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Discovery of a large subsoil nitrate reservoir in an arroyo
floodplain and associated aquifer contamination
Benjamin S. Linhoff and John J. Lunzer
U.S. Geological Survey, New Mexico Water Science Center, 6700 Edith Boulevard NE, Albuquerque, New Mexico 87113, USA

ABSTRACT
In an area of elevated nitrate (NO3) groundwater concentrations in the northern Cbihuahuan Desert in central New Mexico (United States), a large reservoir of nitrate was found
in the subsoil of an arroyo floodplain. Nitrate inventories in the floodplain subsoils ranged
from 10,000 to 38,000 kg NO3-N/ha-over twice as high as any previously measured arid
region. The floodplain subsoil NO 3 reservoir was over 100 times higher than the adjacent
desert (59-95 kg NO3-N/ha). Chloride mass balance calculations of subsoils indicate arroyo
floodplain subsoils have undergone negative recharge since 2600-8600 yr ago, while the
surrounding desert has had negative recharge since 13,000-17,000 yr ago. Compared to the
adjacent desert, plant communities are larger and more abundant in the floodplain, though
subsoil NO3 is apparently not utilized. We demonstrate that NO3 accumulates in the subsoil
of the floodplain through evaporation of monsoon season precipitation funneled into the

arroyo. Through a one-dimensional vadose zone model, we show that the NO3 inventories
in the arroyo floodplain could be acquired 8 to 75 times faster than through atmospheric
deposition through the lateral movement of water from the arroyo channel to the adjacent
unsaturated zone. As aquifer recharge occurs through the arroyo, channel migration across
the floodplain likely flushes subsoil NO3 to the aquifer. High NO3 concentrations and molar
ratios of NO3 to Cl in monitoring wells beneath the arroyo floodplain indicate a subsoil NO 3
source. These results have major implications for land-use planning in arroyo and ephemeral
stream floodplains as well as arid region soil biogeochemistry.
INTRODUCTION
Increased nitrogen loading on the land surface has led to groundwater contamination and
degradation of surface-water ecosystems worldwide (Smith et al., 1999; Schlesinger, 2009). As
an essential nutrient for life as well as a potential groundwater and surface-water contaminant,
there is considerable interest in understanding
nitrogen cycles, reservoirs, and sources (Gruber
and Galloway, 2008; Canfield et al., 2010; Houlton ct al., 2018). This is especially true in desert
environments, where limited water resources
may be vulnerable to contamination (Stadler
et al., 2008).
In arid regions, natural sources of nitrogen
include ammonium (NH 4) and nitrate (N0 3)
in wet and dry precipitation, eolian deposition
of N03_ salts, and the uptake of atmospheric
N2 gas by nitrogen-fixing organisms (Skujii;i~,
1981 ). Arid soils are generally nitrogen-poor
soils (Wang et al., 2010) because nitrogen cycling in the first 1 m of soil is rapid due to plant
nitrogen uptake, volatilization to ammonium,

erosion, and denitrification (Skujii;i~, 1981).
Consequently, primary productivity in deserts is generally nitrogen limited (Wang et al.,
2010). Despite this, several studies have found
that, given thousands of years of atmospheric
nitrogen deposition, NO 3 leaching from soils
to the subsoil zone can result in substantial
NO3 reservoirs (up to~ 14,000 kg NO 3-N/ha)
in deserts (Walvoord et al., 2003; Graham et al.,
2008; Scanlon et al., 2008) . These NO 3 reservoirs can be mobilized by land-use change
and can lead to groundwater contamination
until NO 3 sources are spent (Walvoord et al.,
2003; Scanlon et al., 2008). These findings
have been limited to deserts and high plains
in the southwestern United States, with especially high concentrations found beneath desert
pavement (Graham et al. , 2008) and subsoils
in the Mojave Desert (Walvoord et al., 2003).
However, much heterogeneity may exist. For
example, in the northern Chihuahuan Desert in
New Mexico (USA), the subsoil is generally
nitrogen-poor, with plant uptake removing the

