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Albuquerque, New Mexico, 2019

By Rebecca E. Travis and Kate Wilkins

Abstract
A plume of ethylene dibromide (EDB) dissolved in 

groundwater extends northeast from the Bulk Fuels Facility 
on Kirtland Air Force Base, New Mexico. The leading edge of 
the EDB plume is upgradient from several water-supply wells. 
In 2013, the U.S. Geological Survey (USGS), in coopera-
tion with the Albuquerque Bernalillo County Water Utility 
Authority and the U.S. Air Force, installed four sentinel well 
nests and two aquifer-test pumping wells between the EDB 
plume and the water-supply wells to serve as an early warn-
ing if the plume travels toward the water-supply wells. Since 
2015, the USGS has used submersible pumps to sample the 
sentinel wells quarterly. In February 2017, the USGS began 
using dual-membrane passive diffusion bag samplers for quar-
terly sampling in the wells. To ensure that the passive sam-
plers are obtaining representative samples of the groundwater 
contaminants, the USGS, in cooperation with the U.S. Air 
Force, initiated a study in 2019 to compare results from pump 
sampling and passive samplers and to use vertical profiling to 
determine the optimal depth for passive sampler placement in 
the screened interval to better inform long-term monitoring of 
the site.

Vertical profiling included deploying passive samplers 
throughout the submerged screened interval of four shallow 
sentinel wells. After retrieval of the passive samplers, pump 
samples were collected. The results of analyses of both types 
of samples were compared. Volatile organic compound results 
for this study were all below the raised reporting levels, which 
is a level five times the maximum concentration detected in a 
blank and determined by an in-depth quality assessment; 
therefore, this study focused on inorganic constituent results, 
including major ions, trace elements, and stable isotopes 
of water, to calculate the relative percent difference (RPD) 
between the pump and passive sampling method results as 
a way to determine where passive samplers would be best 
placed in each of the wells. Several analytes had an RPD of 
more than plus or minus 50 percent, and several analytes were 
not within the estimated variability for each sampling method. 
Additionally, the variability within each sampling method was 
quantified and compared. Factors that likely contributed to the 

lack of comparison between each sampling method included 
temporal variability, flow regime, volume of sample integrated 
through different aquifer intervals, and reduction/oxidation 
processes. RPD and method variability were used to determine 
the intervals within each well with the greatest agreement 
between sampling methods. Optimal sampling depths for each 
well were then correlated to the intervals where quarterly sam-
pling has been occurring.

Introduction
Kirtland Air Force Base (KAFB) is located south of 

Albuquerque, New Mexico, in Bernalillo County, and a Bulk 
Fuels Facility (BFF) is in the north-central portion of KAFB 
(fig. 1). Leaks in an underground pipe used to transfer aviation 
fuels at the KAFB BFF were discovered in 1999 during pipe-
line pressure testing (U.S. Air Force, 2011). The BFF has been 
used for fuel transfer and storage since 1953, but the exact 
date when the pipes began leaking is unknown (U.S. Army 
Corps of Engineers [USACE], 2017). An unknown amount 
of leaked fuel reached the water table and has since migrated 
northeast of KAFB (fig. 1). The aviation fuel additive ethylene 
dibromide (EDB) is the main contaminant of concern, which 
has a U.S. Environmental Protection Agency (EPA) drinking 
water maximum contaminant level of 0.05 microgram per liter 
(μg/L; EPA, 2020). Other contaminants of concern include 
the more common fuel contaminants benzene, toluene, ethyl 
benzene, and xylenes. In 2010, the New Mexico Environment 
Department issued a Resource Conservation and Recovery 
Act permit to oversee cleanup of the contaminant plume (New 
Mexico Environment Department, 2010).

The most laterally extensive fuel contaminant, EDB, 
has moved parallel to the mapped groundwater flow direction 
and has formed a plume that, as of June 2019, extended about 
3,300 feet (ft) northeast from the BFF area (USACE, 2019). 
The leading edge of the EDB plume (defined as the 0.05 μg/L 
concentration contour) was about 5,600 ft from the nearest 
downgradient Albuquerque Bernalillo County Water Utility 
Authority (ABCWUA) water-supply wells (fig. 1; USACE, 
2019). The size and location of the plume are continually 
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changing because of treatment occurring at KAFB; by 2020, 
the plume extended about 2,100 ft northeast from the BFF. 
The plume is studied and mapped by Air Force Civil Engineer 
Center contractors (USACE, 2020).

In 2013, the ABCWUA requested that the U.S. 
Geological Survey (USGS) install a nest of sentinel wells 
between the plume and the ABCWUA water-supply wells 
(Trumbull, fig. 1) because of concerns about possible contami-
nation reaching Albuquerque’s water supply. The purpose of 
the sentinel wells is to provide early warning of EDB plume 
migration towards water-supply wells. In 2014, the USGS 
began a cooperative project with the U.S. Air Force through 
the Air Force Civil Engineer Center to drill additional senti-
nel wells at the Southern and Cesar Chavez well sites, and in 
2016, at the Veteran’s Administration (VA) well site (fig. 1).

The sentinel wells have been sampled quarterly by the 
USGS since 2015 for inorganic and organic constituents. 
Until February 2017, the wells were sampled by using a 
volumetric-purge pump sampling method (hereinafter referred 
to as “pump sampling”), using dedicated submersible pumps 
installed in the wells. Samples were collected after three well 
casing volumes of groundwater were purged and field prop-
erties (pH, water temperature, and specific conductance) in 
the purged water were stabilized (USGS, variously dated). 
Continued pump sampling for the sentinel wells was deter-
mined to be unsustainable due to the total depth of the wells, 
the large volume of investigation-derived wastewater created 
by the pump sampling method, and failing pumps. In 2017, the 
USGS began using dual-membrane passive diffusion samplers 
(hereinafter referred to as “passive samplers”), which elimi-
nated the need to manage wastewater, decreased the costs 
associated with materials and labor, and discontinued the use 
of corroded pumps or generators. To ensure that the passive 
samplers are obtaining representative water chemistry sam-
ples, the USGS, in cooperation with the U.S. Air Force, initi-
ated a study in 2019 to compare results from pump sampling 
and passive samplers and to determine the optimal depth for 
passive sampler placement in the screened interval to better 
inform long-term monitoring of the site.

Purpose and Scope

This report compares the chemistry of groundwater sam-
ples obtained by using two different sampling methods (pump 
and passive) for four sentinel wells near KAFB and describes 
the vertical variability of water quality in the deep ground-
water wells. The discrete interval that is the most representa-
tive location for the passive samplers to provide comparable 
results to historical pump sampling was determined. Results 
of this study will help determine the sampling depth where the 
passive sampler would be best placed to obtain representative 
water chemistry for the sentinel wells.

Description of Study Area

The Middle Rio Grande Basin (fig. 1) encompasses 
about 3,060 square miles along the Rio Grande Valley in 
central New Mexico (Thorn and others, 1993) and is underlain 
with Cenozoic-age alluvium deposits along the Rio Grande 
(Bartolino and Cole, 2002). The basin is bound by mountain-
ous areas to the north, east, and south, and by a plateau to the 
west. The Rio Grande is the largest river in New Mexico and 
flows from north to south through the basin (Bartolino and 
Cole, 2002).

Climate
The climate of the Middle Rio Grande Basin is semiarid 

(Thorn and others, 1993). From 2015 to 2019, annual precipi-
tation ranged from 6.7 to 11.5 inches (in.) at the Albuquerque 
International Sunport airport, which is adjacent to KAFB, with 
most rainfall occurring between July and October (National 
Oceanic and Atmospheric Administration, 2020). Annual 
evaporation ranges between 50 and 60 in. throughout the 
basin (Thorn and others, 1993). Large fluctuations in the daily 
temperature and low humidity are also prevalent (Plummer 
and others, 2012).

Geology and Hydrology
The Middle Rio Grande Basin is one of a series of 

alluvial basins located in the Rio Grande rift valley, and it 
contains approximately 14,000 ft of alluvial fill in the deepest 
parts of the basin (Thorn and others, 1993). These sediments 
are primarily alluvium and colluvium, and the primary aquifer 
of the Middle Rio Grande Basin is composed of formations of 
the Santa Fe Group of Oligocene-Pleistocene age. The Santa 
Fe Group has informally been subdivided into lower, middle, 
and upper lithostratigraphic units based on lithology and age 
(Hawley and others, 1995; Connell and others, 1998). In the 
study area, the upper Santa Fe Group is composed primarily of 
the Sierra Ladrones Formation that informally has been sub-
divided into piedmont (QTsp) and axial-fluvial (QTsp) facies 
(Connell and others, 1998).

The upper member of the Sierra Ladrones Formation 
is a piedmont facies (QTsp) that interfingers onto the lower 
member of the axial-fluvial facies (QTsp); the depositional 
environment for the QTsp is generally interpreted as alluvial 
fan. The piedmont facies (QTsp) is composed of poorly con-
solidated red to yellowish-brown conglomerate and sandstone 
with minor mudstone (Connell, 2006). The lower member of 
the Sierra Ladrones Formation is typically associated with 
axial-fluvial deposits of the ancestral Rio Grande. The axial-
fluvial facies (QTsp) is pebbly to cobbly gray to yellowish-
brown sand with interbedded mud (Connell, 2006). The QTsp 
deposits are generally considered to be the most productive 
water-bearing deposits in the basin.
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QTsa is interbedded with two distinct layers, identified 
by Connell and others (1998) as sand and silt-clay sequences, 
and was observed to be primarily clay and silt-clay in the 
study area (Bell and others, 2018). The two layers are pres-
ent throughout the study area and generally act as confining 
units, separating QTsa into three distinct water-bearing units 
(Myers and Friesz, 2019). The confining units will be referred 
to in this report as “A1” and “A2,” and the top of each unit is 
located at approximately 1,170 and 817 ft below land surface 
(bls), respectively (Myers and Friesz, 2019).

Regional groundwater flow in the upper Santa Fe Group 
is generally southward. In southeast Albuquerque, however, 
the local groundwater flow direction is affected by pumping 
from water-supply wells, and currently (2021), groundwater 
flows northeastward (Powell and McKean, 2014). Recharge 
occurs locally through seepage from the Rio Grande to the 
west of KAFB and by mountain-front recharge along the 
Sandia Mountains to the east (Plummer and others, 2012). 
Changes in water resource management have resulted in 
a groundwater-level rebound in the study area since 2008 
(Galanter and Curry, 2019). Depth to groundwater in the study 
area is about 500 ft bls.

Previous Investigations

Several hydrogeological and geochemical investigations 
have taken place at the KAFB sentinel wells and the surround-
ing area, including in the Middle Rio Grande Basin. KAFB 
has conducted extensive investigations around the area of the 
BFF and EDB plume, including a comparison of the dual-
membrane passive diffusion bag sampler and low-flow purge 
sampling.

Studies Within the KAFB and Sentinel Well Area
Several studies related to the presence of the EDB plumes 

have been conducted in the area of the sentinel wells. Well-
bore flow logging (Travis and Myers, 2019) was conducted on 
two pumping wells, located at the Southern and Cesar Chavez 
nests (fig. 1). The results from that study indicated that the 
most productive interval was the deepest QTsa interval below 
the lowermost clay unit (A1 unit), which produced more than 
60 percent of groundwater flow to the wells. The interval 
between the A1 and A2 units was the second most produc-
tive interval. Travis and Myers (2019) and Myers and Friesz 
(2019) demonstrated that there is an upwardly directed vertical 
groundwater-flow gradient in the deeper sentinel wells, driven 
by the confining clay units and recharge sources present in 
the study area. However, the vertical gradient was not pres-
ent in the shallowest sentinel wells, which were not confined 
by clay units. These findings are consistent with Bexfield and 
Anderholm (2002), who investigated water levels in deep 
nested piezometers in the Albuquerque area and found that in 
piezometer nests located east of the Rio Grande, vertical gradi-
ents were directed primarily upward.

Passive Sampling Studies
The dual-membrane passive diffusion bag sampler is 

relatively new equipment for groundwater sampling. The sam-
pler is an equilibrium-membrane-type passive sampler, and 
it combines two different membranes. The sampler has been 
shown to obtain representative groundwater samples for major 
cations and anions, trace metals, nutrients, and volatile organic 
compounds (VOCs; EON Products, Inc., 2021). Advantages 
of using the sampler include limited investigation-derived 
wastewater and construction materials that do not degrade 
and are disposable. These advantages enable samplers to be 
deployed in a well from one sampling event to the next and 
reduce the need for equipment decontamination (Imbrigiotta 
and Harte, 2020).

In 2014, EON Products, Inc. (2021), in cooperation with 
EPA Region 6 and EA Engineering, conducted two rounds of 
sampling at a metal plating facility, where hexavalent chro-
mium was the primary contaminant of concern and wells were 
100–140 ft deep, to compare low-flow pump sampling and 
dual-membrane passive diffusion bag samplers for analysis 
of inorganic major ions and trace element concentrations. 
The low-flow pump sampling uses a pump with a reduced 
discharge capacity, typically 0.1–0.5 liter per minute (or 
0.03–0.13 gallon per minute [gal/min]), that does not fully 
purge the well volume (ASTM International, 2018). The 
results from the study indicate that the two sampling methods 
were comparable except for some analytes, including chro-
mium, iron, lithium, and zinc, with greater than 20 percent 
relative percent difference (RPD), a study-specific threshold. 
Aluminum, copper, manganese, sulfate, and vanadium had 
between 10 and 20 percent RPD. Organic compounds that 
exceeded 20 percent RPD included 1,2-dichlorobenzene, 
4-bromofluorobenzene, cyclohexane, meta-xylene, para-
xylene, and tetrachloroethene.

In 2016, an evaluation of the passive sampler was 
conducted in wells at KAFB within the EDB plume by EA 
Engineering on behalf of the Air Force Civil Engineer Center. 
Low-flow sampling results were compared to passive sampler 
results at depths similar to those of the shallow USGS sentinel 
wells. Even though the focus of the sampling and analysis was 
on VOCs and EDB, results indicated that dissolved iron and 
manganese concentrations were typically lower in the pas-
sive samples than in the pumped samples. Benzene and EDB 
concentrations were found to be comparable between the two 
methods. Most of the inorganic data had acceptable RPDs 
(with a threshold of 35 percent specific to this study) between 
the two sampling methods (USACE, 2016). The passive 
sampler was used at KAFB to assess the BFF plume after this 
evaluation (USACE, 2016).
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Methods
For this study, 56 groundwater samples were collected 

from wells in the four sentinel well nests (figs. 1 and 2) in 
April 2019 for water-quality analysis. The KAFB sentinel 
wells were constructed as a group of four nested wells such 
that each well screen was within one of the distinct water-
bearing units; the samples were collected from depths near or 
at the water table (fig. 2). The shallow and water table wells 
are located above the A2 unit in the upper QTsa. The middle 
well is installed below the A2 unit and above the A1 unit in the 
middle QTsa deposits, and the deep well is installed 
below the A1 unit in the deep QTsa deposits.

