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ABSTRAcr 

ReCharge is an important consideration in assessing hydrologic impact of 
surface mining, because it is a major component of the water budget of the 
area. However, reCharge data are often not available and measurement by 
usual chemical and physical methods is complex, time-consuming, and expen~ 
sive. An alternative chemical method, based on the chloride content of 
water in the unsaturated zone, is simple and relatively inexpensive. Ap
plication of this method to areas of active and proposed coal surface 
mining in the southwestern United States has made it possible to compare 
premining and present recharge rates so that the impact of post-mining 
reclamation on recharge may be assessed. Plots of cumulative chloride 
content vs cumulative water content provided a means of estimating late 
Pleistocene and Holocene reCharge rates. These higher rates may be consi
dered worst-case values inasmuCh as the Quaternary climate was wetter than 
the present climate. ReCharge estimates based on the chloride method have 
generally been corroborated by those of other Chemical and physical methods 
where this has been attempted. The chloride method should prove useful in 
assessing impact of most surface mining operations on reCharge. 

INTRODtcriON 

Surface mining disturbs not only the ground surface, but also the regional 
water budget. Net runoff, evapotranspiration, and recharge may be in
creased or decreased by the presence of mine structures and excavation. 
Revegetation requires irrigation in arid regions. Water added in irriga
tion supplements that added naturally by precipitation. Introduced vegeta
tion may consume more or less water than the original native species. 

Of all the components of the water budget, impacts on reCharge are the most 
difficult to assess. Although changes in runoff and evapotranspiration can 
be documented fairly directly, reCharge is generally determined by various 
indirect methods. Chemical methods include the use of isotopes and trac
ers, whereas, physical methods involve various types of field instrumenta
tion. Methods in common use are complex, time-consuming, and expensive. 
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7\.n alterrldtive ·-:r1emicr>,l method, based on chloride conticnt of water in the 
unsaturc1ted zone, is simple and relatively inexpensive. The main purposes 
of tl1iP pdp<-'C :tre ln :le:3::;:-.ibc the chloricle method and to illustrettc.! its 
applicr1tion to areas of r1cti vc anU proposE...:-.d sncfacc~ mi TJ.:i ng by means of case 
hi:c;torics fr:JP1 the S.:m Juan B<tsin of northwest Ne1,1 clexico (USA). 

THE CillilRIDE £"!ASS-BALANCE METHOD 

In tho chloride method, rechctrge is determined from u,., reL:1tionship R = 
Clp/Clsw · p (Allison and Hughes, 1978}, where R = recharge (mm/yr), Clp = 
aver.:lgc? annual chloride cnntent of precipitation ( mg/L), Clsw = average 
chloride conttont of soil (vadose) water (mg/L}, and P =average a.:mual 
precipitation (mm/yr). Clp and P are either obtained from the literature 
or measured. Clsw is determined from plots of chloride vs depth, based on 
core sac:ples. Note that recharge is inversely proportional to Clsc1; for 
example, the higher the Clsw, the lower the recharge. 

Several assumptions are made in the chloride method: l) recharge occurs 
only by piston flow, 2) precipitation is the sole source of chloride entc;r
ing the ground, 3) precipitation has been constnnr_ throU<Jh the time' i'1ter
val represented by the samples, and 4) chloride content of precipiLatior, 
has also been constant through time. Tht:sc: assumptions are not alwuys 
valid. For example, some rech<>rge by non-piston flow may occur along 
fractures or root channels. I'he chloride in precipitation, origin<lttng 
from l) salt particles formed by Ute evap:xation of sea water, 2) dust ic:om 
dry saline lake beds, and 3) industrial emissions, may not be the only 
source of chloride enterinJ the soil. Chloride may also be added directly 
through dryfall of saline ciust or fcrt i l i zer, in the case of revegetatr"] 
land. In rare cases, some chloride may even be derived from the rock or 
soil materic;l itself; the method is usually not applied where this is 
suspected. Average ann11al precipitation has no doubt varied through time. 
Of particular interest is the fac:t that the Pleistocene cli.mz1te wus wcotter 
than that of the present. Similarly, chloriue =ntent of precipitation has 
also probably fluctuatc:d. Chloride =ntent of preci.::;>itation is reL'lted to 
distance from the ocean (Hutton, 1976). Lower sea levels in the Pleisto
cene would have resulted in increased distances from the coast i'Hl<l th11s 
lower chloride concentr<>tions in precipitation at that time. 

