflow from th~ 

mountains, using a water balance method. Annual precipitation falling on selected drainage 

basirts in the mountains and amount of evapotranspiration <md sublimation in the drainage 

basins were estimated using techniques outlined by Troendle and Leaf (1980). The annualrate of 

subsurface inflow from the mountains wa5 assumed to be the residual of annual preCipitation 

mirius the sum of evapotranspiration, sublimation, and annual surface-water rurioff that was 
measlired or estimated at the mountain front.· Wasiolek (in· press) estimated the annual rate of 

reeharge due to subsurface inflow from the mountains to be 4;170 acre-feet per year for the Santa 

Fe River drainage (Santa Fe River only-'does not include Arroyo de los Chamisos or Arroyo 

Hondo drainages); 1,530 acr~feet per year for the Tesuque Creek drainage, 1,790 acre-feet per 

year for the Little Tesuque Creek drainage, and 1,710 acre-feet per year for the Rio en Med.io 

drainage. 
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ESTIMATES OF DIRECf RECHARGE USING CHLORIDE MASS BALANCE 

Several investigators (Allison and Hughes, 1978 and 1983; Stone, 1984; Allison and others, 
1985; and Stone, 1986)_ have estimated direct recharge using chloride concentrations in water 
from the unsaturated zone. The basic principle of the chloride mass-balance method is that 
chloride is constantly being deposited ort land surface as the result of bulk precipitation (dryfall 
and wet precipitation), and this chloride (dissolved in water) is transported downward through 
the unsaturated zone to the saturated zone by recharge resulting from the infiltration of 
precipitation (fig. 5). Only a small part of precipitation becomes recharge in the arid Southwest 
because most precipitation is evaporated or transpired and returned to the atmosphere. 
Evaporation and transpiration concentrate the chloride in precipitation that has infiltrated (water 
in the unsaturated zone) because water, but not chloride, is returned to the atmosphere by these 
processes. Recharge occurs in an area if water percolates downward below the influence of 
transpiring plants and evaporation. The chloride concentration in water in the unsaturated zone 
(soU water) should become relatively constant below the influence of evaporation and 
transpiration (that is, steady state), assuming no changes in the rate of recharge or in the 
concentration of chloride in precipitation. 

The average annual rate of direct recharge can be estimated using the folloWing equation 
(Allison and Hughes, 1978, p. 190): 

PCp 
R= --, 

Csw 

where R =average annual rate of recharge, in inches per year; 
P = average annual rate of precipitation, in inches per year; . . 

Cp = average concentration of chloride in bulk precipitation, in lnUUgrams 

per liter; and . 
Csw = conceil.tra.tion of chloride in water in the unsaturated zone (soU water) 

below the influence of plants and evaporation, in milligrams per liter. 

(1) 

Several critical assumptions are necessary to apply the chloride mass-balance method: (1) all 
precipitation that falls on the land surface either infiltrates and recharges th~ ground-water 
system, ~vaporates, or transpires; (2) average annual precipitation and chloride concentration in 
precipitation have not changed with respect to time; (3) the rate of reclu)rge has not been 
significantly affected by human activities such as changes in land use; (4) the .. only source of 
chloride in the water ~ the unsaturated zone is from precipitation; (5) chlori4e is CQ.~~rvative or 
nonreactive in the unsaturated zone; and (6) piston flow is the dominant flow mechanism in the 
unsaturated zone. Some justification for the above assumptions is necessary. In some cases no 
data exist to prove that individual assumptions ate correct, and collecting these data is beyond 
the scope of this project. The chloride mass-balance method is one technique to estimate direct 
recharge, and estimates of direct recharge obtained using this technique need to be evaluated in 
conjunction with other estimates of direct recharge. 
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Figure 5.--Schematic diagram of direct recharge to ground water and chloride mass balance. 
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The assumption that all precipitation that falls on the land surface either infiltrates and 
recharges the ground-water system, evaporates, or transpires probably is valid for several of the 
sites where the method was applied because an attempt was made to select those sites where 
runoff would be minimal and no water would flow onto the sites from adjacent areas. The 
arroyo channel sites are in areas where water flows onto the sites from adjacent areas. These sites 
were selected to enable the investigation of recharge processes in arroyos. Recharge estimates 
using the chloride mass-balance method at these sites underestimate recharge to the basin-fill 
aquifer because a larger amo\.mt of water than mean annual precipitation (P in eq. 1) contributes 
to recharge in the arroyo channel. · 

It is diffiCult to evaluate the changes with time in precipitation· amount and chloride 
concentration in precipitation. Phillips and others (1986) estimated that the climate (temperature. 
and possibly precipitation) has indeed changed in the last 20,000 yeats. Pack rat middens 
collected in northwestern New Mexico (Betancourt and others, 1983, p. 2q(-217) indicate a major 
turnover in flora and probably a change in climate between 8,300 and 10,000 years ago. Changes 
in climate (precipitation amount) also probably have affected the chloride concentration in 

precipitation or the mass flux of chloride to the land surface. On the basis of these studies, 
climate has changed in the past, and these changes probably have affected the recharge rates. 
Attempting to determine the effects of these changes on recharge rates, however, was beyond the 
scope of this project. Increases or decreases in precipitation would cause the recharge 
calculations to be in error by the same relative proportion. 

The rate of recharge has certainly been a(t'ected by human activities in areas where streams 
have been diverted for irrigation or ground water is used for irrigation. In these areas recharge 
rates would be different than under ~tural condi~ions. Recharge rates in the areas wh~re the 
chloride mass-balance technique was applied have not been affected by human activities because 
these areas are in undeveloped areas that represent natural conditions. 

The assumption that all chloride in the unsaturated ZQne is from bulk precipitation 
probably is valid in areas where the chloride mass-balance method was used. Other soun:es of 
chloride to the unsaturated zone could be road salt, fertilizers, irrigation watet applied to the 
land surface, or chloride derived from the weathering of minerals in the unsaturated zone. Road 
salt and fertilizers are not very likely to have affected the areas where the chloride mass-balance 
method has been applied because these areas are relatively und~veloped with little or no human 
impact (land use has not changed in these areas). Animal waste co.uld be one possible source of 
contamination; however, no dense population of large animals lives in the study area, and the 

magnitude of tlti$ effect probably is minimal. Chloride derived from the weathering of minerals 
also probably is minimal because (a) chloride is not abundant in the materials in the areas where 
the chloride mass-balance method has been applied (Feth, 1981, p. 10-12), and (b) any water­
soluble chloride would have previously leached from the materialS because these sites have been 
exposed to leaching a relatively long time. Chloride also genercilly is considered nonreactive or 
conservative compared to most common .ions (Feth, 1981, p. 2). 

The assumption of piston flow is that water in the unsaturated zone moves vertically (one­
dimensional flow) and dispersion ~d diffusion are negligible. Allison and Hughes (1983, p. 170-
171), in a study of recharge using ·chloride and tritium concentrations, found that piston flow 
occurred in agricultural areas but some non-piston flow occurred in an area of native eucalyptus 
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trees .. Mattick and others (1.987) found that soil-water movement is approximated by piston flow 

in some a~ses but tha~ v~por tr~nsport gtay be important. Th.e validity of piston flow is difficult 

to-evalu9-te, but for tl~~~e inipal estimates the as~u.mptio:n of piston flow was assumed to be 

reasonable. The validity of tNs assu:o;lption is discussed in mor~ detaU later. 

Approach 

Chloride concentration in bulk precipitation, volumeS Of precipitation through time, and 

chloride concentration in water in the unsaturated zone were measured. Chloride concentration· 

in bulk precipitation and amount of precipitation were measured for approximately 1.5 years at 

the Sangre de Crl.Sto Water Treatment Plant in Santa Fe <fig: 1). BUlk precipitation was collected . 

u5irig a ?·gaUori ~~tket approXimately 18 inches above land surface. Approximately e~eiy 2 

weeks, the sampler was cheeked; if water was in the bucket it was removed, the vdlume was 

measiired,.ahd a Sa.niple was taken for chloride analysis. Measurement of the voluril"es of water 

in the sample bucket was necessary to correct the measured chloride concentration in the sample . 

for the effect of ~vaporatiort. Precipitation amount was measured using a tipping-bucket" rain 

gage and a_ w~ge ·raih' ga~e.· Average chloride concentration of precipitation was calculated by 

the folloWing equation: · · · · · 

where Cp 
Cbi 

VSj 

K 
A 
pi 

rt 
E. Ch v~ · 

. 1 '"') 

'; .. " ; :i=t 
cp·=-· ----=~-

n 
LKAPi 
i=l . 

= average chloride concentration in bulk precipitation, in milligrams per liter; 

= chlorlde c6rtcehtrati6rl in bulk precipitation in the "ith sampling period, 

fu I1lllligniihS-Per liter; · · 

= volume of the bulk precipitation sample collected during the ith 5£\mpling 

period, in liters; 

=.conversion factor (O.O.i63S7liter per cubic inch); 

= surface area of sampling container (98.52 square inches); and ... 

= amount of precipitation that occurred during the ith sampling period as 

measured by the wedge rain gage, in inches. 

(2) 

Holes were drilled to approximately 50 feet using a hollow-stem ·auger that collected 

continuous cores to obtain samples for measurement of the chloride concentration in water from 

the unsaturated zone (hereafter referred to as soil water). The core barrel (split spoon) on the · 

drilling rig was 2 feet long. After drilling 2 feet, the core barrel was retrieved by wire line and a 

new core barrel was insta~ed in the augers. The core barrel was opened at the surface, the core 

was measured and briefly described, and samples were taken of the core. Samples always were 

taken from the center of the core to minimize the effects of moisture loss due to heat buildup. 

15 



The samples were immediately put into an air-tight plastic bag that previously had been checked 

for leaks and then put into another air-tight plastic bag that also had been checked for leaks. The 

bag was then labeled and put into a large plastic bag that was stored in an ice-filled cooler. The 

large plastic bags containing the samples from a hole were stored in a freezer after completion of 

the hole until they were analyzed for soil moisture. Core recovery generally was. less than 100 

percent. In the case of less than 100-percent core recovery, the core interval was measured from 

the top of the cored interval. For example, if drilling from 22.0 feet to 24.0 feet resulted in 1.4 feet 

of core recovered, the depth from _22.0 to 23.4 was the assumed interval sampled. In some cases it 

was necessary to remove the core barrel and use a solid bit to ream the hole out and drill through 

a hard zone. In this case no core was collected. 

Measurement of the chlotide concentration of water in the unsaturated zone is a three-step 

process. The first step is to measure the amount of water in the sample by weighing the sample 

as collected, drying the sample overnight in an oven at 105 degrees Celsius, then weighing the 

dried sample. The difference in weight is the amount of water or soil moisture that was in. the 

sample. The gravimetric soil moisture is this difference divided by the weight of the dried 

sample. The second step is to redissolve the chloride that was originally in the soil water by 

adding a known amount of deionized water to the sample and shaking the sample. A shaking 

time of 8 hours was found to be optimum by McGurk and Stone (1985, p. 15). A shaking t~e of 

6 to 8 hours was used for this study. The third step is to measure the chloride concentration in 

the extract water using a specific ion electrode and a specific ion meter. Ionic strength adjustor 

was added to all samples and stand,arci& Standards were run every 20 samples to check 

calibration of the meter. The laboratory procedures used for this study were based on the results 

of ~valuations by McGurk and Stone {1985) of laboratory procedures for determining the soil­

water chloride. The chloride concentration in the soil water in the sample is calculated using the 

following equation: 

where Clsw 
Clext 

Vadded 

Vorig 

Clsw = Oext Vadded/Vorig, 

= chloride concentration in the sample, in milligrams per liter; 

=chloride concentration in the extract, in milligrams per iiter; 

= volum~ of deionized water added to the sample, in milliliters; 

and 
= original volume of water in the sample, in milliliters. 
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Bulk density was measured on several samples from various drill holes. The bulk density 

of the samples (p5) was approximately 1.8 grams per cubic centimeter. This value was used to 

calculate volumetric soil moisture (SMv) from the gravimetric soil moisture (SMg), measured as 

discussed earlier, by the folloWing equation: 

SMv=SMgxp5 , 
. pw 

where SMv = volumetric soil moisture, ii\ grams pet rubic centimeter; 

SMg = gravimetric soil moisture, in grams per gram; 

p5 = bulk density of sample, in grams pet cilbiC centimeter; and 

pw = density of water, in grams per cubic cenfuiteter. 

(4) 

Chloride concentration in soil water versus depth and volumetric soil moisture versus depth 

were plotted to aid in the interpretation and presentation of the data. 

Plots of cumulative chloride as a function of cumulative water amount in the unsaturated­

zone profiles can }?e used to determine c;hanges in recharge ~a~es over time (Allison and others, . 

1985; ?fone,.l986; and J o~ton, 1987). Cumulative water is plotted instead of depth to remove 

the· effect of vertical vanations in water content til the soil (Allison and others, 1985, p. 10). · 

Cumulative chloride and ctimulative water were calculated by the following equation.S: 

(5) 

(6) 

(7) 

(8) 

(9) 

where CMcl . = cumulative water, in grams per square meter; 

SMvi = volumetric soil moisture at sample i, in cubic centimeters/ cubic centimeters; 

Clswi = chloride concentration in sample i, in grams per cubic meter; 

Ii · = sample interval length at sample i, in meters; 

CMw = cumulative water, in meters; and . 

di = depth below land surface of sample i, in meters. 
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The length of time required for accumulation of the mass of chloride observed above any point in 

a particular profile can be calculated using the following. equation (Allison and others, 1985):: 

Mel 
T= --, 

PrCp 

where T = length of time required for (l~;eumulation of the mass of chloride above a 

(10) 

particular point in profile, in yeam; · . 