Two different methods were used for sample col-
lection in all four wells. The four sampled wells were 
Cesar Chavez Well A (CC-1A), Southern Sentinel Well 
A (SO-1A), Trumbull Sentinel Well A (TR-1A), and VA 
Sentinel Well A (VA-1A). Table 1 provides USGS site 
and well information, in addition to deployment dates 
of passive samplers, pertinent water levels, number 
of passive samplers per well, and sampling dates of 
passive samplers and pump sampling. Dual-membrane 
passive diffusion bag samplers (passive samplers) 
were used to collect 52 of the samples, and dedicated 
submersible pumps were used to collect 4 samples. The 
passive samplers were deployed in late February 2019 
and were retrieved in early April 2019. The day after 
the samplers were retrieved, a dedicated portable 
Bennett pump was lowered into the well and used for 
pumped sampling. All the groundwater samples from 
the wells were analyzed for VOCs, major inorganic 
constituents, trace elements, alkalinity, and stable 
isotopes of oxygen (δ18O) and hydrogen (δ2H). Water-
quality data are publicly available from the USGS 
National Water Information System (USGS, 2019) 
using the site identification numbers in table 1.

Water-Quality Sampling

Water-quality sampling was completed by using 
two different methods. Passive sampling used dual-
membrane passive diffusion bag samplers. Pump sam-
pling used the volumetric purge method with submers-
ible pumps.

Passive Sampling
Passive sampling was used to complete the vertical 

profiling of the wells. This method is described here 
because it varies from methods in the USGS National 
Field Manual (USGS, variously dated).

Dual-Membrane Passive Diffusion Bag Sampler
Passive samplers were used to vertically profile the wells. 

A dual-membrane passive diffusion bag sampler, developed 
by EON Products, Inc., was used; this sampler consists of a 
perforated tube with semipermeable membranes on a single 
sampler (EON Products, Inc., 2021; fig. 3). The hollow, cylin-
drical, perforated tube is encased with two semipermeable 
membranes that are in layers to create the dual membrane. The 
bottom portion of the tube is encased with a low-density poly-
ethylene membrane that acts as a container for the sampled 
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Table 1. Site and vertical profiling information for selected sentinel wells at and near Kirtland Air Force Base, Albuquerque, New Mexico, 2019.

[USGS, U.S. Geological Survey; ft bls, feet below land surface; in., inch; gal/min, gallon per minute; gal, gallon]

USGS site identifi-
cation number 
(USGS, 2019)

Site name
Well 
short 
name

Total 
well 

depth 
(ft bls)

Well 
diam-
eter 
(in.)

Screened 
interval  
(ft bls)

Passive 
sampler 
method 

deployment 
date

Water 
level at 
deploy-

ment  
(ft bls)

Depth 
to top 

passive 
sampler 
(ft bls)

Number 
of passive 
samplers 
per well 

for  
vertical 
profile

Passive 
sampling 
method 

retrieval/ 
sample 
collec-

tion  
date

Water 
level at 
retrieval 

(ft bls)

Pump 
sampling 
method 
sample 

collection 
date

Pumping 
rate  
(gal/
min)

Approxi- 
mate  

volume  
purged  

(gal)

350359106335201 Cesar Chavez 
Well A

CC-1A 519 2.5 459–509 February 26, 
2019

474.3 483.1 10 April 8, 
2019

474.16 April 9, 
2019

0.70 41

350359106333901 Southern 
Sentinel 
Well A

SO-1A 538 2.5 468–518 February 27, 
2019

1489.9 484.7 13 April 15, 
2019

486.96 April 16, 
2019

1.00 58

350408106335601 Trumbull 
Sentinel 
Well A

TR-1A 522 2.5 437–517 February 25, 
2019

461.0 463.2 21 April 10, 
2019

460.36 April 11, 
2019

1.10 55

350304106345401 VA Sentinel 
Well A

VA-1A 660 3 620–640 February 28, 
2019

465.2 621.0 8 April 17, 
2019

464.80 April 18, 
2019

1.25 208

1Water level is from November 2018. February 2019 water level was rejected in review as misread.



Methods  7

water and allows for VOC diffusion across the entire length of 
the polyethylene membrane. The upper portion of the sampler 
is made of a 125-micrometer (µm) nylon screen membrane 
to allow inorganic constituents and polar molecules to diffuse 
into the sampler (Imbrigiotta and Harte, 2020). The upper por-
tion of the dual-membrane sampler does not hold water, but 
allows ambient groundwater to pass through the upper portion 
and diffuse vertically within the sampler. Diffusion of inor-
ganic analytes happens at the interface between the two mem-
branes until the concentrations in the sampler have reached 
equilibrium with the ambient groundwater (EON Products, 
Inc., 2021). EON Products, Inc., recommends that the passive 
samplers remain in the well for at least 3 weeks to gain equi-
librium with the groundwater and within the sampler. Because 
the passive samplers preserve dynamic equilibrium, EON 
states that the passive samplers will represent the analytes and 

concentrations of the groundwater from the last few days and 
therefore can remain in the wells indefinitely (EON Products, 
Inc., 2021).

Field Deployment and Retrieval
The passive samplers used for vertical profiling analysis 

were deployed in late February 2019 (table 1). Each sampler 
was filled with inorganic-grade blank water (IBW) purchased 
from the USGS National Field Supply Service (ht tps://nwql . 
usgs.gov/ s upportserv ices.shtml). While volatile/pesticide-
grade blank water (VPBW) is required for sampling VOCs, 
USGS analysis of blank water determined that the recycled 
glass used to house VPBW can leach trace elements into the 
blank water over time, as documented in the USGS Office 
of Water Quality Water-Quality Information Note 2006.11 
entitled “Field Methods—Discontinuance of ‘Universal’ 

Large-pore membrane
 — Permeable to large and small molecules

Small-pore membrane
 — Permeable to volatile organic compounds
 — Serves as sample reservoir

26
 in

ch
es

Figure 3. Dual-membrane passive diffusion bag sampler and a diagram showing membrane construction.

https://nwql.usgs.gov/supportservices.shtml
https://nwql.usgs.gov/supportservices.shtml
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blank water” (Office of Water Quality, USGS, written com-
mun., 2006). Because trace elements have been discovered in 
VPBW, each sampler deployed (table 1) was filled with IBW 
even though VOCs were also collected from each sampler. 
The samplers were filled from the top with IBW by using a 
dedicated clean funnel in the water-quality laboratory of the 
USGS New Mexico Water Science Center (NMWSC). Then, 
samplers were placed in a clean container that was lined with 
two clean, virgin, polyethylene bags that had been purchased 
from the USGS National Field Supply Service. Once all the 
passive samplers were filled, the clean, virgin, polyethylene 
bags were tied so that they enclosed the samplers. The sam-
plers were secured in an upright position in the container by 
placing bubble wrap on the outside of the bags to ensure no 
spillage occurred when they were transported to the appropri-
ate site. The passive samplers were secured to a dedicated 
tether with stainless-steel rings that were connected to the 
top of the passive sampler. The tethers were constructed of 
polypropylene rope by EON Products, Inc. Samplers were 
attached to the tether rings at the appropriate depth in the well 
by using plastic zip ties. Passive samplers are 26 in. long, with 
4 in. of space between each sampler. The depth and number 
of samplers per well depended on the length of the submerged 
screen interval (table 1).

Passive Sample Field Processing
Because the passive sampler holds a limited amount 

of sample water—approximately 630 milliliters (mL)—the 
standard USGS protocols were modified to accommodate the 
limited volume of sample water. The USGS National Water 
Quality Laboratory (NWQL) was consulted prior to the field 
events to determine the minimum volume needed to run the 
laboratory analyses. In addition, minimum amounts of sample 
water were used to condition sample filters and to rinse bottles 
in the field. In some instances, some analytical results were 
not obtained because samples were not collected because of 
loss of sample water by overfilling the sample bottle or spill-
ing from the sampler. The passive samplers were deployed 
and retrieved by using a battery-operated motorized wench 
system (fig. 4) that pulled the passive samplers up the well at 
a slow and constant rate of 25 ft per minute in order to prevent 
tearing any passive samplers or spilling sample water once the 
samplers reached the surface.

When the passive samplers reached the surface, they 
were immediately sampled for VOCs at the field site to 
limit exposure of the sample to the atmosphere. Because the 
samplers could be retrieved faster than the VOC samples 
could be processed, the passive samplers that were waiting to 
be processed were placed in a clean, virgin, polyethene bag 
to limit atmospheric exposure and were sampled as soon as 
possible. The retrieval time and the process time ranged from 
2 minutes to 60 minutes, depending on the number of samplers 
that had been deployed. Samplers were sampled in the order of 

Figure 4. Dual-membrane passive diffusion bag sampler retrieval at Veteran’s Administration 
well site, Kirtland Air Force Base, Albuquerque, New Mexico.
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retrieval, with the first sampler being sampled first. In a well 
with 21 samplers, the last sampler had a delay in process time 
because of the limited number of staff onsite. The water in the 
passive samplers was extracted with a manufacturer-provided 
straw, which was carefully inserted into the bottom of the pas-
sive sampler. For the VOC sample, the unfiltered water flowed 
through the straw and into two unrinsed 40-mL baked amber 
glass vials, which were preserved with hydrochloric acid to a 
pH less than 2.

Immediately after the VOC sample collection, the 
remaining unfiltered sample was drained into a dedicated 
500-mL field-rinsed polyethylene container. The sample 
bottles with the remaining unfiltered sample water were 
chilled until all the VOC samples from the different pas-
sive samplers for a given well were collected and processed. 
Then samples were processed for all inorganic constituents. 
From the 500-mL container, a 0.45-µm disc filter (at CC-1A, 
SO-1A, and VA-1A) or a larger capacity 0.45-µm capsule 
filter (at TR-1A, because of the presence of precipitate) was 
used to filter samples to be analyzed for major ions and trace 
elements (130-mL minimum volume collected). A fresh filter, 
conditioned with deionized water, was used for each 500-mL 
polyethylene container; when necessary, filtered samples were 
acidified with nitric acid to a pH less than 2. A filtered sample 
was collected for determining alkalinity (75-mL minimum 
volume collected). Stable isotopes (11-mL minimum volume 
collected) were collected from the raw (unfiltered) sample, and 
the remaining raw sample was analyzed for specific conduc-
tance and pH, including field-rinsing probes. The alkalinity 
was titrated at the NMWSC by the incremental equivalence 
method (USGS, variously dated). All samples except those for 
the stable isotopes of water were shipped at less than 4 degrees 
Celsius to the NWQL in Denver, Colorado. Stable isotopes 
were shipped at room temperature to the USGS Reston Stable 
Isotope Laboratory in Reston, Virginia.

Pump Sampling
At each well, water-quality samples were collected with a 

low volume submersible pump, pumping 0.70–1.25 gal/min  
(table 1), following standard protocols set by the USGS 
National Field Manual (USGS, variously dated). Prior to 
sampling, the pumps (which were the dedicated pumps 
removed from the wells prior to passive sampling) were 
stored in a clean, dedicated area at the NMWSC. The day after 
the passive samplers were retrieved and sampled, the pump 
was transported to the field and lowered down the well. The 
USGS National Field Manual requires removing groundwater 
equivalent to at least three volumes of the entire well casing 
and reaching stability of field property values (pH, tempera-
ture, specific conductance, turbidity, and dissolved oxygen) 
before sample collection. The amounts of water purged prior 
to sampling for each well are listed in table 1. The pump was 
placed in the middle of the submerged portion of the screened 
interval of each of the wells, with the exception of VA-1A. 
The screened interval for VA-1A is 620–640 ft bls, and the 

tubing length is only 600 ft. While the pumps can operate up 
to 1,000 ft (Bennett Sample Pumps, Inc., 2020), there were 
issues in the field with tubing collapsing under pressure if the 
pumps were set at depths greater than 600 ft. Therefore, the 
pump was placed 20 ft above the top of the screen in VA-1A.

Samples collected during the pumping phase were pro-
cessed according to the USGS National Field Manual (USGS, 
variously dated). The field properties used for stabilization 
criteria were collected with a calibrated multiparameter water-
quality sonde. Sample processing took place inside of a mobile 
laboratory to reduce outside contamination. Samples analyzed 
for VOCs were unfiltered and preserved to a pH of less than 2 
with hydrochloric acid. Major ions, trace element concentra-
tions, and alkalinity were measured in samples filtered with a 
high-capacity capsule 0.45-µm pore size filter. Groundwater 
collected for analysis of major cations and trace elements 
was preserved with nitric acid to a pH of less than 2. Stable 
isotope ratios in water (δ18O and δ2H) and field properties 
were measured in unfiltered samples. Alkalinity was measured 
in the field by titration by using the incremental equivalence 
method (USGS, variously dated). All samples except those to 
be analyzed for stable isotopes of water were shipped at less 
than 4 degrees Celsius to the NWQL. Samples for analysis of 
stable isotopes were shipped at room temperature to the USGS 
Reston Stable Isotope Laboratory.

Laboratory Analysis

Water samples were analyzed for VOCs, major ions, 
and trace elements by the NWQL with gas chromatography/
mass spectrometry using method O–4127–96 (Connor and 
others, 1998). VOC analysis included these contaminants of 
concern: benzene, toluene, ethyl benzene, xylene, and EDB. 
Inductively coupled plasma-mass spectrometry was used for 
determining the concentration of 22 trace elements (Garbarino, 
1999, Garbarino and others, 2005). Ion-exchange chromatog-
raphy was used to analyze for chlorine, fluorine, and sulfate 
(Fishman, 1993). Inductively coupled plasma optical emis-
sion spectrophotometry was used to analyze for cations, such 
as calcium, iron, magnesium, potassium, silica, and sodium 
(Fishman and Friedman, 1989). Major ions are reported 
in milligrams per liter, and trace elements are reported in 
micrograms per liter. Stable isotope ratios (δ18O and δ2H) 
were analyzed at the USGS Reston Stable Isotope Laboratory. 
The isotopes are analyzed by dual-inlet isotope-ratio mass 
spectrometry (Révész and Coplen, 2008a, b). Stable isotope 
ratios are reported in per mil relative to Vienna Standard Mean 
Ocean Water.