In view of these deviations from the assumption", results of th•.'· tehlor id<• 
method are considered estir~ates of rechnrge. Hu.vever, va}u.Js obtctiJHcJ bj 

this method compare fuv~Jrably (Sd.Int:~ orJer of J~h·qnitud(·) .vi~h r,_-~;~~, ~~~ uf 
more complex and expensivrc methods. A plot of rechar]" dc:t.•"CTiic1C·-' fc,..l"' 
chloride vs recharge from tritium data <JdV'' ., su-,.[,jLt line> [,Jr ii s!:u<::i Ll 
Australia (Allison and Huqhes, 1978). St:~blc-isotore clat:1 '"lso cur>:obo
rated rechar<Je estimates from chloride in :1oother study in J;•.rstr.'lli..·; (/\l Li
son and others, 1985). Chloride mass-ba.lance results :nw; been CO!tfirmcd 
by chlorine 36 datet as \vc•ll (Phillins anrl others, lCJf\4). 

Samples of the unsaturated wne are obtain<2c1 by mc:•,-,ns uf continuous corirYJ 
with a hollow-stem augcor rig. The con; is suhs:.~;·,,,r,.cl "'' n'gular int<crv-o!s 
(more closely spaced near the surface). O><ll:l[>l,;s ace protecte<1 agFJ.inst 
moisture loss by use of screv ... ·-top jctrs, sc'<! 1 in<} covcr:3 ~;vi th pla::;t_ ic t:rtpt}, 
and storing sample jars out of the sun in '7.i p-i:op flldst i.e bags. 

I.abora·tory procedures iocl;lde JCC::tvimr•tric 111oisturc an.~±lysis, extra.cti~)n of 
chloride-bearing salt by liHCJchanica.l shaking with •leionir,ed water, and 
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Figure I. Typical chloride vs depth plot (upland flat setting, 

Navajo Mine; Stone, 1984 b). 
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Figure 2. Atypical chloride vs depth plot (thick alluvium setting, 

Soli Lake Coal Field; Stone, 1984 c). 
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cletc=rminn.t ion of chloride contP.nt of the extract after settling by colori
metric titration or a chloride electrode. Based on the moisture content, 
<mount of deionized water added in extraction, and the chloride content of 
the extract, original soil-water-chloride content is determined. Specific 
procedures used in analyses appear to be valid (t<lcGurk and Stone, 1985). 

Resulting chloride values are plotted against depth on arithmetic graph 
paper. Profiles typically show an increase in chloride through the root 
zone to a maximum value that is more or less maintained to the water table 
(Figure 1). The average chloride content in the portion of the profile 
below the peak is used for Clsw in the recharge formula. Similar recharge 
rates (same order of magnitude) are generally obtained regardless of 
whether the median or mean chloride value is used (Stone, 1984b). 

In reclaimed areas, a premining recharge rate can be determined using the 
averagP- chloride content of the lower part of the profile, whereas, post
mining recharge rate can be derived from the average chloride content of 
the upper part of the profile (if the system has regained equilibrium). 

Some profiles are characterized by a decrease in chloride content with 
depth (Figure 2). In such profiles, one of three conditions may be as
sumed. Fresh water is reaching the lower part of the profile by other than 
piston flow, conditions at the site were more favorable for recharge at the 
time represented by the lower part of the profile, or the profile is the 
result of discharge from the water table. In the case of non-piston flow, 
fresh water moves rapidly downward along fractures, roots, animal burrows, 
or other highly conductive features. If this is not the case, precipita
tion, chloride input, and/or recharge may have changed with time. Plots of 
cumulative chloride content (gjm2) vs cumulative water content (m) (Figure 
3) help identify periods of change at sites where the chloride content 
decreases markedly with depth (Allison and others, 1985). In the case of 
ground-water discharge, chloride content increases toward the surface as a 
result of evapotranspiration. Stable-isotope data should clarify whether 
the profile is a result of recharge, discharge, or both. 