Mel = mass of chloride ;3,pove a peirti(;ui(;ll" point in profile,' in graii\S per square meter; 

Pr = average annual rate o(pr~~pitation, in liters per square meter per year; and 

Cp =average concentration ~f ~hioride in bulk precipitation, in grams per liter . 

.. 
Results of Precipitation Sampling 

· .,:Precipita~ql:' ~q\mt and s.~mP1~s ·o[bUll< p~pitatiol\ ~ere coUectErl, at the Sangre de 

Cri,stQ.,Wa~er Tr~atment Plant fiOUi N()v,~inlier .20~ 1987, through March 29, 1989 (~ble 2). 

Con:lpanson o!' the precjpitation amounl:!i· me~ui"fd by the. tipping~bucket and w¢dge.· rhln gage~ 
shoWs smaU diff~e_nces in .the amount ·m~a.stired for a parti~c;i,r ~mpling period;'_ hCiw~ver, 

precipitation amo\int5 measured. from March 4~ 1988, through Mareh 29, 1989, for the tipping-· 

bucket and wedge rain gages are approximately the same, 19.73 and 19.86 inches, respectively. 

Because of these small differences meas~eP, by th~ two gages over a ~ong period of record, data 

from the wedge precipitation gage were used because of its longer sampling period. 

Precipitation amount from November 20, 1987, through November 30, 1988, was 18.81 

inches. Precipitation amount from. Jcmua;ry 15, 1.988, through l~nuary 23, 1989, was 18.61 inches. 

Spiegel and Baldwin (1963, p. H)) reporfed ·the average anmiai precipitation at Santa Fe from 

1853 to 1960 to be 14.27 inches, indicating a larger amoWlt of precipitation during the study than 

the average annual precipitation. 

The average chloride concentration in bulk precipitation was calculated using equation 2 

for several time periods. The average chloride concentration in bulk precipitation for November 

20, 1987, through November 10, 19~8, was 0.271 milligram per liter; for November 20, 1987, 

through November 30, 1988, was 0.290 milligram per·liter; for January 15, 1988, through January 

23, 1989, was 0.300 milligram per liter; and for March 4,1988, through March 7, 1989, was 0.290 

milligram per liter. A value of 0.29 milligram per liter was used as the average chloride 

concentration in bulk precipitation. 

The annual mass flux of chloride .was calculated-to be-0.1051 gram per square meter. An 

average- chloride concentration o£0;29 milligram per liter in bulk precipitation and ail average 

annual precipitation amount of.14.27 inches were ~stmled. in the calculation. Some error may be 

introduced by using an average chloride concentration m }?ulk precipitation tb.at was calculated 

from the data collected for approximately 1.5 years during a t~e of above-normal precipitation. 

Chloride concentration in bulk precipitation . is probably a function of the amount of 

precipitation; however, the value of average chloride co:ncentration in bulk precipitation was 
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calculated for several different time periods during the study and was consistent. Graustein 

(1981, p. 44) collected precipitation chemistry data at the Santa Fe airport and estimated the 

average chloride concentration in precipitation to be 0.33 milligram per liter. Lewis and others 

(1984, p. 1701) found the average chloride concentration of precipitation in southern Colorado to 

be 0.71 milligram per liter and the annual mass flux of chloride to be 0.130 gram per square 

meter. Mattick and others (1987, p. 16) found the average chloride concentration in precipitation 

to be 0.35 milligram per liter in Las Cruces, New Mexico. Average annual precipitation was used 

instead of annual precipitation measured at the sampling site during 1987 through 1989 because 

average annual precipitation probably is more representative of long-term annual precipitation. 

Results of Unsaturated Zone Sampling 

Seven holes for sampling the unsaturated ~one were drilled northwest of Santa Fe (fig. 6). 

Their locations were chosen to represent several different settings where recharge may be 

occurring. Three holes (1, 2,. and 7) were drilled in relatively flat, topographically high areas 

(me5as) that have little or no di$section of the old physiographic surface. These areas have little 

or no runoff and most precipitation that falls ort the land surface would be expected to infiltrate 

or evaporate. These holes will be referred to as mesa sites. Two holes (3 and 5) were drilled in 

arroyo channels (fig. 6). These sites represent areas where the largest amount of recharge would 

be expected to occur. During intense precipitation, water runs off the land surface and collects in 

and flows down the arroyos. Therefore, the amount of water that could infiltrate at these sites is 

greater than the precipitation that falls on the land surface at these sites. The channels of these 

arroyos co~ist of coarse sand; thus, there is infiltration when water is flowing in the arroyos. 

These holes will be referred to as arroyochannel sites. Two holes (4 and 6) were drilled in areas 

adjacent t6 arroyos where little flooding wt>Uld be expected. These holes will be referred to as 

arroyo margin sites. 
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Figure 6.--Location of the drill holes used for unsaturated zone sampling. 
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Mesa Sites 

Holes 1, 2, and 7, representing mesa sites, were located on the Divide surface of Spiegel and 

Baldwin (1963, p. 56). These holes contained a large number of caliche zones (zones where 

sediments are cemented with calcium carbonate) throughout the total depths drilled. The 

variation in volumetric soil moisture with depth in the holes (fig. 7) is a function of the dominant 

grain size. Soil moisture of less than 11 percent was observed in sand and greater than 11 percent 

ii1 silt anti_ clay. Although the chloride concentrations in soil water differ at speCific depths in the 

different holes, the general shape of the plots of chloride concentration. as a function of depth is 

similar for all of the holes (fig. 7). Chloride concentrations are less than 600 milligrams per liter 

just below the surface, then increase (as much as approximately 4,000 milligrams per liter in 

hole 1) 2 to 5 feet below land surface. Chloride concentrations decrease to less than 150 

milligrams per liter 25 to 35 feet below land surface. The concentrations are .relatively constant 

below this depth. The shape of the cumulative chloride as a function of ctunulative water plots 

also is similar fot the5e holes (fig. 7). Two relatively straight line segments can be recognized on: 

the plots for holes 1 and 2, and three relatively straight line segments cari be recognized on the 

plot for hole 7. The change in slope of the straight-line segments of the plots for holes 1 and 2 

represents the depth at which chloride concentration becomes relatively constant (less than 150 

milligrams per liter). The graph for hole 7 has three straight-lin~ segments because the chloride 

concentration becomes a relatively constant value of about 320 milligrams per liter from 15.1 to 

29 feet and a relatively constant value of about 40 milligrams per liter from 30.6 to 49.7 feet (fig. 

7). Equation 10 was used to calculate the length of time required for the accumulation of chloride 

in the profiles corresponding to the break in slope in the cumulative chloride as a function of 

cumulative water plots. These calculations for holes 1, 2, and 7 indicate that it took 8,800 years, 

8,090 years, and 6,660 years, respectively, for the chloride in the ~pper 25. to 35 feet of the soil at 

those sites to accumulate (table 3). This indicates that, for practical purposes, no reeharge 

presently occurs at these locations. · 

Small chloricle concentrations in t~e lower parts of the holes are additional evidence of no 

recharge presently at these locations. If recharge occurs in these areas and the assumption of 

piston flow in the unsaturated zone is valid, the chloride concentration should increase from the 

surface to a depth where evaporation and transpiration do not occur due to the removal of water 

and the concentration of chloride by these processes. Below thiS. depth, chloride concentrations 

should be constant because recharge water would not. leave solutes in the upper .parts of the 

unsaturated zone but instead transport the solutes downward. Decreas~ in chloride · 

concentrations with depth, as indicated by the data, woUld not be observed because solutes 

would not accumulate in the upper parts of the hole but instead move qownwan:l with the 

recharge water. For cases in which chloride concentrations decrease significantly belqw a depth 

where evaporation and transpiration do not occur, recharge probably should not be estimated 

using equation 1. 
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chloride in the unsaturated zone at mesa sites. 
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If the assumption of piston flow as the oruy tranSport mechanism is not valid, recharge 

wa.ter may flqw through preferred pathway~, ~Allison and oth~rs, 1985). }~ ~his cast?, recharge 

flows ,~hrq~~h cracl<s or root tub~ rela?vely quiCkly after infiltration ai\d ~hlong~ in the '-"'at~r is 

not Sigllifi~tly concentra~ed P.)' evaporatiOJ;\ 'pr tr~piration b~use. ' m,~, . wat~I: ~.~Y'S 

downward below the area in the unsatUrated ~(>ne affected by evapqtation and tran5pif.C(tiofi. 

this could resulJ,W.;Jh.~ smail chloride concentrations measure(i e1t depth. No large crackS' or 
large root tlJ.bes were observed in the cores obtained from these holes, ~*hough small toot tubes 

we.re noted in several core ~mples coll~ted throughout the depth of th~'holes. These root tul;)es, 

even at depths as great a5 4b to 50 feet, contained carbo.naceo\1$ .material and white depo~it$ of 

.mJn.eral precip~~te that pro~P.ly would be dissolved an.P. flushed downward if~ significant 

amo,l,lllt of water were movin·g down':Vat:cL The small chloride concentrations mea5Uied in the 

lower parts ·of th~~ holes also would ~e that water mo~g through ·preferred path :Ways not 

remove a ~i~fic~J:lt amQunt 9f c:hlqpde sto~ in the s~~~ ne~ the surface a8 it moved 

downward. · Qn the ba&is ·of the field observatioris.~.d the data collect.~, rechatge.~:f<>l.igh 

preferred .pathways probably would'. riot result in the relatively small chloride concentrations 

observed in the unsaturated zone 25 to 35 feet below land. surface. 

Mattick and others (1987) discussed the possibility that vapor transport mafbe important 

in recharge processes in New Mexico. Large chloride concentrations found from the surface to 25 

to 35 feet below land surface and small chloride concentrations below this at these sites could be 

the result of vapor tra~port. Da~ are insufficient to evaluate the role of ~apor tran5p0rt at these 

sites. · · 

The profiles yield us~ful information about rec~rge 1n the inesa site setting. The mass of 

chlorkl~ stored in the upper parts of the holes would take approximately 6,700 fo S,~ooyears.to 

accumulate (~ble 3). If the assumptions Used ill this m.ethod C1re correct, thl.s indicates no direct 

recharge in the recent p<;lSt Qast 6~700 to S~OQ years) .. The srpall «;:}Moride c()ncentrafion5 below 25 

to 30 feet may rep~esent recharge th.at occurre4 .. during· a time· wh~n recharge rates were much 

~eater than at prese.nl Phillips and other~ (19S~~.p.1~5) in~qtted that pr~sent recharge rat~s in 

northwestern New Mexico generally~ smaller than th_ose of the pas.t. Phillips iiild others (l986, 

p~ iss) estjn.:tated that recharge was relatively large approximately 3,000 to s;ooo y~al'S ago anp 

1~,000 to 2.8,000 ye~r$. ago. · 
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Arroyo Channel Sites 

Hole 3 was drilled in Calabasa Arroyo and hole 5 was drilled in Alamo Creek (fig. 6). Flow 

in these two IJ1ajor d~~ifuiges is the result of ~noff of precipitation that fallS on the basin-fill 

dep9~it5j no w~t~r is deri,ved from the rn9untairio\Js areas adjac~nt .~o the basin. 1Jle number and 

thiCkness of caliche zones penetrated in these holes were much less th3n in holes at the mesa and 

arroyo margin sites, which may indicate that _the caliche zones have been diSsolved by recharge 

water or were never formed in these areas. Chloride-concentration profiles for these two holes 

are similar (fig. 8). · Chloride concentration in water from the unsaturated zone ranges from 

. approXimately 5 to approximately 300 miliigrams per liter in hole 3 and from 15 to· 

approxiinafely 190 milligrams per liter in hole 5. No large increa.Se is observed in chloride 

concentration from 2 to 5 feet below land surface as at the me5a sites. The mean chloride 

concentration in soil water is 4S.5 milligrams per liter in ·~ole 3 and 61.7 milligrams per liter in 

hole 5 (table 3). The chloride-concentration profiles from the5e two hol~ indicate that the 

Q1lorid,e concentration in soil water (loes not vary sighifican~y with depth, thus suggeSting 

recharge irt these two arroyos. The plots of cumulative chloride and cunu.~lative water show no 

substantial changes in slope (fig. 8), indicating no significant changes in the recharge rate with 

time. These data show that recharge does occur in these arroyos and, by inference, other arroyos 

in the area. · 

Although it is not possible to calculate accurately the rate of reeharge in these arroyos, the 

minimum.rate of recharge at the5e sites can be estimated. ThiS is an estimate of the minimum 

amount of recharge water because only precipitation intercepting the channel of the arroyo at 

these sites is assumed to infiltrate and recharge ground water. Obviously, this is not a valid 

assumption because largE; volumes of water flow_ in these arroyos. as the result of -runoff from 

adjac(mt areas during interise thunderstorms. Part of this runoff infiltrates throug~ the bed of the 

arroyos and recharges ground water. Calculating the rate of reeharge resulting from infiltration 

of water flowing in arroyo chanriels is not possible with the available data. The minimum 

estimates, however, are useful beeause they indi(:ate the minimum rate of recharge at these sites. 

The average chloride concentration for tl_le -entire depth in hole 3 was 45.5 milligrainS per Uter 

and in hole 5 was 62.7 milligrams per liter. Using these vaJ,ues arid. equation 1, the ~wn 

recharge rate for these arroyo channels is approximately 0.09 inch per year a~ hole 3 and 0.07 inch 

per year at hole 5 (table 3). Although these estimates do not accurately reflect the true recharge 

rates at these sites, the data collected at these sites do indicate recharge in arroyo Channels. 