majority of nitrogen (Walvoord et al. , 2003;
Jackson et al., 2004).
Arroyos (deeply entrenched ephemeral
stream channels) have persisted in the American
Southwest since at least 8000 14C yr B.P. (Waters and Haynes, 2001 ). While aquifer recharge
beneath desert scrubland from precipitation is
generally minimal to nonexistent due to high
evapotranspiration rates and thick unsaturated
zones (Walvoord and Phillips, 2004), aquifer
recharge can occur through arroyos and is generally the only source of valley floor recharge
(Sanford et al., 2000; Moore, 2007; Plummer
et al., 2012).
At the northern margin of the Chihuahuan
Desert in New Mexico, on Kirtland Air Force
Base (KAFB; Fig. 1), we investigated the sources of persistently elevated groundwater NO 3
concentrations (> 10 mg/L NOr N ; KAFB ,
2014) . After examining spatial and historical
geochemical trends in groundwater, we hypothesized that some NO3 in groundwater could be
sourced from naturally occurring NO3 deposits in the subsoils of arroyo floodplains. To test
this, we sampled soil and subsoil pore water and
groundwater for NO3 and chloride (Cl). Because
Cl behaves conservatively in the environment,
Cl provides a valuable comparison with NO 3,
which is subject to redox reactions (Scanlon
et al., 2008). The region 's climate is semiarid,
receiving on average 22 cm of precipitation per
year (National Oceanic and Atmospheric Administration, 2020). Past studies of groundwater
chemistry in the field area have considered potential anthropogenic sources ofNO 3 to groundwater, including human wastewater and landfills;
however, determination of NO3 sources to the
aquifer has been largely inconclusive (KAFB,
2014). The field area is bisected by Tijeras Arroyo, a major arroyo draining 332 km2 (U.S .
Geological Survey, 2020a). The arroyo channel
has carved a floodplain 30-50 m lower than the
surrounding desert (Fig. 1); the floodplain varies in width from 500 to 1000 m through the
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study site, while the channel is IO m wide.
A thick vadose zone (> 150 m) and underlying
aquifer are composed of Oligocene- to Pleistocene-age Santa Fe Group sediments (Kernodle
and Scott, 1986; Plummer et al., 2012). Flow
through Tijeras Arroyo (typically 1-3 m 3/s) is
largely confined to the summer monsoon season
during storms (see the Supplemental Material 1).

METHODS
We selected eight sites for sediment core
sampling (Fig. 1) in 2018. One in the arroyo
channel (AC), five in the arroyo floodplain
(AF1-AF5), and lwu on lhe adjace11l mesa (MTl
and MT2). Sediment samples were collected
using a track-mounted Geoprobe® dual-tube
hollow-stem auger system, without the use of
drilling fluids. Extracted cores were analyzed
for water potential, gravitational water content,
bulk density, and porosity (see the Supplemental
Material). Pore-water concentrations of Cl, NO3,
nitrite (NO 2), bromide (Br), and sulfate (SO 4)

