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FIGURE 3. Measured perchiorate concentration in the MRGB
groundwaters as a function of radiocarbon age and hydrochemical
zone.
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FIGURE 4. Evapotranspiration factor, ET, calculated from eq 1 as
a function of radiocarbon age and hydrochemical zone. The
orthogonal pattern represents waters that are enriched in chloride
relative to atmospheric deposition (group 1), except for sample
$216 which has an atmospheric Cl-/Br- ratio {Figure 2a). The slanted
pattern represents waters thought to be recharged at high altitude
(West-Central zone), during the last glacial period. The data suggest
elevated ET during the last glacial maximum and pluvial period
following and somewhat lower ET during the Holocene.

could reflect variations in the Br~/Cl™ ratio of atmospheric
deposition, or other processes, such as regional gains or losses
of salts from deflation of desiccated lakes.

The ET-adjusted SO,*>~ concentrations were a minimum
at the beginning of the Holocene, increasing in the younger
waters toward that of modern bulk atmospheric deposition
and increasing back through the Pleistocene to values higher
than that of moderm bulk atmospheric deposition in the oldest
waters (28 ka). Values of 335 [SO,2~] were available for selected
samples (see Table 1, Supporting Information) (Figure 5b).
Samples from the mid- to late-Holocene have 638 [SO,27}
values of 3.5—3.9 %o, nearly identical to those of modem
atmospheric deposition from northern New Mexico (13). With
increasing groundwater age, values of 6*S [SO,27] decrease
to —3.1 % as the ET-adjusted SO,*~ concentrations increase
(Figure 5b). This pattern in SO4*~ concentration and *§
[SO4?>7] is consistent with oxidation of small amounts of sulfide
minerals, such as pyrite; traces of this are associated with
the crystalline and volcanic rock detritus of the MRGB. The
increase in ET-adjusted SO~ concentration in the Pleis-
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tocene samples (Figure 5b) represents a maximum oxidation
of about 15 gmol/L of pyrite of average 4**S composition of
about —5 %eo. This pyrite oxidation would utilize a maximum
of about 56 umol/L of O, in the aquifer, well within the range
of variations in dissolved oxygen content of waters in the
MRGB. The SO,*~/Cl- ratio of the Holocene groundwater
appears to be somewhat lower than the modern bulk
atmospheric deposition value, perhaps because of anthro-
pogenic enrichment of modern atmospheric SO,2~ or minor
loss of SO4>~ during recharge. Overall, though, most of the
ET-adjusted SO4>~ concentrations are within a factor of 2 of
modern bulk atmospheric deposition (Figure 5b).

Most of the ET-adjusted NO3~ concentrations are only
about 30—50% of the values in modern bulk atmospheric
deposition. Low NO; /Cl™ ratios may reflect N loss during
biologic cycling processes in soils prior to recharge. Holocene
groundwaters from the Northern Mountain Front zone
appear to have somewhat lower ET-adjusted NO3~ concen-
trations than Pleistocene groundwaters from the West-
Central zone (Figure 5c). This difference may be related in
part to the location or elevation of the recharge, as the West-
Central zone recharge occurred at higher elevation. The
highest values of the ET-adjusted NO;~ concentration are
from the Northwestern zone (Figure 2c) and are similar to
NO;~ concentrations observed in modem bulk atmospheric
deposition of NO;~ or are intermediate between NO;~ and
NO;~ + NH,* concentrations in modern bulk atmospheric
deposition (Figure 5c).

6'°N and 480 of Nitrate. The N- and O-isotope ratios of
NO;™~ in the MRGB groundwater (expressed as 6N and 680
values; see Supporting Information), potentially provide
information about N sources and recharge mass balances.
The 65N values of NO;~ range from about +1 to +7 %o (Figure
6), equal to or slightly higher than expected for atmospheric
N deposition or N, fixation, which typically have average
values of around 0 + 4 %o (14, 15). The 680 values of the
NO;™ range from about —4 to 0 %o, much lower than those
commonly reported for atmospheric NO;~ deposition (+40
to +90 %o), but similar to values commonly reported for
NO;~ formed by nitrification in soils (15— 17). These data are
consistent with an atmospheric source of the N, provided
the NO;~ formed largely after incorporation of the N in soils
or plants and provided the N was isotopically fractionated
to varying degrees prior to recharge as NOs;™.

Variation in the §'°N values of the NOs;~ may be related
to soil processes that varied inrelation to climate, topography,
and moisture conditions in the recharge areas (Figure 6).
Samples from the West-Central zone have relatively high
SN values between about +4 and +7 %o, whereas samples
from the Northwestern zone have lower 45N values (+1 to
+5 %o). Furthermore, there is an overall inverse relation
between 65N values and N/Cl ratios (Figure 6), consistent
with isotopic fractionation that might occur as a result of
biologic cycling and return of varying amounts of N with low
4N from soils to the atmosphere prior to recharge.

