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Abstract

The volcanic province of North-West Turkey contains a number of intra-continental alkaline volcanic eruption sequences
formed along the localized extensional basins developed in relation with the Late Cenozoic extensional processes. The
volcanic suite comprises the extracted melt products of adiabatic decompression melting of the mantle that are represented by
small-volume intra-continental plate volcanic rocks of alkaline olivine basalts and basanites with compositions representative
of mantle-derived, primary (or near-primary) melts. The volcanic rocks have near-uniform *’Sr/*®Sr (0.70316-70353) and
MBONA/Nd (0.51291-0.51297; £xq=5.08-6.32) ratios and are characterized by Ocean Island Basalt (OIB)-type trace
element patterns with significant enrichment in LILE, HFSE and L-MREE, and a slight depletion in HREE, relative to N-
MORB. Trace element variations of individual basaltic eruption sequences indicate that each lava sequence shows
remarkably similar temporal-compositional trends that are characterized by an increase in incompatible elements and
MgO, with decreasing SiO,, as melt production proceeds. Systematic change in incompatible trace element concentrations
(and ratios) of the lavas is not reflected by the isotopic ratios, leading to the suggestion that the temporal-compositional
trends are not caused by source variations. The variations in melt chemistry with time does not reflect fractional
crystallization nor can it be explained by variable proportions of mixing between melts produced by different degrees of
partial melting of two (or more) compositionally distinct sources in the mantle. Instead, the observed trends are consistent
with a progressive decrease in degree of melting from early-formed alkali olivine basalts to later basanites and systematic
mixing between increments of melt derived from the same source but probably at different depths. Quantitative trace element
modeling of fractionation-corrected data indicates that the mafic alkaline magmas originated from mixing of melts produced
by variable degrees (~2% to 8%) of incremental partial melting of a compositionally uniform, volatile-bearing mantle domain
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that is enriched in all incompatible elements (e.g. LILE, HFSE and L-MREE) relative to hypothetical Depleted MORB

Mantle (DMM) and/or Primitive Mantle (PM) compositions.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Isentropic decompression melting linked to either
actively upwelling mantle plumes or convectively
upwelling hot (and buoyant) mantle materials is wide-
ly believed to be responsible for the genesis of con-
siderable volume of primary basaltic magma that
constitute mafic volcanic suites of oceanic islands
and intra-continental extensional settings (e.g.,
McKenzie and Bickle, 1988; White and McKenzie,
1989). A large number of recent works have alterna-
tively linked the origin of small volumes of primary
melts to direct melting of thermally perturbed mantle
lithosphere and developed models of melt generation
from chemically distinct parts of mantle domains. The
melt products of adiabatic decompression melting in
the upper mantle preserve information on the compo-
sition of the mantle, the depth range over which
melting takes place, and the mechanisms and extents
of melt extraction. Particularly, if primary melts travel
from their mantle sources to the surface without sig-
nificant contamination and crystallization en route,
compositional variations within them may provide
direct information about the nature of the mantle
sources and the array of processes that led to gener-
ation and eruption of the melts.

In western Turkey, widespread calc-alkaline volca-
nic activity was followed by volumetrically minor,
late-stage alkaline volcanism during the Late Mio-
cene—Quaternary, which produced a series of scattered
outcrops of silica-undersaturated mafic lava flows
along the localized extensional zones (Fig. 1). The
genetic link between the formation of the Cenozoic
magmatism and the regional tectonic evolution has
been the subject of a considerable number of recent
studies. The main conclusion of these studies is that
the formation of the alkaline magmatism in a colli-
sional setting of western Turkey is related to the late-
stage extension developed as a consequence of a late
post-collisional stage of relaxation and extensional

faulting, following an early plate convergence and
collision (e.g. Aldanmaz et al., 2000, and references
therein). The characteristics of the mantle source and
melt generation processes, however, remain to be
constrained.

