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δ18O and δ2H characteristics of moisture sources and their role
in surface water recharge in the north-east of Iran
Hossein Mohammadzadeh and Mojtaba Heydarizad

Groundwater and Geothermal Research Centre (GRC), Department of Geology, Faculty of Science, Ferdowsi
University of Mashhad, Mashhad, Iran

ABSTRACT
The north-east of Iran is a semi-arid region and faces a water
shortage crisis. Therefore, monitoring water resources using
accurate methods such as stable isotopes technique is vitally
important. In this study, precipitation events were sampled in 10
stations in the Mashhad basin and the Bojnourd region in 2008,
2009, 2011, and 2015, additional surface and groundwater. These
samples were analysed at the Ottawa University for both oxygen
and hydrogen isotopes. In addition, the moisture sources were
determined using the backward trajectories of the HYSPLIT model.
The backward trajectories showed that both high- and low-
latitude water bodies provide moisture for the north-east of Iran.
However, the role of high-latitude water bodies including the
Caspian, the Black, and the Mediterranean Seas is stronger. On the
other hand, the stable isotopes showed large variations and the
developed meteoric water lines deviated in both slope and
intercept from the global meteoric water line. This showed that
the precipitation events of the north-east of Iran were provided
by various air masses and moisture sources. Finally, plotting the
isotope values of the surface water resources on high- and low-
latitude meteoric water lines demonstrated that these water
resources were dominantly recharged by precipitation events
originating from high-latitude water bodies.
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1. Introduction

The north-east of Iran is a semi-arid region where Razavi Khorasan and North Khorasan
provinces are located. Mashhad, the second most populated city of Iran, is the centre of
Razavi Khorasan province. The population of Mashhad is around 3 million people but
increases considerably during summer time due to the large number of pilgrims visiting
this city. The two large mountain ranges of Binaloud and Kopeh Dagh located in the
north-east of Iran mainly influence the climate and precipitation variations of this
region. The north-east of Iran has an average annual precipitation of around 251 mm
and its annual average temperature is around 13.5°C. According to the Köppen and
Geiger classification [1,2], the climate of the north-east of Iran is classified as BSK (cold
semi-arid climate). In this region, July is the hottest month of the year with an average
temperature of 25°C, while January is the coldest month with an average temperature
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of 0.5°C. The highest elevation in this region is about 3211 m asl and the lowest elevation is
235 m asl.

Like the other parts of the Iran Plateau, the north-east of Iran has faced severe drought
from early times till now and water resources play a crucial role in the lives of its inhabi-
tants. In the recent two decades, due to intense population growth and notable industrial
and agricultural developments in the north-east of Iran, the demand for water resources
has increased considerably. Therefore, monitoring the available water resources and
finding new ones are of great importance. Among the various methods in hydrology,
stable isotopes techniques are more accurate and reliable. Studying the precipitation
events and their moisture sources is the main and basic step in water resources studies.

Many parameters such as altitude [3–7], precipitation amount [8,9], latitude [8,9], temp-
erature [8,10], and moisture sources [11,12] influence the isotopic composition of precipi-
tation. Among the various parameters mentioned above, precipitation moisture sources
influence the isotopic composition of precipitation more dominantly than the other par-
ameters. For instance, the precipitation events which originate from water bodies with a
high sea surface temperature (SST) and a low relative humidity (such as the Mediterranean
Sea) have a high deuterium-excess (d-excess = δ 2H–8*δ 18O [13]). In contrast, precipitation
events which originate from water bodies with a low SST and a high relative humidity
(such as the Atlantic Ocean) have a moderate to low d-excess.

In Iran, the application of the stable isotopes technique is not very common and meteo-
ric water lines (MWLs) have been developed only for a limited number of regions including
Fars province [14], Isfahan [15], Rafsanjan [16], Tehran [17], Sirjan [18], Shahroud [19],
Khersan [20], Mashhad [21], Zarivar-Marivan [22], and western Zagros [23]. In further
stable isotope studies in other parts of Iran, the eastern Mediterranean meteoric water
line (EMMWL) and/or the global meteoric water line (GMWL) have been used. The moisture
sources of precipitation events have not been determined in any of these studies.