APPLICATIONS 

Recharge rates vary with landscape setting (Allison and Hughes, 1983; 
Stone, 1984a, b, c; Allison and others, 1985). Surface mines are charac
terized by various landscape settings, some natural, some man-made. Each 
of these settings is a unique combination of geology, soils, topography, 
vegetation, and land use or land-use history. Thus, recharge studies in 
mine areas must be designed to cover this variability. 

Additionally, recharge must be viewed in terms of three different scales: 
local, areal, and regional. Local recharge may be defined as that asso
ciated with a given point in a specific landscape setting. It may be 
determined by applying the chloride method to samples from at least one 
site in each of the major landscape settings recognized in the mine region. 
Results are presented in the form of a linear flux having the dimensions 
length per unit time (e.g. mm/yr or m/yr). Areal recharge may be defined 
as that occurring over the entire extent of a given landscape setting in 
the mine region. This is determined by converting the local or point 
recharge value into a volumetric recharge, based on the area covered by 
that setting (e.g. m2). Results are in the form of a volumetric flux with 
the dimensions volume per unit time (e.g. m3jyr). Regional recharge is the 
total recharge occurring in the mine region (some arbitrarily defined, 
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'l'ilble l. Local recharge at Navajo Mine (Stone, l984a). 

Landsceipe 
Setting 

Valley bottom 

Upland flat 

Badlands 

Reclaimed 
depression 

Reclaimed 
flat 

Inverval 
(m) 

0-23 

0-12 

0-21 

0-8 
8-21 

0-]4 
14-19 

Clsw 
(mg/L) 

1394 

241 

437 

211 
511 

206 
439 

Local Recharge 
(mm/yr) 

0.05 

0.51 

0.25 

0.51 
0.25 

0.51 
0.25 

Table 2. Local recharge in Salt Lake Coal Field (Stone, 1984b); 
sample sites shown on Figure 4. 

TJandscape 
Setting 

Thick Alluvium 

EphemeEtl Lake 

Thin Alluvium 

Bedrock/Grass 

Bedrock/Trees 

Sample 
Site 

1 

2 

3 

4 

5 

Inverval 
(m) 

0-20 

0-5 
5-15 

0-13 

0-18 

0-13 

835 

Clsw 
(mg/L) 

46.37 

44.00 
243.22 

43.84 

80.8 

76.3 

Local RE'charge 
(mm/yr) 

2.03 

2.03 
o.5l 

2.03 

1. 27 

1. 27 
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regularly shaped block of land covering the mine of interest). It is 
merely the sum of all of the areal recharge values. As in the case of 
areal recharge, results are presented in the form of a volumetric flux with 
the dimensions volume per unit time. 

In order to assess the impacts of mining, both premining and post-mining 
recharge rates must be compared. In some cases, local fluxes may be suffi
cient to characterize the impact; in others, comparison of premining and 
post-mining values for regional recharge may be necessary. Such compari
sons should show whether changes in areal recharge rates due to mining 
cancel out or a net change in regional recharge has been produced. 

Active Mining Areas 

In areas of active mining, premining recharge rates may not be available, 
because regulations requiring analysis of premining hydrologic conditions 
may not have been in effect at the time mining operations began. Recon
structing premining conditions is difficult, because mining and reclamation 
obliterate the nature and extent of original landscape settings. However, 
premining topographic maps and aerial photographs, together with mine 
plans, should provide such information. I.Dcal premining recharge rates may 
be estimated by application of the chloride method to samples from modern, 
undisturbed examples of these formerly more extensive landscape settings. 
Areal and regional premining recharge rates may be calculated by multi
plying these local fluxes by the original areal extents of the premining 
landscape settings, as determined from old maps and photos. 

A preliminary study of recharge at the Navajo coal mine in northwest New 
Mexico (Stone, 1984a) provides a case history for active mine areas. TI1is 
mine lies in the northwestern part of the structural feature known as the 
San Juan Basin, a late-Cretaceous/early-Tertiary depression at the eastern 
edge of the Colorado Plateau. Coal is mined by stripping from the Fruit
land Formation (Cretaceous). This unit is generally 60-90 m thick and 
consists of interbeclded sandy shale, carbonaceous shale, clayey sandstone, 
coal, and sandstone (Stone and others, 1983). The climate is arid with an 
average annu<>l pn;cipltation of 145 mm and an annual potential evaporation 
rate of l,42G mm (Utah International, Inc., 1981). 