'S upplemental Material. Additional information
on site background, sampling methods, chloride mass
balance calculations, and vadose zone modeling. Please
visit https://doi.org/10. l 130/GEOL.S.13584950
to access the supplemental material, and contact
editing@geosociety.org with any questions.
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Figure 1. Tijeras Arroyo (on
Kirtland Air Force Base,
New Mexico, USA) runs
from east to west through
the arroyo floodplain. Red
triangles and blue squares
show locations of wells on
the mesa and In the arroyo
floodplain, respectively,
examined for this study.
Site identifiers and data
are described In Tables
S1-S3 In the Supplemental
Material (see footnote 1).
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were determined from the anion mass mobilized
during 18 MD deionized water extraction and
the gravimetric water content of each sample.
Data are available in Table S3 in the Supplemental Material, and in the U.S. Geological Survey
National Water Information System database
(NWIS; U.S. Geological Survey, 2020b) by using the site identifiers presented in Table S3.
We used chloride mass balance (CMB) to
calculate the apparent Cl residence time in the
subsoil profiles (Phillips, 1994; Rivett et al.,
2008). Age was calculated by dividing the Cl
inventory of the soil profile to a specific depth
by lhe annual Cl depositional fiux (see lhe Supplemental Material). This method assumes onedimensional piston flow and constant Cl deposition. The estimated age is not the true soil or
subsoil age but the time over which the system
has been characterized by negative recharge
(defined as when water potential gradients have
been consistently upward).
In 2017, a groundwater sampling campaign
was completed by the U.S. Geological Survey
through the field area (see the Supplemental Material). Results from this work were compared
with historical sampling from 2002 to 2017
completed by the U.S. Air Force Civil Engineer
Center (Lackland, Texas) using similar methods
(Tables S l and S2).
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RESULTS
Sediment pore-water NO 3 concentrations
were exceptionally high in the arroyo floodplain,
reaching concentrations >4000 mg/L NO3-N
(Fig. 2). In contrast, sites MTl and MT2, located
above the floodplain, had mean NO 3 concentrations of 37 mg/L NOrN (n = 36) and greater Cl
concentrations (mean= 1947 mg/L, n = 38).
Pore water in the arroyo channel (site AC) had
low NO3 (mean= 6.6 mg/L NOrN, n = 34)
and Cl (mean = 27 mg/L, n = 22) concentrations. Nitrate inventories were calculated over
the length of soil and subsoil profile and ranged
from 10,000 to 38,000 kg/ha NOrN in the arroyo floodplain, i.e., over twice as high as any
previously measured arid region soil or subsoil
NO3 reservoirs (Walvoord et al., 2003; Graham
et al., 2008). This was in stark contrast to NO 3
inventories at sites MTl and MT2 in the adjacent
desert (59-95 kg/ha NOi-N; Fig. 2). The arroyo
channel site (AC), which is subject to repeated
infiltration during rainfall, had relatively low
NO 3 inventories (200 kg/ha NO 3-N). No measurable NO2 was detected at any site. Sediment
properties are described in the Supplemental
Material (Tables S3 and S4).
Outside of the arroyo floodplain (at sites
MTl and MT2), pore-water NO3 concentrations followed a typical nutrient-type profile
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Figure 2. Nitrate (NO3) and
chloride (Cl) pore-water
concentrations shown In
orange and blue, respectlvely, from each study
site: arroyo channel (AC),
arroyo floodplain (AF1AF5), and adjacent mesa
(MT1 and MT2). Nitrate
Inventories were calculated from the total depth
of each profile. Note
the concentration scale
changes between sites.
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(Jobbagy and Jackson, 2001), with concentrations that decreased rapidly with depth due to
plant uptake ofNO3 (Fig. 2). This contrasts with
the arroyo floodplain, where NO3 concentrations were much greater than Cl and followed
a solute-type profile, forming high concentration bulges concurrent with Cl (Fig. 2). While
the nutrient-type NO3 soil profiles at sites MTl
and MT2 match previous results from the Chihuahuan Desert collected in both desert scrub
and semiarid grasslands (Walvoord et al., 2003;
Jackson et al., 2004), the large NO 3 reservoir in
the arroyo floodplain sites is unexpected. The
molar NO/Cl ratios in pore waters in the arroyo
floodplain profiles were generally between 10
and 30 (Fig. 3), i.e., higher than the local atmospheric deposition total-NICI molar ratio of~ 11
(National Atmospheric Deposition Program,
http://nadp .slh. wise. edu/data/sites/ siteDetails.
aspx?net=NTN&id=NM07).
Despite the high NO 3 inventories in the
floodplain relative to the surrounding desert,
plants in the arroyo floodplain were larger, dominated by 1-2-m-tall scrub vegetation, whereas the adjacent desert was covered in shorter
(~0.2 m) tussock grasses (see the Supplemental Material) . Water potential measurements in
all sediment cores except the arroyo channel
(AC) were negative and showed upward potential head gradients (see the Supplemental
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Material; Fig. S2), implying discharge through
evapotranspiration and no recharge (Walvoord
and Phillips, 2004). Water potential in the arroyo channel was slightly positive, indicating
saturated sediment.
Groundwater NO 3 concentrations in the
floodplain ranged between 0.78 and 71.6 mg/L
NOrN; concentrations outside of the floodplain
were between 0.87 and 27.7 mg/L NO 3-N (Tables S 1 and S2). Molar NO/Cl ratios were gen-

15

INTERPRETATIONS
The exceptionally high NO3 inventories in
the arroyo floodplain relative to the adjacent desert are likely due to variance in soil age, plant
communities, or hydrologic processes unique

Figure 3. Mixing lines
between the lowest
and highest (arrow)
• • • • Hell Canyon Arroyo
nitrate (NO 3) concentrations observed from
0-10 mg/L N01-N
,::2002 to 2017 at Individ10
~ 10-25 mg/L N03-N
ual groundwater sites
.§.
shown In Figure 1. Gray
~ >25 mg/l N03-N
dashed line represents
D
mixing between low-NO3
z•,.,
groundwater In the arroyo
5
0
floodplain and represenz
tative arroyo floodplain
subsoil pore water with
NO3-N and chloride (Cl)
.,.lillll~.,,;:==~~
:::t::::::::...V.._...L
_____
_J
concentrations of 4000
0o
2
400 mg/L, respec4
6 and
tively. Dashed box shows
1/CI (mmol/L)
characteristic NO3'CI
molar ratios and Cl concentrations of typical sewage inputs (Abu-alnaeem et al., 2018). Also shown are results from
sampling in Hell Canyon Arroyo floodplain, located 15 km south ofTljeras Arroyo.
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erally much higher in the floodplain, ranging
from < 1 to 14, whereas outside of the floodplain, molar NO/Cl ratios were more tightly
constrained and lower ( < 1-2.6; Fig. 3).
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Agure 4. Conceptual model of unsaturated water flow through and arroyo saturated zone and
vadose zone. Black arrows depict direction of water matric potential-driven flux, and white
arrows depict direction of saturated recharge to aquifer.