To study the moisture sources of precipitation events, the Hybrid Single Particle Lagran-
gian Integrated Trajectory (HYSPLIT) model is mainly used. The north-east of Iran is under
the influence of various air masses and moisture sources [24]. The continental tropical air
mass (cT; known as the Sudan air mass) enters Iran from western and south-western
borders and brings moisture from the Persian Gulf, the Red Sea, and the Arabian Sea.
The continental polar air mass (cP; known as the Siberian air mass) mainly gains moisture
from the Caspian Sea, enters the northern border of Iran, and considerably influences the
coasts of the Caspian Sea. The Mediterranean air mass (Medt) is another strong air mass
that influences the north-east of Iran [25]. The Mediterranean air mass enters Iran from
the western border and provides moisture for the precipitation events of the north-east
of Iran mainly in spring [26]. This air mass brings the moisture of high-latitude water
bodies such as the Mediterranean and the Black Seas as well as the Atlantic Ocean [26].
The maritime polar air mass (mP) originates from the north of Europe, carries the moisture
of the North Atlantic Ocean, and causes heavy snowfalls in the north of Iran [25,27].

The low amount of annual precipitation in this region has a direct influence on the
recharge of the ground and surface water resources. Kardeh, Torogh, Atrak, and Kasha-
frood are the main rivers in the north-east of Iran and have a significant role in supplying
the inhabitants of this region with potable and agricultural waters. Moreover, Kardeh and
Torogh dams were constructed over Kardeh and Torogh rivers and supply a notable part of
the potable water needs of Mashhad city. The spatial distribution of precipitation, river,
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groundwater, and dam sampling points in the studied areas is shown in Figure 1. The aim
of the current study is to determine the main air masses and moisture sources which
influence the north-east of Iran and to identify the isotopic characteristics of these moist-
ure sources. In addition, the role of various moisture sources in recharging the surface
water resources in the north-east of Iran will also be determined.

2. Materials and methods

In this study, 53 precipitation events from ten stations including Torogh dam (TDR), Kardeh
dam (KDR), Olang Asadi (OAR), Goosh (GR), Zoshk (ZR), Jaghargh (JR), Mashhad Water
Authority (MWA), and Ahmadabad (AhmR) in Razavi Khorasan province and the stations

Figure 1. Precipitation, dam, and ground/surface water sampling points in the study areas in the north-
east of Iran.
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Bojnourd and Inche Olya in North Khorasan province were sampled. To sample the precipi-
tation events for the stable isotopes (oxygen and hydrogen) analysis, the event-based
approach was used in 2008, 2009, 2011, and 2015. After each precipitation event, the
waters collected in the rain gauges were transferred to 25 ml polyethylene bottles. In
addition to the precipitation samples, 39 surface water samples from Kardeh, Torogh,
and Kashafrood rivers and from Kardeh and Torogh dams in Razavi Khorasan province
and from Atrak river in North Khorasan province were collected. Moreover, 83 ground-
water samples from Kardeh, Torogh, and Kashafrood basins in Razavi Khorasan province
and from Qoori Meydan and Atrak basins in North Khorasan province were also collected
for stable isotopes analysis in 1998, 2008, 2011, 2012, 2014, and 2015. All the precipitation,
groundwater, and surface water samples were analysed in G.G. Hatch Stable Isotope Lab-
oratory of Ottawa University, Canada, using a Delta-Plus XP isotope ratio mass spec-
trometer (IRMS) (Thermo Finigan, Germany). All the samples were reported as δ values
in the VSMOW scale and were presented as parts per thousand (per mil,‰). The analytical
uncertainties for δ18O and δ2H were ± 0.1 ‰ and ± 1‰, respectively.

In addition, the moisture sources of the studied precipitation events were determined
using the backward trajectories developed by the HYSPLIT model. In this study, the online
version of the HYSPLIT model called READY (Real Time Environmental Application and
Display System) has been used. Backward trajectories were developed by the HYSPLIT
model for the three different elevations of 500, 1500, and 2500 masl [28]. Most of Iran’s
precipitation moisture enters Iran at these elevations [25]. The starting point in backward
trajectories are the related precipitation sampling stations. The backward trajectories
developed by the HYSPLIT model were run for 10 days (which is the average residence
time of moisture in the atmosphere) [29] with an interval of 6 h. The humidity variations
in these three elevations were monitored along backward trajectories with an interval
of 6 h. The zones in which humidity increased in each of the three altitudes were con-
sidered as moisture gain zones, while the zones where humidity decreased were con-
sidered as moisture sinks. The developed MWLs in this study were validated using the
δ18O and δ2H data of fresh karstic springs in the region. Fresh karstic springs can be a
good indicator of precipitation as evaporation cannot dominantly influence the isotopic
content of these springs. This is due to their quick recharge via many fractures in epikarstic
systems in karstic zones. Karstic springs were also used as a natural pluviometer in pre-
vious studies in Iran [25]. Finally, the role of various moisture sources originating from
higher- and lower-latitude water bodies in recharging surface water resources was also
determined.