Quality Assurance and Quality Control

Three source, seven equipment, and two field blanks and 
one replicate pair were collected for this study. Additional 
historical replicate pairs, from quarterly monitoring, were 
included for analysis to broaden the pool of data, including 
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seven pump method replicate pairs and seven passive method 
replicate pairs. All quality assurance and control sample col-
lection followed USGS National Field Manual standard proto-
cols (USGS, variously dated). Additional details are provided 
herein regarding the passive sampler blanks because those 
methods are not detailed in the USGS National Field Manual.

Source blanks were collected at the NMWSC water-
quality laboratory by pouring IBW of the same lot number 
and source used for deployment, field, or equipment blanks, 
into the bottles that were used for laboratory analysis. For the 
passive sampling method, source blanks were collected to test 
that the IBW and bottles were free of any inorganic constitu-
ents. One source blank was collected before deployment of 
the passive samplers in February 2019 to verify that the water 
placed within the samplers was free of inorganic and organic 
constituents. One source blank was collected before retrieval 
of the passive samplers in April 2019 to verify that the blank 
water used to collect the field blank was free of inorganic 
and organic constituents. The third source blank was col-
lected prior to collecting equipment blanks on the pumps in 
March 2019 to verify that no inorganic or organic constituents 
were in the blank water used to collect the equipment blanks.

Equipment blanks were collected from the passive 
samplers at the NMWSC water-quality laboratory by fill-
ing the sampler with IBW through a dedicated funnel. The 
manufacturer-provided straw was inserted into the bag so the 
water would flow through the straw directly into the sample 
bottles. This was done to determine if, in general, the passive 
diffusion bag sampler, funnel, or straw contaminated the IBW. 
Note that because of the one-time use of the sampler, the pas-
sive sampler diffusion bag used for the equipment blank was 
not deployed in the well. However, because the same manu-
facturer produced all the passive samplers, it was assumed that 
every passive sampler was produced in the same way. Only 
one equipment blank was collected before the deployment of 
the samplers in February 2019. Because these wells have been 
sampled quarterly with the passive sampling technique since 
2017, historical equipment blank data were used for this analy-
sis of passive samplers in order to provide more data on the 
passive samplers, which do not have widespread use within 
the USGS.

For pump sampling, equipment blanks were collected 
from the four dedicated submersible pumps in March 2019. 
Each pump was dedicated to an individual well, but the pumps 
are portable and were removed from the wells when pas-
sive sampling was occurring. The pumps were stored at the 
NMWSC, and the tubing was cleaned by following proto-
cols in the USGS National Field Manual (USGS, variously 
dated). The entire length of tubing could be used for collec-
tion of an equipment blank by placing the pump head in a 
clean glass cylinder with the appropriate blank water. VPBW 
was used to collect samples for VOC analysis, and IBW was 
used to collect samples for inorganic analysis. Three tub-
ing volumes of blank water were needed to decontaminate 
the pump, an additional three tubing volumes were needed 

to rinse the pump, and another tubing volume was needed to 
collect the blank (seven total tubing volumes; USGS, vari-
ously dated). Inorganic blanks were collected first, and then 
organic blanks were collected. This way, the tubing was set 
up for organic blank collection in the field with fewer volume 
rinses of VPBW.

An organic field blank and an inorganic field blank were 
collected from a passive sampler at VA-1A. From the dedi-
cated pumps, an inorganic field blank was collected at CC-1A, 
and an organic field blank was collected at TR-1A and VA-1A. 
The field blanks from the passive sampler were collected by 
pouring IBW into the sampler through a dedicated funnel. 
A straw was used to dispense water directly into two 40-mL 
vials for analysis of VOCs, and the remaining water was then 
poured into a 500-mL bottle through the straw. The 500-mL 
sample was processed with a filter and analyzed for inorganic 
analytes. The inorganic field blank from the dedicated pump 
at CC-1A was collected by using the entire sample line and 
pump at the field site and was similar to the equipment blank 
technique, using a clean glass cylinder to hold blank water and 
the pump head. After flushing the tubing with three volumes 
of IBW, the inorganic field blanks were filtered and collected. 
An organic field blank was collected at VA-1A with the same 
method as at CC-1A, except VPBW was used for sample 
collection.

Replicate pairs are reported for both sampling meth-
ods. The range of dates was expanded outside of this study 
to include more replicate pairs to increase the pool of data. 
Even though these samples were collected outside of this 
study’s timeframe, the same collection methods were used as 
described in this report. Seven sequential replicate pairs were 
collected by using the pump method from May 2013 through 
February 2017 and in April 2019. Seven split-replicate pairs 
were collected by using the passive method from January 2018 
through April 2019. Pump method replicates were collected 
sequentially, immediately after the initial set of samples was 
collected. Passive sampling replicates were collected by divid-
ing the water sample obtained from a single passive sampler, 
thus the environmental sample and split-replicate came from 
the same passive sampler.

Data Analysis

Because most VOC environmental and blank samples had 
one or more values at or below a laboratory reporting level 
(LRL), statistical methods for censored data (Helsel, 2012) 
were used to analyze the VOCs in this study. Censored data 
are data having a value reported as less than or greater than a 
threshold, here, the LRL. Boxplots were created by using the 
cenboxplot function from the Nondetects and Data Analysis 
(NADA) software package (Lee, 2015) in the R statistical 
computing environment (R Core Team, 2015). Boxplots for 
analytes with censored data were grouped by sample type; 
percentiles were estimated by using the robust regression order 
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statistic method (Helsel, 2012). Outlier data points on boxplots 
were defined for this study as greater than 1.5 times the inter-
quartile range (fig. 5).

Two data analysis techniques were used to evaluate how 
the passive sampling results compared to the pump results: 
RPD and variability between results derived from the two 
sampling methods. Imbrigiotta and Harte (2020) recommend 
comparing passive sampling results to the pump sample results 
by using RPD:

   RPD=100× 

                 
 (passive sample result − pump sample result) 

    _______________________________________     (passive sample result + pump sample result)  / 2   
(1)

Sample results from this study were evaluated based on 
RPD criteria from Imbrigiotta and Harte (2020). They suggest 
that the RPD between passive sample and pump sample results 
should be within ±25 percent for trace metal concentrations 
greater than 10 µg/L and the RPD should be within ±50 per-
cent for trace metal concentrations less than 10 µg/L. RPDs 
for major cations and anions should be within ±15 percent 
because of their higher concentrations. Stable isotopes were 
evaluated on the basis of an RPD of ±15 percent. A negative 
value is representative of the passive sampler concentration 
being less than the pump sampler concentration, and positive 
values are representative of the passive sampler concentra-
tion being greater than the pump sampler concentration. RPDs 
were not calculated for analytes with concentrations below the 
analytical detection limit.

Major ion and trace element concentrations were com-
pared by using 1-to-1 (1:1) plots of passive sampling results 
versus pump sampling results. If the concentrations from both 
methods are similar, the points are on or near the 1:1 line, 
indicating good agreement between the two methods. Results 
which diverge from the 1:1 line indicate that the sampling 
methods are not in agreement and require further investi-
gation. If major ion or trace element results are below the 
analytical detection limit, they were plotted as one-half the 
detection limit.

Variability within each sampling method was analyzed by 
evaluating replicate pairs for each analyte. There were too few 
replicate pairs to evaluate variability over low and high ranges 
of concentration, known as the two-range model, as recom-
mended by Mueller and others (2015). In Nowell and others 
(2013), a study with few replicate pairs, it was determined that 
using the average relative standard deviation assumes a high 
variability for lower concentrations because relative standard 
deviation is used to estimate variability at higher concentra-
tions and calculates a higher relative standard deviation at 
lower concentrations. While average standard deviation is 
used to estimate variability at lower concentrations, the stan-
dard deviations generally increase proportionally with higher 
concentrations (Mueller and others, 2015). After evaluating 
both the average standard and relative standard deviations for 
both the passive and pump method replicate pairs, the average 
standard deviation was determined to be the more conservative 

of the two estimates for this study. Once the variability of each 
method was calculated for each analyte, the passive sampling 
results were determined to be within or outside of both the 
variability of the passive sampling method and the method 
variability for the pump samples.

Data analysis was limited to field properties, stable 
isotopes, major ions, and trace elements. VOCs, including 
EDB, were not found in the majority of samples and were not 
included in the evaluation. Additional information about the 
evaluation of low-level VOC detections in the environmental 
samples is in the “Results of Passive and Pumping Sampling” 
section under “Quality Assessment.”

Results of Passive and Pumped 
Sampling

This section of the report first describes the quality 
assessment using quality assurance samples collected for this 
and previous studies. The comparison between passive and 
pumped sampling methods is described, including potential 
reasons for differences between methods. Determination of 
the optimal sampling depth for the passive samplers also is 
described.

Quality Assessment

The quality assessment for blank and replicate samples 
are described for major ions and trace elements separate from 
those for VOCs. The assessment of replicates for stable iso-
topes are included with the major ions and trace elements.

Major Ions and Trace Elements
The numbers of source solution, equipment, and field 

inorganic blanks with major ion or trace element detections 
above the detection limit are reported by analyte in table 2. 
If an analyte discussed in this report is not listed in table 2, it 
was not detected in the blanks. A concentration for threshold 
of influence was established at 10 times the greatest blank con-
centration (EPA, 1989, pages 5–16 and 5–17). Environmental 
samples collected with the pump method were evaluated 
against all source blanks, pump equipment blanks, and pump 
field blanks. Environmental samples collected with the passive 
samplers were evaluated against all source blanks, passive 
sampler equipment blanks, and passive sampler field blanks. 
All environmental sample concentrations collected with the 
pump method were greater than the threshold of influence, 
except manganese and nickel. All environmental sample con-
centrations collected with the passive samplers were greater 
than the threshold of influence, except copper. Thresholds 
were applied to the pump method samples for manganese and 
nickel and to the passive method samples for copper.
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Figure 5. Boxplots showing volatile organic compound data by analyte for environmental and quality-control samples associated 
with passive samplers in sentinel wells, Kirtland Air Force Base, Albuquerque, New Mexico, November 2018–April 2019. 
Quality-control samples include field, equipment, and source blanks, where the maximum laboratory reporting limit and the 25th, 50th, 
and 75th percentiles have been estimated by using the robust regression order statistic method (Helsel, 2012). 
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Replicate variability was analyzed by evaluating replicate 
pairs for each sampling method (table 3). Sequential replicate 
pairs were collected during quarterly sampling for the pump 
method from 2013 to 2017, and split-replicate pairs were col-
lected for the passive method from 2017 to 2019. Replicate 
variability, for each sampling method, was estimated by using 
average standard deviation (Mueller and others, 2015), which 
is a conservative estimate of variability and decreases the 
likelihood of passive and pump method concentrations agree-
ing for higher concentration analytes within statistical mea-
sures. For each sampling method, the standard deviation for 
each replicate pair was calculated for each analyte, and then 
the average of the standard deviations for each analyte was 
determined. The 90-percent confidence intervals about a single 
sample are presented in table 3; there is 90-percent confidence 
that the true value of any individual measurement for an ana-
lyte will lie within the range given in table 3.

Volatile Organic Compounds
The number of source solution, equipment, and field 

organic blanks associated with passive sampling with only 
VOC detections are reported by analyte in table 4. (Collection 
methods and sample purpose are described in the “Methods” 
section under “Quality Assurance and Quality Control.”) 
Because of the frequency of low-level VOC concentra-
tions, the scope of this analysis was expanded to apply to all 
environmental samples collected for this study, as well as all 
environmental and quality-control samples collected dur-
ing the period from November 2018 through July 2019 at 
the other sentinel wells (Bell and others, 2018). These dates 
encompass the time in November 2018 when analysis of 
VOCs was switched from the USGS contract laboratory to the 
NWQL, and the method detection limits, which vary with each 
compound, decreased an order of magnitude or more for most 
of the compounds in NWQL method O–4127–96 (Connor 
and others, 1998) compared to the previous EPA Method 
8260C (EPA, 2006). It should be noted that the NWQL has a 
reporting level method (RLDQC), which is a reporting level 

Table 2. Analysis results for source, equipment, and field inorganic blanks with major ion or trace element detections above the 
detection limit for sentinel wells at and near Kirtland Air Force Base, Albuquerque, New Mexico.

[--, no value; <, less than; mg/L, milligrams per liter; µg/L, micrograms per liter]

Analyte
Number of 

blanks

Number of blanks with 
a value greater than the 

laboratory detection level

Concentration 
range of blank 

detections

Concentration  
for threshold  
of influence

Unit

Percentage of  
environmental 
samples below 

threshold

  Source blanks—Pumps and passive samplers
No detections 3 0 -- -- -- --

  Equipment blanks—Pumps
Barium 4 1 <0.1–0.11 1.1 mg/L --
Lead 4 1 <0.02–0.152 1.52 µg/L --

  Field blanks—Pumps
Calcium 1 1 0.026 0.26 mg/L --
Cobalt 1 1 0.063 0.63 µg/L --
Copper 1 1 0.83 8.3 µg/L --
Manganese 1 1 1.04 10.4 µg/L 50
Nickel 1 1 0.58 5.8 µg/L 50

  Equipment blanks1—Passive samplers
Calcium 3 1 <0.022–0.041 0.41 mg/L --
Chloride 3 1 <0.02–0.06 0.6 mg/L --
Barium 3 1 <0.1–0.17 1.7 µg/L --
Copper 3 1 <0.2–1.6 16 µg/L 36

  Field blanks—Passive samplers
Calcium 1 1 0.022 0.22 mg/L --
Chloride 1 1 0.03 0.3 mg/L --
Barium 1 1 0.4 4 µg/L --

1Collected over duration of use from October 2017 through February 2019.
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by DQCALC software (Standard Practice D7510–10; ASTM 
International, 2010) that can report up to 10 percent below the 
method detection limit (USGS, 2015).

Environmental and blank data were analyzed with the 
NADA software package (Lee, 2015). If the ratio of number 
of censored values to the total number of samples was greater 
than 80 percent, statistical analysis could not be performed. 
If compounds met the required conditions, boxplots were cre-
ated for the compounds and sample types (fig. 5). If no data 
represented the blanks, the analysis was not performed for 
those blanks. For example, the analysis for the benzene equip-
ment and source blanks could not be performed, so no data are 
presented in the boxplot (fig. 5). Some compounds had detec-
tions above the LRL in the source blank. These source blank 
detections are from a blank performed on IBW, rather than the 
typical organic blank water (OBW), which is used for organic 
blanks. During the vertically profiled study, the samplers 
were filled with IBW rather than OBW, which was necessary 
because all analytes had to be sampled from the same pas-
sive sampler. OBW can contain low levels of trace elements 
because of the recycled glass containers used by the manu-
facturer to store the water, and it is not recommended for use 
when analyzing for trace elements. OBW source blanks had no 
detections of VOCs, but the IBW source blank did have low 
levels of some VOC compounds, such as xylenes. Field and 
equipment blanks for toluene were higher than the LRL, possi-
bly because of unavoidable atmospheric contamination due to 
the construction of the passive sampler and the nature of some 
of the site locations. For instance, road and sidewalk construc-
tion was ongoing at the Trumbull sites from November 2018 
through April 2019.