Among the samples from the Northwestern zone, there
appears to be a general increase in 6N with increasing age,
from values near that of modern atmospheric N in the
youngest waters to about 5 %o in the earliest Holocene waters
(see Figure B, Supporting Information). Pleistocene waters
from the West-Central zone have the highest average 6N
values (up to about 7 %o). This overall apparent trend toward
decreasing 6°N from Pleistocene to Holocene would seem
to be in contrast to global analyses of 3N in plants and soils
in forest ecosystems, which tend to be higher in warmer and
drier conditions (18, 19). Nevertheless, the MRGB data may
be related similarly to variations in climate or vegetation.
The young groundwaters with the highest NO;~/Cl™ ratios
and lowest §!°N values are thought to have been recharged
in low-altitude arid regions where low water availability






through the soil environment without removal by soil
processes, then a value of 0.025 & 0.011 ug/L seems possible
for the ClO4~ concentration in Pleistocene—Holocene bulk
atmospheric deposition in New Mexico. In such a case, the
three samples with relatively high C1O,~ concentrations (5280,
§286, and S276) could indicate mobilization of concentrated
ClO, salts in the unsaturated zone. It is perhaps a coinci-
dence that the estimate of the preanthropogenic concentra-
tion of ClO,~ in bulk atmospheric deposition in this scenario
issimilar to thelowest values of C10,~ concentration reported
in 17 samples of precipitation from Lubbock, TX (<0.01—
0.02 ug/L) (5). The relatively wide range in reported ClO,~
concentrations (5) in the majority of Texas precipitation
samples (as high as 1.6 ug/L) might then include recycled
(dust) components in addition to anthropogenic compo-
nents, which would not be reflected in the net fluxes in MRGB
recharge.

In the second scenario, ClO,~ may have been partially
lost in the soil environment before recharge of most of the
MRGB groundwaters, as appears likely for NO;~. In this case,
most of the ET-adjusted ClO4~ concentrations of Figure 5d
would be minimum estimates of bulk atmospheric deposi-
tion. Samples 5280, 5286, and S276 may best represent the
preanthropogenic concentration of C10,~ in bulk atmospheric
deposition in the MRGB, yielding an average of 0.93 + 0.05
nmol/L (0.093 + 0.005 ug/L), and a ClO,~/Cl~ mole ratio of
(1.4 £0.1) x 10~% However, the possibility of some microbial
cycling of Cl0,~ during recharge of samples 5280, S286, and
$276 cannot be eliminated. The estimates from samples 5280,
$286, and S276 are well within the reported range for the
concentration of ClO,~ and the ClO,~/Cl- mole ratio in
Lubbock, TX, precipitation [average ClO;~ concentration =
3.3 £ 3.9 nmol/L (0.33 + 0.39 ug/L), n=17; ClO,~/Cl~ mole
ratio of (2.7 £+ 2.8) x 1074, n = 8] (5).

There is a strong similarity in the distribution of NO3~
and ClO,™ in the MRGB groundwaters (Figures 2c,d and 5c,d).
The N-isotope data indicate varying amounts of biologic
cycling of NO5~ in soil zones prior to recharge (Figures 6 and
5¢). Further, the ClO,~/Cl™ ratios are highest in samples 5280,
$286, and S276 from the Northwestern zone that also have
the highest ET-adjusted NO5;~/Cl" ratios and low 65N values
that are similar to those of modern bulk atmospheric
deposition (Figures 2c,d and 5c,d). On the basis of the
similarity of the variations of NO;~ and ClO,4~ in these samples,
the concentration of ClO,~ in bulk atmospheric deposition
in the MRGB implied by the second scenario (approximately
2>0.93 + 0.05 nmol/L or 20.093 + 0.005 ug/L, with a ClO4~/
CI~ mole ratio of (1.4 £ 0.1) x 10 is considered more
likely than that derived from the first scenario.

Estimate of the Maximum ClO,~ Concentration in
Preanthropogenic Groundwater of the Southwest. If bulk
atmospheric deposition had a ClO,~ concentration of 0.093
ug/L, then it may be inferred that ClO,~ concentrations as
high as4 ug/L are possible in preanthropogenic groundwater
where ET approaches a factor of 40, assuming deposition
and infiltration were in steady state. Higher ClO,~ concen-
trations in groundwater could occur in recharge beneath
arid areas where ET is greater than 40, where long-term
accumulations of atmospheric salts are leached suddenly
from dry soils, where other (nonatmospheric) natural sources
of ClO,~ exist, or where there are additional anthropogenic
sources. Cl~ and Br~ data for groundwaters in parts of Arizona,
Nevada, California, and New Mexico (20) with Cl~/Br~ mass
ratios of <200 have Cl~ concentrations of as much as 50
mg/L, implying ET factors as high as 200 and potential C104~
concentrations of atmospheric origin reaching 19 ug/L.
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