Conclusions of earlier works carried out to place
constraints on the processes of melt generation to
produce the alkaline magmas in western Turkey
vary significantly. Some investigators have attempted
to explain the generation of alkaline magma by pro-
posing a mixing of melts from discrete mantle com-
ponents, a model also largely invoked to explain the
formation of many OIB-type (both oceanic and con-
tinental) alkaline settings elsewhere. McKenzie and
O’Nions (1995), for instance, used REE data to pro-
pose that the extensional mafic volcanic rocks of
western Turkey were derived from melts generated
within mantle lithosphere that had previously been
enriched by melt fractions from the mantle astheno-
sphere. They suggested that estimated extension rates
across the area are probably too small (f factors<1.2;
Paton, 1992) to explain dry melting of convective
mantle without added effect of elevated temperatures
(e.g. a mantle plume). A somewhat similar conclusion
was later introduced by Alici et al. (2002) who, based
on trace element and isotope data, proposed a mixing
of melts from both lithospheric and asthenospheric
sources for the origin of Quaternary alkaline lavas
of western Turkey. Aldanmaz et al. (2000), on the
other hand, used trace element and isotope data to
demonstrate the improbability of involvement of a
mantle lithospheric source. They proposed a homoge-
neous convecting mantle as the source for the alkaline
magmas.

In this contribution we examine the primitive al-
kaline volcanic rocks from the Cenozoic volcanic
province of NW Turkey and report a new temporal-
ly-controlled geochemical data set for the lava
sequences. The province provides a clear opportunity
for study of the processes of mantle melting and melt
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migration in upwelling upper mantle. The erupted
basalts are relatively free of the complicating effects
of mantle lithosphere or crustal interactions and sev-
eral of these lavas have bulk compositions that may
approximate primary melts. Chemical data from these
rocks may, thus, provide essential evidence that con-
strains the nature of the melting and melt extraction
processes and the characteristics of the mantle source.
We particularly focus on modeling and interpreting
trace element and Sr—Nd isotopic data, with a special
emphasis of providing insights into: (1) the character-
istics of the mantle source of the alkaline magma(s) in
terms of chemical composition; (2) the primary con-
trols on melt generation and processes of melt migra-
tion; and (3) the possible effects of the shallow-level
processes such as fractional crystallization and crustal
contamination on a mantle-derived (primary) mag-
ma(s). We also evaluate proposals calling for contri-
butions from lithologically and chemically discrete
mantle components in the genesis of ocean island
basalt.

2. Geological setting and nature of volcanic rocks

The geological characteristics of NW Turkey have
been described in detail in a number of recent studies
(e.g. Yilmaz and Polat, 1998; Aldanmaz et al., 2000,
2005), and only a brief description will be given here.
The tectonic evolution of NW Turkey has been largely
influenced by collision of the African and Arabian
plates with the Eurasian plate. The main collision that
took place between the Anatolian and Arabian plates
is assumed to cause the major shortening and uplift in
castern Turkey and the westward extrusion of the
wedge-shaped Anatolian microplate as a buoyant con-
tinental sliver, which is accommodated by two major
faults: the right-lateral strike-slip along the North
Anatolian Fault (NAF) and the left-lateral strike-slip
along the East Anatolian Fault (EAF). The effect of
the major, dextral, E-W trending strike-slip activity
along the NAF was that the movement of the Anato-
lian plate relative to the Eurasian plate changed from
westward to south-westward with changing patterns
of deformation from pure strike-slip along its eastern
and central segments into a combination of right
lateral and extensional mechanisms along the western
segment (Fig. 1). This led to a right-lateral transten-

sional tectonics, generating small pull-apart basins
related to NE-SW trending strike-slip faulting in
NW Turkey (e.g. in the Biga Peninsula and the Thrace
basin; Fig. 1) during the Late Miocene onward.

In the Biga Peninsula, the alkaline volcanic field
comprises a number of sub-horizontal lava flows lying
on the localized extensional basins. The rocks in this
area are mainly fine-grained olivine-phyric or aphyric
basalts and basanites. The published radiometric dates
(K—Ar and Ar—Ar) reveal that the alkaline volcanic
activity lasted from 11.16 £0.21 to 7.65+£0.36 Ma
(Aldanmaz et al., 2000; Kaymakgi et al., submitted for
publication). Characteristics of volcanic rocks from
the central and southern parts of the peninsula have
been reported previously (e.g. Aldanmaz et al., 2000;
Aldanmaz, 2002). In this contribution, we will focus
on alkaline volcanic rocks from the northernmost part
of the peninsula (from Canakkale) as one of two most
voluminous alkaline volcanic suites of NW Turkey.