3. Results and discussion

The stable isotope data of precipitation in eight stations in Razavi Khorasan province and
in two stations in North Khorasan province have been tabulated in Table 1.

3.1. Studying 18O and 2H in the north-east of Iran and developing LMWLs

The local meteoric water lines (LMWLs) for various stations including TDR, KDR, OAR, GR,
MWA, ZR, JR, AhmR, and Bojnourd (due to the limited data of Inche Olya station, its data
were merged with those of Bojnourd station) stations are illustrated in Figure 2. The large
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Table 1. Stable isotope characteristics of precipitation events in the studied stations in the north-east of Iran. The δ18O and δ2H values are presented in per mil (‰)
in the VSMOW scale, the amount of precipitation is presented in mm.
Row Location 1*Symbol Date Precipitation δ18O δ2H Row Location Symbol Date Precipitation δ 18O δ 2H

1 Kardeh Dam KDR 13-Apr-08 5.5 −1.3 0.6 25 Goosh GR 13-Apr-08 6.5 −2.1 1.0
2 Kardeh Dam KDR 3-May-08 8.0 −0.4 9.2 26 Goosh GR 14-Apr-08 5.5 −6.8 −37.3
3 Kardeh Dam KDR 11-May-08 6.5 −0.1 9.8 27 Goosh GR 3-May-08 4.0 0.2 21.6
4 Kardeh Dam KDR 14-Mar-11 – −4.4 −16.4 28 Goosh GR 4-May-08 12.0 −4.3 −14.9
5 Kardeh Dam KDR 15-Mar-11 – −4.3 −18.5 29 Goosh GR 12-May-08 9.0 −5.3 −20.1
6 Kardeh Dam KDR 14-Apr-11 – −1.1 11.4 30 Goosh GR 6-May-08 5.0 1.3 16.3
7 Kardeh Dam KDR 15-Apr-11 – −0.4 12.9 31 OlangeAsadi OAR 13-Apr-08 8.0 −0.8 5.4
8 Kardeh Dam KDR 5-May-11 – −1.0 0.1 32 OlangeAsadi OAR 14-Apr-08 2.0 −2.2 −10.9
9 Kardeh Dam KDR 31-May-11 – 0.1 10.0 33 OlangeAsadi OAR 5-May-08 2.5 −3.6 −13.1
10 Torogh Dam TDR 13-Apr-08 4.8 −6.6 −3.3 34 OlangeAsadi OAR 22-May-08 2.5 0.4 4.9
11 Torogh Dam TDR 14-Apr-08 2.0 −2.7 −3.6 35 OlangeAsadi OAR 23-May-08 4.5 −2.6 −7.8
12 Torogh Dam TDR 1-May-08 1.5 −4.7 −27.8 36 Mashhad MWA 13-Apr-08 2.0 −6.4 −37.6
13 Torogh Dam TDR 3-May-08 10.5 0.8 26.1 37 Mashhad MWA 14-Apr-08 1.8 −2.1 −8.9
14 Zoshk ZR 12-Apr-08 2.0 −4.7 −27.8 38 Mashhad MWA 3-May-08 1.0 3.6 37.1
15 Zoshk ZR 3-May-08 6.0 2.9 37.7 39 Mashhad MWA 23-May-08 2.6 2.2 20.1
16 Zoshk ZR 4-May-08 4.0 0.4 28.5 40 Mashhad MWA 1-Dec-08 – −11.2 −70.4
17 Zoshk ZR 9-May-08 3.5 −2.9 −8.3 41 Mashhad AhmR 3-May-09 – 2.1 18.2
18 Zoshk ZR 11-May-08 2.5 −1.5 −6.5 42 Mashhad AhmR 18-May-09 – 3.4 22.4
19 Zoshk ZR 12-May-08 2.5 −2.1 −8.2 43 Mashhad AhmR 19-May-09 – 4.2 36.2
20 Zoshk ZR 15-May-08 6.5 −4.4 −16.0 44 Mashhad AhmR 27-May-09 – 5.4 43.2
21 Jaghargh JR 13-Apr-08 12.0 −1.1 4.9 45 Mashhad AhmR 31-May-09 – −0.5 0.8
22 Jaghargh JR 14-Apr-08 7.0 −7.8 −50.5 46 Mashhad AhmR 12-Apr-09 – −13.1 −92.0
23 Jaghargh JR 4-May-08 2.0 0.7 26.0 47 Mashhad AhmR 21-Apr-09 – −1.4 1.7
24 Jaghargh JR 12-May-08 4.0 0.5 12.1 48 Mashhad AhmR 28-Apr-09 – −4.1 −12.1
1*– Symbols are defined in materials and methods section of the paper. 49 Bojnourd 5-Feb-15 25.5 −7.46 −42.9