Based on guidance from the EPA (1989, pages 5–16 
and 5–17) and Mueller and others (2015), VOCs detected 
in environmental samples were censored at raised reporting 
levels, referred to as the “concentration for threshold of influ-
ence” in table 4. The raised reporting levels were set equal to 
five times the maximum concentration detected in any blank 
and were applied to results in all environmental VOC samples 
(EPA, 1989). For a few common laboratory contaminants 
(acetone, dichloromethane, methyl ethyl ketone, and tolu-
ene), the reporting level was raised to 10 times the maximum 
concentration detected in the blank (EPA, 1989, pages 5–16 

and 5–17). All VOCs detected in environmental samples were 
below the raised reporting levels except acetone and carbon 
disulfide; therefore, the analysis of VOCs is not included in 
this study.

Comparison of Results from Passive and 
Pumped Sampling Methods 

The comparison of results from the pump and passive 
sampling methods includes 1:1 correspondence plots, the 
analysis of the RPD between paired pump and passive results, 
and the evaluation of results with the method variability.

Correspondence between results from the pump and pas-
sive methods for major ions in CC-1A and SO-1A can be seen 
in the 1:1 correspondence plots (fig. 6). The major ion concen-
trations are very close to the 1:1 line, with slight variation in 
sulfate for the TR-1A and VA-1 results.

Trace element concentrations (fig. 7) exhibited less 
correspondence between the two sampling methods than the 
major ion concentrations. The correspondence was strongest 
for CC-1A and SO-1A. Analytes that had no concentrations on 
or near the 1:1 line for CC-1A included antimony, manganese, 
nickel, and zinc. SO-1A had at least one result pair cross-
ing or near the 1:1 line for all analytes, but antimony, cobalt, 
iron, nickel, and zinc had values far above and (or) below the 
1:1 line. TR-1A and VA-1A had the most analyte concentra-
tions that did not correspond to the 1:1 line. Arsenic, nickel, 
molybdenum, selenium, uranium, and vanadium results were 
outside of the 1:1 line for both sites. Additional trace elements 
not on the 1:1 line for TR-1A were cadmium, chromium, iron, 
manganese, and zinc. VA-1A only had one other result that did 
not correspond with the 1:1 line, and that was for arsenic.

Relative Percent Difference Between Sampling 
Methods

RPD was calculated for 34 analytes for each passive sam-
ple as compared to the same analytes from the pump sample 
collected the following day (tables 5, 6, 7, and 8). The results 
were evaluated for the number of analytes within set criteria. 



Results of Passive and Pumped Sampling  15

Table 3. Results of inorganic replicate variability analysis for pump and passive sampling methods at sentinel wells at and near 
Kirtland Air Force Base, Albuquerque, New Mexico.

[±, plus or minus; µg/L, micrograms per liter; mg/L, milligrams per liter; NA, not available; δ18O, stable isotope of oxygen; δ2H, stable isotope of hydrogen. 
Beryllium, cadmium, and silver had two or fewer pairs, and the variability was not quantified for either method. Chromium, copper, lead, and thallium had two 
or fewer pairs, and the variability was not quantified for the passive method] 

Analyte
Pump sampling method variability  

(90-percent confidence)
Passive sampling method variability  

(90-percent confidence)
Unit

Alkalinity ±2.42 ±1.45 mg/L
Aluminum ±0.61 ±0.01 µg/L
Antimony ±0.03 ±0.07 µg/L
Arsenic ±0.06 ±0.07 µg/L
Barium ±3.35 ±6.27 µg/L
Bicarbonate ±2.70 ±1.69 mg/L
Boron ±1.21 ±2.65 µg/L
Bromide ±0.01 ±0.003 mg/L
Calcium ±0.99 ±1.52 mg/L
Chloride ±0.14 ±0.04 mg/L
Chromium ±0.06 NA µg/L
Cobalt ±0.03 ±0.16 µg/L
Copper ±0.08 NA µg/L
Fluoride ±0.01 ±0.01 mg/L
Iron ±1.37 ±2.98 µg/L
Lead ±0.01 NA µg/L
Lithium ±0.30 ±0.61 µg/L
Magnesium ±0.11 ±0.28 mg/L
Manganese ±0.92 ±1.02 µg/L
Molybdenum ±0.18 ±0.16 µg/L
Nickel ±0.10 ±0.25 µg/L
Potassium ±0.06 ±0.15 mg/L
Selenium ±0.02 ±0.20 µg/L
Silica (SiO2) ±0.43 ±1.18 mg/L
Sodium ±0.95 ±0.79 mg/L
Strontium ±4.9 ±19.32 µg/L
Sulfate ±0.22 ±0.48 mg/L
Thallium ±0.002 NA µg/L
Uranium ±0.06 ±0.12 µg/L
Vanadium ±0.11 ±0.10 µg/L
Zinc ±0.90 ±1.19 µg/L
δ18O ±0.03 ±0.06 per mil
δ2H ±1.40 ±0.41 per mil
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Table 4. Volatile organic compounds detected in environmental and quality-control samples collected from passive samplers in 
sentinel wells at and near Kirtland Air Force Base, Albuquerque, New Mexico, November 2018 to April 2019.

[µg/L; micrograms per liter; —, does not apply]

Analyte

Method  
detection 

limit  
(µg/L)

Number of 
blanks with 

concentrations 
above  

detection  
limit

Number of 
blanks with 

concentrations 
below the  
detection  

limit

Minimum 
concen-
tration 

detected 
in envi-

ronmental 
samples 

(µg/L)

Maximum 
concen-
tration 

detected 
in envi-

ronmental 
samples 

(µg/L)

Concentration 
for threshold 
of influence 

(µg/L)

Percentage of 
environmental  

samples  
below  

hreshold

  Source blanks

Bromodichloromethane 0.034 0 1 0.026 0.034 — —
Trichloromethane 0.03 1 0 0.03 4.5 — —
Toluene 0.2 0 0 0.2 0.2 — —
Benzene 0.026 0 0 0.026 0.026 — —
Ethylbenzene 0.036 1 0 0.036 0.045 — —
Dichloromethane 0.04 1 0 0.04 0.06 — —
Tetrachloroethene 0.058 0 0 0.058 0.058 — —
trans-1,2-Dichloroethene 0.025 0 0 0.025 0.025 — —
Carbon disulfide 0.1 0 0 0.1 0.1 — —
o-Xylene 0.032 1 0 0.032 0.086 — —
1,2,4-Trimethylbenzene 0.032 0 0 0.032 0.032 — —
Isopropylbenzene 0.042 0 0 0.042 0.042 — —
Acetone 3.4 0 1 3.4 3.4 — —
Methyl ethyl ketone 2 0 0 2 2 — —
Tetrahydrofuran 2.4 0 0 2.4 2.4 — —
m-Xylene plus p-Xylene 0.08 1 0 0.08 0.14 — —

  Equipment blanks

Bromodichloromethane 0.034 0 0 0.034 0.034 — —
Trichloromethane 0.03 0 0 0.03 0.03 — —
Toluene 0.2 1 0 0.2 0.28 — —
Benzene 0.026 0 1 0.012 0.026 — —
Ethylbenzene 0.036 0 0 0.036 0.036 — —
Dichloromethane 0.04 0 0 0.04 0.04 — —
Tetrachloroethene 0.058 0 0 0.058 0.058 — —
trans-1,2-Dichloroethene 0.025 1 0 0.025 0.085 — —
Carbon disulfide 0.1 0 0 0.1 0.1 — —
o-Xylene 0.032 0 0 0.032 0.032 — —
1,2,4-Trimethylbenzene 0.032 0 0 0.032 0.032 — —
Isopropylbenzene 0.042 0 0 0.042 0.042 — —
Acetone 3.4 0 0 3.4 3.4 — —
Methyl ethyl ketone 2 0 0 2 8 — —
Tetrahydrofuran 2.4 0 0 2.4 2.4 — —
m-Xylene plus p-Xylene 0.08 0 1 0.04 0.08 — —

  Field blanks

Bromodichloromethane 0.034 0 0 0.034 0.034 — —
Trichloromethane 0.03 0 0 0.03 0.3 — —
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Table 4. Volatile organic compounds detected in environmental and quality-control samples collected from passive samplers in 
sentinel wells at and near Kirtland Air Force Base, Albuquerque, New Mexico, November 2018 to April 2019.—Continued

[µg/L; micrograms per liter; —, does not apply]

Analyte

Method  
detection 

limit  
(µg/L)

Number of 
blanks with 

concentrations 
above  

detection  
limit

Number of 
blanks with 

concentrations 
below the  
detection  

limit

Minimum 
concen-
tration 

detected 
in envi-

ronmental 
samples 

(µg/L)

Maximum 
concen-
tration 

detected 
in envi-

ronmental 
samples 

(µg/L)

Concentration 
for threshold 
of influence 

(µg/L)

Percentage of 
environmental  

samples 
below  

threshold

  Field blanks—Continued

Toluene 0.2 1 0 0.2 0.44 — —
Benzene 0.026 0 2 0.012 0.026 — —
Ethylbenzene 0.036 0 3 0.016 0.036 — —
Dichloromethane 0.04 0 0 0.04 0.04 — —
Tetrachloroethene 0.058 0 0 0.058 0.058 — —
trans-1,2-Dichloroethene 0.025 1 2 0.025 0.102 — —
Carbon disulfide 0.1 0 0 0.1 0.1 — —
o-Xylene 0.032 1 3 0.024 0.042 — —
1,2,4-Trimethylbenzene 0.032 1 0 0.032 0.043 — —
Isopropylbenzene 0.042 0 1 0.011 0.042 — —
Acetone 3.4 1 0 3.4 11 — —
Methyl ethyl ketone 2 0 0 2 3.6 — —
Tetrahydrofuran 2.4 0 0 2.4 2.4 — —
m-Xylene plus p-Xylene 0.08 0 4 0.04 0.08 — —

  Environmental samples

Trichloromethane 0.03 0 41 0.01 0.03 22.5 100
Toluene 0.2 5 0 0.2 0.49 4.4 100
Benzene 0.026 0 8 0.014 0.026 0.13 100
Ethylbenzene 0.036 0 10 0.012 0.036 0.225 100
Dichloromethane 0.04 21 0 0.04 0.06 0.3 100
Tetrachloroethene 0.058 0 30 0.01 0.058 0.29 100
trans-1,2-Dichloroethene 0.025 0 31 0.011 0.177 0.51 100
Carbon disulfide 0.1 57 2 0.1 11.5 3.5 94.2
o-Xylene 0.032 4 17 0.012 0.039 0.43 100
1,2,4-Trimethylbenzene 0.032 0 1 0.01 0.032 0.215 100
Isopropylbenzene 0.042 0 5 0.014 0.042 0.21 100
Acetone 3.4 17 10 1 2,940 110 93.3
Methyl ethyl ketone 2 0 0 2 2 80 100
Tetrahydrofuran 2.4 1 8 0.9 2.5 12 100
m-Xylene plus p-Xylene 0.08 0 32 0.02 0.08 0.7 100
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Figure 6. Passive sampling method concentrations versus pump sampling method concentrations for major ions for sentinel 
wells A, CC-1A, B, SO-1A, C, TR-1A, and D, VA-1A, at and near Kirtland Air Force Base, Albuquerque, New Mexico. Solid black line 
indicates one-to-one (1:1) correspondence.
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Figure 7. Passive sampling method concentrations versus pump sampling method concentrations for trace elements for sentinel wells 
A, CC-1A, B, SO-1A, C, TR-1A, and D, VA-1A, at and near Kirtland Air Force Base, Albuquerque, New Mexico. Solid black line indicates 
one-to-one (1:1) correspondence.
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Table 5. Relative percent difference (RPD) between pump and passive sampling results at sentinel well CC-1A near Kirtland Air Force Base, Albuquerque, New Mexico.

[%, percent; ±, plus or minus; ND, passive or pump result was not detected, and RPD could not be calculated; NA, data were not available; --, not calculated; δ18O, stable isotope of oxygen; δ2H, stable isotope 
of hydrogen. Samplers are listed shallow (Sampler 1) to deep (Sampler 10). Dark green shaded areas indicate that results were within the RPD criteria (Imbrigiotta and Harte, 2020). Gray shaded areas indicate 
the minimum RPD, for each analyte, that met the RPD criteria. Yellow shaded areas are results that did not meet the RPD criteria but were within the estimated sampling variability]

Analyte
Relative percent difference (%) RPD  

criteria 
(%)Sampler 1 Sampler 2 Sampler 3 Sampler 4 Sampler 5 Sampler 6 Sampler 7 Sampler 8 Sampler 9 Sampler 10