Chloride concentrations in soil water in these holes indicate that ground-water recharge 

resulting from arroyo recharge contains chloride concentrations in the range of 40 to 60 

milligrams per liter. 
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chloride in the unsaturated zone at arroyo channel sites. 
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Arroyo Margin Sites 

Hole 4 was drillect approximately 50 feet away from and perpendicular. toa small arroyo 

and hole 6 was drilled near Arroyo Calabasas, a relatively large arroyo (fig. 6). Water flowing in 

the arroyo near hole 4 would not reach hole 4; water flowing in the arroyo near hole 6, however, 

would occasionally reach hole 6, as evidenced by high-water marks at an altitude higher ~han 

that of the hole. The frequency of flooding at hole 6 is not knowra. put, on the basis of the 

significant amount of grasses and large bushes and trees near the site, probably :is infrequent. 

Caliche zones were penetrated at several depths in both holes, but were much more prevalent in 

hole 4. Few samples were obtained in the upper 20 feet of hole 4 because of diffirult drilling and 

poor core recovery. However, a sufficient number of samples was obtained to define the soil­

water chloride concentration and soil moisture profiles in this part of the hole. Increases in 

chloride concentration near the bottom of both holes are probably due to. the effeCts of heating 

and driving water frdinthe cores·because of hard drilling. SOil moistUre from a particular sample 

is inversely related to chloride concentration near the bottom of the holes, possibly indicating 

that soil moisture was driven from the cores. 

Chloride-concentration profiles of these two holes are different, indicating differences in 

recharge (fig. 9). The chloride-concentration profile of hole 4 is similar in shape to those at the 

mesa sites; however, the maximum chloride concentratioJ\ is much less in hole 4 than at the mesa 

sites. The depth at which chloride concentration in soil water significantly decreases in: hole 4 is 

siinilar to that obsen'ed at the mesa holes. However, chloride concentration deereases Within a 

relatively short interVal (2 {eet), approximately 20 feet below land surface. This decre~se is more 

abrupt than that at the mesa sites. The reason for the abrupt decreas~ is not known. 

The mass of chloride stored in the upper part of this hole would take approximately 2,470 

years to accumulate, on the basis of the current chloride mass flux (table 3}. This indicates no 

direct recharge at this site recently. The smaller mass of chloride stored in the upper part of hole 4 

compared with that stored in the unsaturated zone at the mesa sites may~· due to the shorter 

length of time that the land surface in the vicinity of hole 4 has been stable and precipitation has 

been infiltrating at the site. Also, runoff at hole 4 would tend to remove chloride, thus rOO.ucing 

the chloride mass flux to the soil zone. This would decrease the mass of chloride stored. in the 

upper part of the soil zone. Small chloride concentrations measured in the lower part of the hoie 

may represent recharge water that infiltrated during a time when the climat~ was much wetter 

and the recharge rate was larger, as was suggested in the discussion of ~he mesa sites .. 

The chloride-concentration profi_le at hole 6 shows a maxiinum chloriqe concentration of 

approximately 306 milligrams per liter at a depth of 11 feet, on the basis of one point (fig. 9). 

Chloride concentration in soil water gradually decreases below 12.2 feet. 
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chloride in the unsaturated zone at arroyo margin sites. 
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The chloride-concentration profile for hole 6 can be divided into five generalized intervals 

on the basis of chloride concentrations and soil moisture (fig. 9). The chloride concentration in 

soil water ranged from 32 to 165 milligrams per liter in the interval 0 to 10.8 feet, and the mean is 

approximately 78 milligrams per liter. The chloride concentration in soil water ranged from 29 to 

306 milligrams per liter in the interval 10.8 to 26 feet. Chloride concentration was laigest at the 

top of this interval and generally decreased downward. A mean chloride concentration was not 

calculated for this interval because it would be unduly affected by the single large value. The 

chloride concentration in soil water ranged from 12 to 59 milligramS per liter in the interval31 t9 

40.4 feet (mean 22.7 milligrams per liter). The chloride concentration in soil water ranged from 

39 to 150 milligrams per liter in the interval40.4 to 43.3 feet (mean 87.2 milligrams per liter). 

Recharge rates, calculated using equation 1 and mean chloride concentrations for four. of 

the intervals in hole 6, range from 0.05 to 0.19 inch per year (table 3). The wide range m recharge 

rates calculated for the different intervals in hole 6 are confusing btil may reflect that recharge 

occurs only during flooding at this site. The intervals that have similar chloride concentrations 

in soil water in this hole may reflect differences in the chloride concentration of water that 

infiltrates and results in recharge (flood waters). If recharge is not continuous, chloride would 

build up in the upper part of the hole as the result of evaporation and transpiration of 

precipitation. This chloride would be transported downward below the influence of evaporation 

an.d transpiration by infiltrating flood waters. The chloride concentration in recharge water 

resulting from a particular flood would be a function of the time since the last flood and the 

chloride concentration of the infiltrating flood water. · 

ESTIMATES OF MOUNTAIN-FRONT RECHARGE USING CiiLORIDE BALANCE 

Areal and temporal variations of chloride concentration in surface water and areal 

variations of chloride concentration in ground water can be used to investigate recharge 

processes. Variations of chloride concentration in surface water from different streams that have 

headwaters in the mountains adjacent to the basin-fill aquifer and that recharge the basin-fill 

aquifer can be used to estimate how much precipitation falling on the mountains is available for 

recharge from different streams. Temporal variations of chloride concentration in surface water. 

can be used to investigate how the chloride concentration of potential recharge water changes 

during the year. Chloride concentration in ground water near areas of mountain-front recharge 

can be used in chloride-balance calculations to estimate mountain-front recharge (Dettinger, 

1989). Changes in chloride concentration in ground water, as ground water moves from areas 

adjacent to the mountains toward discharge areas, may indicate direct or arroyo-channel 

recharge. 

Samples were collected and analyzed f~r chloride from selected streams that have 

headwaters in the mountains adjacent to the basin (fig. 1) during snoWmelt runoff and in the late 

summer when thunderstonns occur. These sampling periods are wheh streamflows are largest, 

the time of the greatest potential for recharge. 
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Historical data and new data collected during this project were used in the interpretation of 

ground-water chloride concentrations. A large number of chloride analyses of ground water 

existed prior to the start of this study and many of these analyses were used. Ground-water 

samples were collected during this study in 1988 .for ~nalysis of chloride concentrations in 

conjunction with sampling of ground water for stable isotopic composition in an attempt to fill in 

gaps in existing data. In many parts of the study area obtaining ground-water samples was not 

possible because of the lack of wells. 

Approach 

The chloride-balance method can be used to estimate natural recharge to an alluvial-bas~ 

ground-water system from surrounding mountains (mountain:.front recharge) (Dettinger, 1989). 

In the Santa Fe area, the rate of natural mountain-front recharge estimated using this method 

represents the rate of water that entered the Tesuque aquifer system prior to significant human 

effects on the area, such as construction of reserVoirs or diversion of water for irrigation. The 

approach was to estimate mountain-front recharge to the alluvial-basin aquifer system _using the 

following equation: 

Rmf = Pm Cp/Cg, (11) 

where Rmf = mountain-front recharge to the alluvial-basin aquifer system, in acre-feet per year; 

Pm = average annual precipitation falling on the drainage basin, in acre-feet per year; 

Cp =average concentration of chloride in bulk. precipitation, in milligrams per liter; and 

Cg · =concentration of chloride in ground water in the alluvial-basin aquifer system near 

the mountain front, in milligrams per liter.· 

Application of this equation assumes that all runoff from the mountains recharges the Tesuque 

aquifer system. H streams flow out of the area underlain by the Tesuque aquifer or into the Rio 

Grande this can be accounteci for by expanding the equation: 

Rmf = (PmCp/Cg)- (Q Cq/Cg), 

where Q = rate of runoff that does not become recharge and leaves the basin as 

streamflow, in acre-feet per year; and 

Cq = chloride concentration in this runoff, in milligrams per liter (fig. 10). 
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Figure 1 0.--Schematic diagram of mountain-front recharge and chloride balance. 
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The assumptions necessary to apply this equation are: (1) the only source of chloride in 

ground water is from precipitation, (2) the chloride concentration in precipitation and rate of 

precipitation have not changed with respect to time; (3) direct recharge and arroyo-channel 

recharge have not affected chloride concentrations in ground water, and (4) chloride is 

conservative (chertlically nonreactive) and there is no change i.ri the storage of chloride in the 

system. The assumption that the only source of chloride in ground water is .from precipitation is 

important in the Santa Fe area beeause development in the mountains has resulted in SOurCes of 

chloride other than precipitation. Salting of roads in the winter and subsequent runoff from the 

roads to streams have affected chloride concentrations in streams (Gosz, 1975) and possibly 

ground water in some areas along the mountain front. Infiltration of septic tank effluent and 

weathering and dissolution of chloride miner$ also could increase chloride concentrations in 

ground water. Chloride concentrations in septic tank effluents are increased relative to supply 

water by 30 to 100 milligrams per liter (Metcalf and Eddy, Inc,, 1972, p. 231). A large density of 

septic tankS m a small a_rea can resulHh ind:eases in chloride concentrations in ground water due 

to infiltration (reeharge) of septic tank effluent. Nitrate concentrations also generally increase in 

ground water as the result Of recharge of septic tank effluent. Weathering of minerals that would 

resUlt m increases in chloride concentrations probably is negligible in the Santa Fe area because 

the majority of rocks in the mountainous area east of Santa Fe are igneous and metamorphic 

rocks that generally contain very little chloride (Feth, 1981; p. 12). Feth (1981, p. 17) stated that 

''Rocks and minerals, other than evaporites, are not sources of readily available Cl [chloride], 

although areas undergoing hydrothermal alteration and areas rich in scapolite may be 

exceptions.'' · 

The· a5sumption that ·the rate of precipitation and the ·chloride·· concentration in 

·preCipitation have not changed with respect to· time is difficult to evaluate. The rate of 

precipitation varies from year to year and probably has varied considerably in the last 20,000 

years (Phillips and others, 1986). The tate of precipitation is esti.Inated from long.:.tenn average5 

(1931-60). The chlori.de concentrations in ground water used in the calculations are from sites 

relatively close to the mountaih front in an attempt to ·sample water that has reehatged relatively 

recently (10-1,000 years ago). Precipitation rates may be different presently (1989) than when the 

ground water sampled was recharged. The rate of preCipitation and the chloride concentration 

in precipitation used in the calcUlations are assumed to be accurate because without a significant 

amount of data collection it is not possible to evaluate errors. Errors in rates of precipitation and 

in concentration 6f chloride in preeipitation would cause recharge estimates to be iri error by the 

same proportion that the values 'used are in error • 

. Direct and artoyo-chanrtel recharge would affect the chloride concentration in· ground 

water if the chloride concentration in recharge water resulting froin these processes is different 

from that in recharge water resulting from mountain-front recharge. To minimize this effect, 

ground-water samples were collected close to the mountain front where mountain-front recharge 

is dominant. The effect of direct and arroyo channel recharge on chloride concentrations in 

ground water would be the smalle5t near the mountain front. 

The assumption that chloride is conservative and that the storage of chloride in the system 

has not changed probably is reasonable in the mountainous area east of Santa Fe because of the 

large amount of preCipitation in the area and because chloride salts are highly soluble and 

chloride ions are nonreactive and mobile. In a short time frame (several monthS) chloride may 
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accumulate as a precipitate in the soil or as increases in chloride concentrations in the shallow 

ground water, but in a longer time frame (several years) the storage of chloride in the area 

probably would not change. 

Recharge estimates using the chloride-balance method are only as accurate as the data used 

in the calculations and the validity of the underlying assumptions. This is a useful technique 

because the approach is independent of other techniques used to calculate mountain-front 

recharge iil the Santa Fe area (Spiegel and Baldwin, 1963; Hearne, 1985; and McAda and 

Wasiolek, 1988). 

Chloride Concentration in Surface Water 

Chloride concentration in surface water varia$. areally and temporally (table 4). Water from 

the Santa Fe River generally had the smallest <;hloride concentrations and wa,ter from Little 

Tesuque Creek generally.had the largest Th.e lack of significapt huU'an impacts in the Sap.ta,Fe 

River drainage upstream from the three reservoirs is probably the main reason that the s~llest 

chloride concentrations were measured in this draipage. The increase in chloride concentrations 

downstream, from upstream from McClure Reservoir (1) to downstream from Two Mile 

Reservoir (4), in spring 1987 (table 4 and fig. 1) probably is due to evaporation in the reservoirs as 

water is routed downstream from reservoir to reservoir.. Large chloride concentrations in water 

in Little Tesuque Creek probably are in part due to human activities such as salting of I'()Cids in. 

the winter and residential development of land in the drainage. The chloride concentrations in 

samples from other streams probably also are affected by human activities and are not 

represe~tive of chloride concentrations in the$e streams prior to develop~ent. Differences in 

chloride concentrations in water from different streams are also a function of the volume of 

precipitation and evapotranspiration in the drainage basin .. of a particular stream. 

Evapotranspiration is a greater proportion of precipitation at lower altimdes; thus, chloride 

concentrations in streams that have drainage basins in lower altitudes would be larger than 

chloride concen.trations in. streams that have drainage basins in higher altitudes. 