to the arroyo. Based on CMB calculations, subsoils in the adjacent desert have been undergoing negative recharge for much longer (since
17,000-13,000 yr B.P.) than those in the arroyo
floodplain (since 8600-2600 yr B.P.; Table S4).
The older age of subsoils in the adjacent desert likely corresponds to the change in climate
at the end of the last glacial period (Connell
et al., 2007); the CMB ages in the floodplain
may correspond to a depositional event, or the
CMB clock may have been reset when the arroyo incised the floodplain, and there were no
longer frequent overbank flows to leach through
the sediments.
Water potential through the arroyo channel
(site AC) was ~0 m through the entire sampled
column, while water potentials were highly negative ( - 500 m to -1000 m) in the surrounding
floodplain (Fig. S2). Hence, following flow in
the arroyo, a strong horizontal gradient exists
beneath the arroyo channel to the surrounding
dry vadose zone that will drive lateral unsaturated flow (Fig. 4 ). We modeled the lateral water
and solute flux from the arroyo channel to the
unsaturated flo odplain st:dimt:nts using a um:dimensional model constructed in Hydrus 1-D
(Fig. 4; see the Supplemental Material; Simunek
et al., 2012). Given initial Cl concentrations
similar to site AC (10-20 mg/L) and modeled
unsaturated flow, Cl inventories in the floodplain
could be reached within 200-800 yr, i.e., 8 to 75
times faster than atmospheric deposition CMB
calculations (Table S4).

Nitrate Cycling in the Arroyo Streambed
While the vadose zone model shows that rapid solute acquisition in unsaturated sediments
in the arroyo floodplain is plausible, NO/Cl
ratios measured in floodplain pore waters are
higher than those beneath the arroyo (site AC).

In ephemeral streams, repeated wetting and
drying cycles cause increased NO3 concentration in surface waters and associated hyporheic
zones. This is because drying leads to oxygenated conditions, which favor aerobic microbial
processes that stimulate nitrification and depress
denitrification (G6mez et al., 2012). Subsequent
rewetting releases NO3 pulses to surface waters
(Arce et al., 2014) that infiltrate back into the
ground. Beneath the arroyo channel, pore-water
NO 3 concentrations increased with depth from
0.1 mg/L NO 3-N at the surface to ~1.7 mg/L
NOrN below IO m depth (Supplemental Material). Net nitrification rates in parafluvial sediments near ephemeral streams can be upwards of
8 ng N g-1 h- 1 during the summer (Holmes et al.,
1994). Assuming a nitrification rate of 8 ng N
g-1 h- 1, 50-120 d of saturation during a typical
summer (U.S. Geological Survey, 2020a), a bulk
density of 0.5-1.5 g cm-3, and sediment water
content of 0.05-0. 15 mL cm-3 (typical parameters in the floodplain; Tables S3 and S4 ), porewater NO 3 concentrations adjacent to the arroyo
streambed could increase by 42-922 mg/L NO3N, which is more than enough to explain the
high NO/Cl ratios measured in the floodplain
pore waters.
As NO 3 moves into the unsaturated zone, aeration and drying likely prevent the reduction of
NO 3• Because Cl is conservative, the high NO/
Cl ratios in the arroyo floodplain may be the result of enhanced nitrogen fixing and nitrification
during wetting and drying cycles in the arroyo
channel. These cycles could lead to preservation
of NO 3 as it migrates into the unsaturated zone.
Many xeric plant species do not access nutrients
below 1 m depth (Evans and Ehleringer, 1994).
Consequently, lateral transport of NO 3 several
meters beneath the arroyo channel surface to
the surrounding dry sediments may bypass most
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As the arroyo channel migrates over the
floodplain (see the Supplemental Material; Fig.
S4; Friedman et al., 2014), it may flush solutes
in the floodplain to the aquifer. Molar ratios of
NO/Cl in groundwater show that there is a lowCl, high-NO3 source of NO 3 to groundwater beneath the arroyo floodplain (Fig. 3). Critically,
similar groundwater chemistry was observed in
groundwater samples collected in the Hell Canyon Arroyo floodplain (Fig. 3), an arroyo located
15 km south of the field area that also lacks surrounding agriculture (Fig. 3). While agricultural
runoff generally has high NO/Cl ratios (Abualnaeem et al., 2018), potential anthropogenic
sources of NO3 to the aquifer are largely from
human wastewater (KAFB, 2014), which typically has NO/Cl ratios of ~0.07 (Fig. 3; Abualnaeem et al., 2018).
Assuming an aquifer saturated thickness of
30 m and a porosity of 0.2, and complete mixing over this depth, flushing all observed NO 3 in
the vadose zone (10,000-38,000 kg/ha NOrN)
into the aquifer would result in NO3 groundwater concentrations between 167 and 633 mg/L
NOrN. Observed NO3 concentrations in the arroyo floodplain ranged from 3.85 to 71.7 mg/L
NOrN (Fig. 3).