Sampler 
average

pH a −9.8 b0.5 a5.0 a4.0 a5.9 a2.3 a −4.5 a −1.0 a0.6 a2.3 a0.6 ±15
Specific conductance a4.3 a2.9 a6.1 a6.5 b1.4 a5.5 a2.8 a4.8 a4.7 a4.6 a4.4 ±15
Alkalinity b −4.9 a −6.9 a −5.9 a −7.8 a −5.9 b −4.9 a −5.5 b −4.9 −20.4 a −8.8 a −7.5 ±15
Aluminum ND ND ND ND ND ND ND ND ND ND ND --
Antimony 126.2 112.2 84.0 65.6 71.0 59.1 b46.5 62.2 53.7 61.4 80.5 ±50
Arsenic a −17.3 a −9.2 b −6.4 a −12.1 a48.3 a −21.2 a −11.9 a10.9 a −9.7 a −10.9 a −1.7 ±50
Barium a6.1 a3.5 b0.3 a6.0 a2.6 a3.1 a3.8 a0.7 a2.3 a2.9 a3.1 ±25
Bicarbonate b −4.4 a −6.5 a −5.4 a −7.6 a −5.6 a −4.5 a −5.0 b −4.4 −20.2 a −8.3 a −7.1 ±15
Boron a −20.8 a −21.7 b1.3 a −4.9 95.3 −27.3 a −23.6 a10.0 −28.7 −26.1 a5.6 ±25
Bromide a17.4 a13.3 a15.7 a17.6 a14.8 a14.8 a16.4 b11.5 a13.4 a13.2 a14.8 ±50
Calcium a5.3 a3.0 a2.2 a2.4 a1.2 a0.6 a1.1 a −1.1 a0.8 b0.3 a1.6 ±15
Chloride 17.1 a12.6 15.5 16.1 a13.9 a12.7 a14.8 b8.0 a12.2 a11.9 a13.5 ±15
Chromium a −34.3 a −33.5 a19.2 b9.3 a −11.5 a −37.5 a −26.9 a −13.3 a −29.4 a −29.5 a −17.0 ±50
Cobalt ND ND ND ND a −10.3 a −7.4 ND b0.0 ND a12.3 a −1.0 ±50
Copper ND ND ND ND ND ND ND ND ND ND ND --
Fluoride a −0.3 a −0.8 b0.0 a −0.5 a −0.5 a −3.0 a −3.0 a −1.3 a −1.6 a −3.0 a −1.4 ±15
Iron ND ND ND ND ND ND ND ND ND ND ND --
Lead ND ND ND ND ND ND ND ND ND ND ND --
Lithium a −17.2 a −18.2 b −0.4 a −12.1 129.4 a −22.4 a −18.6 a −19.1 a −21.6 a −21.9 a20.5 ±25
Magnesium a6.5 a3.2 a3.7 a4.0 a2.9 a2.4 a3.0 b0.7 a2.4 a1.9 a3.1 ±15
Manganese −159.5 −180.0 −145.3 −180.0 −115.6 −180.0 −180.0 −157.7 −154.7 c −51.0 −145.1 ±50
Molybdenum a44.2 58.4 a15.6 a22.7 a32.7 a9.2 b8.7 a39.7 a19.4 a18.1 a28.4 ±50
Nickel a −31.9 a −36.4 a −38.5 a −37.1 a −34.8 a −37.7 a −35.3 a −22.8 b −19.4 a −31.2 a −32.3 ±50
Potassium a3.3 a1.5 a1.6 a −1.3 b0.4 a −2.7 a −1.6 a −2.2 a −0.8 a −4.3 a −0.6 ±15
Selenium a22.0 a18.2 a13.9 a21.9 b13.3 a21.8 a22.5 a19.9 a20.3 a22.5 a19.7 ±50
Silica a −4.4 a −4.1 a −4.4 b −3.5 a −3.9 a −4.1 a −4.5 a −4.7 a −3.6 a −5.8 a −4.3 ±25
Sodium a4.8 a3.0 a2.6 a2.8 a1.7 a1.6 a1.9 b0.0 a1.6 a0.4 a2.1 ±15
Strontium a18.3 a14.9 b2.7 a17.5 a18.8 a15.3 a15.2 a13.0 a13.2 a14.2 a14.4 ±25
Sulfate a8.1 a5.4 a7.6 a8.0 a7.2 a6.7 a7.8 b4.7 a6.4 a5.3 a6.7 ±15
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Table 5. Relative percent difference (RPD) between pump and passive sampling results at sentinel well CC-1A near Kirtland Air Force Base, Albuquerque, New Mexico.—
Continued

[%, percent; ±, plus or minus; ND, passive or pump result was not detected, and RPD could not be calculated; NA, data were not available; --, not calculated; δ18O, stable isotope of oxygen; δ2H, stable isotope 
of hydrogen. Samplers are listed shallow (Sampler 1) to deep (Sampler 10). Dark green shaded areas indicate that results were within the RPD criteria (Imbrigiotta and Harte, 2020). Gray shaded areas indicate 
the minimum RPD, for each analyte, that met the RPD criteria. Yellow shaded areas are results that did not meet the RPD criteria but were within the estimated sampling variability]

Analyte
Relative percent difference (%) RPD  

criteria 
(%)Sampler 1 Sampler 2 Sampler 3 Sampler 4 Sampler 5 Sampler 6 Sampler 7 Sampler 8 Sampler 9 Sampler 10

Sampler 
average

Uranium b −2.6 a −5.4 a −9.7 a −6.1 a −5.1 a −8.1 a −8.5 a3.3 a −9.4 a −8.7 a −6.0 ±50
Vanadium a −5.3 a −4.3 a1.6 a0.6 a8.1 a −1.6 b0.2 a1.7 a −2.1 a2.7 a0.2 ±50
Zinc 125.0 106.2 94.3 84.5 72.1 67.8 63.9 74.2 70.3 93.9 88.8 ±25
δ18O a −1.1 a −1.3 a −1.2 a −2.0 NA a −1.3 a −1.5 a −2.2 b −0.8 a −3.4 a −1.6 ±15
δ2H b0.3 a0.6 a1.0 a0.6 NA a0.6 a −1.7 a −1.9 a −0.9 a −3.5 a −0.5 ±15

aResult is within the RPD criteria.
bMinimum RPD that met the RPD criteria.
cResult did not meet RPD criteria but was within the estimated sampling variability.
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Table 6. Relative percent difference (RPD) between pump and passive sampling results at sentinel well SO-1A near Kirtland Air Force Base, Albuquerque, New Mexico.

[%, percent; ±, plus or minus; ND, passive or pump result was not detected and RPD could not be calculated; --, not calculated; δ18O, stable isotope of oxygen; δ2H, stable isotope of hydrogen. Samplers are 
listed shallow (Sampler 1) to deep (Sampler 13). Dark green shaded areas show results that were within the RPD criteria (Imbrigiotta and Harte, 2020) in last column. Gray shaded areas show the minimum 
RPD, for each analyte, that met the criteria in last column. Yellow shaded areas are results that did not meet the RPD criteria but were within the estimated sampling variability]

Analyte
Relative percent difference (%) RPD 

criteria 
(%)

Sampler 
1

Sampler 
2

Sampler 
3

Sampler 
4

Sampler 
5

Sampler 
6

Sampler 
7

Sampler 
8

Sampler 
9

Sampler 
10

Sampler 
11

Sampler 
12

Sampler 
13

Sampler 
average

pH a0.4 b1.9 b1.9 b2.4 b4.3 b2.8 b2.7 b2.3 b1.5 b0.6 b0.9 b2.2 b0.9 b1.9 ±15
Specific conduc-

tance
b −8.1 b −8.2 b −12.2 b −10.4 −19.9 b −9.6 b −8.9 a −7.5 b −8.6 b −10.0 b −8.4 b −9.0 b −8.3 b −9.9 ±15

Alkalinity b −0.9 b −1.8 b −8.9 b −4.4 b −5.3 b −0.9 b −7.1 b −1.8 b −0.9 b −3.4 b −11.9 b −4.4 a0.0 b −3.9 ±15
Aluminum ND ND ND ND ND ND ND ND ND ND ND ND ND ND --
Antimony b109.6 b39.6 b26.7 a9.6 b15.2 b10.3 b18.6 b44.4 b18.6 56.7 b24.8 106.7 b15.7 b47.6 ±50
Arsenic b −17.9 a −8.2 b −19.6 b −10.5 b −13.7 b −14.0 b −11.6 b −14.4 b −12.6 b −25.9 b −14.9 b −21.8 b −11.4 b −15.0 ±50
Barium b6.0 b6.4 b1.9 b2.7 b1.9 b4.3 b 3.1 b3.6 b2.6 b2.9 a0.1 b1.0 b3.5 b3.1 ±25
Bicarbonate b −1.3 b −2.5 b −9.1 b −4.6 b −5.9 b −1.2 b −7.3 b −2.3 b −1.2 b −3.4 b −12.1 b −4.9 a −0.1 b −4.2 ±15
Boron b −9.9 b −8.9 b −14.3 b −13.5 b −8.2 b −11.6 b −13.8 b −11.8 b −16.5 b −13.2 a −1.6 b −13.6 b −7.5 b −11.0 ±25
Bromide b −20.2 b −19.6 b −21.3 b −19.8 b −21.3 b −16.0 b −18.8 a −8.8 b −15.2 b −19.6 b −11.3 b −14.6 b −14.6 b −16.9 ±50
Calcium b −10.7 b −10.2 −15.1 b −13.4 b −12.8 b −11.2 b −13.7 b −11.0 b −12.2 b −13.3 b −12.1 b −10.6 a −9.9 b −12.0 ±15
Chloride −18.9 −19.9 −22.7 −21.6 −20.1 −17.7 −20.4 −18.0 −17.2 −18.6 a −11.7 b −14.7 −16.6 b −18.3 ±15
Chromium b −16.8 b −19.9 b −22.1 b −9.2 a −1.5 b −8.1 b −6.2 b15.6 b −12.4 b34.0 b −6.7 b 25.5 b25.4 b1.6 ±50
Cobalt −68.1 −65.1 −68.8 −55.3 b −35.0 b −30.3 b −11.3 b7.9 a1.0 b19.3 b49.5 b 9.2 54.3 b −6.4 ±50
Copper 101.8 b38.4 a −0.4 b30.6 b38.9 ND b −10.0 b0.7 b17.5 b30.2 b11.6 60.6 ND b36.1 ±50
Fluoride b0.2 a0.0 b −3.9 b −0.2 b0.4 b −3.4 b −2.5 b −1.6 b −2.7 b −5.3 b0.7 b −2.0 b0.4 b −1.5 ±15
Iron ND 118.7 ND ND b −14.1 b −19.4 b −9.4 b17.9 b −24.7 51.1 b6.8 b9.1 a −0.4 b28.7 ±25
Lead ND ND ND ND ND ND ND ND ND ND ND ND ND ND --
Lithium b −11.3 b −10.8 b −13.6 b −13.6 b −9.5 b −11.9 b −15.5 b −13.5 b −16.1 b −13.2 a −6.4 b −14.5 b −10.0 b −12.3 ±25
Magnesium b −9.0 b −8.5 b −13.1 b −11.7 b −10.9 b −9.0 b −11.8 b −9.1 b −10.6 b −11.4 b −10.3 b −8.2 a −7.9 b −10.1 ±15
Manganese −146.5 −124.8 −125.8 −110.7 c −80.6 c −80.3 b −43.7 b −19.6 b −34.0 a −0.9 b49.3 b −11.1 63.8 b −32.1 ±50
Molybdenum b4.3 b −1.3 b −10.2 a0.2 b −1.4 b9.3 b0.3 b 16.6 b5.4 b9.1 b4.9 b32.4 b26.9 b8.1 ±50
Nickel 29.2 b23.6 b14.3 a12.6 b20.7 27.3 b19.4 35.3 29.4 36.6 47.5 30.5 b23.3 b27.4 ±25
Potassium b4.4 b5.5 a −1.1 b1.9 b4.3 b5.5 b1.7 b4.4 b2.3 b3.2 b2.5 b3.0 b3.1 b3.1 ±15
Selenium b −24.1 b −27.0 b −30.5 b −28.4 b −29.4 b −24.1 b −26.1 b −25.1 b −27.9 b −27.7 b −22.4 a −17.5 b −22.5 b −25.5 ±50
Silica b −2.4 b −2.8 b −7.1 b −5.6 b −5.1 b −3.5 b −5.5 a −2.4 b −5.1 b −4.1 b −5.3 b −4.3 b −3.3 b −4.3 ±50
Sodium b −7.6 a −7.6 b −12.1 b −10.2 b −10.0 b −7.9 b −11.1 b −8.2 b −9.5 b −10.3 b −9.9 b −8.7 b −8.1 b −9.3 ±15
Strontium a −8.6 b −9.4 b −12.2 b −12.2 b −11.1 b −8.6 b −12.0 b −9.5 b −10.3 b −11.1 b −12.6 b −9.5 b −8.8 b −10.5 ±25
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Table 6. Relative percent difference (RPD) between pump and passive sampling results at sentinel well SO-1A near Kirtland Air Force Base, Albuquerque, New Mexico.—
Continued

[%, percent; ±, plus or minus; ND, passive or pump result was not detected and RPD could not be calculated; --, not calculated; δ18O, stable isotope of oxygen; δ2H, stable isotope of hydrogen. Samplers are 
listed shallow (Sampler 1) to deep (Sampler 13). Dark green shaded areas show results that were within the RPD criteria (Imbrigiotta and Harte, 2020) in last column. Gray shaded areas show the minimum 
RPD, for each analyte, that met the criteria in last column. Yellow shaded areas are results that did not meet the RPD criteria but were within the estimated sampling variability]

Analyte
Relative percent difference (%) RPD 

criteria 
(%)

Sampler 
1

Sampler 
2

Sampler 
3

Sampler 
4

Sampler 
5

Sampler 
6

Sampler 
7

Sampler 
8

Sampler 
9

Sampler 
10

Sampler 
11

Sampler 
12

Sampler 
13

Sampler 
average

Sulfate b −8.6 b −9.7 b −12.9 b −11.6 b −10.5 b −8.1 b −10.7 b −9.1 b −7.9 b −9.5 b −6.9 a −6.3 b −6.7 b −9.1 ±15
Uranium b −2.7 b −2.2 b −6.4 b −4.0 b −4.6 b −2.4 b −4.4 b −2.8 b −3.5 b −4.1 b8.2 b −2.9 a −1.3 b −2.5 ±50
Vanadium b −12.8 b −13.1 b −12.7 b −7.7 a −7.4 b −12.7 b −13.8 b −14.3 b −14.6 b −18.5 b −19.7 b −25.6 b −17.7 b −14.6 ±50
Zinc ND ND ND ND ND ND ND ND ND ND ND ND ND ND --
δ18O b −0.4 b −0.8 b −2.5 b −3.2 b −1.2 b −0.7 b −0.9 a −0.3 b −1.0 b −1.2 b −1.7 b −1.3 b0.4 b −1.1 ±15
δ2H a −0.6 b −1.1 b −3.1 b −3.2 b −2.0 b −1.3 b −2.2 b −1.3 b −0.9 b −1.5 b −0.8 b −0.8 b −0.8 b −1.5 ±15

aMinimum RPD that met the RPD criteria.
bResult is within the RPD criteria.
cResult did not meet RPD criteria but was within the estimated sampling variability.
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Table 7. Relative percent difference (RPD) between pump and passive sampling results at sentinel well TR-1A near Kirtland Air Force Base, Albuquerque, New Mexico.