The chloride concentration of samples from streams along the mountain front (all but Rio 

Tesuqp.e at State Highway 4 (11) was largest prior to and at the beginning of snowmelt (.1\prll 

1988) and smallest near the end of snowmelt (May-June 1987) (ta~le 4). Although these data are 

for different years, these largest chloride concentrations prior to or at the beginning of snowmelt 

are not surprising; they are the result of vegetation concentrating chlori.de in water in the 

unsaturated zone and the shallow alluvial aquifer in the mountains by transpiration during the 

previous summer and fall. This water is flushed from the unsaturated zone and the shallow 

alluvial aquifer in the mOuntains by the large amount of recharge du.ring snowmelt. The 

chloride concentration in streamflow decreases later during snowmelt as the water sto~ in the 

unsahl.rated zone and shallow alluvial aquifer in the mountains through the winter is flushed 

and the proportion of snowmelt in streamflow increases. After snowmelt the shallow alluvial 

aquifer in the mountains would contain relatively dilute snowmelt water that would be 

concentrated during the summer by evapotranspiration. 

The relatively large chloride concentrations in surface water prior to and at the beginning 

of snowmelt also could bt! due to the solution of road salt Many roads where road salt is applied 

during the ·winter are located near streams, and runoff from the~e roads would ciffect chloride 

concentrations in the water in these streams prior to the main snowmelt runoff. 
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Summer thunderstorms resUlt in no recharge to the shallow alluvial aquifers in the 

mountains; and increases in stream discharge during summer thunderstorms is due to surface· 

runoff (Graustein, 1981, p. 234). The chloride concentration in surfa~e runoff would be similar to 

that in precipitation. -Mixing of surface runoff and water discharged to the streams from the 

aquifer would result in decreases in chloride concentration in streamflow during summer 

thunderstorms. 

On the basis of relatively few chloride analyses of surface water, it is obvious that chloride 

concentration changes throughout the year in a particular stream in the mountains; thus, 

estimating chloride concentration in· recharge ·water from these streams is difficult. Chloride 

concentration in snowmelt runoff is smallest after solution of road salt and the initial flushing of 

the unsaturated zone and shallow alluvial aquifer in the mountains. Chloride concentration in 

streams during the late sUllUl'ier to late winter (prior to snowmelt) probably is largest. 

Streamflow is also largest during the snowmelt period. The potential for mountain-stream­

channel recharge probably is greatest during snowmelt ·because of the iri.crease in streamflow 

and small evapotranspiration rates in the early spring. The chloride concentration in water from 

the Santa Fe River in the spring of 1988 probably is most representative of the chloride 

concentration of snowmelt under natural (piedevelopment) conditions, although the chloride 

concentration in water from other streams in the area prior to development probably was slightly 

differel\t ·because of differences in the amount of evapotranspiration in the different drainage 

basins. Smaller chloride concentrations in water in the Santa Fe River relative to other streams . 

indicate that human activities have probably resulted in changes to the composition of recharge 

water from these other streams. · · 

Chloride Concentration in Ground Water 

Although chloride concentration in ground water (bas~ on samplesrfroP't Wells and 

springs) in the Santa Fe area varies substantially, several areas of similar chloridt! concentrii.Hon 

can be delineated (tables 5 and 6 and pl. 1). Data collected from 1943 to 1988 were available; 

however, when samples were collected from the same well during different years, the most 

recent analysis was plotted on plate 1. The large variation in chloride_concentration may in part 

be due to changes with time in the chloride concentration ·in ground· water at a particular 

location. Areal variations in chloride qmcentration need to be examined prior to application of 

the chloride-balance method to ensure· that the chloride concentration in ground water used in 

the calculation has not been affected by chloride introduced to the ground water as the result of 

human activities. Areal variations in chloride concentration ~lso can be used to investigate 

change5 in phloride concentration of recharge water due to human activities. In general, the 

smallest chloride concentration in the basin probably is more representative of ground .water 

unaffected by chloride· contamination. Small chloride·. concentrations in ground water also 

indicate that rock/ water interaction has riot been .a significant process in introducing dissolved 

chloride to ground water. · 

Several areas having ground-water chloride concentrations generally less than 5 milligrams 

per liter (zones 1, 2, 3, and 5) are downgradient from areas having much larger concentrations 

(fig. 3 and pl. 1). The large chloride concentrations upgradient from relatively small chloride 
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concentrations indicate that the chloride concentration in recharge water has increased through 
time1 or that human activities upgradient have resulted in local changes in the composition of 
ground water. Movement of septic tank effluent or irrigation water to the ground water would 
elevate chloride concentrations in the ground water. In some of the upgradiertt areas where 
chloride concentrations are large, nitrate concentrations are larger than 1 milligram per liter, 
which may indicate that septic tank effluent has recharged the ground water (table 5).. For 
example, chloride concentrations in ground water in a large area southwest of Santa Fe (zone 1, 
pl. 1) are generally less than 5 milligrams per liter, but in an area east (upgradient) from this zone 
generally exceed 15 milligrams per liter. Ground water in zone. 1 probably is representative of 
recharge water that infiltrated along the mountain front prior to significant development of the 
area. West or downgradient from zone 1, Longmire (1985) found anomalously large chloride and 
nitrate concentrations, which he attributed to infiltration of sewage effluent from the Santa Fe 
Municipal Waste Treatment Plant through the streambed of the Santa Fe· River. 

Ground water in an area northwest· of Santa Fe (zo:rie 2, pl 1) also has chloride 
concentrations le5s than 5 milligrams per liter. This zone is similar to zone 1 in that chloride 
concentrations in ground water upgradient from this zone generally are large. 

Ground water in zone 3, located along the Rio Tesuque, also has chloride concentrations 
less than 5 milligrams·per liter (pl. 1). No samples were collected upgradient (east) from this 
zone, although ground water upstream (southeast) along the Rio Tesuque near Tesuque has 
chloride concentrations muoh larger'· than 5 milligrams per liter. Ground water upstream along 
the Rio Tesuque may be affected by septic tank effluent or a change in the composition of 
recharge water from the streams in the area. 

Chloride concentrations in ground water in the area along the Pojoaque River generally are 
greater than 10 milligrams per liter (zone 4, pl. 1). In this area of the Pojoaque River, Hearne 
(1985, p. 22-24) indicated that the potentiometric surface is approximately at the altitude of the 
riverb~ and ftwr~ is. a large amount of evapotranspiration. Evapotranspiri:~Uon wotJ}d tend to 
mcrease. the chlqride concentration in grol.md water.· Nitrate concentrations in this area also ~ 

relatively lat:g~, &uggesting that septic tank effluent also may be affecting grQund-water 
chei,Jlistry (t~ble 5). . 

Grpund-wa~er chlorid~ concentrations in the Buckman area (zone 5, pl. 1) also generally are 
less than 5 milligralllS per lit¢r and similar to those near the recharg~ area n~arer the moWttain 
front (zones 1~ 2, Cll')d 3, pl. 1}. The gr9J.md~water fiow system (McAda and Wasiolek, 198,8, p. 13) 

discharges to the Rio Grande in the Buckman area. Because this area is appl"Oxlmately 14 miles 
from the mountain front (recharge area), ground water in this area probably was recharged a, 
relatively long time ago, If there has been little or no change of chloride concentrcition in recharge 
water along the mounWp front, the Sim.lli ,chlonde ·concentrations . in ground, water near 
Buckman (assUming t~ey are repre5entative ofthe diScharge area for the flow system) indicate 
tha~ little or rio rock/water interaction results in increases in the ground-water Chloride 
concentration and that arroyo-channel recharge is not significant. 
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ff; the volurile of arroyck:hannel recharge water were large, chloride concentrations in 
ground· water· n~ Buckman would be larger than those measured, assuming that chloride 
concentrations in: arroyo-channel recharge water are 40 to 60 milligr~ms per .liter as indicated by 
the two sites sampled and that the aquifer is· well mixed.· For example, if chloride concentration 
in mountain-front recharge water were 4 milligrams per liter and the volume of arroyo-channel 
recharge water (chloride concentration 50 milligrams per liter) were one-half the total recharge, 
the resulting water would have a chloride concentration of 27 milligrams per liter (0.5 x 50 plus 
0.5 x 4). As can be seen, large volumes of arroyo-channel recharge water would significantly 
increase chloride concentrations in ground water. 

The chloride concentration in ground wat~r near a partictila:r stream is similar to that 
measured in water.. from that stream; however, there are differences in the clUoride 
concentrations in water from the different surface-water drainages. Chloride concentration in 
ground water near the Rip Chupadero, Arroyo lfondo, Tesuque Creek, Little Tesuque Creek. and 
Pojoaque Creek is in the same range as that in surface water. Chloride concentration in surface 
water from Arroyo Hondo was slightly l.arger than that in surface water from the Rio Chupadero 
and Pojoaque Creek. chloride concentration in ground water along the Santa Fe River, near the 
mountain front, is much larger than that measured in water from the Santa Fe River in that area. 
Several zones were delineated downgradient from the mountain front where groun~-water 
chloride concentration was siiDilar-· to that measured in nearby reaches of the Santa Fe River, 
possiblY. indicating that ground"'water cheirti.Srry near the mountain front has b.een affected by 
h1.urum activities. . 

Application of the Chloride:.. Balance Method 

The chloride-balance method was used to es.timate mountain-front recharge (mountain­
stre~-channel r~ge plus· subsurface inflow from mountains) in the Sant:cl ~e River, Rip 
Tesuque, and Arroyq Hondo dr<:Unages (table 7). The·qrainage. areas of the indJvidual mountaht 
ba~ins were qelinea_ted on 1:100,000.:scale map~, and the rate of precipi~tion (Pm, eq. 12) was 
estimated by overlaying contow maps of mean annual precipitation (U.S. W~ther Bureau, 1961) 
and the drainage areas; The drainage areas were delineated upstream fr,()m streamflow-gaging 
s@tions t() enable making calculations using precipitation valuel? estima'ted by Spit;!gel and 
Baldwin (196;3) (table 7). Calculations were also made using th~ precipitation values estimated 
by Wasipl~k (in pre£>~) (table n. The differen~e in dr~inage basin area between this study and 
that of Wasiolek is because Wasiolek (in press) c:al.cula:ted precipitation for the. drainage bcisin 
upstream from the mountain front, not upstream from a particular stream gage. The average 
dissolved-chloride concentration in precipitation (Cp, eq. 12) used in the calculations was 0.29 
milligram p~r }i.ter. Theyalue for dissolved-chloride concentration in ground water used in the 
method (Cg~ eq. 12) was pas~ on the distribution of dissolved chloride measured, in ground 
water near each draina.ge (pt l). The chloride concentration in grqund. water w.as..~stimate.Q. to be 
4.0 milligrams per liter in the Rio Tesuque d.rainage ai\d 3.0 milligrams per liter \I\ the Santa Fe 
River and Arroyo Hondo drainages. For the ArroyoHondo drainage basin, all runoff from the 
m(:>Untains adjacent to the basin-fill aquifer was assumed to recharge the ground-water system. 
Recharge ~s estimated. for the Santa Fe River and Rio Tesuque drainages in two ways: 
assuming no runoff and corrected for runoff. Runoff that does not result in recharge was 
estimated to be 580 acre-feet per year in the Santa Fe River drainage and 890 acre-feet per year in 
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the Rio Tesuque drainage based on the results of Hearne (1985). The dissolved-chloride 
concentration in runoff (Cq, eq. 12) from the Santa Fe River and Rio Tesuque drainages was 
assumed to be thE! same as· that' in recharge or ground water, 3.0 and 4.0 milligrams per liter, 
respectively. The equation used to calculate recharge (eq. 12) cart then be simplified to: 

PmCp 
Rmf=-. -Q-, (13) 

Cg 

where Rmf =- mountai,n-Jrc;>nt recharge to the alluvial-bru.;in aquifE;!r system, in acre-feet per year; 

Pm =- average annual precipitation falling on the drainage basin, in acre-feet per year; 

Cp =-average concentration of chloridein bulk precipitation, in milligrams per liter; and 

Cg =- concentration of chloride in ground water in the alluvial-basin e~qulfet system neat 

the mountain front, in milligrams per liter~ and 
Q =- rate of runoff that does not become recharge and leaVes the basin as 

streamflow, in acre-feet per year. 