IMPLICATIONS
Arid land covers. ~35% of land surface
worldwide and ~25% of the conterminous
United States (North et al., 2014); arroyos
and ephemeral streams drain much of this
land surface. If many arroyo floodplains hold
large subsoil NO3 reservoirs, this discovery has
major implications for water quality following
land use and climate change. Farming, housing development, and dam building within arroyo floodplains could mobilize NO 3 and lead
to aquifer contamination. While desert plants
are generally nitrogen-limited, the deep-rooted vegetation in the arroyo floodplain is not
utilizing the available large store of nitrogen.
This has biogeochemical and ecological implications and suggests that these plants are
phosphorous limited. Further research is merited to determine the biogeochemical causes
and extensiveness of arroyo floodplain NO 3
reservoirs.
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SUPPLEMENTAL MATERIAL

10

Tijeras Arroyo
A U.S. Geological Survey (USGS) streamgage site (USGS Site ID: 08330600) on Tijeras

11

12

Arroyo located 8 km downstream from the field area recorded flow events between 3 and 91

13

days per year during 1983-2019 (U.S. Geological Survey, 2020). During this time, monsoon

14

season streamflows during rain events were typically 1-3 m 3/s. Past research has shown that near

15

the mountain front, flow through Tijeras Arroyo has decreased approximately 10-fold since the

16

1940s likely due to increased development in the watershed (Anderholm, 2000; Plummer et al. ,

17

2012).

18

Groundwater sampling

19

In 2017, the USGS collected groundwater samples through a Teflon sampling line at or

20

near the well head using a submersible Bennett Pump. Prior to and after using the Bennett Pump,

21

the pump was cleaned us ing a sequence of 0.2 % Liquinox soap, tap water, 18 megaohm

22

deionized water, methanol, and finally 18 megaohm certified organic free deionized water (U.S .

23

Geological Survey, variously dated). The pump was placed in the middle of the well's screened

24

interval and pumped at approximately 1 gallon/minute. Groundwater level was monitored during

25

purging to ensure good communication with the aquifer during pumping. Sampling began after at

26

least one well volume was purged and at least five subsequent measurements of pH, temperature,

27

specific conductivity (SC), turbidity, and dissolved oxygen (02) collected 5 minutes apart were

28

within ±0.1 pH units, ±0.2°C for temperature, ±5% for SC <100 µSiem and ±3% for SC> 100

29

µSiem , ±0.3 mg/L for 02, and ±10% for turbidity <100 NTU.

30

All samples were stored at 4°C until extraction. Nutrient samples were filtered to 0.45 µm

31

and collected in 125-mL brown polyethylene bottles before being analyzed within 30 days of

32

collection using methods outlined in Fishman (1993) and Patton and Kryskalla (2011). Major

33

anions and cations were measured to ensure charge balance of <5%. Samples collected for major

34

cations were filtered to 0.45 µm , acidified to pH<2, and stored chilled until analysis. Major anion

35

samples were filtered to 0.45 µm , chilled until analysis. Methods for analyzing major ions are

36

described in Fishman (1993). Carbonate species (H2CO3, HCOf, and col-) were calculated

37

from field alkalinity titrations. All nutrient and major element analyses for the 2017 field

38

campaign were completed at the USGS National Water Quality Laboratory in Denver, Colorado.

39

All data collected at the sites in 2017 by USGS are available from the USGS National Water

40

Information System (NWIS) database (U.S. Geological Survey, 2020b) using the USGS site ID

41

numbers given in Tables S 1 and S2.

42

Results from the USGS sampling campaign were compared to time series data collected

43

and analyzed using similar methods by the U.S. Air Force Civil Engineer Center. These time

44

series data were retrieved from the Environmental Program Info Management System (ERPIMS)

45

database and are shown in Tables S 1 and S2. More information about the U.S. Air Force

46

ERPIMS database can be found here:

47

48

49

https://www.afcec.af.mil/What-We-Do/Environment/Restoration/ERPIMS.aspx.

Sediment core sampling
Sediment samples were collected at eight sites using a track mounted Geoprobe® dual

50

tube hollow-stem auguring system without drilling fluids. Using this system, an outer drive

51

casing was advanced incrementally with hammer percussion into the ground with an inner rod

52

string cycled in and out of the casing to retrieve subsoil cores. Cores were retrieved to 15 m or

53

until drilling met refusal. Cores were collected in August and flow in Tijeras Arroyo was

54

observed following several storms including the day prior to sampling AC.

55

Cores were collected in 152-cm long, 3.3-cm inner diameter plastic sleeves. These were

56

sealed immediately using caps, electrical tape, and parafilm, and placed on ice in the shade to

57

minimize evaporation. Extracted cores were sampled in ~ 30 cm intervals and examined for

58

gravimetric water content and dry and wet bulk density following methods from Grossman and

59

Reinsch (2002). Lithology was recorded through each subsoil profile (S3 Observed Soil Types).