[%, percent; NA, data was not available; ±, plus or minus; ND, passive or pump result was not detected and RPD could not be calculated; --, not calculated; δ18O, stable isotope of oxygen; δ2H, stable isotope of 
hydrogen. Samplers are listed shallow (Sampler 1) to deep (Sampler 21). Dark green shaded areas show results that were within the RPD criteria (Imbrigiotta and Harte, 2020) in last column. Gray shaded areas show 
the minimum RPD, for each analyte, that met the criteria in last column. Yellow shaded areas are results that did not meet the RPD criteria but were within the estimated sampling variability]

Analyte

Relative percent difference (%)

RPD 
criteria 

(%)
Sam- 
pler 1

Sam- 
pler 2

Sam- 
pler 3

Sam- 
pler 4

Sam- 
pler 5

Sam- 
pler 6

Sam- 
pler 7

Sam- 
pler 8

Sam- 
pler 9

Sam- 
pler 10

Samp- 
ler 11

Sam- 
pler 12

Sam- 
pler 13

Sam- 
pler 14

Sam- 
pler 15

Sam- 
pler 16

Sam- 
pler 17

Sam- 
pler 18

Sam- 
pler 19

Sam- 
pler 20

Sam- 
pler 21

Sam 
pler 

aver-
age

pH NA a2.7 a2.7 a2.7 a1.3 a3.5 a0.5 a1.7 a3.4 a0.8 b0.0 a −0.8 a0.9 a −0.8 a0.5 a0.8 a0.5 a −0.3 a −0.7 a0.1 a2.1 a1.1 ±15

Specific con-
ductance

NA a5.0 b −1.2 a5.3 a5.9 a3.8 a6.4 a7.3 a6.5 a6.4 a6.0 a9.0 −23.7 a4.6 a6.8 a7.5 a5.7 a6.8 a5.7 a4.4 a −9.9 a3.7 ±15

Alkalinity b11.4 39.9 39.9 35.7 38.7 39.7 33.3 40.5 38.7 37.0 38.2 36.3 38.2 36.6 34.5 34.5 34.8 38.2 30.7 33.5 NA 35.7 ±15

Aluminum 156.1 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 28.9 ±25

Antimony a32.5 a11.0 a −14.0 a33.7 a12.2 a −4.3 a17.3 55.1 50.8 a32.0 a28.0 a5.8 a20.8 a10.7 a −7.3 a3.8 a −9.6 a −23.9 a −27.0 a −33.2 b −1.9 a12.2 ±50

Arsenic −40.9 −37.5 −69.9 −51.1 −53.4 −40.2 −37.1 a −7.4 a −15.5 a −15.8 a −5.5 a −11.3 a −16.8 a −13.6 a −3.0 b0.9 a1.4 a −9.3 a −1.2 a −6.9 a −1.1 a −19.0 ±25

Barium −26.3 b −22.9 −26.0 −30.3 −30.4 −29.7 −28.2 −32.5 −32.5 −30.6 −31.5 −30.7 −32.9 −36.0 −33.6 −35.3 −35.6 −31.7 −32.8 −32.8 −47.7 −31.8 ±25

Bicarbonate b11.6 40.2 40.4 36.0 39.1 39.8 33.7 40.9 39.0 37.3 38.6 36.7 38.6 37.1 34.9 34.9 35.1 38.6 31.1 34.0 NA 36.1 ±15

Boron a −17.8 a −9.1 a −8.3 a −12.9 a −15.0 a −7.8 a −14.9 a −7.0 a −6.5 a −9.9 a −12.3 b −6.3 a −13.8 a −6.6 a −8.8 a −7.8 a −10.0 a −7.8 a −9.9 a −9.0 a −12.3 a −10.1 ±25

Bromide a −12.7 a −10.2 b −10.0 a −14.1 a −13.5 a −10.1 a −11.3 a −10.3 a −10.6 a −12.7 a −11.1 a −10.4 a −10.9 a −12.3 a −11.9 a −11.1 a −12.5 a −11.6 a −12.2 a −14.5 a −19.6 a −12.0 50

Calcium a5.2 a10.1 a11.0 a7.6 a5.8 a10.6 a7.6 a10.2 a8.5 a7.8 a9.7 a11.3 a10.9 a8.9 a8.9 a10.5 a10.2 a10.9 a9.8 a8.7 b1.7 a8.9 ±15

Chloride a −10.9 b −8.2 a −8.8 a −12.6 a −12.2 a −8.7 a −10.7 a −8.9 a −9.3 a −10.9 a −9.6 a −8.9 a −9.2 a −11.5 a −10.6 a −9.8 a −10.4 a −9.9 a −11.1 a −12.5 a −17.7 a −10.6 ±15

Chromium ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND --

Cobalt −145.8 a −3.0 a −6.5 a −12.4 b0.5 c −56.7 a −16.0 a −21.5 −99.4 c −67.5 a0.8 −69.2 a −16.6 a −14.8 a −17.3 a18.1 a −22.9 −94.2 a −17.1 −100.9 −15.9 a −30.6 ±50

Copper ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND --

Fluoride −65.6 −60.7 −60.2 −64.5 −65.6 −59.1 −60.7 −60.7 −59.6 −59.6 −58.6 −55.5 −56.0 −58.1 −56.0 −54.5 −47.6 −54.5 −54.5 −56.0 −61.8 −58.5 ±15

Iron 186.1 183.7 175.7 171.8 175.6 164.4 182.2 161.5 168.5 177.7 174.9 172.6 167.4 172.1 175.3 154.9 169.7 170.2 170.1 174.6 150.9 173.8 ±25

Lead ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND --

Lithium a −1.1 a7.1 a8.6 a2.6 a1.5 a8.0 b0.0 a8.3 a8.1 a2.4 a2.9 a4.0 a2.0 a6.9 a4.0 a3.4 a2.3 a4.7 a2.5 a2.4 a0.9 a3.9 ±25

Magnesium a2.6 a5.6 a6.7 a4.1 b1.3 a7.4 a3.9 a7.0 a5.5 a3.9 a6.7 a7.8 a7.4 a5.5 a5.5 a7.0 a6.4 a7.3 a6.5 a5.1 a −1.5 a5.3 ±15

Manganese 57.2 64.4 64.8 61.4 59.6 64.4 61.2 65.8 63.3 62.1 65.4 63.1 59.9 61.6 61.2 62.9 61.1 62.2 59.9 58.2 53.7 61.6 ±25

Molybdenum 85.4 102.0 92.3 101.0 97.9 104.0 105.3 108.1 106.9 105.5 106.7 105.0 108.8 115.8 106.8 107.5 107.0 104.7 106.0 104.7 103.8 104.4 ±25

Nickel −138.8 −149.4 −156.7 −132.0 −129.8 −140.4 −123.3 −117.5 −119.2 −117.7 −109.6 −121.9 −109.6 −101.0 −92.3 −100.0 −89.3 −96.1 −74.3 −80.8 −16.9 −106.9 ±50

Potassium 20.4 18.3 19.8 a13.8 16.1 17.4 a13.9 20.6 19.4 a14.2 16.2 17.4 19.2 16.6 17.9 17.9 a12.9 a13.9 15.7 a12.7 b9.7 16.4 ±15

Selenium ND ND −192.2 −192.4 −191.8 −191.6 −191.8 −186.2 −189.6 −189.0 −188.7 −190.1 −189.8 −190.8 −190.5 −190.1 −190.9 −190.6 −190.1 −189.4 −189.1 −190.2 ±50

Silica a −0.1 a −0.8 a −0.5 a −3.1 a −1.4 a0.9 a −2.2 a −0.7 a −2.6 a −0.2 a −2.1 b0.0 a −1.3 a −3.2 a −3.5 a −2.0 a −1.8 a −2.0 a −2.9 a −4.6 a −13.5 2.2 ±25

Sodium 27.9 a11.1 a13.9 a11.1 a9.6 a9.9 a7.4 19.4 15.2 a10.2 a14.1 a14.1 a13.1 a10.6 a9.1 a10.9 a5.0 a9.3 a8.4 a6.6 b −0.2 a11.4 ±15

Strontium a4.2 a10.4 a10.4 a6.7 a4.2 a10.5 a6.4 a10.0 a8.9 a7.6 a8.1 a9.5 a10.4 a8.4 a8.2 a9.2 a8.5 a9.9 a9.1 a8.1 b0.2 a8.1 ±25
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Table 7. Relative percent difference (RPD) between pump and passive sampling results at sentinel well TR-1A near Kirtland Air Force Base, Albuquerque, New Mexico.—Continued

[%, percent; NA, data was not available; ±, plus or minus; ND, passive or pump result was not detected and RPD could not be calculated; --, not calculated; δ18O, stable isotope of oxygen; δ2H, stable isotope of 
hydrogen. Samplers are listed shallow (Sampler 1) to deep (Sampler 21). Dark green shaded areas show results that were within the RPD criteria (Imbrigiotta and Harte, 2020) in last column. Gray shaded areas show 
the minimum RPD, for each analyte, that met the criteria in last column. Yellow shaded areas are results that did not meet the RPD criteria but were within the estimated sampling variability]

Analyte

Relative percent difference (%)

RPD 
criteria 

(%)
Sam- 
pler 1

Sam- 
pler 2

Sam- 
pler 3

Sam- 
pler 4

Sam- 
pler 5

Sam- 
pler 6

Sam- 
pler 7

Sam- 
pler 8

Sam- 
pler 9

Sam- 
pler 10

Samp- 
ler 11

Sam- 
pler 12

Sam- 
pler 13

Sam- 
pler 14

Sam- 
pler 15

Sam- 
pler 16

Sam- 
pler 17

Sam- 
pler 18

Sam- 
pler 19

Sam- 
pler 20

Sam- 
pler 21

Sam 
pler 

aver-
age

Sulfate −56.9 −49.4 −49.8 −54.2 −54.3 −45.3 −50.3 −45.1 −46.4 −46.2 −42.8 −41.9 −42.7 −45.2 −42.2 −40.8 −40.6 −39.7 −40.2 −41.1 −46.2 −45.7 ±15

Uranium −136.4 −141.4 −147.9 −143.3 −148.0 −137.2 −136.9 −118.6 −122.9 −121.0 −115.5 −118.8 −114.5 −116.5 −113.6 −109.2 −103.6 −110.1 −107.0 −106.1 −104.0 −121.9 ±50

Vanadium −185.1 −189.2 −190.9 −189.2 −188.5 −187.9 −186.8 −179.2 −182.6 −183.2 −183.4 −181.8 −183.3 −183.2 −181.3 −181.7 −179.1 −181.4 −178.5 −180.5 −174.1 −183.3 ±50

Zinc a −38.5 b −22.5 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND −44.0 ND ND ND −59.4 ±50

δ18O NA b −0.6 a −2.0 a −3.5 a −3.2 a −1.6 a −2.4 a −1.4 a −1.8 a −2.0 a −1.3 a −1.1 a −1.1 a −2.7 a −1.5 a −0.9 a −1.3 a −1.5 a −1.1 a −1.8 NA a −2.0 ±15

δ2H NA a −1.8 a −1.0 a −4.1 a −4.2 a −1.6 a −2.4 a −1.7 a −1.7 a −2.0 a −1.7 b −0.4 a −1.1 a −3.8 a −2.1 a −1.1 a −2.4 a −2.1 a −1.7 a −1.3 NA a −1.7 ±15

aResult is within the RPD criteria.
bMinimum RPD that met the RPD criteria.
cResult did not meet RPD criteria but was within the estimated sampling variability.
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Table 8. Relative percent difference (RPD) between pump and passive sampling results at sentinel well VA-1A, Kirtland Air Force 
Base, Albuquerque, New Mexico.

[%, percent; ±, plus or minus; ND, passive or pump result was not detected and RPD could not be calculated; NA, data were not available; --, not calculated; 
δ18O, stable isotope of oxygen; δ2H, stable isotope of hydrogen. Samplers are listed shallow (Sampler 1) to deep (Sampler 8). Dark green shaded areas show 
results that were within the RPD criteria (Imbrigiotta and Harte, 2020) in last column. Gray shaded areas show the minimum RPD, for each analyte, that met the 
criteria in last column. Yellow shaded areas are results that did not meet the RPD criteria but were within the estimated sampling variability]

Analyte
Relative percent difference (%) RPD  

criteria 
(%)Sampler 1 Sampler 2 Sampler 3 Sampler 4 Sampler 5 Sampler 6 Sampler 7 Sampler 8

Sampler 
average

pH a −2.6 a −0.4 a −0.5 a −0.4 b0.0 a −0.3 a −0.9 a0.8 a −0.5 ±15
Specific 

conductance
a1.8 b −0.5 a8.1 a12.8 a13.1 a13.2 a12.0 a16.5 a9.8 ±15

Alkalinity 15.4 28.7 27.4 25.2 32.9 25.2 31.1 40.7 28.6 ±15
Aluminum ND ND ND ND ND ND ND ND ND --
Antimony −60.0 c −51.1 c −57.9 a −34.7 a −30.6 b −7.6 a −28.5 a −12.2 a −33.9 ±50
Arsenic −95.0 −89.2 −66.9 −58.7 −52.6 a −47.8 b −45.7 −57.4 −63.1 ±50
Barium a −20.0 b −17.9 a −22.7 a −20.4 a −24.9 a −23.8 a −23.8 a −18.1 a −21.4 ±25
Bicarbonate NA 29.0 27.7 25.1 33.0 25.2 31.3 40.5 30.4 ±15
Boron a0.3 a5.0 a10.1 a10.3 a11.3 a12.5 a12.0 a17.9 a10.1 ±25
Bromide a −11.3 a −4.2 a4.5 a8.8 a7.9 a1.2 a1.2 b0.0 a1.4 ±50
Calcium a −4.0 a −0.8 a −2.7 b0.4 a1.0 a3.4 a2.1 a10.2 a1.3 ±15
Chloride a −3.6 b −0.3 a3.6 a5.7 a6.9 a7.7 a6.0 a7.7 a4.3 ±15
Chromium ND ND ND ND ND ND ND ND ND --
Cobalt ND a −26.2 c −65.3 c −55.6 a15.7 a18.5 ND b −9.5 a −15.8 ±50
Copper ND ND ND ND ND ND ND ND ND --
Fluoride a −9.7 b −7.7 −15.8 a −15.0 −17.1 a −14.4 −16.0 −15.2 a −13.8 ±15
Iron −51.4 −59.4 a −1.1 a2.1 34.1 25.5 41.1 32.1 a8.9 ±25
Lead ND ND ND ND ND ND ND ND ND --
Lithium 23.6 a10.0 a16.5 a17.4 a17.6 a17.0 a14.8 a19.2 a14.6 ±25
Magnesium a −0.9 a −1.6 a −9.0 a −6.0 a −7.9 a −4.8 a −8.1 b −0.1 a −4.7 ±15
Manganese 24.3 32.3 77.4 85.5 90.9 88.8 87.7 99.8 76.9 ±25
Molybdenum −160.5 −143.2 −70.4 −70.6 −57.8 −63.8 −67.2 −77.9 −84.8 ±50
Nickel ND ND ND ND ND ND ND c78.4 78.4 ±50
Potassium 38.8 34.6 38.6 39.7 39.7 40.0 37.7 45.8 39.4 ±15
Selenium c −84.4 b −40.7 c −120.1 ND ND ND ND ND −77.9 ±50
Silica a −1.3 a0.6 a −0.4 a2.3 a0.9 a1.9 b −0.1 a3.5 a0.9 ±25
Sodium b14.0 18.7 33.3 39.3 36.7 34.0 31.5 36.2 30.9 ±15
Strontium a −6.6 a −4.7 a −9.0 a −7.0 a −6.7 a −5.5 a −6.6 b −1.4 a −5.9 ±25
Sulfate −75.7 −62.8 −84.0 −91.5 −78.6 −78.9 −83.3 −107.3 −82.2 ±15
Uranium −154.4 −126.5 −157.5 −162.7 −163.1 −163.1 −166.4 −172.5 −157.8 ±50
Vanadium −142.1 −146.2 −172.0 −176.1 −177.6 −172.2 −173.8 −176.3 −166.5 ±50
Zinc ND ND ND ND ND ND ND ND ND --
δ18O a −1.4 b −0.6 a −2.6 a −1.9 a −1.5 a −1.7 a −2.4 a −2.7 a −1.8 ±15
δ2H a −1.6 b −0.5 a −1.8 a −2.2 a −2.3 a −1.8 a −2.6 a −2.0 a −1.8 ±15