Annual mountain-front recharge estimated for the Santa Fe River drainage is 
approximately 2,~00 acre-feet per year (table 7) assuming no IW\Off, or 2,320 acre-feet per year 
assuming runoff of 580 acre-feet per year out of the basin. By using the mean annual basin 
precipitation (combination of two subbasins) estimat~ by Spiegel and Baldwin (1963), annual 
mountain-front recharge is estimated to be approximately 3,200 acre-feet per year (table 7) 

asslirning no runoff and 2,620 acre-feet per year assuming runoff out of the basin. Chlo~de 
concentration in streamflow at the mountain front can be estimated if subsurface inflow from the 
mountain is assumed to be zero. This value can be compared to measured chloride 
concentratio~ in streamflow to determine' if subsurface inflow from the mountains is a 
significant source of recharge or if chloride concentrations in streamflow are significantly 
affected by hmriari. activities. Mean anrn.lal dissolved-chloride concentration in surface water at 
the mountain front was estimated -to be 1.5 milligrams per 'lifer, derived by div'idirig the average 
annual mass of chloride inten:eptirig the basin by the measured or estimated annual streamflow 
(table n This estimated value is consistent with the concentration of 1.4 milligrams per liter 
meastired upstream from McClure Reservoir in spring 1987 (tables 4 and 7). This indicates thci~ 
subsurface inflow from the mountains as a source of recharge is negligible in the santa Fe Rivet 
drainage. In watersheds not affected by human activities this method' could be u5ed' to estimate 
annual streamflow if no ground water discharges out of the water5hed·a:nd if the chloride 
concentration of the streamflow were known~ · -

The mountain-front recharge estimate for the Rio Tesuque drainage was divided between 
Little Tesuque Creek and Tesuque Creek beeause of the separate· streamflow gages ori thes~ 
d:r'amages. Mountairi-'front recharge was estimated to be approximately 630 acre-feet pet year for 
the Little Testique Creek drainage and approximately 950 acre-feet per year for the Tesiique 
Creek drainage (table 7), assuniing no runoff (total of .1,580 acre-feet per year). The total 
mountain-front recharge estimate for the Rio Tesuque assuming runoff (890 acre-feet per year) is 
approximately 690 acre-f~t per year (1,580 - 890). Total mountain·front recharge for the Rio 
Tesuque drainage using the average basin precipitation estimates of Spiegel and Baldwin (1963) 
is approximately 590 acre-feet per year ((580 + 900)- 890) (table 7), assuming runoff (890 acre-feet 
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per year). The average annual dissolved-chloride concentration ~ Little Tesuque Creek was 

estimated to be 6.3 milligrams per liter and in Tesuque Creek was estimated to be 1.7 milligrams 

pet liter (table 7). These values are much smaller than those measured dwirig this study (table 

4). ThiS is consistent with the suggestion that there has been a change in chlorld~ conceritration 

in water in these dramages ·due to human activitieS a5 ·was diScUSsed in the "Chloride 

concentration in surface water" section of this report 

Mountain•front recharge estimated for the Arroyo Hondo drail¥.tge is 830 acl'e"-feet per year, 

assuming no runoff. Mountain-front recharge estimated for the Arroyo Hondo drainage u.S~g 

the average basin precipitation estimates of Spiegel and BaldWin (1963) is 590 acte-f~et pet·yE!ar; 

however, the drainage ·basin area use4 by Spiegel;and BaldWin (1963) wa8 approximately 80 

percent of the drainage basiri area u.Sed for the mountam:..front recharge estimate in this report. 

The average annual dissolved-chloride concentration in water from Arroyo HondQ was 

estinlated to be 4.7 nulligrams pet lite~; . whid\ also is smaller than that measured in Arroyo 

Hondo dlliirig this study, possibly iridieating' a change in the chloride concentration ih water in 

this drainage resulting fioin human activities. . . 

Estimates for the Santa Fe River drainage are smaller than those of Hearne <1985), McAda 

and Wasiolek (1988), and Wasiolek (in press) (table 8). Mountain-front recharge (mountain• 

stream<hannel r~atge plus subsurface inflow ·from the m.ountains) estimates for the Rio 
Tesuque dhiiriage obtained using the chloride-balance method are simiiar to those of Spiegel and 

Baldwin (1963), Lee Wilson and Associates (1978), and Hearne (1985) (table 8). Estimates for the 

Arroyo Hondo drainage are larger than those estimated by Spiegel arid Baldwin (1963) and 

smaller than those esfuriated by McAda and Wasiolek (1988). Underestinlation ofino\intairi-front 

reCharge by the liSe Of equation 12 would result if the dHoride corttentration fu pi'edpitation 

were too small, if the precipitation volume were ·too sman, if the chloride coriteritratiori ·in 

grotirid water were too large, or if there were a naturalsouree ofchloride iri the mountainS:· The 

chloride concentration in precipitation and the volli.ine of preCipitation used in tlie estimates are, 

however, similar to values measured or. used by other investigators (Spiegel and Baldwin, 1963; 

and Graustein, 1981). The chloride concentration of ground water used in the calculations 

generally was the smallest measured in grotiitd water irt the Tesuque aquifer system near the 

particular dtailiage. The most probable reason for ertor iit the caldllations would be a natural 

source of <;:hlorlde in the mountains other than precipitation, such as weathering of mineralS. 

Collection of more gro\md-water samples near the mountain front and streamflow samples for 

analysiS of chloride concentration would be \tseful in proving that there is no source of chloride 

in the mountains other than precipitation. 
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RECHARGE BASED ON STABLE4SOTOPE COMPOSITION 

Sta~le isotop~s of hydrogen and oxygen ha~~ b.ee~ 4~ed to determine sowt:es of ground­
water recharge to, clJ'\ .aqui,f~r (Fonte~ l98Q; Yapp, 19,85). l)~teriurn, oxyg~I\-:-l8, ~turally 

occurring stable isotop~ 9fhydrl)gen, and.oxygen.are p~I:t of.the wa~.er molecule and thus are 
ideal tracers of water movement. The hydrogen ~nd oxygen isotopic composition of \Vater 
changes as a result of physical (evaporation and condensation), chemical, and biological 

proces~es (Gat, 1980). Changes in isotopic composition of water due to physical processes are 

inlportant in, this .. study. The ~otopic compositip;n .of pr~pit:ation, the ultimate, source of 

r~harg~~ vpries a.s .9 .fttnction of geographic con.s.ideratioilS such a$; latitude!. alijtude, distance 
from the coast, and volume of pr~pitation <Oailsgaan,i,,,~9§4~. Th.e),sotopic composition of 

precipitatiqn at a particular point also v~es$easo~t<G~t!,1~8Q~ p. 3Q). 

The approach U$ed was to m~a~ure th~ hydrogen .·and o~ygen isotopic composJtion of 
dif(ef;ent possible sources of rec~ge to ~he Tesuque aqUU:~r systero, me,CJ.Swe the hydrogen and 
oxygen isotopic composition of ground water frortt ~lected \Ve)ls qistributed throughout the 

basin; and then compare the areal distribution of the isotopic composition of ground water with 
the composition of various sources of recharge. If there are differences in the isotopic 

composition of different sources of recharge,. the areas of lllixin.g of these different recharge 
water~. in the aq~ifer should be evident in the areal distt;ib4tion of the ~otopic composition of 
ground water, an4 the relative contnb.ution of the vario~ sources oJ recharge can be estimated. 

Precipitptlon, snowmelt runoff, and sunune~ thu.nderstor.m runoff ~ere possible sources of 

recharge that-.were sampled .. Precipitation,.was sampled for hydrogen and oxygen isotopic. 
compositiqn on approxime~,tely a biweekly basis at_ the Sangre de Crl$t,q Water Treatment Plant 
at,mospheri<;-<;leposition; station~. wh,~ch is ilPPf9xirnately 7,400 feet above sea level (fig. 1). 

Samples were C()llected in an open pucket containing .mineral oil to prevent evaporation,_ which 

would in,c;r:ease the isotopic composition of th~ sample. 

Samples of snowmelt runoff and summer thunderstorm runoff were collectecf. from the 

Pojoaque River, Rio C_hupadero; Rio Tesuque, Tesuqu,e Cr~.f, Little Tesuque Creek, Santa Fe 
River, Arroyo de los Chamisos, and Arroyo Hondo. (fig. 1). Samples ~f snowmelt runoff were 

collected in May an4 June 1987 and in ~te April1988 from most of these streams. Samp1es of 
swnmer thunderstorm runoff were collected from m.ost of these streillt\S, in late August and early 

September 1987. Most of these stream,s are perennial near the mountains, Q~t beca~.e of 

streamflow lost to evaporation, infiltration, and diversion for irrigation, the streams . are 
intermittent west of the mountain front. Streamflow is 4trgest in. the spring due to snowmelt 

runoff: approximately one-half of the ann~ flow is in April, May, and· J\me (Spiegel and 
Baldwin, 1963, p. 156-157). Flow can also be large in August and September due to runoff from 

summer thunderstorms. Minimum flow in these streams is usually in January, February, or 

December (Spiegel and Baldwin, 1963, p. 157). 
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The isotopic composition of a sample is :reported in delta units (B) ().8 parts per thousand 

(permil) relative difference in the ratio of the rare isotope to the common isotope with reference 

to the same ratio of a standard (Gat, 1980, p. 21): 

where D 
H 

1s0 
160 . 

~
(D/H) sample 

srfJ /oo = · 
D/H standard 

1s0 
....:..--sample 

160 
------ - 1 1,000, 

1S0 
-- standard 

160 

= deuterium (rare isotope); . 

= hydrogen (common isotope); 

= oxygen-18 (rare isotope); and 

= oxygen-16 (common isotope). 

(14) 

! ' 

The standard used is Vienna standard mean ocean water (V-SMOW). Samples were analyzed by 

two laboratories that have different analytical precision. The stated analytical precision for one 

laboratory was plus or mintis 1 permil for so and plus or minus 0.1 permil for s18o. The stated 

analytical precision for the other laboratory was plus or minus 0.5 permil for SD and. plus or. 

minus 0.05 permil for S18o. . Five samples were sent to both laboratories to determine if the 

results froiJ:l each laboratory were compar~ble; the results from the laboratories agreed within the 

stated analytical precision for the individual samples. 
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Hydrogen and Oxygen Isotopic Composition of Precipitation 

The isotopic composition of precipitation at the Sangre de Cristo Water Treatment Plant 

varies widely (table 9 cqld fig. 11). The ~D ranged from -179 to -30 permil and the ~180 ranged 

from -23.3 to -4.5 permil. The meteoric water line was defined by Craig (1961) to be a line that 

describes the relation between ~D and ~180 in worldwide precipitation (~D = 8 s1So + toO I oo>­
The relation between oD and o18o for precipitation for a particular region varies from the global 

equation; the equation for local preeipitation is called the local meteoric water line. A local 

meteoric water line was determined by doing a linear regression of th~ data collected. The 

equation for the local meteoric water line at the Sangre de Cristo Water Treatment Plant was: 

(15) 

This is similar to the local meteoric water line determined by VUataz and Goff (1986, p. 1843) for 

the Jemez Mountains west of the study area (liD= 8.0 o1SO + 12). The local meteoric water line 

calculated for the Santa Fe area has a coefficient of determination (R2) value of 0.985 and both the 

slope and intercept of the equation are significantly different than 0 at the 95-percent confidence 

level. 

-l 

:: 
-60 

ffi ·80 
CL 

z 
• -100 

0 
!£.. 
:: -120 
::> 
a: 
w 
1- -140 
::l 
w 
0 
1.0 -160 

-180 

ANNUAL MEAN VOLUME-WEIGHTED ISOTOPIC 
· COMPOSIT·ION FOR PRECIPITATION 

'-. LOCAL METEORIC WATER LINE 
'\: so • 8.0 a1eo + 11.1 

+ + 

-200~~--~~--~~--L-
~--~~--~~--~~~~--~

~--~~--~---4 

-24 -22 -20 -18 -16 -14 -12 -10 -8 ·6 

OXYGEN-18 (~ 18 0), IN PERMIL 
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Santa Fe area. . 
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The hydrogen isotopic composition of precipitation generally is i$otopi~y enriched in 

deuterium (more positive) in the spring and summer months (April through October) and least 

efuiehed m deuterium (more negative) in the fall arid Winter months (November through March) 

(fig. 12.). An·aririual mean volume-weighted 8b·composition of -65.2 permil was calculated for 

August 26,-1987, through August 25, 198.8. This value may be less negative compared to normal, 

long-term precipitation conditions because during the sampling period there was more summer 

precipitation than the mean annual summer precipitation and winter precipitation generally was 

less than its mean; thus, the estimate was biased by a larger ainount of precipitation during the 

summer months relative to the long-term mean .. 
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Hydrogen and OXygen Isotopic Composition of Surface Water 

.The ~D comp<>sition of surface water coUect~.from the ~tr~ having headwate~ in the 

moun~s ranges from. -,91.5 to .,.68.0 permil and-the o1SO ~o.mposition rapges from -13.2 tp -10.() 

pe.rn.;Ul (table 4 and pl. 2). A linear ~gression o( surface-water d~ta resulted in the following 

equatio.n: 

oo = 5.4 oH~o -19.5 ° /oo <R2 = o .. 84). (16) 

This equation has a much different slope and intercept than the local meteoric water line that 

was determined using. precipitation data (fig. 13). Points that plot below the calculated local 

meteoric water line may represent water from areas where evaporation has occurred. 