Further north, in the Thrace basin, small isolated
lava flows attain a maximum thickness of 100 m. The
alkaline volcanic field lies along the southern margin
of the triangle-shaped Thrace basin as the eruption
centers are linearly distributed along the margin and
are aligned approximately NW—SE direction within a
shear zone delimited by a number of strike-slip faults
(Fig. 1). The available radiometric dates (11.68 &+ 0.25
to 6.47+0.47 Ma; Paton, 1992; Kaymakei et al.,
submitted for publication) yield an Upper Miocene
age for the alkaline volcanic rocks of the Thrace
region. The rocks from the Thrace volcanic field are
compositionally identical to those from Canakkale
and are likely originated from the same source. Unlike
the Canakkale suite, however, the Thrace lavas are
generally less phyric and contain large amounts of
mantle-derived peridotite xenoliths.

The rocks from both suits are petrographically
similar to one another. The samples are extremely
fresh with only a few showing incipient alteration of
olivine phenocrysts along rims and interior cracks
upon microscopic investigations. They consist of a
fine-grained matrix with small to medium-sized (<5
mm) phenocrysts of olivine and rare clinopyroxene.
Phenocryst contents are variable, generally ranging
from <3% (aphyric) to 15% (weakly porphyritic),
but the majority of the rocks are aphyric. The olivine
phenocrysts are commonly subhedral and their abun-
dances range between 40% and 70% of the total



Table 1
‘Whole-rock major and trace element data for the volcanic rock samples from NW Turkey

Locality — Thrace Thrace Thrace Thrace Thrace Thrace Thrace Thrace Thrace Thrace Thrace Thrace Thrace Thrace Thrace Ckale Ckale Ckale Ckale Clkale

Sample no EA517 EAS16 EA520 EAS09 EASI3 EAS21 EAS514 EAS19 EAS522 EAS510 EAS508 EASI8 EASIS EAS11 EAS512 EAS31 EAS34 EA258 [EA259 EA260

Rock type Basanite Basanite Basanite Alk-bas Alk-bas Basanite Basanite Basanite Basanite Alk-bas Basanite Alk-bas Basanite Alk-bas Alk-bas Basanite Basanite Basanite Basanite Basanite