aResult is within the RPD criteria.
bMinimum RPD that met the RPD criteria.
cResult did not meet RPD criteria but was within the estimated sampling variability.
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Results for CC-1A (table 5) indicate that sampler 7 
(497.30 ft bls) had the greatest number of analytes, 27 out of 
34, within the set criteria. Out of the seven analytes that did 
not meet the criteria, manganese (−180.0 percent) and zinc 
(63.9 percent) exceeded the RPD criteria, and aluminum, 
cobalt, copper, iron, and lead were not calculated because 
results were below the detection limit; however, cobalt was 
detected in the pump sample (table 5). Sampler 8 (499.80 ft 
bls) had the greatest number of results for analytes with mini-
mum RPD values: alkalinity, bicarbonate, bromide, chloride, 
cobalt, magnesium, sodium, and sulfate. Samplers 5 (492.30 ft 
bls) and 9 (502.30 ft bls) only had 23 analytes that met the 
RPD criteria, and the analytes that did not meet the criteria 
were alkalinity (sampler 9 only), antimony, bicarbonate (sam-
pler 9 only), boron, lithium (sampler 5 only), manganese, and 
zinc. In more than one-half of the samplers, antimony and zinc 
concentrations were consistently higher in the passive sam-
plers, and manganese concentrations were consistently higher 
in the pumped samples.

SO-1A had the greatest number of analytes, of all four 
sentinel wells, meeting the RPD criteria in two samplers 
(table 6). Samplers 7 (498.97 ft bls) and 11 (508.97 ft bls) each 
had 30 analytes that met the RPD criteria. The RPD criteria for 
chloride (−20.4 percent) was exceeded in sampler 7. In sam-
pler 11, the RPD criteria was exceeded for nickel (47.5 per-
cent). RPD was not calculated for samplers 7 and 11 for three 
analytes—aluminum, lead, and zinc—because the passive 
and pumped method results were below the detection limits. 
Sampler 13 (513.97 ft bls) had 27 analytes that met the RPD 
criteria but also had the most analytes with the lowest RPD, 
as evaluated for each analyte among all samplers: alkalinity, 
bicarbonate, calcium, iron, magnesium, and uranium. Sampler 
1 only had 24 analytes that met the RPD criteria, and the 
analytes that did not meet the criteria were chloride, cobalt, 
copper, manganese, and nickel. In more than half of the RPD 
calculations, nickel concentrations were consistently higher in 
the passive samplers, and chloride and manganese concentra-
tions were consistently higher in the pumped samples.

Three samplers in TR-1A (table 7) had the most analytes 
meeting the RPD criteria for the TR-1A samplers. Seventeen 
analytes in samplers 2 (464.95 ft bls), 17 (502.45 ft bls), and 
18 (504.95 ft bls) met the criteria. Analytes that met RPD 
criteria in these samplers included antimony, boron, bromide, 
calcium, chloride, lithium, magnesium, pH, silica, specific 
conductance, sodium, strontium, δ2H, and δ18O. Samplers 2, 
17, and 18 had several analytes that exceeded the RPD criteria, 
including alkalinity, bicarbonate, fluoride, iron, manganese, 
molybdenum, nickel, sulfate, uranium, and vanadium. Iron, 
molybdenum, selenium, uranium, and vanadium had RPDs 
exceeding ±100 percent. In TR-1A, sampler 21 had the five 
analytes with minimum RPDs: antimony, calcium, potassium, 
sodium, and strontium. Sampler 1 only had 12 analytes that 
met the RPD criteria, and the analytes that did not meet the 
criteria included cobalt, fluoride, iron, manganese, molyb-
denum, nickel, potassium, sodium, sulfate, uranium, and 
vanadium. In more than one-half of the samplers, alkalinity, 

bicarbonate, iron, manganese, molybdenum, and potas-
sium concentrations were consistently higher in the pas-
sive samplers, and arsenic, barium, fluoride, nickel, sulfate, 
uranium, and vanadium were consistently higher in the 
pumped samples.

For the samplers in VA-1A, sampler 6 (634.81 ft bls) 
had the most analytes that met the RPD criteria (table 8). 
From samples obtained from sampler 6, 17 analytes met the 
RPD criteria; analytes that did not were alkalinity, bicarbon-
ate, iron, manganese, molybdenum, potassium, sodium, 
sulfate, uranium, and vanadium. Uranium and vanadium had 
RPDs exceeding ±100 percent in samples from all samplers. 
Aluminum, chromium, copper, lead, and zinc had results 
below the detection limits for both methods, and RPDs were 
not calculated. Nickel and selenium had passive sampling 
results below the detection limits. In VA-1A, sampler 2 
(624.81 ft bls) had the greatest number of analytes that had 
minimum RPD values: specific conductance, barium, chlo-
ride, fluoride, selenium, and stable isotopes (δ18O and δ2H). 
Samplers 3 and 8 only had 14 analytes, respectively, that met 
the RPD criteria, and the analytes that did not meet the criteria 
were specific conductance (sampler 8 only), alkalinity, arsenic, 
bicarbonate, cobalt (sampler 3 only), fluoride, iron (sampler 8 
only), manganese, molybdenum, potassium, sodium, sulfate, 
uranium, and vanadium. In more than one-half of the sam-
plers, alkalinity, bicarbonate, manganese, and sodium con-
centrations were consistently higher in the passive samplers, 
and arsenic, fluoride, iron, molybdenum, sulfate, uranium, and 
vanadium were consistently higher in the pumped samples.

Method Variability
The estimated variability for each sampling method 

(pump or passive) for each analyte, calculated in table 3, was 
to be used as an analytical tool to determine if the differences 
between the passive sampling method results and the pump 
sampling method results were caused only by the varia-
tion within each sampling method. To visualize the results 
and the associated method variability, plots of concentration 
versus depth were created with error bars that show the pump 
sampling method and passive sampling method variability 
(figs. 8–11).

Evaluation of the estimated variability (table 3) for the 
analytes that were not in agreement (that is, did not meet the 
RPD criteria or were not near the 1:1 line) between the two 
sampling methods was conducted. Only one analyte concen-
tration (manganese), which had an RPD value that exceeded 
the set criteria, was within the sampling method variability. 
For CC-1A (fig. 8T, table 5) in sampler 10, the concentration 
of manganese was within the pump method variability, with 
the pumped sample having the higher concentration. SO-1A 
also had concentrations of manganese in samplers 5 and 6 
that were within the method variability (fig. 9V, table 6) with 
the pumped sample having higher manganese concentrations. 
TR-1A had two cobalt concentrations that exceeded the RPD 
criteria but were within the method variability (fig. 10Q, 
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table 7). VA-1A had concentrations of antimony (samplers 
2 and 3) and selenium (samplers 1 and 3; fig. 11M and V, 
table 8) with values higher in the pumped sample for both ana-
lytes. Cobalt concentration (samplers 3 and 4) and nickel con-
centrations (sampler 8) were primarily below detection limits 
for the passive samplers. Nickel was only detected in the last 
sampler and all other samplers had no nickel detected, there-
fore, the nickel concentrations are not plotted on figure 11. 

Potential Reasons for Differences Between 
Passive and Pump Samples

When compared to previous studies that used passive 
samplers (Imbrigiotta and Harte, 2020), there were more 
analytes outside of the RPD criteria for this study. For pump 
methods in these previous studies, however, the wells were 
either purged at a low-flow rate (EON Products, Inc., 2021), 
or only one well volume was purged to stabilize field proper-
ties (USACE, 2016). The pump sampling method used in 
this study, in which three well volumes were purged at a rate 
(0.7–1.25 gal/min; table 1) that is higher than a low-flow purge 
rate (0.03–0.13 gal/min; ASTM International, 2018), is likely 
one of the primary reasons for differences between passive and 
pump samples in this study. Imbrigiotta and Harte (2020) sug-
gest that the physical differences between pumping-induced 
flow and ambient flow, which is associated with the passive 
sampling method, result in sampling water that is sourced 
from different zones of the aquifer, and this should be consid-
ered when comparing the two methods. Passive samplers are 
representative of the last several days of ambient flow before 
sampling, and pump samples are instantaneous samples from 
the induced flow. Additionally, the passive method measures 
concentrations over a discrete interval, which is the length of 
the sampler, and likely represents the water of that interval, 
whereas the pump method measures concentrations through-
out the screened interval and surrounding aquifer (Divine and 
others, 2005).

Typically, when comparing passive and pump sampling 
methods where a large quantity of water is removed during 
purging, such as the present study where at least three well 
volumes were removed, Divine and others (2005) suggest 
calculating the flux-averaged concentrations by using the 
transmissivity and hydraulic conductivity of the discrete 
intervals where the passive samplers are located. The hydrau-
lic properties of the discrete intervals are not known; how-
ever, based on drilling logs, they are assumed to be similar 
throughout the screened intervals of the sentinel wells, so the 
flux-averaged concentrations were not calculated. Given the 
heterogeneity of the aquifer and the presence of interbedded 
muds (Connell, 2006), when the sentinel wells are pumped, 
most of the water likely comes from the most conductive 
zones. Passive samplers draw water locally that may not be 
from the most conductive portion of the aquifer (Divine and 
others, 2005). Vertical flow could be induced by hydraulic 
head differences in the interbedded portions of the aquifer and 

could lead to mixing of water from different parts of the aqui-
fer in passive samplers; however, vertical flow is not likely in 
the shallow sentinel wells (Myers and Friesz, 2019; Travis and 
Myers, 2019).

Another potential contributor to the lack of correspon-
dence between passive and pump results are reduction/oxida-
tion (redox) processes within the wells. Introducing oxygen 
into anoxic environments with oxygen-rich blank water may 
affect results. Introducing an oxygenated sampler into an 
anoxic environment can cause analytes to react when they 
diffuse into oxygenated water, which could cause chemicals 
to precipitate out and decrease concentrations of the analyte 
(Imbrigiotta and Harte, 2020). Borch and others (2010) also 
note that adding oxygenated water to a mixed redox environ-
ment likely explains the large differences of several elements 
related to redox processes, including iron and manganese 
(greater in the passive samplers) and molybdenum, selenium, 
sulfate, and uranium (greater in the pumped samples).

Redox processes were assigned in an Excel ® Workbook 
developed by Jurgens and others (2009) using the frame-
work devised by McMahon and Chapelle (2008). The redox 
processes were only determined for the pump samples, which 
had a complete dataset consisting of dissolved oxygen, nitrate, 
manganese, iron, and sulfate concentrations (table 9). The 
passive samples had incomplete datasets, lacked nitrate, and 
had indeterminate results that could not be calculated. The 
results for the pump samples indicate that CC-1A and SO-1A 
had oxic water. TR-1A and VA-1A were categorized as having 
mixed (oxic-anoxic) water, with the redox process a mixture 
of oxygen-reducing and manganese-reducing groundwater. 
Field observations also support the differences in these sets 
of wells. At TR-1A and VA-1A, hydrogen sulfide odors were 
present in the passive samplers and pumped samples, and the 
passive samplers contained a visible black precipitate (fig. 12). 
The hydrogen sulfide odors are indicative of reducing condi-
tions, and certain trace elements (selenium, molybdenum, and 
uranium) were higher in the pumped samples at TR-1A and 
VA-1A than in the passive samples. These conditions indi-
cate that a sulfide precipitate was in the passive sampler bags 
(Smith, 2007). Additionally, adding oxygenated water to the 
mixed redox environment of the TR-1A and VA-1A wells, 
which have pH values ranging from 7.55 to 7.98, could also 
produce a manganese precipitate based on the Eh-pH diagram 
for manganese (fig. 13; Takeno, 2005). Additional analysis and 
interpretation would be needed to determine all the geochemi-
cal reactions in these wells caused by the addition of oxygen-
ated water, the length of time for deployment, and even the 
redevelopment of the wells, which occurred in the fall of 2018. 

Another factor that could contribute to differences in 
trace element concentrations between the passive and pumped 
methods that warrants consideration is pump corrosion at a 
site where the pump has been installed for a period of time, 
such as at TR-1A or CC-1A, and could be corroding. The 
submersible pumps used at these sites were made of grade 
304 stainless steel (Bennett Sample Pumps, Inc., 2020). 
Stainless-steel pumps can corrode when in acidic or oxidizing 
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Figure 8. Vertical profile of A–L, major ion and stable isotope concentrations and M–AA, trace element concentrations in passive 
and pump samples, including method variability, at CC-1A near Kirtland Air Force Base, Albuquerque, New Mexico.
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Figure 8. Vertical profile of A–L, major ion and stable isotope concentrations and M–AA, trace element concentrations in passive 
and pump samples, including method variability, at CC-1A near Kirtland Air Force Base, Albuquerque, New Mexico—Continued
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Figure 8. Vertical profile of A–L, major ion and stable isotope concentrations and M–AA, trace element concentrations in passive 
and pump samples, including method variability, at CC-1A near Kirtland Air Force Base, Albuquerque, New Mexico—Continued

conditions, and the common byproducts of corrosion include 
iron and other elements that are used to create the grade of 
stainless steel. Grade 304 stainless steel is composed of iron 
alloyed with chromium, nickel, manganese, silicon, carbon, 
phosphorus, and sulfur (Lapham and others, 1995). Historical 
quarterly sampling chemistry data from pumped sampling 
(fig. 14), available in the USGS National Water Information 
System (USGS, 2019), from TR-1A, CC-1A, and SO-1A 
indicates that pump corrosion is not likely the case at the study 
wells. (VA-1A did not have a dedicated installed pump until 
February 2017, and it did not stay in place for a long time.) At 
TR-1A, nickel concentrations, however, did increase during 
pump method sampling from 3.3 µg/L in 2015 to 8.6 µg/L in 
2017. Nickel concentrations also increased at CC-1A, from 
0.9 µg/L in 2015 to 7.2 µg/L at the end of 2016.