Evaporation enriches the water in deuterium and oxygen-18 such that the oD/o18o slop~ is less 

than 8 (Gat, 1980). All of the points fall below the annual mean volume-weighted hydrogen and 

oxygen isotopic composition of precipitation collected at the Sangre de Cristo Water Treatment 

Plant (fig. 13). This could be because the altitude of the drainage basins is higher than the altitude 

of the precipitation collection site or because most runoff from the mountainous drainage basins 

is the result of winter precipitation. 
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Water from the ~o Chupadero (15) ~d TesuqlJe . ..Creek near the ski .. ~rea (8.}generally was 

mor~ negative (with respect to deuterim;n), and water from Arroyo Hondo (14) gepera~y was 

more positive (fig.· i 4), For a paftitular •site, Sci~Jlples· collect~ in th~ spring generally are more 

neganv~· tnan'·sanrpb~s collected durlrig the summer, a trend ·siniilaf to thaf observed ·in 

preof>it:anon <wmterprectpitcition isOtopiailly more negative than summer J?recipitauo.n>. Water .. 

collected from Little Tesuque Creek at State Highway 22 (7) in August 1987 iS·iSOtopically the 

most positive surface water collected (fig. 14). This sample was collected during a thunderstorm, 

while the streamflow was significantly increased due to local run·off. This ·surface water is 