50 Bojnourd 6-Mar-15 53.0 −9.08 −56.6
51 Bojnourd 6-Apr-15 33.0 −4.45 −27.2
52 Bojnourd 7-May-15 15.5 −1.8 −5.6
53 Inche Olya 6-Mar-15 30.0 −13.3 −93.8
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Figure 2. The local meteoric water lines in the studied stations (TDR, AhmR, KDR, MR, OAR, ZR, GR, JR,
Mashhad, and Bojnourd) in the north-east of Iran.
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variations which are observed in the isotope values (−26.1 to +3.7‰ for δ18O and −198.2
to 38.1‰ for δ2H) and also the various slopes and intercepts of the developed LMWLs are
due to the temperature, precipitation, and altitude variations in the studied stations. The
developed LMWLs show a deviation in both slope and intercept from the GMWL. In
addition, the stable isotope data of TDR, KDR, OAR, GR, MWA, ZR, JR, and AhmR stations
in Razavi Khorasan province were used to develop the Mashhad basin meteoric water
line (MMWL), while the stable isotope data of Bojnourd and Inche Olya stations were
used to develop the Bojnourd meteoric water line (BMWL).

Among the developed MWLs, the MWL of the OAR station showed the lowest slope of
5.26 and the very low intercept of 5.04 ‰. This is due to the extensive evaporation in this
station. The high annual average air temperature (29.1°C) and the low amount of annual
precipitation (128.6 mm) also confirmed this fact. On the other hand, the MWLs of the TDR
and JR stations showed the highest slopes of 8.94 and 8.65 and the intercepts of 18.64 and
15.80 ‰, respectively. The higher slopes and intercepts of the MWLs of TDR and JR
stations are due to the higher elevations of these stations (1500 and 1680 m asl, respect-
ively) and their lower average annual temperatures (14.1 and 12.2°C, respectively) com-
pared to those of other stations in the Mashhad basin. The MMWL showed a lower
slope compared to the BMWL due to the higher effect of secondary evaporation on the
MMWL than on the BMWL.

It is very important to validate a developed MWL. In this study, the developed MMWL
and BMWL have been validated by the fresh karstic springs and surface water resources in
the study areas. The stable isotope data of the groundwater and surface water resources in
the study regions have been tabulated in Tables 2 and 3, respectively. The data of fresh

Figure 3. Validation of the developed MMWL and BMWL based on fresh karstic springs (a and c,
respectively) and surface water resources (b and d, respectively).
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Table 2. Stable isotope characteristics of groundwater resources in the study areas in the north-east of Iran. The δ18O and δ2H values are presented in per mil (‰) in
the VSMOW scale.
Row Location Sample ID δ2H δ18O X unit Y unit Row Location Sample ID δ2H δ18O X unit Y unit