Determination of Optimal Sampling Depth
After the evaluation of the RPD and method variabilities, 

the next step was to determine the depth at which the quarterly 
monitoring samplers would be best placed in the well, which 
for the purposes of this study is the depth where the passive 
sampler produces the most representative water chemistry as 
compared to the pumped sample data. These determinations 
were compared to available well log data, such as lithologic 
logs available from Bell and others (2018) and borehole 
geophysical data available through the USGS GeoLog Locator 
(USGS, 2020). Geophysical logs, including induction resis-
tivity, spontaneous potential, and gamma logs, can all be 

indicative of lithology (Keys, 1990). Induction resistivity logs 
measure electrical resistivity of the borehole environment and 
surrounding rocks and water. Spontaneous potential logs mea-
sure potentials or voltages that develop at the contacts between 
shale or clay beds and a sand aquifer, and gamma logs record 
the amount of natural gamma radiation emitted by the rocks 
surrounding the borehole (Keys, 1990). For the purpose of 
this report, the gamma log data were graphed using 1-ft aver-
ages of the available data to create a smoother line. The ideal 
criteria for quarterly monitoring sampler placement would be 
an interval with, if possible, known passive samplers that have 
low RPD and sand or other highly transmissive zones.

At CC-1A, the inorganic quarterly samples have been 
collected at 498.5 ft bls (fig. 15), and the VOC sampler has 
been located at 496.0 ft bls. For this study, sampler 7 (498.1 ft 
bls) had the most analytes within the established RPD crite-
ria, and sampler 8 (500.6 ft bls) had the most analytes with 
the lowest RPD (table 5). The lithologic log (Bell and others, 
2018) indicates that the screened interval is sand and gravel 
toward the top and clay in the rest of the interval; however, the 
geophysical data indicate that the lithology could be slightly 
different in this screened interval than what is indicated in the 
lithologic log. Samplers 7 and 8 from this study correspond to 
areas in the well with slightly higher resistivity and spontane-
ous potential and lower gamma, which all indicate a higher 
conductivity and less clay. The quarterly samplers could stay 
where they currently located, since the initial deployment 
in 2017, and likely collect a representative sample from the 
aquifer.
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Figure 9. Vertical profile of A–L, major ion and stable isotope concentrations and M–CC, trace element concentrations in passive 
and pump samples, including method variability, at SO-1A.
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Figure 9. Vertical profile of A–L, major ion and stable isotope concentrations and M–CC, trace element concentrations in passive 
and pump samples, including method variability, at SO-1A.—Continued
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Figure 9. Vertical profile of A–L, major ion and stable isotope concentrations and M–CC, trace element concentrations in passive 
and pump samples, including method variability, at SO-1A.—Continued
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Figure 10. Vertical profile of A–L, major ion and stable isotope concentrations and M–X, trace element concentrations in passive 
and pump samples, including method variability, at TR-1A.
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Figure 10. Vertical profile of A–L, major ion and stable isotope concentrations and M–X, trace element concentrations in passive 
and pump samples, including method variability, at TR-1A.—Continued
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Figure 11. Vertical profile of A–L, major ion and stable isotope concentrations and M–Z, trace element concentrations in passive 
and pump samples, including method variability, at VA-1A.
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Figure 11. Vertical profile of A–L, major ion and stable isotope concentrations and M–Z, trace element concentrations in passive 
and pump samples, including method variability, at VA-1A.—Continued
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Figure 11. Vertical profile of A–L, major ion and stable isotope concentrations and M–Z, trace element concentrations in passive 
and pump samples, including method variability, at VA-1A.—Continued

and gravel with clay (fig. 16). The quarterly organic sample 
has been collected at 506.0 ft bls. For this study, samplers 
7 (499.0 ft bls) and 11 (509.0 ft bls) had the most analytes 
within the established RPD criteria, and sampler 13 (514.0 ft 
bls) had the most analytes with the lowest RPD (table 6). 
The resistivity and spontaneous potential are fairly consistent 
throughout the screened interval. The gamma log decreases 
slightly in the areas of samplers 7 and 11. The quarterly 
samplers may be more representative if they are moved up 
higher toward sampler 7, but the current location, since initial 
deployment in 2017, is likely just as representative given that 
the majority of the samplers at SO-1A are within the RPD for 
most analytes (table 6).

At TR-1A, quarterly sampling events have been located 
at 486.5 ft bls, with the organic sampler located at 484.0 ft 
bls. Due to redox processes in this well, it is difficult to assess 
where the samplers would be best placed. Samplers that 
had the most analyte concentrations within RPD criteria are 
scattered throughout the sampling interval (fig. 17, table 7). 
Samplers with the highest RPDs are located near the water 
table and at the bottom of the screened interval. At TR-1A, 
the resistivity decreases through the profiled portion of the 
screened interval. However, this decrease is likely due to 
interference from the water table, which at the time of logging 
on April 13, 2013, was at approximately 480.0 ft bls. Taking 
the historical water level into consideration, the resistivity 
increases below 500.0 ft bls. The spontaneous potential is 
relatively consistent throughout the screened interval, and 

The screened interval for SO-1A consists entirely of sand the gamma log data indicate that some intervals may have 
slightly more clay than sand and that the bottom sampler may 
be in a sandier interval. The lithologic log consists entirely of 
sand (fig. 17). Sampler 2 is located less than 10 ft below the 
water table. Water table levels could fluctuate in this well, thus 
putting sampler 2 at a risk of being above the groundwater. 
Samplers could be placed at 504.0 ft bls near samplers 17 
(503.2 ft bls) and 18 (508.2 ft bls) because of the RPD criteria 
and because this location has the lowest resistivity. The use 
of deoxygenated water in the passive samplers is also recom-
mended (Imbrigiotta and Harte, 2020).

VA-1A is the only sentinel well in this study with a 
screened interval that is entirely submerged below the water 
table, with a dedicated pump that extends to only about 
600.0 ft bls. The quarterly monitoring has been located at 
623.5 ft bls (fig. 18). The screened interval at VA-1A is sand 
and clay and is located from 620.0 to 640.0 ft bls. The sampler 
with the most analytes within the RPD criteria was sampler 
6 (633.5 ft bls), and sampler 2 had the most analytes with the 
lowest RPD (table 8). Of note, the passive sample results are 
likely influenced by redox processes at this well. Resistivity 
and spontaneous potential remained consistent throughout 
the interval but decreased slightly between 623.0 and 627.0 ft 
bls (fig. 18), which corresponds to the location of sampler 2. 
These findings indicate the current position, since the initial 
deployment in 2017) of sampling is likely representative of 
pumped samples. Because of the likely influence by redox 
processes, deoxygenated water is recommended to be used in 
the passive sampler (Imbrigiotta and Harte, 2020).
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Table 9. Redox process assignments of pump sampling results at sentinel wells at and near Kirtland Air Force Base, Albuquerque, New Mexico, April 2019.

[mg/L, milligrams per liter; µg/L, micrograms per liter; *, value was below laboratory detection limit, but was used in the redox process calculation (McMahon and Chapelle, 2008; Jurgens and others, 2009)]

USGS site  
identification number 

(USGS, 2019)

Well short 
name

Sample  
collection date

Redox variables
General redox  

category
Redox processDissolved  

oxygen, mg/L
Nitrate, as  

nitrogen, mg/L
Manganese, 

µg/L
Iron,  
µg/L

Sulfate, 
mg/L

350359106335201 CC-1A April 9, 2019 10.1 1.74 3.79 10.0* 46.3 Oxic Oxygen-
reducing

350359106333901 SO-1A April 16, 2019 10.4 1.13 3.19 13.3 29.8 Oxic Oxygen-
reducing

350408106335601 TR-1A April 11, 2019 3.8 0.80 347.82 21.6 51.1 Mixed (oxic-anoxic) Oxygen- and 
manganese-
reducing

350304106345401 VA-1A April 18, 2019 1.2 0.05* 132.26 59.9 26.0 Mixed (oxic-anoxic) Oxygen- and 
manganese-
reducing
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A B

Figure 12. A, Samplers retrieved from VA-1A that have black precipitate on the outsides, and B, filter from VA-1A, where black 
precipitate formed in the processing filter. Photographs by Alanna Jornigan, U.S. Geological Survey.
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Figure 14. Concentrations of selected trace elements from historical quarterly sampling using the pump method for A, TR-1A, 
B, CC-1A, and C, SO-1A, Kirtland Air Force Base, Albuquerque, New Mexico.
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Figure 15. Vertical sampling profile at CC-1A showing A, the screened interval in which the passive samplers were placed and results 
of relative percent difference (RPD) analysis, B, C, and D, the results of geophysical logging (USGS, 2020), and E, the lithology (Bell and 
others, 2018), Kirtland Air Force Base, Albuquerque, New Mexico.
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Figure 16. Vertical sampling profile at SO-1A showing A, the screened interval in which the passive samplers were placed and results 
of relative percent difference (RPD) analysis, B, C, and D, the results of geophysical logging (USGS, 2020), and E, the lithology (Bell and 
others, 2018), Kirtland Air Force Base, Albuquerque, New Mexico.
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Figure 17. Vertical sampling profile at TR-1A showing A, the screened interval in which the passive samplers were placed and results 
of relative percent difference (RPD) analysis, B, C, and D, the results of geophysical logging (USGS, 2020), and E, the lithology (Bell and 
others, 2018), Kirtland Air Force Base, Albuquerque, New Mexico.
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Figure 18. Vertical sampling profile at VA-1A showing A, the screened interval in which the passive samplers were placed and results 
of relative percent difference (RPD) analysis, B, C, and D, the results of geophysical logging (USGS, 2020), and E, the lithology (Bell and 
others, 2018), Kirtland Air Force Base, Albuquerque, New Mexico.
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Summary
An ethylene dibromide (EDB) plume extends north-

east from the Bulk Fuels Facility area on Kirtland Air Force 
Base, New Mexico, and is upgradient from water-supply 
wells screened in an aquifer in the upper Santa Fe Group. In 
2013, the U.S. Geological Survey (USGS) installed a nest 
of sentinel wells between the plume and water-supply wells 
because of concerns about possible contamination reaching 
the water supply. The four sentinel wells have been sampled 
by the USGS quarterly since 2015 and were sampled using a 
volumetric-purge pump sampling method until February 2017. 
In mid-2017, the USGS began using dual-membrane passive 
diffusion samplers. To ensure that these passive samplers are 
obtaining representative water chemistry samples, the USGS, 
in cooperation with the U.S. Air Force, initiated a study in 
2019 to compare results from pump sampling and passive 
samplers and to determine the optimal depth for passive 
sampler placement in the screened interval to better inform 
long-term monitoring of the site.

A vertically profiled passive sampling study was con-
ducted to help determine the depth at which the passive 
samplers would be best placed to produce representative water 
chemistry for the sentinel wells. The vertically profiled passive 
samplers, which were suspended throughout the submerged 
screened interval of the shallow sentinel wells, were compared 
to pump samples collected the day after the vertically profiled 
passive samplers were removed. Volatile organic compound 
results for this study were all below the raised reporting 
levels, which is a level five times the maximum concentra-
tion detected in a blank and determined by an in-depth quality 
assessment. Therefore, this study focused on an analysis of 
inorganic constituent results. The relative percent differences 
(RPDs) between the pump sampling and passive sampling 
results were evaluated. Additionally, the variability within 
each sampling method was analyzed.

The RPD analysis assessed whether the passive samplers 
under- or overreported concentrations based on the analysis of 
pump samples. Several analytes had an RPD value of plus or 
minus 50 percent. Most major differences between pump and 
passive samples seemed to be separated by well. In CC-1A 
and SO-1A, both wells had very high negative RPD values 
for manganese. TR-1A and VA-1 both had similarly high 
RPD values, with the passive samples having higher con-
centrations than the pump samples of manganese and lower 
concentrations of arsenic, nickel, selenium, sulfate, uranium, 
and vanadium. TR-1A also had very high passive sampling 
method concentrations for iron and molybdenum, which are 
likely caused by reduction/oxidation (redox) processes result-
ing from the oxic sampler water being introduced to an anoxic 
environment.

The estimated variability for each analyte was to be used 
as an analytical tool to determine if the differences between 
the results from both sampling methods were caused only by 
the sampling method variability. Most analytes, however, were 
not within the method variabilities. The estimated method 
variability for each analyte may still be useful to evaluate 
which analytes were not in agreement (that is, RPD criteria 
were not met or concentrations were not graphed near the 
1-to-1 line) between the two sampling methods but were 
within the estimated variability for the sampling method.

Inherent differences in the two sampling methods could 
be the main causes for the differences in results. Passive 
samplers are representative of the last several days within 
a well but pumped samples are instantaneous samples from 
induced flow. Given the heterogeneity of the aquifer and the 
presence of interbedded muds, when the well is pumped, most 
of the water likely comes from the most conductive zones. 
In comparison, the passive samplers draw water locally that 
may not be from the most conductive portion of the aquifer. 
Redox processes within the wells could also be responsible for 
differences between trace element concentrations in passive 
samples and pump samples; the introduction of oxygen-rich 
blank water into anoxic environments appears to have affected 
the results at TR-1A and VA-1A.

After the evaluation of the RPD and the variability within 
the sampling methods, the deployment depths of the quarterly 
monitoring samplers were reviewed and evaluated to deter-
mine if the samplers are located in the most representative por-
tion of the well. In CC-1A and SO-1A, the quarterly samplers 
could stay where they are currently located, since deployment 
in 2017, and likely collect a representative sample from the 
aquifer. Because of redox processes at TR-1A and VA-1A that 
likely interfere with analyte concentrations from the passive 
samplers, deoxygenated water is recommended for use at these 
wells. At TR-1A, the samplers could be placed at 504 feet 
below land surface, near samplers 17 and 18, which had the 
most agreement between the sample methods. At VA-1A, the 
sampler with the most analytes within the RPD criteria was 
near the interval where quarterly monitoring has been occur-
ring, so the quarterly samplers could stay where they are in 
that well.
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