Five landscape settings deemed typical of the mine property were sampled: 
valley bottom, upland flat, badlands, depression in reclaimed area, and 
flat in reclaimed area. In the undisturbed settings (valley bottom, upland 
flat, and badlands) samples were exclusively from the Fruitland coal mea
sures (Figure 1). At the reclaimed settings (depression and flat), samples 
included spoil and alluvium, as well as Fruitland Formation. 

I.Dcal recharge fluxes for the Navajo mine are summarized in Table 1. Val
ues range from 0.05 to 0.51 mm/yr. The reason that recharge is so low for 
the valley bottom setting is not clear, because material sampled at this 
site was the same as that at the upland flat and badlands. Differences in 
topography and vegetation may be responsible, but a chctnge in the hydrology 
of the valley bottom site due to erosion in this badlands area is also 
plausible. The upland flat typifies premining conditions (Figure 1). 

The highest fluxes are associated with reclaimed settings, however, dif
ferences between these and other recharge values from the region are very 
small (Table 1). Of special interest in this study was the fact that 
recharge through the depression was not higher than that through the flat. 
Greater recharge would be expected in the depression, because of periodic 
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ponding of runoff water there. However, reclamation in general is respon
sible for the sligl1tly enhanced recharge rates rather than the final topo
graphic form. Alternatively, these rates may be erroneous, because the 
system has not regained equilibrium. Additional work in the area, includ
ing stable-isotope analysis should facilitate interpretation results. 

Local recharge fluxes were felt to be sufficient, because they show how 
recharge varies with setting and how post-mining reclamation may have 
effected recharge. Final post-mining regional recharge can be projected 
using these local recharge fluxes and final areal extents of the landscape 
settings, as determined from current maps and mining plans. 

Proposed Mining Areas 

Premining recharge is most readily determined in areas where mining has not 
yet begun. In such cases, attention can focus on the specific area where 
mining is planned. These results can be compared with post-mining recharge 
values, when they become available. 

A study of recharge in the Salt Lake Coal Field (Stone, 1984c) provides a 
case history for proposed mining areas. The Salt Lake Coal Field lies in a 
southwestern extension of the San Juan Basin (northwestern New Mexico). 
Coal will eventually be mined by stripping from the Moreno Hill Formation 
(Cretaceous), which lies at the surface or beneath various thicknesses of 
alluvium throughout the area. The Moreno Hill Formation is approximately 
270 m ~1ick in the area and consists of a lower coal-bearing member and an 
upper mudstone member (Campbell, 1984). The climate is arid with an aver
age annual precipitation of 251.5 rnrn and an annual potential evaporation 
rate of 788.4 mm (G:tbin and Lesperance, 1977). 

As in the Navajo mine study, five landscape settings were selected as 
typical of the region: thick alluvium, ephemeral lake, thin alluvium, tree
covered bedrock, and grass-covered bedrock. Samples from the thick-allu
vium, ephemeral-lake, and thin-alluvium settings consisted exclusively of 
alluvium. In the grass-covered-bedrock setting most samples were alluvium 
as the Moreno Hill Formation was only encountered in the lower 1.52 m of 
the hole. In the tree-covered-bedrock setting, samples from the upper 1.83 
m were alluvium but the rest were Moreno Hill Formation. 

Local recharge fluxes for the Salt Lake Coal Field are given in Table 2. 
Values range from 0.51 to 2.03 mm/yr. The lowest value is associated with 
the lower part of the profile for the ephemeral lake site. This low may 
correspond to lower recharge there before through-flowing drainage became 
blocked and the ephemeral lake formed. Highest values are generally asso
ciated with thick alluvium. Figure 3 shows that much of the soil water was 
added during times of greater recharge (late Pleistocene/early Holocene). 