60

Porosity was calculated from dry bulk density assuming a particle density of silicates (2.3

61

g/cm 3). Sediment water potential was measured at 0.3-m intervals using a WP4C benchtop

62

instrument from Meter Environment. Water potential was subsequently converted from pressure

63

(MPa) to hydraulic head (m). Environmentally mobile anions in the unsaturated zone were

64

determined from 18 hour 1:20 sediment to water extractions using 18 megaohm deionized water.

65

Extractions were measured for Cl, NO3, NO2, SQ4, and Br concentrations using ion

66

chromatography; porewater concentrations were determined from the anion mass mobilized

67

during the 18 megaohm deionized water extraction and the gravimetric water content of each

68

sample. Sediment porewater concentrations, matric potential, and moisture content are in Table

69

S3 and in the NWIS database (U.S . Geological Survey, 2020b) using the USGS site ID numbers

70

given in Table 3.

71

Subsoil sediment types

72

Soil profile data was obtained from field records taken during coring and lab analysis

73

performed on field samples. These results were used to determine the proper soil properties for

74

use in the Hydrus model. Figure SI and Table S4 below show the lab determined soil profiles for

75

each of the relevant sites as well as raw results obtained from lab analysis.
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Figure S 1. Lab determined subsoil profiles for arroyo channel and arroyo floodplain sites.

78

Table S4. Lab determined subsoil composition, water content, dry bulk density, and porosity.

Soil type

79

Gravelly sediment
Sand
Silty sand
Sandy silt
Silty sand
Clayey silt
Silty clay

Composition

15-60% gravel
90-100% sand, 0-10% silt
60-85% sand, 15-40% silt
60-90% silt, 10-40% sand
90-100% silt, 0-10% sand
70-80% silt, 20-30% clay
50-60% clay, 40-50% silt

Water content Dry bulk density
range (g/cm3)
ran~e (g)
0.9-3.7
1.4--2.2
0.7-15.8
1.2-1.8
0.9-1.9
0.6-16.3
1.6-12.7
1.0-1.9
1.7-6.5
0.9-1.5
12.2-19.7
1.4--1.6
1.4--1.6
15.9-20.8

Porosity
ran~e (%)
21.1-48.1
33.2-53.8
26.9-65.9
28.1-59.4
41.8-66.0
34.6-47.4
39.2-46.4

80

81

82

Plant species
The dominant plant species identified near coring sites in the arroyo floodplain (AFI-

83

AF5) were Atriplex canescens (fourwing saltbrush), Glossopetalon spinescens (spiny

84

greasebrush), Tetradymia (horsebrush), and various tussock grasses. Several Elaeagnus

85

angustifolia trees (Russian olive) were also found at the arroyo channel edge. Many of these

86

species can produce tap roots to 8-10-m depth (Conrad, 1987); however, no roots were

87

encountered in any of the core samples. Vegetation near the mesa sites (Ml and M2) was

88

primarily short (~0.2 m) tussock grasses interspersed with small (0.2 m) Atriplex canescens,

89

Salsola kali (Russian thistle), and Gutierrezia (snakeweed).

90

Water matric potential

91

Water potential profiles were similar between the arroyo floodplain and mesa top sites

92

while water potential near zero in the arroyo channel implies near saturation (Table S3).

93

Representative profiles were selected to show a typical water potential profile for channel,

94

floodplain, and mesa top sites (Figure S2). The vadose zone model assumed the water matric

95

potential was Om within the channel and -500 min the arroyo floodplainbased off these water

96

potential profiles.
Arroyo Channel

Arroyo Floodplain

Water potential (m)
-1200
0

g

-800

-400

Mesa Top

Water potential (m)
0

-1200

-800

-400

Water potential (m)
0

-1200

-800

-400

5

-=c..

0 10

97

15

98

Figure S2. Representative water potential profiles for arroyo channel, arroyo floodplain and mesa

99

top sites.

100

101

Chloride mass balance calculation

Subsoil zone chloride (Cl) profiles in the mesa sites show a profile typical of the desert

102

southwestern United States with a "Cl bulge" in the top 10 m of the profile. The lower

103

concentrations of Cl below the Cl bulge are generally interpreted to be the result of pluvial

104

conditions during the Pleistocene (> 12-15 Ka) and periods of past aquifer recharge (Phillips,

105

1994). The Cl bulges form as the result of evaporation and plant uptake of precipitation in the

106

upper 10 m of the subsoil profile and indicate zero recharge and an upward potential gradient for

107

water movement (Walvoord et al. , 2004).