1 SP1-March 2011 −55.2 −8.4 739,522 4,054,300 41 SP1-8 Feb 1998 −58.3 −9.1 640,555 4,158,119
2 SP1-8April 2011 −47.1 −8.0 739,522 4,054,300 42 SP2-8 Feb 1998 −62.1 −9.8 649,257 4,157,212
3 SP1-15May 2011 −51.3 −8.2 739,522 4,054,300 43 SP3-8 Feb 1998 −60.3 −9.3 648,826 4,156,312
4 SP1-6June 2011 −55.1 −8.3 739,522 4,054,300 44 SP4-8 Feb 1998 −58.1 −9.1 645,656 4,156,212
5 SP1-19June 2012 −58.8 −8.4 739,522 4,054,300 45 SP5-8 Feb1998 −59.4 −9.1 635,969 4,153,165
6 SP2-March 2011 −55.1 −8.2 739,990 4,058,948 46 SP6-8 Feb 1998 −60.1 −9.2 642,692 4,152,125
7 SP2-10April 2011 −53.2 −8.2 739,990 4,058,948 47 SP7-8 Feb 1998 −60.8 −9.7 623,565 4,152,620
8 SP2-22May 2011 −54.3 −8.2 739,990 4,058,948 48 SP8-8 Feb 1998 −63.1 −9.6 632,426 4,155,120
9 SP2-6June 2011 −51.4 −8.1 739,990 4,058,948 49 SP9-8 Feb 1998 −55.1 −8.5 632,424 4,150,106
10 SP2-15Jun 2012 −58.3 −8.1 739,990 4,058,948 50 SP10-8 Feb 1998 −57.9 −9.0 623,123 4,153,210
11 SP3-March 2011 −57.5 −8.4 742,022 4,057,958 51 SP11-8 Feb 1998 −60.3 −9.6 632,542 4,156,150
12 SP3-22May 2011 −54.1 −8.3 742,022 4,057,958 52 SP12-8 Feb 1998 −62.1 −9.7 632,345 4,154,120
13 SP3-6June 2011 −54.2 −8.1 742,022 4,057,958 53 Kashaf rood basin SP13-8Feb 1998 −54.9 −8.6 622,526 4,149,020
14 SP4-9June 2011 −55.6 −8.2 739,580 4,058,714 54 SP14-8Feb 1998 −60.9 −9.2 623,541 4,155,120
15 SP4-15Jun 2012 −59.4 −8.1 739,580 4,058,714 55 SP15-8Feb 1998 −62.3 −9.5 635,326 4,152,107
16 SP5-15Jun 2012 −60.9 −8.7 726,158 4,079,203 56 SP16-8Feb 1998 −59.1 −9.0 642,512 4,153,102
17 DW1-March 2011 −60.0 −8.8 739,347 4,053,334 57 SP17-8Feb 1998 −60.7 −9.3 628,594 4,154,105
18 DW1-10April 2011 −58.6 −8.5 739,347 4,053,334 58 SP18-8Feb 1998 −58.0 −9.1 628,541 4,156,026
19 DW1-15May 2011 −58.1 −8.6 739,347 4,053,334 59 SP19-8 Feb 1998 −59.2 −9.0 625,524 4,152,023
20 DW1-6June 2011 −60.2 −8.3 739,347 4,053,334 60 SP20-8Feb 1998 −59.1 −9.4 634,545 4,152,078
21 Dw1-19June 2012 −59.5 −8.5 739,347 4,053,334 61 SP21-8 Feb 1998 −57.3 −9.2 632,624 4,154,022
22 DW2-10April 2011 −62.5 −8.7 739,250 4,053,310 62 SP22-8Feb 1998 −51.5 −7.0 632,425 4,156,023
23 DW2-March 2011 −56.1 −8.3 739,250 4,053,310 63 SP23-8Feb 1998 −58.3 −9.0 636,325 4,154,028
24 DW2-15May 2011 −58.7 −8.0 739,250 4,053,310 64 SP24-8Feb 1998 −60.3 −9.1 633,332 4,154,120
25 DW2-9June 2011 −56.2 −8.1 739,250 4,053,310 65 SP25-8Feb 1998 −56.9 −8.8 645,852 4,156,120
26 Kardeh basin Dw2-19June 2012 −61.9 −8.8 739,250 4,053,310 66 SP26-8Feb 1998 −60.0 −9.0 641,212 4,152,120
27 DW3-22May 2011 −61.8 −8.1 738,173 4,051,488 67 SP27-8Feb 1998 −59.6 −8.8 631,214 4,153,620
28 SW1-March 2011 −61.8 −8.7 740,096 4,058,236 68 Torogh basin DW1- 2008 −52.2 −7.6 – –
29 SW1-8April 2011 −59.7 −8.3 740,096 4,058,236 69 SP1-20 Feb2014 −68.4 −10.2 612,681 4,141,996
30 SW1-15May 2011 −53.1 −6.9 740,096 4,058,236 70 SP2-20Feb 2014 −57.5 −9.2 597,563 4,173,758
31 SW1-9June 2011 −51.5 −6.8 740,096 4,058,236 71 SP3-20Feb 2014 −62.7 −10.0 607,375 4,147,533
32 SW2-March 2011 −54.5 −7.3 738,168 4,051,673 72 SP4-20Feb 2014 −53.7 −7.6 606,120 4,141,347
33 SW2-10April 2011 −53.7 −7.0 738,168 4,051,673 73 SP5-20Feb 2014 −65.2 −8.9 612,153 4,133,235
34 SW2-15Jun 2012 −61.8 −8.5 739,990 4,057,948 74 SP6-20Feb 2014 −65.2 −9.5 615,999 4,159,686
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35 Q1-March 2011 −58.2 −8.3 733,986 4,062,473 75 Atrak basin SP7-20Feb 2014 −69.7 −10.1 604,515 4,117,798
36 Q1-8April 2011 −58.7 −8.3 733,986 4,062,473 76 SP8-20Feb 2014 −65.9 −9.7 620,356 4,121,491
37 Q2-8April 2011 −56.2 −8.0 739,006 4,058,847 77 SP9-20Feb 2014 −63.9 −9.3 600,570 4,122,806
38 Q1-22May 2011 −55.4 −8.0 733,986 4,062,473 78 SP10-20Feb 2014 −61.4 −9.9 599,491 4,118,237
39 Q1-6June 2011 −56.8 −8.0 733,986 4,062,473 79 SP1-2015 −64.2 −9.3 – –
40 Q1-15Jun 2012 −58.9 −8.0 733,986 4,062,473 80 Qoori SP2-2015 −58.0 −7.8 – –