isotopi~lly ~jmi]ar to precipitation collected in August 1987 but much different than. the sur~ce­

~~~*-,sa.WPk. ~cop,ect~ on Jhe_ satp~. day but prior to the thtmderst~rm at Little Tesuque Creek at 

the fi.t~t ,cr,oS&ing,:W,)th Hyde :Park ~o~d (6), which is upstream. This indicates that the isotopic 

composition of wpt~r in J,.ittle Tesuque Creek becomes 0.1or.e po.sitive as the, result of runoff from 
tilt~ s\invner thundet:storms. However, the isotopic composition of w~ter in most o{ the 

s~i~~. ~pled in. August 1987 was more negative than 1post sun;Uner P,~ip~~-tJ,pn, indiqi~_g 

th~f q\bst flow in the streams sampleQ. during this time of th~. year is the result of. ;winter: 

pre(ipita.ti,on. There would be mixing during summer thunderf;tot:mS of local su:t:fclce Nllof£ ai)d 

snowmelt water (winter precipitation) discharging from th~ sh(l}low alluvial 'aqqtfer~ Jn th~ 
mountains; however, most water in the streams having headwaters in the mountains prob.ilbiy...is· 

th~ r~J.* o.f winter precipitation. This agrees with the findings of Graustein (1981) as discussed 
ear,l.let:- . . 
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Figure 14.--Relation between sample . collection date and a deuterium for surface water 
in the Santa Fe area. 
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Hydrogen and Oxygen Isotopic Composition of Ground Water 

The 80 composition 9f ground water ra~ges from -11~ .. to -61 pennll. and the 8180 
composition ranges from -15.8 to -9.3 permU (table 6 and fig. 15). Most ground. water sampled 
has a 80 composition range of -85 to -70 permil and a 818o composition range of -12 to -10 p.ennil 
(fig. 15). The linear regression equation calculated from the ground-water samples is: 

. . lRr.. 0 80 = 7.8 8 --v + 9.4 / 00 <R2 = 0.87). (17) 

This ~uation is shnllar to the equation (eq. 15) calculated using precipitation data (M) = 8.0 8180 
+ 11.1 /oo) (local meteoric water line). The isotopic composition of rribst of the grolind water 
does not seem to be significantly affected by evaporation beCause most samples that plot bt!iow 
the local meteoric water line are not far below the line. Evaporation could be Oct:uhing and not 
aff~t the isotopic ccnnposifion of the recharge water if, during certain runes of th~ year, a large 
par~ of the recharge water is evaporated, leaVing a relatively small amount of isotopi¢ally. 
positive water, which mixe5 with a large amount of unevaporated water. The reSUlting nliXed 
~ater would hav.e chloride concentrations larger than the unevaporilted water because of the 
large amoililt of salts that would be concentrated in the evaporated water. The isotopic 
composition of the rriixed water would not be substantially affected by the small amount of 
isotopicaily positive evaporated water. Transpiration that does not affect the iSOtopic 
composition. of water (Zimmerman and others, 1967) also may be a major process that 
concentrates dissolved solids (chloride) in recharge water and ground water. 
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Figure 15.--Relation between ~ oxygen-18 and ~ deuterium for groun~ water in the 
Santa Fe area. 
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Most ground-water samples plot below the annual mean volume-weighted hydrogen and 
oxygen isotopic composition of precipitation (fig .. 15). This suggests that most water that 
reeharges the aquifer'tesults from wiriter precipitation, which generally is isotopically more 
negative. The range' iri iSotopic compositiotf of ground water is sifuilar to the range meaSured in 
s~.face waters. The sifuil.arity iri the isotopic compo~itiori of ground water and surface water 
(denv·oo. from the mc>untamo\ls areas) arid the Jack of groitrtd•water samples that are isotopically 
similar to s\uruner precipitation indicate that mountain-front recharge is the most significant 
type· of recharge and that·arroyo-channel recharge, which generally occurs in the summer, is 
rela:Uveiy insignificant. 

With the exception of the samples collected along the Pojoaque Rive~; the deuterium 
composition of ground water generally gets lighter to the north {pl. 2). This is similar to the trend 
recogniZed in surfac~water samples (fig. i4). The SD composition of most ground water near 
ArrOyo Hondo and the· Sarita· Fe River is generally between •80 and -70 permil (pl 2). The SD 
composition of water from several wells north of Arroyo Hondo and south of tlie Santa· Fe River 
is greater than .:.70 petmil, which may indicate that sllllUrter precipitation results in some 
recharge to the aquifer i:ri ~hiS area. The oD composition of ground water near the Rio Tesuque 
generally is less than -80 perrnil. The oD composition of water along the Rio Chupadero varies 
over a large range, but generally is more negative than other water sampled in the study area. 
Along the Pojoaque River, the oD composition of ground water ranges from -79.5 to -76 permil 
and plots below the regression line of ground waters. The isotopiC composition of water in this 
area is probably affected by evaporation, which would tend to make the water isotopically more 
positive than its original composition prior to evaporation; thus the waters are more· pOsitive 
thai\ other waters in· the area. Evaporation also would catise· the water to plot below the 
regression line of ground water if most ground waters· Were not affected by evaporation. 

The SD composition of several waters sampled in t~e Buckman area generally are more 
negative· (404.5 to -111.5 perinil) than most ground water sampled in the study area~ This area is 
a discharge area for the flow system (~Ada and Wasiolek, 1988) and is located relatively far 
(approxirilately 14 mile5)' from the recharge areas along the moliritam front and could represent 
water thafrecharged the aquifer a long time ago. Phillips and others (1986, p. 183) indicated that 
the oD compbsition of ground water that was recharged 8,000 to 17,000 years ago in the SanJuan 
Basin in northwestern New Mexico was approxima-tely 25 permil more negative than ground­
water recharge presently ocaiiTing. Phillips and others (1986, p. 184) indicated that the mean 
annual temperature has been the major control of the stable isotopic composition of recharge to 
the San Juan Basin. They estimated that 8,000 to 17,000 years ago, the mean annual temperature 
ii\ the sail Juan Ba5in was approximately 7 degree5 Celsius less than the present temperature. 
The relatively more negative grotind water in the Buckman area probably represents water that 
was recharged during this tirrie. 

The isotopic composition of ground water near a particular drainage was similar to that of 
surface water in the drainage, but the isotopic composition of surface water was different among 
particular drainages (pl. 2). It was not possible, however, to trace ground water from a particular · 
drainage or recharge source through the flow system. This was in part due to the large variation 
in isotopic composition of ground water in small areas and the lack of sampling sites in areas 
· downgradient from the recharge areas. 
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SUMMARY 

Chiorlde-ob.alance m~thods we~ used. in. th~- u~a~ated .zqne .. and.,b},_ground-w.atei' to 

esti~t¢ dj.r~t and m~untai:Jl:front r~~g:e, tQ.~p,e bapin-fillaquifet1W th~ ~ta F~ a~. ;R.~ults 
of the chlorjde-palanc~ detemlinations in.,~~ .un,sa,ll.lr~~"ed zo~~ ip¢i,~:ate"that no re(:harg~ ~­

OC<;UI1,"~ in th~. recent pil,St at sit¢s having little.-or no i:u~liJJf O.f flopa!.:ng. R,echarge. do~ occur lJl 

arroyo channels, and th~ chloride co~c~np;ation ~~f . ~arge. wa~~r r~nges from 40 to 6Q 

milligrams per liter at the ~i~~ ~pled .. :Recharge rate$. in arroyos were not. c;alculated because 

the volume of water infiltrating through arroyo channels and the chloride concent@.tioq in.tl'tis. 

water are difficult to measure. On the basis of chloride·:e()ncentrations in ground water, arroyo­

channel r~ha.rge is not a. significan~ source of recharge. 

. Chlo.ride concentratio~ in swia.ce ~at.~r:. a:nd grou:n4 yva_ter were -qsed. to inv~Q.gate 
r~.~rge process~ (llong drajnages ha.yi,p.g headwaters in tl)e. moun~. adifl(:ent to the Tesrique 

aqttifer systeq1. . Chloride con.::entta.tions m water froiD. these sl(re.~ we:re sm.allest in the spring 

during the end of t~e snowmelt period and were largest in the late wi:nte~~o early $pring.at the 

beginning of the snowmelt period. Chloride. concentration wa~ interm~.~ in the late summer 

during summer thunderstorm runoff. The measured chlorid~ concentration generally was 

smallest in the Santa Fe River and largest in Little Tesuque Creek. The large chloride 

concentrations in Little Tes~que Creek probably are in part from runoff co:nt.lini)lg dissolved 

road salt and from ground.,yvater inflow that contains septic tank effluent ~o the stream .. Chloride 

concentrations in ground water had -large areal variations. In several areas, ground-water 

chloriqe concentrations are less than 5 milligrams per liter. Chloride concentrations generally care 

larger in areas upgradient from areas. having relatively small ground-water chl~ride 

concentrations. The larger chloride concentr~tions upgradient indicat~ , t}lat tl).e chloride 

concentration in recharge water has changed or that the sources of recharge have changed. 

Possible changes in ~he sources of recharge would be the infiltration of septic tank effluent or 

infiltration of irrigation water, as opposed to infjltration of streamflow alone before these effects 

of dev~Jopment. In the Buckmana~at:which is.P:t part qfthe dlscharge.area for theJlow ~ystem, 

ground;" water chlorjde concentrations . generally are less 'than 5. ntilligr~ per l!ter. nus 
inpicates that- arroyo-channel recharge ~d rock/water interaction do not sigxWi(;anfly affect 

chloride concentrations in ground water. If tilrroyo..channel recharge were a signif;k:~t source of 

recharge and water,in the aquifer is well mixed, chloride co.ncentration in_the Buckman area 

woqld ~ 4!rger t~~ . that observed because the chloride concentration of arroyo-channel 

recharge nmged from 40 to 60 milligrams per liter and the chloride concentration in ground 

water near the mountain front (recharge ar~a) was similar to that in gro,und wate.r near Buckman 

(discharge area). Estimates of natural recharge, using the ch,lorid~bal,ance method cmc;l ~$uming 
runoff out of the recharge area, are approximately 2,320 acre-feet per YE,mr iri the Santa Fe River 

drainage, 690 acr~feet per year in the Rio Tesuque drainage, and 830 acre-Jeet per year in the 

Arroyo Hondo drainage. · 
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Stable isotopes of hydrogen C:lPd oxyge:n were ~ed to ir)vestigate sources of recharge to the 
basin-fill aquifer. A local meteoric water line of SD = 8.0 · S180 + 11.1 was detennmed from 
precipitation.c;tata collected in the.,stu.dy area. Grouncl water generally plott~ along this meteoric 
water line, indicating ·that evaporat~on dc:>:es not significcmtly affect recharge water. Summer 
precipitation generally is isotopically more positive than winter precipitation. On the basis of the 
isotopic composition of ground water, winter precipitation results in relatively more recharge 
than summer precipitation and arroyo-channel recharge is relati,vely insignificant. The isotopic 
composition of ground water near a particular drainage was similar to that of surface water in 
the drainages, bu.t there were differen€es in the isotopic compositiQJ:l of surfac;:e water from 
particular drainages; however;, it was not possible to trei,ce grounq water from a particular 
drainage or recharge source through the fl!lw system. This was in part due to ·substantial 
variation in the isotopic composition of ground water in small areas and the lack of sampling 
sites. i:p. some areas. 'in the flow system downgradient from the recharge areiil$. The isotopic 
cornposiijOJ;hOf sutfuce. Wat.er: anq grc>1:1nd water generally gets more negative to. the north. The 
iso~Qpi,;: composition of ground water in the Buckman area. was much more negative than that of 
most ground water in other parts of the study area; .The isotopically more negative ground water 
in the Buckman area probably was recharged to the aquifer during a time (possibly 8,000 to 
17,000 years ago) when meart annual temperatures were less than at present. 
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Table 1.-Natural flow in and summary of estimated or calculated recharge to and discharge from the 
Tesuque aquifer system iri selected drainages near Santa Fe 

[AtJ. values are in acre-feet p~ryear; --, no::data] 
f ·, . . :···.. . . 

HltJJ:tAJ fllllll St:tBam-~b~l ~~IIgB ll1ss::bame 
Spiegel Spiegel Lee Me: Ada 

and and Wilson and .and 
Baldwin, Reiland, Baldwin, Associates, Hearne Wasiolek, Heame:, 

Drainage \ 1!163· 1975 19;63 19'18 1985 1988 1985 

·-
Santa Fe River 6,700 (1) .. 5,800 (2) 3,500 5,220 5,430 3,150 

5,820 (3) .. 2,900 (4) 

680 (5) 

Arroyo Hondo 535 (6) •.. 535 -- .. 510 

Arroyo de los 
Chamisos -- -- -- -- -- 1,010 

Little Tesuque 
Creek 900 (6) 400 (71. -- -- 400 

Tesuque Creek 2,e:?o t6l 2,300 (7) 303 

Rio Tesuque -- -- 1,450 1,500 1,090 3,400 250 

Rio Chupadero -- 300 (8) -- -- 390 290 

Rio en Medio -- 1,800 (8) -- -- 890 2,460 --
Rio Nambe -- 8,000 (9) -- -- -- -- 950 

Pojo~que Creek -- -- -- -- -- .. 330 

Pojoaque River 
Basin (total) -- -- 2,700(10) 3,080 5,900 3,050 

I'll Annual water yield, upstream fran .gaging station, downstream fran McClure Dam. 

1·21: Maximum. in a 4·mi~e reach f~;om. mountain front. 

(3) Median runoff below McClure· Dam. 
(4) •Optimum• i.n a. ·4-mile reach fr6m' mountain fro!lt. 

M¢Ada 
and 

Wasiolek, 
1988 

4,700 

670 

510 

5,300 

( 5) Downstream from gaging stat ion downstream frolli MC:Clure Dam to Two Mile Reservoir. 

(6) Annual average. 'loiater yield, upstream from pre'sent (1960) or most recent gaging station. 

(7) Upstream frQn·div~rsions·. · · · · · 

(8) At Nambe PUeblo boundary. 
'(9) At Namb4i Falls. ·· 

(10) Excluding the Rio Tesuque drainage. 

, .. .,.:, . ·. • .... • ~·=·~······ r• .,. ...... , .. 



Table 2.-Dissolved-chloride concentration and precipitation amount 

collected at the Sangre de Cristo Water Treatment Plant 

[--~ ~o data; sample volumes in parentheses were not 

measured1 but were calculated from the wedge rain gage 

assuming no evaporation of sample] 

Chlo-
ride, 
dis-

solved Sample Precipitation 

(milli- volume amount 

grams collected {inches~ 

per liter (milli- Tipping 

Date as CD liters) bucket Wedge 

Nov. 2Q-Dec. 22, 1987 0.850 350 0.45 

Dec. 22, 1987-Jan. 15, 1988 .880 240 .45 

Jan. 15-27,1988 .140 1,215 .58 

Jan. 27--Feb. 16, 1988 1.400 104 

Feb. 16-Mar. 4, 1988 2.000 104 1.52 

Mar. 4-Apr. 20, 1988 .880 729 1.02 1.27 

Apr. 20, 1988-May 23, 1988 . 400 1,218 1.25 1.13 . 

May 23-July 8, 1988 ·1.700 969 3.71 3.55 

July 8-29, 1988 .230 (3,164) 1.98 1.94 

July 29~Aug. 15, 1988 3.000 202 1.40 1.32 

Aug. 15-25,1988 .170 (3,794) 2.39 2.30 

Aug. 25-Sept.19, 1988 .270 (4,569) 2.71 2.95 

Sept. 19-0ct121 1988 .660 1,329 2.02 2.05 

Qct. 12-Nov. 10, 1988 .950 270 .18 .15 

Nov. 10-30, 1988 .650 1,015 .54 .15 

Dec. 5, 1988-Jan. 23, 1989 5.600 105 .41 .70 

Jan.~Feb. 10,1989 .110 3,790 1.46 1.55 

Feb. 13-~~7, 1989 .950 244 .23 .20 

Mar. 7-29,1989 .990 264 .43 .60 

1Sampling period January 27, 1988, through March 4, 1988. 
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Mass of 
chloride 
(milli-
grams) 

0.298 
.211 
.170 
.146 
.208 

.642 

.487 
1.647 

.728 

.606 

.645 
1.234 
.877 
.257 
.660 

.588 

.417 

.232 

.261 
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Table 3.-,-Recharge and cumulative cliloride estimates 

[-,val tie not calculated. •, niinimum amount 

of recharge occurring at these sites] 

' 

Average Time 
chloride required 

Cumulative concentration Recharge for 

chloride in soil rate aceumulation 

<gr~.per water (inches of 

Drill Interval square (milligrams per chlorlde 

hole (feet) meter) per liter) year) (years) l:· 

Mesa sites 

1 0-20 925 8,800 

1 25.7-49 134 

2 0-32 850 8,090 

2 32.5-49 70.9 

7 Q-30 700 6,660 

7 15.1-29 321 

7 30.6-49.7 43 

Arroyo channel sites 

3 0-47.2 45.5 0.09"'. 

5 0-49 62.7 0.07"' 

Arroyo margin sites 

4 Q-20 260 2,470 

6 0-10.8 77.7 0.06 

6 26-3i 40.4 0.11 

6 31.5-40.2· '12.7 0.19 

6 41.2-43.3 87.2 0.05 
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Table 4.--Dissolved;..chloride concentration and~ deuteritiin 

and o oxygen-l~lcomposition·ofsu.rface water from 

selected diainages near Santa Fe--Concluded 
. .: : 

.. - \••" 

Station Chlprid.~ 

refer- concentration 0 0 

ence (milligrams deuterium oxygen-18 .. 

number Sampling site . De1te per liter) (permiD (permil) 

~ Tesuq1,1e Creek near 6-0~-87 4.9 -91 -13.2 

State Highway .P, 4-21-88 13.2 -91.5 -13.00 

10 Rio T~~l:lque at State 
:J ~3-87 7.0 -90.0 -J3.1 

Highway22 

11 Rio Tesuque at 6-03-87 17.3 .. 83 -11.5 

State Highway 4 8,.Z6-s7 . 22.0 _ .. 78 -10.6 

4-26-88 19.9 .. ·-81.0 -11.20 

12 Pojoaque Creek at 6-03-87 3.3 -87 -13.0 

U.S. Highway 285 8-26-87 7.1 -83. -11.8 

4-26-88 10.7 -84.5 -11.90 

13 Arroyo Hondo at 5-2s--87 8.4 -85 -11 .. 5 

U.S. Highway 285 8-26-87 ., .. ..:72.0 ,.10.0 •. 

8-28-88 16.9 ' ... 75.5 ·' -10.35-

14 Arroyo Hondo upstream 5-28-87 .:5.5 .. ss.o -'11.9 

from U.S. Highway 285 

15 Rio Chupadero at 6-03-87 8.1 -89 -13.0 

State-Highway 22 8-26-87 11.7 -83 -12.1 

4-26-88 14.2 -91.5 -12.65 

Arroyo de los Chamisos 

16 Site 1 . 5-~-87 11.8 -80.0 -11.5 

17 Site2 5-28-87 4.9 -82.0 -11..1 
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Table 5.-"Dissolved-chloride and dissolved"'-nitrogen concentrations 

in ground water near Santa Fe-Continued 

Nitro- Nitro-

Chlo- gen, gen, Water 

ride, nitrate, N02+N~ Depth level 

dis- dis- dis- . of (feet 

Date solved _solved solved well, below 

Well location of (mg/L (mg/L (mg/L total land 

number sample asCl) asN) asN) (feet) __ st.uface) 

353556106071901 +18-77 3.3 1.50 

353605106071701 10-10-51 3.5 1.20 

353607106071701 10-10-51 3.5 1.20 

353608106015701 8-09-86 23 0.44 .;... 

353608106070201 8-28-86 6.3 3.10 

353631106024101 7..08-87 6.3 0.26 255 

353655105541801 8-14-86 61.0 0.23 

353658106022401 7-09-87 .3.6 5.40 368 

353703106050201 7-11-86 3.1 0.70 

353711106023401 7-12-85 2.0 0.30 

_,0 353722106013901 7-25-86 1.4 0.47 

353723106064301 8-28-86 4.8 1.70 

353733106005701 8-14-86 1.6 0.21 

353738106005301 8-13-86 4.2 0.95 

353738106030201 6-13-85 5.2 1.30 

353739105564601 7-11-85 25.0 1.80 

353742106041801 7..03-86 6.7 0.93 

353743106042501 6-13-85 2.1 0.36 

353747106024001 6-21-85 5.1 1.30 495 

353749106030201 11-21-52 4.0 0.36 384 212.0 

353749106030201 4-30-85 6.2 1.30 340 
--

353750106042201 8-13-51 2.2 0.27 ·- 248 

353753106050901. 6-27-85 10.0 3.50--

353808106031001 8..(}7-86 1.4 0.24 0.25 

353808106031801 8..08-86 1.3 0.18 

353811105544201 7-11-85 27.0 1.60 270 ...., 

353812106042001 6-28-85 2.8 0.27 500 

353814106031701 8-27-86 1.1 0.14 -
353815106032601 6-12-85 1.7 0.58 

353817106012401 3~1-85 2.5 0.47 
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Table 5.--Dissolved-chloride and dissolved-nitrogen concentrations 

in ground water near Santa Fe-Continued 

Nitro- Nitro-
Chlo- gen, gen, Water 
ride, nitrate, N02+N031 Depth level 
dis- dis- dis- of (feet 

Date solved solved solved well, below 

Well location of (mg/L (mg/L · (mg/L total · land 

number sample as Cl) asN) asN) (feet) surface) 

354119105590501 7-25-86 3.5 1.80 ~ 
: 

354132105571901 7.:09-85 61.0 15.00 
0: 
i: 

354135105561701 9-11-51 8.0 0.56 100 100.0 
j", 

354135105561702 9-12-51 12.0 4.10 180 80.0 

354135105562401 8-20-51 2.70 150 82.38 

354143105561701 8-20-51 0.61 157 

354256105550801 8-15-86 23.0 0.38 

354300105530502 7-06-77 16.0 0.30 560 
354352106071401 7-18-77 4.2 2.60 
354354105543001 8-15-86 8.0 0.43 

354419106022601 9-19-51 io.o 1,500 
354419106022601 12-20-73 8.2 13.00 1,500 

354427106060601 8-28-86 14.0 13.00 400 

354442105550701 8-01-51 8.0 0.86 400 75.0 

. 354501106014001 5-28-75 18.0 841 

354503106014701 7-18-77 7.1 6.00 651 
354553105555401 8-28-86 34.0 11.00 
354555105554901 4-11-74 13.0 4.30 
354608105561801 11-02-51 4.0 
354609105561701 11-02-51 4.0 0.36 

354623105561001 12-15-64 2.5 0.41 .. 100 
354623106025701 8-28-86 9.6 4.40 350 

354652105565301 3-05-54 2.0 0.34 100 
354747106021701 8-27-86 6.6 1.00 
354805105582501 6-07-74 15.0 0.05 

354812105583001 1-18-65 6.7 0.02 72. 
354832105540401 4-29-77 20.0 130 

354832105544901 7-28-77 6.0 0.76 
354844106083301 12-28-50 5.0 
354844106083301 9:..19-51 4.0 0.0 
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Table 5;--Dissolved .. chloride. and :d'issolved-:nitrogenconcentrations 

in ground water. near Santa Fe....Continued 

Nitro- Nitro-

Chlo-: gen,. gen, Water 

_l'?t; : .. ' ride~ nitrate, ,. ; • N02+N03t Depth level 

~ ::·. ~ . : dis- ... dis- dis- of (feet 

.· ... i· .. Date solved··. · solved· solved wcll, below 

Well location of. ··.· (mg/L (mg/L. ~ r : · (mg/L total laitd. 

.. number . ; ·,•;,:, sample asCl} as N)' : .. asN). (feet) surface) 

355300106092301 1-15-61 16.0 ·:. ..... • . 
1,750~ . t~ ·-· 

355300106092301 1-15-61 16.0 0.27 1,750 . 
::7 
r:: 

355300106092301 1-19-61 . 16.0 0.27 1,750 . .;.;.;.~ ;~ . 
F· 

355300106092301 2-08-61 15.0 1,750.•: .. -
355300106092301 6-09-61 16.0 1,750 ...!::,.:- .. 

355301106092201 3-20-51 20.0: -· 

355301106092201 3-20.,.51. 23.0 -·· ,, 

355301106092201. 4-18-57 
355301106092201 10-09-57 .. 24.0 ·-
355301106092201 4-18-58'. 27.0 

35530110609226.1 9-07-58 18.0 ..,.. 

35530'fto609'2201 . . ····g:}7~58" "' 18.0'' -
355301106092201 2-17-59 27.0 
355301106092201 8-03-59 20.0 
355301106092201 5-20-60 7.0 

355304106092201 10-09-57 3.0 0.07 

355304106092201 3-21-58 5.2 0.05 

355304106092201 10-1Q-58 3.0 0.00 

355304106092201 4-21-59 3.0 0.02 

355304106092201 10-26-59 5.0 0.02 

355304106092201 4-26-60 3.1 0.00 
t: 

355304106092201 11-22-60 3.4 0.02 
~: 

355304106092201 4-22-61 3.0 0.02 

355312105574301 7-20-54 22.0 347 60.0 

355312105574302 2-09-54 6.0 3.40 70 

355317105575701 2-09-54 7.0 5.40 

355324106024801 12-28-50 7.0 0.43 80 

355326106065901 12-10-64 19.0 2.90 160 

355326106065901 12-17-69 20.0 2.70 

355331106050201 12-27-50 21.0 3.80 63 
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Table S . ...;.Dissolved-chloride and, dissolved-nitrogen. concentrations 

in ground water: near Santa Fe--concluded 

Nitro- Nitro-
Chlo- gen; gen, 
ride, nitrate, N~+N~ Depth 
dis- dis- dis- of 

Date solved solved solved well, 

Well location of (mg/L (mg/L (mg/L total ··. 

··number sample asCI) asN) asN) (feet) 

35533310608590l' 10-10-58 5.0 0.05 
355333106085901' 4-21-59 2.8 .. 0.20 --
35533310608590i . 10-26-59 4.5 0.18 ......... 

355333106085901 4-26-60 2.2 0.18 
355333106085901 11-22-60 2~8 0.20 

355333106085901 4-26-61 3.0 0.20 
355335106010102 6-12-74 22.0 0.18 

355337106063701 3-10-59 16.0 3.20 70 

355340106061001 12-17-69. 7.2 0.30 --
355404106070001 6-03-74 6.9 0;21 -· 

355411106074001 12-27-50 66.0 0.20 40 
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Table 6.-..8 deuterium and 8· oxygen•18 composition of and 

dissolv~d-chloride concentration irt ground 
water near Santa Fe: . -

[Well location number: first siX digitS ate latitude, next seven digitS ate 

lorigitude, and last two digits are sequence number; p.S/an, microsiemens 

per ceiitimeter at 25 degrees Celsius; -, no data. All data were collected in 1988] 

.. . ·. , ... , .. ,; . ~ .. 

Chloride: . 
concen-

Well Specific 8 8 -~ijon 

Welll<qijon depth condu$mce .deutt!fit.rm oxyge.n-18 . <Irilmgrams 
num~f (feet) __ (JIS/cm) (perntil> (penni)) ... J>!r:l;iter). 

353817106002701 70 550 -67 -9.9 25.3 

354746106022101 700 333 -116 -15.8 5.7 

353745105595601 320 195 -80 -H.8 1.5 

353843105$,~801 -120 650 -80 -11.7 

3537521Q5S80301 200 600 ·-so -12.2 27.8 

353737105563701 550 470 -66 -9.9 2o.o 
353821105570001 225 360 -61 -9.6 8.3 

353754105553401 250. 1,8()0 -:68 -9.3 -
354457106060601 300 375 -17 -11.1 13;2 

3542581060~501 350 .300 -87 -12.4 3,1 

354934105553001 80 600 -85 -12.1 

354712105531901 15 160 -89 -12.6 14.8 

354834105540401 120 175 -92 -12.9 14.4 

3548401Q5S35701 480 -74 -10.8 16.3 

353832106003901 750 250 -79 -12.0 12.1 

.353942106005801 130 398 -74 -11.5 i3.5 

354006106004101 260 180 -80 -12.3 2.5 

353959106003901 300 245 -79 -11.4 . 7.7 

354040106001801 285 215 -12 -10.9 3.0 

353913106011801 200 210 -77 -11.~ 6.0 

353843106011001 700 248 -81 -11.7 13.7 

353853106000701 200 445 -78 -11.6 20.0 

353840105S94201 116 400 -75 -11.4 25.0 

353934106002101 180 315 -68 -10.3 12.6 

353947105595201 200 305 -76 -11.4 12..3 
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Table 6.""!-~ deuterium and &·oxygen•18 composition of and. 

dis.solv~d:-chloride concenttati:on in.,ground. 

water near Santa:Fe--Continued 

:w~u.}.QgtJi.PJJ. 

n'!ro~r 