108

Downward displacement of Cl bulges is the result of incomplete flushing during flooding

109

(Walvoord et al., 2003; Scanlon et al., 2008). Two distinct Cl and N03 bulges were observed in

110

sites AFl, AF4, and AF5 likely indicating past partial flushing of solutes from subsoils to deeper

111

depths during flooding events in the Tijeras Arroyo floodplain. Chloride mass balance (C:MB)

112

age calculations indicate these flushing events occurred 4,500 ybp, 1,800 ybp, and 600 ybp for

0

113

sites AFl , AF4, and AF5 , respectively (Table S3). The discrepancy between these ages and the

114

lack of multiple Cl bulges at sites AF2 and AF3 may imply multiple flooding events that did not

115

cover the entire floodplain. Alternatively, these lower bulges may be the result of lateral

116

transport of solutes from beneath the arroyo channel to the surrounding floodplain. Hence CMB

117

age calculations in the arroyo floodplain are difficult to interpret.

118

119

Assuming one-dimensional piston flow and constant Cl deposition, Cl residence time can
be calculated by dividing the Cl inventory by the annual Cl deposition:

120

121

where tz is the CMB age to depth z, 0 is the volumetric water content (L3 L·3), Cc, is the Cl

122

inventory, and Dz is the atmospheric Cl depositional flux. We estimated the Cl depositional flux

123

from two nearby stations (NM07 and NM09) of the National Atmospheric Depositional Program

124

(NADP, 2019) from the mean annual deposition rate spanning 1982-2000 at NM09 and 1982-

125

2018 for NM07. Because these stations receive mean rainfall (36 cm and 31 cm, respectively)

126

greater than the study area (23 cm), we scaled the estimated Cl depositional flux from 0.3 kg/ha

127

(mean of NM07 and NM09) to 0.2 kg/ha.

128

Table S5. The nitrate (NO3) inventory was estimated using the entire sample depth. The total

129

CMB age is the apparent CMB age of the entire sample column. The apparent NO3 flux was

130

calculated using the NO3 inventory and the total apparent CMB age. Mean atmospheric NO3

131

deposition was 1.27 kg ha· 1y· 1•

132

CMB age Total
Apparent
Site name inventory at 5 m CMB age N0 3flux
(ybp)
(ybp) (kg ha-1 l'.r-1)
(kB ha- 1)
AFl
18000
8600
12000
1.5
AF2
17000
5200
6400
2.7
AF3
9800
6600
10000
0.98
AF4
12000
5300
7900
1.5
AF5
38000
2600
15000
2.5
MTl
59
17000
17000
0.0035
MT2
95
13000
22000
0.0043
AC
210

133

Vadose Zone Model

N03

134

Hydrus 1-D (Simunek et al., 2012) is a one-dimensional finite element model that

135

simulates the flow of water through variably saturated media by numerically solving Richards'

136

equation (Richards, 1931 ). The model accounted for observed changes in lithology with depth,

137

and measured sediment moisture content and water potential (Figure Sl and Table S3). The

138

domain was horizontally orientated and 15 m long-the distance between the channel and the

139

nearest field measurement of subsoil water potential (AF4 to AC). The model domain was

140

bounded by two constant pressure head boundaries of 0 m and -500 m, representative of the

141

arroyo channel and floodplain sites (Figure S2). Based on streamgage observations of flow in the

142

Tijeras Arroyo channel (USGS Site ID: 08330600, U.S. Geological Survey, 2020a), we

143

estimated a range of annual days saturation beneath the arroyo of 60-100 days.

144

Sediment types from the subsoil profiles were paired with the appropriate U.S.

145

Department of Agriculture sediment textural class (Soil Survey Staff, 1999). Using these classes,

146

Hydrus 1-D provided default van Genuchten-Mualem sediment hydraulic properties were chosen

147

for each sediment type. Gravelly sediments were grouped with sands to maintain the

148

conservative nature of the Hydrus 1-D model.
Model results estimated that 364,000-948,000 m 3 y· 1 of water moves from beneath the

149
150

arroyo channel into the adjacent unsaturated zone. Previous estimates of infiltration through

151

Tijeras Arroyo have ranged from 600,000-2,400,000 m 3 y· 1 (Anderholm, 2000; Sanford et al.,

152

2000), hence our model indicates 15-100 % of water infiltrating Tijeras Arroyo is lost in the

153

thick unsaturated zone.

154

155

Table S6. The hydraulic soil properties used for each textural class and the default van-

156

Genuchten-Mualem soil hydraulic properties based off soil textural classification.