81 Meydan basin SP3-2015 −59.6 −8.5 – –
SW = shallow well DW = deep well 82 DW1-2015 −53.6 −7.6 – –
Q = qanat SP = spring 83 Q1-2015 −69.0 −9.6 – –
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Table 3. Stable isotope characteristics of surface water resources in the study areas in the north-east of Iran. The δ18O and δ2H values are presented in per mil (‰) in
the VSMOW scale.
Row Location Sample ID X unit Y unit δ2H δ18O Row Location Sample ID X unit Y unit δ2H δ18O

1 La-Ka-March 2011 739,997 4,055,726 −42.2 −5.9 20 Ri-Ka-March 2011 738,151 4,060,200 −61.8 −8.7
2 La-Ka-March2011 740,217 4,055,699 −45.8 −5.9 21 Ri-Ka-March 2011 737,971 4,066,658 −61.7 −8.8
3 La-Ka-March2011 740,033 4,057,924 −56.8 −8.7 22 Ri-Ka-8ApRi-Ka-l2011 738,151 4,060,200 −52.1 −8.7
4 La-Ka-April2011 739,997 4,055,726 −38.8 −6.0 23 Ri-Ka-8ApRi-Ka-l2011 737,971 4,066,658 −51.9 −8.6
5 La-Ka-April-2011 740,217 4,055,699 −38.7 −6.1 24 Ri-Ka-22May2011 738,151 4,060,200 −45.9 −7.8
6 La-Ka-April2011 740,033 4,057,924 −46.7 −8.6 25 Kardeh river Ri-Ka-6June2011 738,151 4,060,200 −51.9 −8.6
7 La-Ka-May2011 739,997 4,055,726 −38.2 −5.7 26 Ri-Ka-6June2011 737,971 4,066,658 −51.0 −8.7
8 La-Ka-May2011 740,217 4,055,699 −42.3 −6.0 27 Ri-Ka-13June2011 732,774 4,075,276 −50.4 −8.6
9 La-Ka-May2011 740,033 4,057,924 −52.2 −8.4 28 Ri-Ka-13June2011 727,790 4,077,232 −51.3 −9.0
10 La-Ka-June2011 739,997 4,055,726 −38.0 −5.4 29 Ri-Ka-13June2011 726,611 4,086,000 −53.5 −9.1
11 La-Ka-June2011 739,997 4,055,726 −39.6 −5.8 30 Ri-Ka-15June2012 738,151 4,060,200 −59.7 −8.3
12 La-Ka-13June2011 739,997 4,055,726 −41.3 −5.9 31 Ri-Ka-15June2012 737,971 4,066,658 −61.0 −8.4
13 Kardeh dam La-Ka-13June2011 739,997 4,055,726 −40.7 −6.0 32 Bazangan lake La-B-2008 – – −6.2 1.7
14 La-Ka-13June2011 739,997 4,055,726 −39.9 −5.9 33 Torogh dam La-T-2008 – – −43.7 −6.8
15 La-Ka-13June2011 740,033 4,057,924 −53.6 −8.3 34 Torogh river Ri-T-2008 – – −48.2 −7.5
16 La-Ka-15June2012 739,975 4,056,735 −48.2 −6.2 35 Kashaf rood river Ri-Kas-8 Feb 1998 – – −59.2 −9.0
17 La-Ka-15June2012 740,033 4,057,924 −54.2 −7.3 36 Ri-Kas-8 Feb 1998 – – −50.0 −7.0
18 La-Ka-15June2012 740,338 4,056,480 −48.8 −6.2 37 Atrak river Ri-At-2015 – – −54.9 −7.5
19 La-Ka-15June2012 740,217 4,055,699 −40.3 −6.2 38 Ri-At-8 Feb 1998 – – −51.3 −7.3