From these local recharge fluxes, areal and regional recharge volumes were 
calculated. The first step was definition of a study region; a regul,ar, 
rectangular region covering major lease areas was selected. Then the area 
covered by each landscape setting was determined from both soils and 
geologic maps (Figure 4). Next, areas were measured by planimeter and 
areal recharge volumes were calculated. Finally, the regional recharge 
volume was determined by summing these areal volumes (Tables 3 and 4). 

It should be noted that no samples were taken from Cerro Prieto, because it 
is a volcanic neck and inaccessible to drilling. Furthermore, it is un
likely to be disturbed by mining. Although it covers a significant portion 
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Explanation 

o2 sample site 
(see Table 2) 

Kmh geologic unit 
(see Table 3) 

330 soil unit 
(see Table 4) 

D alluvium 

[] bedrock 

volcanic neck 
(Cerro Prieto) 

0 I Kilometer ..__, 

figure 4. Extent of landscape settings, Salt Lake 

Coal Field; a) based on soils map 

(U.S. Soils Conservation Service, in 

preparation), b) based on geologic map 

(Campbell, 1981). 
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Table 3. Areal and regional recharge in Salt Lake Coal Field usinq ar•cal. extent 
of settings from soils map (Figure 4a). 

Setting Soil 
Unitl 

Area 
(m2) 

% of 
Region 

Local Recharge2 Areal Recharge 
(m/yr) (m3/yr) 

Alluvium 425 16,562,347.5 53.7 0.00203 33,621.57 
(thin, thick) 

Bedrock 330 ll, 952,409.8 38.8 0.()0127 15,179.56 
(trees, gr'lSS 592 

Cerro Pr1eto 3F~S 2,]()6 1 385 7.5 

·~·' -·-- ------- -------

:10,8?1,142.3 100.00 REGIONAL RECHARGE = 48,801.13 

l 425 
330 
592 

') 385 
" from 

Catmi'tn-lilckman complex (drainageways) 
TeJ<.ma·-·Rock Outcrop complex (plains and m2sas) 
Cr-, Lv:y-Pock outcrop complex (upland plains) 
Addie Arqiustolls-Rock outcrop complex (steep 

·cc,lues given in Table 2; --- = not measured 
slopes) 

Table "-· Are'll and regional recharge in Salt Lake Coal Field using areal extent 
of settings from geologic map (Figure 4b). 

Settinq 

Alluviuu 
(thin, truck) 

Bc·"lrod: 
('-ree2, grass) 

rr<J Pr i":lu 

Geologic 
Unitl 

()3.1 

Kmh 

Tv 

Area 
(m2) 

16,277,034.0 

12,948,781.2 

1,595,327.4 

---------
30,821,142.6 

1 0" 1. alluvium (Quaternary) 

% of 
Region 

52.8 

42.0 

5.2 

100.00 

Kmh = 1·breno Hill Forrration (Cretaceous) 

Local Recharge2 
(m/yr) 

0.00203 

0.00127 

REGIONAL RECHARGE 

Tv = volcanic rocks, undifferentiated (Tertiary) 
2 from values in Table 2; --- = not m2asured 

838 

Areal Recharge 
(m3jyr) 

33,042.38 

16,444.95 

·--~~--

= 49,487.33 
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of the study region (5.2% based on cjec'logic maps and 7.5% based oq ''o1ls 
maps; Tables 3 and 4), this need not be a problem as long as this area ico 
omitted from both the premining and r0'lt-mining regiona l-rechar9e calcul,-:~
tions. In fact, omitting a landscar- · ·o;etting which will not be disturb"Cl 
by mining from the sampling saves tL"e in calculatin9 areas. If the C\re>i'l 
of the setting to be ignored is ever needed, it Cill1 be obtaim.>d by subtrac
ting the sum of all the other areas from the areil of the study region. 

Once mining of the Salt Lake Coz1: Fi.eld is undertaken, local and areal 
recharge values can be calculated Lor the various reclaimed settinCJS that 
result and perhaps additional examples of the undisturbed settin<~s that 
remain. Comparison of premining and post-mining values for local recharcJc 
should indicate whether mining wi 11 ha·;e an impact on recharse. If a 
significant difference is 1ndicated, regional fluxes should be ex.~>nined. 