SiO, 4374 43.63 4351 4512 4597 4336 4417 4327 4485 4525 4482 4598 4399 4783 4791 42.66  42.88 4433 4484 4275
TiO, 2.67 2.63 2.59 2.71 2.97 2.61 2.61 2.60 2.70 2.79 2.70 279 2.60 2.70 2.71 322 3.23 3.04 298 3.09
AlLO4 11.74 11.62 12.65 1224 13.09 12.78 12.23 12.67 12.55 12.80  12.27 1452 11.68 1353 13.74 13.44 13.32 12.49 13.01 12.87
Fe,O5 10.84 10.82 11.31 10.59 1250 11.36 10.59 11.29 10.38 1035 10.68 10.99 1091 10.69  10.53 13.19 13.08 14.07 13.62 14.30
MnO 0.16 0.16 0.16 0.15 0.17 0.17 0.16 0.16 0.15 0.15 0.15 0.15 0.16 0.16 0.15 0.21 0.21 020  0.20 0.21
MgO 12.89 13.48 10.31 11.61 8.45 10.62 12.54 9.81 11.29 1048  11.44 7.08 13.37 7.22 6.79 7.17 7.17 833 752 8.19
CaO 9.19 9.12 10.74 9.04 10.16 10.44 8.90 10.71 8.86 8.79 8.85 10.44  8.89 9.30 9.97 10.73 10.74 10.94 1091 10.91
Na,O 3.43 3.33 3.13 3.05 3.51 3.09 3.49 3.03 2.61 332 3.19 2,66 3.44 3.89 3.87 4.65 4.56 422 434 433
K,O 1.27 1.33 0.85 1.56 1.52 0.82 2.04 0.78 1.25 1.97 1.61 1.84 212 1.55 1.61 1.58 1.55 1.23 1.46 1.42
P,0s5 0.90 0.88 0.71 0.69 0.69 0.67 0.83 0.68 0.71 0.77 0.69 0.58 0.76 0.58 0.58 1.09 1.12 1.09 1.08 0.99
LOlI 3.20 2.80 3.80 3.10 0.80 3.90 230 4.70 4.50 3.20 3.40 280  1.90 2.40 2.10 1.70 1.90 1.83 1.30 1.57
Total 99.97 9996  99.86  99.98 99.94 100.01 99.97  99.80 9997  99.98  99.97 99.92 99.98 9995 99.95 99.83  99.84  99.94 99.96  99.07
Sc 17.0 17.3 25.5 19.7 21.3 25.6 18.4 253 18.9 18.5 20.1 220 194 20.3 20.1 18.0 18.0 19.7 19.2 16.9
Cr 410.5 4447 2532 3763 301.0 2258  431.0 2463  369.5 390.0 622.6 225.8 5337 3353 2874 205.3 116.3 138.1 134.7 137.3
\4 172.5 167.3 191.9 1642 1874 2072 163.0  202.5 181.3 161.6 1594 208.3 170.1 176.8 1703 217.3 2124 2045 2037 2113
Ni 332.7  363.6 1512 256.8 1402 1442 3193 1459 2627 217.0 2783 59.1 346.5 126.1  109.4 61.0 66.1 99.6 954 104.5
Co 55.2 54.2 50.0 48.6 49.0 51.9 50.5 51.8 50.2 455 49.6 40.5 544 44.2 40.5 48.0 46.7 49.0 481 50.9
Cu 40.8 38.2 61.1 43.8 48.7 60.2 46.4 61.6 39.8 46.2 55.0 59.0 433 27.7 279 46.4 44.8 40.6  43.1 433
Zn 76.7 70.3 79.2 71.8 99.0 77.6 75.4 79.1 70.3 68.4 712 89.6 724 59.3 54.0 115.3 113.7 127.9 128.6 120.7
Ga 20.2 20.5 20.7 17.7 21.2 21.5 19.3 21.5 21.8 19.2 18.4 227 197 21.3 20.2 27.9 25.0 19.6 211 232
Rb 36.5 39.4 11.9 22.4 19.7 9.5 22.7 11.0 9.9 249 20.2 258 199 13.3 11.1 423 41.4 19.3 18.5 17.3
Sr 959.5  979.5 8039 7345 6752 841.8 8382  837.1 872.6 7459 7253 1222.0 759.6  711.6 783.6 1056.2 1047.8 1005.7 951.3  908.3
Y 23.7 22.7 22.8 21.1 26.9 23.1 20.6 22.8 22.3 213 20.3 231 214 22.9 22.0 34.8 33.1 323 335 315
Zr 253.1 251.1 2217 2164 2159 217.1 217.1 2152 2153 2145 1973 181.3 176.8 171.8  162.9 324.1 321.7  317.3 3087  264.1
Nb 88.7 87.2 74.8 732 72.7 72.1 74.1 72.4 71.3 70.7 64.0 574 571 52.3 47.8 98.7 97.7 958 914 74.4
Cs 0.8 0.7 0.7 0.4 0.5 0.7 0.6 0.6 0.6 0.5 0.6 0.3 0.6 0.8 0.7 0.8 1.0 0.7 0.6 0.5
Ba 456.4  445.1 4913 3329 4075 493.0 4183 5257 341.8 3483 3370 4182 386.6 2994  300.7 759.5 5023  602.1 596.6  S5I1.5

La 3627 3575 3252 31.78 31.71 3149 3122 31.14 30.13 29.76  28.19 2542 25.16 2395 2324 6337  62.13  61.60 58.60  54.65
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Ce 7554 75.04 6794 6724 6637 66.85

Pr 9.16 9.07 8.18 8.25 8.02 8.06
Nd 39.89 3951 3529 3543 3473 3512
Sm 8.21 8.11 7.58 7.58 7.49 7.41
Eu 2.61 2.56 2.39 241 238 2.39
Gd 7.42 7.25 6.94 6.98 6.87 6.88
Tb 1.02 1.01 0.97 0.97 0.96 0.97
Dy 5.24 5.15 5.01 5.01 4.99 4.98
Ho 0.91 0.90 0.88 0.88 0.88 0.87
Er 2.08 2.05 1.98 2.02 2.04 2.00
Tm 0.25 0.26 0.25 0.25 0.25 0.25
Yb 1.49 1.47 1.43 1.43 1.42 1.42
Lu 0.20 0.20 0.20 0.19 0.19 0.19
Hf 5.49 5.31 5.06 4.88 4.98 4.84
Ta 5.05 4.98 4.38 431 4.23 4.26
Pb 2.90 2.70 1.60 1.90 2.10 1.70
Th 6.26 6.20 5.28 5.13 4.98 4.99
U 2.21 2.06 1.60 1.37 1.63 1.40