~~~~~{g~~~~~~ 
3540341oss905ol .. 
354052105583501 
354134105575101 

.. 
354119105553301 
354013105$40401 
354049105545401 
354105105541601 
353923105591201 

35364110~12401 
35350810qD25701 
353655105541801 
353737165554901 
353736105552601 

353758tci5552601 
353714195.564201 
353700105572201 
353623105555501 
353552105543101 

353555105'543301 
35345610~020701 

35351510~021801 
353528106021101 
353620106010201 

353650106002701 
353643109001201 
353618105584201 
353809105555501 
354542105554301 

~{" 

Weii Specific · 
depJh.~~-· ,qm4.Yctan.~e 
(feet) (Jl.S/ em) 

200 
is 

120. 

420 
155 

80 
Z29 

360 
350 
300' 
150 
250 

220 
350 
286 
35() 
.20 

350 
~ 
350 
320 
375 

330 
350 
380 
32.0 
200 

350 
650'· 

.. ... 285". 
340 
433 

52.0 
455 
455 

1,050 
350 

197 
232_ 
710 
468 
466 

550 
398 
218 
422 
700 

1,880 
298 
243 
236' 
272 

238 
228 
000 
670 
363 
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~ 

cl~uteP.um 
(permil) 

-77 
-73·1,}' 
.-7i .. 
-74 
-75 

-77 
. -77 
-79 
-78 
-80 

-8t~b':. 
-7s:o ·· 
-71.5 

-72.5 

-76,{) 
-73.() 
-77'.5 
-78.5 

-73.0 
-81.0 

-77.0 
-76.5 

-79.5 
-81.5 
-85.0 
-84.5 

.. J. .. 

·.;\-
~ .. 

oxyge;n-1.8 
(permil) 

-10.4 
-io.7' 

..~.10.7. 
-11.1 
-11.5 

-11~0 
-11.0 
-120 
-11.5 
·12.1 

-11.60 
-1 ,.(j() 
-9.95 

. tt.:... 

-10.25 

-9.75 
-10.15 
-10.50 
-11.15 

.. 

-10.50 
-tt5o ....... 

-11.10 
-10.85 

-
-11.35 
-11.60 
-11.40 
-11.55 

' ChlQqpe 
c~:k~i 

<milligr.eul:l$_ '· 
per liter) 

13.8. 
·65;:2·'· 
15:8 .. : ... : .. ~··· . 
11.3 
·18.8 

.. ~ 

tS.;l 
~.3 
65.0 

··26 .. }; 

·r : ~3, , ... :.:~<· 
•):J;),6. ·.~-·· 
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Table 6.-5 deuterium and 5 oxygen-18 composition of and 

dissolved-chloride concentration in ground 

water near Santa Fe-Concluded 

Chloride 
cone en-

Well Specific 5 0 tration 

Well location depth conductance deuterium oxygen-18 (milligr~ 

number (feet) (JJS/cm) (penni!) (permil) per lite,~) 

354530105554301 90 000 -86.0 -12.75 16.2 

35452.3105553901 175 305 -84.5 -12.10 4.0 i: 

3545211055534:01 175 324 
_;,; .. 13.8 \ 

354320105544501 535 530 ..;80.0 -i0.95 .23.2 
i. 

L 

354336105543301 400 502 -78.0 -10.70 16.4 ~-

354408105545201 150 570 -81.5 -11.45 41.9 

354504'105552401 120 404 . -85.5 -12.40 16$ 

354439105544701 130 406 -87.0 . -1i8o 11.3. 

354811105545801 350 438 -107.5 -13.90 9.1 

354756105551201 500 371 -96.0 . -12.55 6.9 

355333106021901 so . 580 -76.5 -10.55 16.5 

355312106041401 110 ·592 -76.0 -10.40 .15.6 

355315106041801 100 640 -79.5 -1i.OO 17.6 

355320106032101 67 660 -79.0 -10.8 21.4 

355104105592901 180 355 -87.0 -12.10 5.6 

354208105585101, 450. 272 . -92.0 -12.65 4.1 

354801105551401 7'25 . 387 -101.0 -13.55 11.4· 

354353105543401 85 326 -81.5 -11.20 9.3' 

354423105540801 0 272 -82.0 -11.45 

355039105591701 160 408 -84.0 -11.50 4.9 

355148106000601 73 780 -82.0 -1i20 31.4 

354346105570801 740 262 -80.5 -11.10 4.1 

354433105571701 580 232 -81.5 -11.70 7.4 

355000106092801 2,000 1,080. -111.5 -15.00 27.3· 

355006106094801 -83.5 -11.95 2.8 

355006106094802 -81.5 -11.95 3.4 

355006106094803 -83.0 -11.75 2.8 

354935106085301 -111.0 -15.00 

354944106091801 -104.5 -14.25 
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Table 7.-Mountain-front recharge estimates based on the chloride-balance method 

[(1), this study; (2), Spiegel and Baldwin, 1963; (3), Wasiolek, in press, (4), Reiland, 1975] 

Rmf 
Estimated 

Pill PmCp Rmf annual 

Average annual Average annual Estimated mountain-
volume of mass of chloride annual front Measured or 

Drainage Av!!rage annual precipitation intercepting mountain- recharge estimated· 

basin precipitation intercepting basin (acre-feet front as•uming annual· 

(square in basin basin milligrams recharge runoff streamflow: 

miles) (inches) (acre-feet) per liter) (acre-feet) (acre- feet I (acre-feet) 

Santa Fe River (downstream point of drainage basin; latitude 35°41'1.2", longitude 105°38 '40") 

26.95 Ill 20.91(1) 30,060 8,700 2,900 2,320 5, 800 :u, 
18.2 (2) 26.0 (2) 2.5. 000 

8.8 (2) 18.0 ~2) · 8, 4oo 
33,000 9,600 3,200 2;620 5, 800 (2) 

28.70(3) 23.62(31 36,200 10,500 3,500 2,920 5,800 (l) 

Estimated 
chloride 

concentration 
in drainage;_ at 
mountain front 

(milligrams 
per lit.,_r) 

1.5 

1.7 
1.8 

Little Tesuque Creek (downstream point of drainage basin; latitude 35°43'30", longitude 105°53'15"1 

7 .34(1) 
7.2 (2) 
7.66(3) 

11.84(1) 
11.2 (2) 
11.22 (3) 

8.38(1) 
6.7 (;2) 

21.90(11 8,573 2, 500 630 400 (4) 

21.0 (2) 8,100 2,300 580 400 (4) 

22.96(3) 9,380 2,700 670 400 (4) 

Tesuque creek (downstream point of drainage basin; latitude 35°44 '20", longitude 105°54 '20".1 

20.77(1) 13,120 3, 800 950 2,300 (4) 

21.0 (2) 12,500 3, 600 900 2,300 (4) 

24.18(31 14,470 4,200 1,050 2,300 (4) 

Ri-.o Tesuque (sum of Little Tesuque Creek and Tesu<{Ue Creek) 

1,580(1) 690 
1,480(2) 590 
1, 720 (3) 830 

Arroyo Hondo (dOwnstream p.oint' of drainage basin; lati:tude 35°37'03", .l.ongit\lde 105°54'17") 

: 19.15(1) 
17.0 (2) 

J1,560 
6,100 

2,500 
1,800 

83,0 
590 

535 (2) 

535 ~~~-

6.3 
5.8 
6.8 

1.7 
1.6 
1.8 

4.7 
3.4 

_____ ....... .-.. -···--::::::::~~::!:::::~~::::~::::-~~-·~·~::-----,---:-·---------···-·.~ ::-..·:· --.--.-~~·.·:·~-·•·7:;:?7~~~:;~:~:~N:~0:::::·:.~:'~;~~-----¥..-•~·oo-• "··-.. -~------·--· ·--· • 
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Table B.--Estimates of stream-channel recharge and subsurface inflow from the mountains for 
selected. drainage basins near Santa Fe 

[All values are in acre-feet per year. -,no data] 

A~'~g Hgodg dtiJDI~I SIDtl EB BJ~t dta1nlg~ 
Mountain~ Mountain-

stream- Subsurface etreaJa- SUbsurface 
channel 'inflow fran channel inflow from 

Inv .. stigator recharge mountains recharge mountains 

Speigel and 
Baldwin (1963) 535 -- 3,900 (1) --

Lee Wilson and 
Associates (1978) -- -- 3,500 --

Hearne (1985) 0 0 5,220 0 

McAda and 
Wasiolek (1988) 510 360 (2) s. 430 3,190 (3) 

Wasiolek lin press) -- -- -- 4,170 

This study (6) 830 2,900 

(1) "Optimum• recharge in 4-mile reach from mountain front. 
(2) Includes node 28,24 (row 28, column 24). 
(3) Includes nodes 21,24; 22,24; 23,24; 24,24·. 
(4) Includes all inflow to aquifer along the Rio Tesuque drainage. 

(5) Includes nodes 17,25; 18,25; ·19,251 20,25. 

B1g ~lliSIJS: dtliDiUB 
Mountain-

stream- Subsurface 
channel lnt:l ow from 
recharge mountains 

1, 4.50 

1,500 

1,800 

3, 400 (4) 1,500 (5) 

-· 3,320 

1,580 

(6') Estimate of stream-channel recharge plus subsurf11ce inflow from the mountains. 

~- ~·· 



.- .... -

Table 9.--Precipitation amount and~ deuterium and~ o:xygen-18 composition of 

precipitation collected at the Sangre de Cristo Water Treatment Plant 

[-,no data] 

Precipitation 
amount {inches} 

Tipping-
bucket Wedge 

rain rain ~deuterium ~ oxygen-18 
Sampling period gage gage (permil) (permil) I. 

' ! ·. 
i . 

8/26/87- 9/02/87 0.33 -43.- -7.2 
! 
~4: .. 
... :.·. 

9/02/87- 9/17/87 0.10" -30 -4.5. ,' rJ 
9/17/87-10/09/87 0.08 -46 -7.4 IW 
10/09/87-11/03/87 1.34 -77 -12.1 r· 

1----

11/03/87-11/20/87 0.80. -108 -14.8 .· 
k 

11/20/87-12/04/87 0.10 -109 -15.8 I-. 
12/04/87-12/22/87 0.35 - -86 -12.7 I 12/22/87- l/15/88 0.45 -117 -16.5 
-1/15/88- 1/27/88 . 0.14 0.58 -145 -'19.1 ! 

1/27/88- 2/17/88 , 0.21 -124 -16.8 I 
" 

2/1-7/88- 3/04/88 0.0§ -78 -10.4. .. 

3/04/88- 3/22/88 _0.08 0.18 -63.0 -10.10 

3/22/88- 4/07/88 0.08 0.22 -179.0 -23.3 
4/07/88- 4/20/88 ·0.86 0.87 -63.0 -9.40 
4/20/88- 5/09/88 0,09 0.07 -43.0 -5.90 

5/09/88- 5/23/88 i.~6 . 1.06 -63.0 -9.60. 
1-5/23/88- 6/08/88 0.37 0.36 ·-62.0 -7.90 

6/08/88- 6/24/88 1.47 1.44 -32.0 -6.30 r 6/24/88- 7/08/88 1.87 1.75 -63.0 -9.10 
7/08/88- 7/29/88 1.98 1.94 -51.0 -7.80 ~: 

[·: 

7/29/88- 8/15/88 1.40 1.32 -36.0 -5.50 tl 
8/15/88- 8/25/88 2.:39 2:30 -52.0 -8.10 ~ 

1·:· 

8/25/88- 9/19/88 . 271 2.95 -61.0 -9.3 r 9/19/88-10/12/88 2.02 2.05 -65.0 -9.60 
10/12/88-11/10/88 0.18 0.15 -45.0 -7.30 

I 11/10/88-11/30/88 0.54 0.15 -104.0 -15.0 
12/05/88-12/28/88 0.08 0.20 -81.0 -11.20 

I 

12/28/88- 1/23/89 0.33 .• 0.50 -95.0 -13.40 
1/23/89- 2/10/89 1.46 1.55 -93.0 -13.00 
2/10/89- 3/07/89 0.23 0.20 -97.0 -12.90 

3/07/89- 3/29/89 0.43 0.60 -141.0 -19.00 
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