Soil name
Coarse (sand)

157
158

Observed soil
Gravelly sediment/sand

Loamy sand

Silty sand

Sandy loam

Sandy silt

Silt

Silt

Ks

Residual water

Saturated water

(m/day)

content

content

7.128
3.502
1.061
0.06

0.045
0.057
0.065
0 .034

0.4
0.41
0 .41
0 .46

Alpha

n

14.5
12.4
7.5

2.68
2.28
1.89
1.37

1.6

The modeling process followed a specific workflow between Hydrus 1-D and Microsoft

159

Excel. Figure S3 depicts a flow chart describing the process from Hydrus 1-D inputs and outputs

160

to Excel inputs and outputs. Fixed inputs of pressure head boundaries (0 m and -500 m), time

161

discretization, and domain dimensions (Table S6) were initially entered in Hydrus 1-D. Then the

162

days of saturation were manipulated in Hydrus 1-D by changing the model duration (60-100

163

days). Finally, specific sediment input parameters (Table S6) for the different sediment types

164

were entered in Hydrus 1-D. This was performed running multiple models until a cumulative

165

flux of water into the vadose zone was determined for each sediment type and various days of

166

saturation.

167

Hydrus 1-D obtained cumulative flux values were then moved into Microsoft Excel and

168

applied as a variable input. A range of cumulative fluxes were applied to the corresponding

169

sediment type within the profile. This cumulative flux for a specific sediment type was

170

multiplied by the thickness of that sediment type within the profile. Once a cumulative flux was

171

determined for a thickness of each sediment type in a profile, the fluxes were summed to produce

172

a total cumulative flux per unit channel length into that particular arroyo floodplain site.

HYDRUS

EXCEL

fixed inputs

l'ariable inputs

l'ariab/e inputs

output.I

01dpub

Timed~tion
& iteration criteria

173
174

Figure S3. Flow diagram depicting the inputs, outputs, and workflow between Hydrus and

175

Microsoft Excel. Fixed inputs are shown in blue, variable inputs are shown in yellow and outputs

176

are shown in green.

177

Total Volume Calculations

178
179

In order to determine the approximate amount of water predicted to be leaving the
saturated channel sediments and entering the vadose zone throughout the entire arroyo system,

180

several key assumptions were made. The channel with corresponding floodplain was measured

181

using satellite imagery to be approximately 19 km in length. Furthermore, other works indicate

182

the relatively high water matric potential gradient typically exists no greater than 20 m depth

183

before the magnitude of the gradient decreases rapidly (Walvoord et al., 2003). Using these

184

geometries and the calculated total cumulative fluxes per subsoil profile, a range of volumes of

185

water moving from the arroyo channel sediments to the floodplain sediments was determined.

186

This final volume of water was multiplied by two to account for the relation existing on both

187

sides of the channel.

188

Solute mass flux calculations

189

Once water fluxes were modeled, the Cl mass flux into the floodplain sediments from

190

lateral unsaturated flow was determined to estimate solute accumulation time. Using porewater

191

Cl concentrations at site AC (10-20 mg/L; Figure 2) as initial concentrations, saturated arroyo

192

sediments could convey between 0.13-0.70 kg yr- 1 of Cl per meter channel length into the

193

unsaturated floodplain sediments. As the arroyo channel length is ~ 19 km, this resulted in a Cl

194

flux of 2,400-13,300 kg Cl yr- 1 to the floodplain. Given a floodplain size of ~800 ha (estimated

195

from a digital elevation model and satellite imagery), and assuming Cl inventories across the

196

floodplain similar to our observations, Cl inventories in the floodplain could be reached within

197

200- 800 years- eight to 75 times faster than atmospheric deposition CMB calculations (Table

198

S4). The estimated range in the accumulation time and Cl flux accounts for a range in each input

199

parameters.

200

Sediments beneath the arroyo channel had slightly positive (saturated) pressure. To make

201

our model more conservative, we assumed zero pressure through the channel sediments.

202

Furthermore, time varying saturation was handled by stopping the model after the specified days

203

of saturation and not letting the sediments drain. This made the lateral flux estimate an

204

underestimation as a slow flux will occur when sediments are not saturated. However, using

205

conservative estimates is useful in providing more confidence in our hypothesis-that seasonal

206

water flow through the arroyo could lead to large solute build up in the subsoil of the arroyo

207

floodplain.

208

Precipitation accumulation

209

Accumulation rates of Cl in the entire floodplain were determined by taking the reported

210

atmospheric rate for the region (NADP, 2019) and multiplying it by the entire floodplain area.

211

The entire floodplain area was measured based off topography and determined to be roughly 800

212

ha. This accumulation rate was then compared to observed pore water concentrations to

213

determine an estimated time for the observed Cl concentrations to accumulate if atmospheric

214

deposition is the only solute input.

215
216

Figure S4. Satellite images of Tijeras Arroyo taken in 2004 and 2018. The 2004 channel is

217

shown in blue in the lower image. In the 14 years between the images, the Tijeras Arroyo

218

Channel has moved~ 1 m/y at the bends. Site AF2 is shown in the lower left side of the images.

219

Also shown is the increase in plant cover from 2004-2018. Base map data from Google, 2020.
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