La-Ka = Kardeh dam La-T = Torogh dam Ri-Kas = Kashaf rood river 39 Ri-At-8 Feb 1998 – – −49.3 −7.1
Ri-Ka = Kardeh river Ri-T = Torogh river Ri-At = Atrak river La-B =

Bazangan lake
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karstic springs in Kardeh, Torogh, and Kashafrood basins in Mashhad were plotted on or
near the MMWL which confirmed the validity of the MMWL (Figure 3(a)). In addition,
the data of surface water resources including samples from Kardeh, Torogh, and Kasha-
frood rivers were also plotted on the MMWL, while the samples from Kardeh and
Torogh dams and Bazangan lake deviated from the MMWL due to evaporation (Figure
3(b)). The positions of the river samples on the MMWL indicated that these rivers are
mainly recharged from higher elevations in the Mashhad basin. On the other hand,
karstic springs in the Atrak and Qori Meydan basins in North Khorasan province [30]
were also plotted on or near the BMWL and confirmed it (Figure 3(c)). The samples of
Atrak River (the only river in North Khorasan province) were also plotted near the
BMWL (Figure 3(d)).

3.2. Identification of precipitation moisture sources using the backward
trajectories of the HYSPLIT model in the north-east of Iran

Investigating the moisture sources of the studied precipitation events (Figure 4) using the
backward trajectories of the HYSPLIT model showed that these precipitation events mainly
originated from the Mediterranean, the Black, and the Caspian Seas via the Mediterranean
and continental polar (Siberian) air masses and their mixtures. In addition to the precipi-
tation moisture originating from high-latitude water bodies, the moisture of low-latitude
water bodies such as the Persian Gulf, the Red Sea, and the Arabian Sea also influences the
north-east of Iran via the continental tropical air mass (the Sudan air mass) and the mixture
of continental tropical and continental polar air masses.

3.3. 18O and 2H characteristics of the precipitation moisture sources in the north-
east of Iran

As mentioned above, moisture sources have a significant role in the stable isotopic charac-
teristics of precipitation events. Studying the precipitation events showed that the north-
east of Iran is under the influence of various air masses including continental polar, con-
tinental tropical, continental tropical + continental polar, Mediterranean, Mediterranean +
continental polar, and maritime polar air masses (Figure 5). The percentages of contri-
bution of these various moisture sources in precipitation is weighted by the amount of
precipitation.

These air masses show large variations in the precipitations of the north-east of Iran.
The mixture of continental tropical and continental polar air masses causes a quarter of
the precipitation events in the north-east of Iran. The collision of these two strong air
masses normally provokes an intense precipitation in the north-east of Iran. In addition,
the Mediterranean and continental polar air masses also have a considerable role in the
precipitations of this region. The role of the Mediterranean air mass decreases from the
west to the east of Iran as it passes the country. The precipitation events originating
from each of these air masses or their mixtures showed different isotopic characteristics.
The precipitation events originating from air masses such as the Mediterranean, Mediter-
ranean + continental polar, continental polar, and maritime polar air masses showed the
more depleted isotope values of −2.1 and −7.5 ‰ for δ18O and δ2H, respectively. In con-
trast, the precipitation events caused by continental tropical and continental tropical +
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continental polar air masses showed the more enriched values of 0.6 and 13.5‰ for δ18O
and δ2H, respectively. Among these different air masses, the precipitation events caused
by the maritime polar air mass showed the most 2H and 18O depleted values of −3.2 and
−24.9 ‰ for δ18O and δ2H, respectively. However, the precipitation events originating
from the continental tropical air mass showed the the most enriched isotope values of