Fractionation corrected values

La 36.27 3575 3252 31.78 26.10 31.49
Ce 7554  75.04 6794 6724 5480 66.85
Nd 39.89  39.51 3529 3557 2890 3512
Zr 253.10 251.10 221.70 216.40 178.50 217.10
Nb 88.70 8720 7480 7320 59.74 72.10
Ta 5.05 4.98 4.38 431 3.48 4.26
Yb 1.49 1.47 1.43 1.43 1.19 1.42
Th 6.26 6.20 5.28 5.13 4.08 4.99

66.15
8.02
3436
7.35
231
6.69
0.93
4.81
0.85
1.92
0.24
1.40
0.19
5.15
4.32
2.40
4.97
1.51

31.22
66.15
34.36
217.10
74.10
4.32
1.40
497

64.90
8.02
34.21
7.46
2.38
6.91
0.96
4.99
0.86
1.98
0.25
1.41
0.19
4.97
422
1.80
4.87
1.33

28.08
58.62
31.09
194.53
65.23
3.80
1.28
438

63.60
7.84
33.42
7.19
2.28
6.55
0.94
4.88
0.86
1.95
0.24
1.39
0.19
4.92
4.11
1.00
4.75
1.60

30.13
63.60
33.42
215.30
71.30
4.11
1.39
4.75

61.10
7.51
32.27
7.12
2.28
6.42
0.91
4.69
0.83
1.89
0.24
1.39
0.19
4.94
4.01
1.70
4.69
1.50

29.76
61.10
32.27
214.50
70.70
4.01
1.39
4.69

60.23
7.42
32.01
6.98
221
6.45
0.91
4.72
0.83
1.91
0.24
1.37
0.18
4.72
3.71
2.70
4.27
1.28

28.19
60.23
32.13
197.30
64.00
3.71
1.37
427

54.36
6.60
28.47
6.49
2.06
5.98
0.83
4.39
0.77
1.81
0.23
1.32
0.18
4.52
3.33
1.50
3.66
1.07

20.42
43.83
23.16
146.39
46.03
2.67
1.08
2.93

53.26
6.52
28.35
6.42
2.03
5.87
0.82
4.28
0.76
1.80
0.23
1.32
0.17
4.61
3.30
2.20
3.61
1.24

25.16
53.26
28.44
176.80
57.10
3.30
1.32
3.61

50.53
6.27
27.11
6.37
2.01
5.93
0.83
4.22
0.75
1.72
0.23
1.31
0.17
4.28
2.98
0.40
3.12
0.87

19.71
41.72
22.59
142.04
42.97
2.45
1.10
2.56

48.72
5.96
25.98
6.20
1.96
5.68
0.80
4.06
0.74
1.71
0.23
1.30
0.17
423
2.89
0.50
2.96
0.98

18.67
39.28
21.13
131.53
38.33
232
1.06
2.37

120.53
14.24
59.93
11.35
3.40
9.21
1.36
6.79
1.19
291
0.41
2.26
0.31
7.47
6.23
3.30
8.16
3.20

44.66
85.42
43.15
230.25
69.36
4.38
1.64
5.71

118.68
14.17
59.17
11.34

3.39
9.31
1.35
6.70
1.19
2.81
0.40
2.20
0.30
7.34
6.03
3.10
7.93
2.60

44.40
85.27
43.09
231.68
69.63
4.30
1.62
5.63

117.35
13.94
57.81
11.12
3.43
9.37
1.33
6.73
1.18
2.78
0.40
222
0.30
7.38
5.93
6.83
8.01
3.11

46.46
88.90
44.29
240.83
72.06
4.46
1.71
6.01

114.86
13.33
55.86
10.77

3.22
9.27
1.31
6.56
1.14
2.79
0.40
2.15
0.29
7.21
5.65
6.54
7.56
2.98

41.88
82.52
40.68
222.31
65.12
4.03
1.58
5.37

107.47
12.72
54.14
10.51

3.20
8.89
1.30
6.46
1.12
2.62
0.38
2.07
0.28
6.99
5.54
5.73
722
232

40.14
79.31
40.46
195.33
54.49
4.06
1.56
5.27

Primary melt compositions were calculated by adding mineral phases, which are presumed to have fractionated during magma ascent, back into the magma. The proportion of mineral phases for each sample

was approximated using their modal abundances.
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Table 1 (continued)