CONCLUSIONS 

The case histories presented herein support several conclusions. The 
chloride method is simple: only ordinary laboratory equipment and methcxls 
are required. The chloride method is relatively inexpenslVe: the m . .lin cost 
is coring with a hollow-stem auger. The chloride method is reliable: 
results have been confirmed by other methods (tritiun, stable isotopes, 
chlorine 36, soil physics). The method permits assessing irnpnct on re
charge at three different scales in the mine region: local, arertl, and 
regional. Local recharge is a linear· flux (mm/yr). Areal and regional 
recharge are volumetric fluxes (m3/yr). Plots of cumulative chloride vs 
cumulative water may provide worst--case red1arge rates. The method is not 
restricted to use in coal mining areas, but should be applicable to any 
area of surface mining where samples may be taken by augering. 

ACKNCWLEOCoMENTS 

The Navajo Mine study was funded by Utah International, Inc. Financial 
support for the Salt Lake Coal Field study was provided by the New t-lexico 
Energy and Minerals Division. The Salt River Project permitted access to 
lease holdings in the Salt Lake Coal Field for sarn.pling purposes. 

REFERENCES CITED 

Allison, G. B., and Hughes, M. W., 1978, The use of environmental chloride 
and tritium to estimate total recharge to an unconfined aquifer: 
Australian Journal of Scil Research, v. 16, p. 181-195. 

Allison, G. B. , Stone, w. J., and Hughes, M. w., 1985, Recharge through 
karst and dune elements of a semiarid landscape: Journal of Hydrology, 
v. 76, p. l-25. 

Campbell, Frank, 1984, Geology and coal resources of Cerro Prei to and the 
Dyke quadrangles, Cibola and Catron Counties, New Mexico: New Mexico 
Geology, v. 6, no. l, p. 6-10. 

Gabin, v. L., and Lesperance, L. E., 1977, New Mexico climatological data, 
precipitation, temperature, evaporation, and wind--monthly and annual 
means: W. K. Summers and Ass=iates, Sccorro, New t1exico, 436 p. 

Hutton, J, T., 1976, Chloride in rainwater in relation to distance from 
ocean: Search, v. 7, no. 5, p. 207-208. 

McGurk, B. E., and Stone, w. J,, 1985, Evaluation of laboratory procedures 

IMWA Proceedings 1985 | © International Mine Water Association 2012 | www.IMWA.info

Reproduced from best available copy



for determining soil-water chloride: New Mexico Bureau of Hinro;s and 
Mineral Resources, Open--file Rep::lrt 215, 34 p. 

Phillips, F. M., Trotman, K. n., Bentley, H. w., and Davis, s. N., 1984, 
The bowb-36 Cl pulse as a tracer for soil-water movement near Socorro, 
New Mexico: New t-'lexico Bureau of 11ines and Mineral Resources, Hydro
logic Report 7, p. 271-280. 

Stone, W. J., 1984a, Preliminary estimates of Ogallala aquifer recharge 
using chloride in the unsaturated zone, Curry County, New Mexico: 
Proceedings, CqaHala Aquifer Symp::lsium II, Lubbock, p. 376-391. 

Stone, w. J., l984b, PrRliminary estimates of red1arge at the Navajo Mine 
based on chloride in tl1e unsaturated zone: New Mexico Bureau of t1ines 
and Mineral Resources, Open-file Rep::lrt 213, 25 p. 

Stone, w. J., 1984c, Recharge in the Salt Lake Coal Field based on chloride 
in the unsatux·ated zone: New Mexico Bureau of Mines and Hineral. Re-
sources, Open-file Rep<xt 214, 64 ~· . 

Stone, w. J., Lyford, F. P., Frenzel, P. 1F., H1zel.l, N. H., and Padgett, E. 
T., 1983, Hydrog(eology and water resources of San Juan Basin, New 
Hexico: New Mexico Bureau of Mines and Mineral Resources, f~drologic 
Report 6, 70 p. 

U.S. Soil Conservation Service, in preparation, Soil survey for Catron 
County, New Mexico: U.S. Government Printing Office. 

Utah International, Incorporated, 1981, Permit application for Navajo Mine, 
v. l, chpt. 15. 

840 

IMWA Proceedings 1985 | © International Mine Water Association 2012 | www.IMWA.info

Reproduced from best available copy