Figure 4. Identification of the moisture sources of precipitation events in the north-east of Iran using
the backward trajectories of the HYSPLIT model (red dots: 500 m asl; blue dots: 1500 m asl; and green
dots: 2500 m asl).
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1.3 and 19.6 ‰ for δ18O and δ2H, respectively. This is due to the fact that the maritime
polar air mass normally brings moisture from the water bodies in cold regions with
lower concentrations in 2H and 18O, and in its path toward Iran may mix with the air
masses which contain in 2H and 18O depleted concentrations. However, the continental
tropical air mass brings the moisture of low-latitude water bodies with high SSTs and
more enriched in 2H and 18O such as the Persian Gulf and the Red Sea (Table 4).

Using the moisture sources and the isotopic contents of the precipitation events,
the MWLs for the precipitation events originating from high-latitude and low-latitude
water bodies were developed. The MWL of high-latitude water bodies showed a
higher slope and a lower intercept (δ2H = 7.27 δ18O + 10.37) compared to the MWL
of low-latitude water bodies (δ2H = 5.76 δ18O + 12.17). The lower slope of the MWL
of low-latitude water bodies is due to the stronger evaporation which affects the iso-
topic content of the moisture originating from low-latitude water bodies. On the
other hand, the higher intercept of the MWL of low-latitude water bodies is due
to their higher SST and stronger primary evaporation compared to high-latitude
water bodies.

Figure 5. The role of various air masses in the precipitation events in the north-east of Iran (CP = con-
tinental polar airmass, CT = continental tropical airmass, Medt = Mediterranean airmass, and MP = mar-
itime polar air mass).

Table 4. Stable isotope characteristics of precipitation events originating from each air mass. The δ18O
and δ2H values are presented in per mil (‰) in the VSMOW scale, the amount of cumulative
precipitation is presented in mm.
Air mass Cumulative precipitation amount δ18O δ2H

CP + CT 13.0 0.2 9.6
CT 8.2 1.3 19.7
CP 16.0 −1.6 1.2
Medt 17.8 −2.8 −13.1
Medt + CP 11.5 −0.9 1.2
MP 8.2 −3.2 −24.9
MP =maritime polar air mass; CT = continental tropical or Sudan air mass; CP = continental polar or Siberian air mass; Medt
= Mediterranean air mass.
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3.4. The role of various moisture sources in surface water recharge in the north-
east of Iran

Surface water resources are very important in satisfying the people’s needs to agricultural
and potable water in the north-east of Iran. These resources are under the influence of
local precipitation events to a large extent. Most of the surface water samples were
plotted on or near the MWL of high-latitude water bodies. However, the samples of
Kardeh and Torogh dams and Bazangan lake deviated from both high- and low-latitude
MWLs due to the huge effect of evaporation on these resources. It can be seen that
surface water resources in the north-east of Iran are under the dominant influence of pre-
cipitation events originating from high-latitude water bodies (Figure 6).

4. Conclusion

Studying the precipitation events and their moisture sources using the backward trajec-
tories of the HYSPLIT model in the north-east of Iran showed that various air masses
and moisture sources influence this region during the year. Although the north-east of
Iran is under the influence of various air masses and moisture sources, the roles of high-
latitude water bodies including the Caspian Sea, the Mediterranean Sea, and the Black
Sea and the air masses which bring their moisture including continental polar, Mediterra-
nean, maritime polar, and Mediterranean + continental polar air masses are more domi-
nant. The δ18O and δ2H values in the precipitations of the north-east of Iran showed
large variations. The developed MWLs in the study areas also demonstrated various
slopes and intercepts confirming the influence of various moisture sources. The stable
isotope values of the groundwater and surface water resources validated the developed
MWLs in these regions. On the other hand, plotting surface water resources on the
MWLs of high- and low-latitude water bodies also showed that the surface water resources

Figure 6. Plot of surface water resources on the meteoric water lines of high-and low-latitude water
bodies (HLMWL = meteoric water line of high-latitude water bodies, and LLMWL = meteoric water line
of low-latitude water bodies).
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were mainly recharged from precipitation events originating from high-latitude water
bodies.
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