Locality C.kale Ckale C.kale C.kale Ckale Ckale Ckale Ckale Ckale C.kale Ckale C.kale C.kale Ckale C.kale Ckale C.kale Ckale Ckale C.kale Ckale
Sample no EA252 EA533 EA528 EA254 EAS527 EAS529 EA415 EA262 EA261 EA242 EA264 EA526 EA247 EA525 EA523 EA524 EA255 EAS532 EA249 EA251 EAS530
Rock type Alk-bas Basanite Basanite Alk-bas Basanite Basanite Alk-bas Alk-bas Alk-bas Alk-bas Alk-bas Alk-bas Alk-bas Alk-bas Alk-bas Alk-bas Alk-bas Alk-bas Alk-bas Alk-bas Alk-bas

SiO, 45.68 44.82 4495 4569 44.69 4457  46.07 4699 4588 4639 46.87 4579 47.17 46.74 46.68 46.06 50.34 4877 4997 50.13 48.73
TiO, 2.83 291 297 2.78 2.97 2.93 2.83 2.82 2.78 2.84 2.85 295 256 2.75 2.74 2.71 2.62 2.84 2.58 2.58 2.82
AlL,O4 13.38 1329 13.48 1329 1347 1333 1321 13.01 1287 12.87 13.08 1311 13.19 1351 1346 1327 1467 1443 1430 14.65 14.53
Fe,05 12.19 1155 11.82 12,13 11.74 11.68 12.04 1222 1243 1221 12.28 1228 11.16  11.02 11.13 11.12 10.78 10.32 10.69 10.66 10.44
MnO 0.17 0.16  0.17 0.17 0.17 0.17 0.16 0.18 0.21 0.17 0.15 0.18 0.15 0.15 0.15 0.16 0.12 0.12 0.14 0.14 0.14
MgO 9.48 8.74 888 9.62 9.02 9.15 9.25 8.38 8.43 8.47 7.72 839 8125 8.21 8.78 8.69 6.59 6.11 6.90 6.54 6.44
CaO 10.35 10.24  10.09 9.96 10.06  10.02 1091 10.76 11.79 9.83 11.64 9.86  9.95 9.77 9.42 9.91 8.98 9.18 8.74 9.43 8.97
Na,O 3.78 272 3.67 425 3.76 3.58 3.14 3.49 3.47 3.02 3.19 283 298 3.26 291 2.82 3.68 3.17 3.51 3.65 3.05
K>,O 1.52 1.58 1.62 1.57 1.58 1.48 1.51 1.67 1.62 1.57 1.68 1.44  1.61 1.57 1.59 1.65 1.64 1.59 1.63 1.62 1.56
P,0s5 0.82 0.78  0.82 0.79 0.80 0.84 0.76 0.74 0.73 0.72 0.71 0.69  0.62 0.63 0.62 0.62 0.50 0.51 0.49 0.49 0.51
LOI 2.08 2.80  1.40 1.27 2.20 2.10 2.83 1.86 2.94 1.37 2.66 220 1.89 2.70 2.40 2.90 1.79 2.80 1.46 1.65 2.70
Total 100.19 99.70  99.97 100.25 99.95 99.94  99.88 100.25 100.21  98.09 100.17 99.94 97.64 9998 99.97 9996 9992 99.89 9895 99.89 99.97
Sc 229 200 21.0 19.0 20.0 21.0 18.5 18.9 16.8 18.4 232 20.0  20.0 20.0 20.0 20.0 22.5 19.0 20.1 21.8 19.0
Cr 190.3 266.8 239.5 1946 2258  212.1 2285 2392 229.0 2279 2284 232.6 301.2 266.8 3284 2737 213.6 2189 278.6 217.8 246.3
4 192.0 210.7 200.1  200.8 198.6 196.4 2085 203.2 1964 186.1 209.1 205.8 2104 1942 190.8 1893 200.5 198.2 2004 2039 1875
Ni 146.4 1299 1338 1423 1273 123.7  168.6 156.0 149.0 153.7 163.0 136.8 157.8 1555 1622 1602 153.7 61.8 1769 174.6 61.0
Co 50.1 48.7 499 47.9 49.0 48.2 47.7 46.8 41.9 43.8 48.3 512 452 472 46.0 46.1 38.2 39.6 35.4 36.8 37.6
Cu 522 455 462 47.6 51.2 453 43.5 52.7 47.7 49.0 54.3 449 519 37.6 429 64.8 35.1 47.8 133 335 43.7
Zn 100.8 446 982 107.0 80.4 94.8 99.2 1084 1052 103.5 105.0 100.5 102.1 89.1 93.6 954 101.5 58.6 95.5 96.8 73.0
Ga 24.1 241 241 227 22.5 23.1 213 21.4 20.1 213 18.6 226 204 22.8 215 19.8 17.9 23.6 20.6 14.8 232
Rb 16.9 23.0 21.1 16.5 13.5 15.4 24.1 21.7 21.6 19.0 18.4 184  26.0 14.9 214 17.0 20.1 18.5 17.9 18.6 17.7
Sr 7927 1065.2 8142 8157 8827 851.6 7286 788.6 7512 739.7 643.0 11268 623.1 683.0 619.7 6268 5946 6144 5059 5562 5459
Y 259 268 275 27.7 27.1 26.6 25.8 273 244 26.3 24.7 283 235 243 235 232 23.3 222 213 20.8 21.8
Zr 259.0 2444 241.1 2473 237.0 2395 2465 2449 240.1 239.6 2314 219.7 2162 2144 2059 196.1 189.0 187.6 1853 1874 181.1
Nb 71.8 648 654 69.0 63.7 63.3 65.7 65.0 65.0 62.8 59.4 56.6  55.1 52.3 48.9 44.9 439 412 40.4 433 37.7
Cs 0.4 1.1 2.1 1.1 1.1 1.2 1.2 0.8 0.8 0.7 0.6 0.3 1.2 1.1 1.9 1.3 1.5 1.5 1.7 1.9 1.1
Ba 456.6 563.7 402.7 4558 3913 3882 418.6 469.5 4109 399.8 370.0 311.9 3529 332.6 322.0 3513 2673 2742 2450 2536 248.6

La 42.11 40.65 39.04  38.68 3818 37.76 3726 3692 36.73 36.60 34.27 33.68 2990 29.54 2923 2757 2217 2192 20.00 20.56 19.91
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Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Pb
Th
U

82.66
10.00
42.49
8.67
2.76
7.54
1.12
577
0.98
2.26
0.33
1.81
0.25
5.93
4.34
5.06
5.53
2.23

81.73
10.06
42.11
8.62
2.79
7.68
1.11
5.63
0.98
232
0.32
1.82
0.25
5.89
4.28
0.40
5.29
1.70

79.15
9.73
42.13
8.51
2.73
7.66
1.08
5.71
0.96
231
0.31
1.83
0.25
5.88
4.12
1.60
5.25
1.90

Fractionation corrected values

La
Ce
Nd
Zr
Nb
Ta
Yb
Th

36.73
72.26
37.35
226.61
62.56
3.78
1.60
4.81

35.06
70.66
36.62
211.50
55.81
3.69
1.59
4.55

33.67
68.43
36.64
208.65
56.33
3.55
1.60
4.52

79.27
9.34
39.59
8.29
2.57
7.39
1.09
5.46
0.97
223
0.32
1.83
0.25
5.88
4.06
491
5.24
1.90

34.13
70.07
35.17
218.78
60.80
3.58
1.63
4.61

79.13
9.77
42.31
8.44
2.78
7.88
1.10
5.71
0.96
2.29
0.31
1.82
0.25
5.84
4.04
1.10
5.11
1.80

33.31
69.18
37.13
207.39
55.50
3.52
1.61
4.45

77.02
9.52
41.13
8.51
2.78
7.72
1.09
5.53
0.95
2.27
0.31
1.72
0.24
5.88
3.98
0.90
5.18
1.50

32.94
67.33
36.15
209.57
55.15
3.47
1.52
4.51

74.02
8.79
39.10
8.08
2.52
7.31
1.06
5.33
0.93
2.16
0.32
1.71
0.24
5.52
3.97
4.62
5.01
1.13

32.14
63.99
34.01
213.36
56.58
3.42
1.50
4.31

73.49
8.98
39.79
8.13
2.56
7.08
1.07
5.52
0.98
221
0.32
1.79
0.25
5.57
3.79
433
4.77
1.61

30.75
61.40
33.48
204.84
54.06
3.15
1.51
3.96

74.80
8.91
38.13
8.19
2.50
7.38
1.09
5.30
0.93
2.28
0.31
1.71
0.24
5.46
3.64
5.12
4.83
1.98

30.23
61.76
31.73
198.51
53.43
2.99
1.43
3.96

72.56
8.89
38.02
8.02
2.47
7.07
1.06
5.33
0.94
221
0.31
1.79
0.25
5.59
3.63
3.73
4.72
1.98

25.07
50.01
26.60
165.59
42.87
2.48
1.26
3.21

68.30
8.42
36.13
7.71
2.49
6.87
1.03
5.31
0.91
2.05
0.30
1.67
0.23
5.31
3.46
4.17
4.42
1.87

26.86
53.73
28.71
182.36
46.48
2.71
1.34
3.45

69.05
8.69
37.56
7.82
2.56
7.36
1.07
5.43
0.93
2.09
0.31
1.74
0.24
533
3.54
1.80
427
1.20

27.72
57.01
31.41
181.64
46.51
291
1.46
3.50

62.29
7.53
31.79
7.29
223
6.79
0.97
4.95
0.86
2.02
0.29
1.69
0.24
5.19
3.13
3.65
3.95
1.67

25.49
53.25
27.35
184.97
46.95
2.66
1.46
3.36

61.81
7.82
33.51
7.61
2.39
6.82
1.03
5.11
0.91
2.09
0.28
1.65
0.23
5.16
3.28
1.00
391
1.40

25.19
52.83
28.83
183.47
44.53
2.79
1.43
332

61.32
7.71
32.86
7.35
238
6.71
1.01
5.18
0.90
2.05
0.28
1.63
0.23
5.11
3.11
1.20
3.83
1.20

25.50
53.61
28.99
180.17
42.61
2.71
1.44
3.33

57.53
7.16
30.68
7.02
2.19
6.27
0.91
4.76
0.84
1.93
0.27
1.56
0.22
4.92
3.12
1.50
3.71
1.60

24.05
50.29
26.97
171.60
39.08
2.72
1.38
3.23

48.13
5.97
26.32
6.37
2.02
5.72
0.88
4.44
0.78
1.84
0.26
1.54
0.22
4.45
2.39
3.92
2.88
1.32

17.16
37.40
20.66
147.12
33.91
1.85
1.22
222

45.83
5.84
2597
6.54
2.02
5.88
0.87
4.48
0.80
1.85
0.25
1.50
0.21
4.43
241
1.30
2.69
0.90

16.53
34.72
19.90
142.39
30.99
1.81
1.16
2.02

42.86
5.57
25.36
6.01
1.94
5.85
0.85
435
0.77
1.78
0.25
1.47
0.21
4.34
2.18
2.03
2.53
1.10

16.07
34.55
20.63
149.60
32.38
1.75
1.20
2.02

42.19
5.65
25.02
6.13
1.99
5.88
0.86
4.47
0.79
1.81
0.25
1.45
0.21
4.34
2.24
3.96
2.65
1.25

1591
32.78
19.64
145.87
33.40
1.73
1.15
2.04

4135
5.29
22.94
5.80
1.82
5.35
0.78
4.03
0.73
1.69
0.23
1.43
0.20
4.35
2.43
1.10
2.75
0.90

15.41
32.13
18.01
140.97
29.08
1.88
1.13
2.12
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phenocrysts. No significant compositional zoning has
been observed; core and rim compositions are Fo73_9,
and Fo;;_¢; respectively. Clinopyroxene phenocrysts
(Wo43_49), when they exist, display glomerophyric
textures due to clustered clinopyroxene crystals radi-
ating outward from early-formed olivine crystals. Pla-
gioclase does not occur as a phenocryst phase, but
some samples contain plagioclase laths in their micro-
crystalline groundmass (An;;_gs). Ilmenite (90% to
98% ilmenite) and magnetite (28% to 87% ulvdspinel)
form euhedral and subhedral microcrysts that range
from ~1 to 0.05 mm.

3. Analytical procedures

We have analyzed a total of forty-one volcanic
rocks for major and trace elements. Rock powders
were prepared by removing the xenoliths and altered
surfaces, crushing and then grinding in an agate ball
mill. Major and selected trace element abundances of
a total of twenty four volcanic rock samples from
both the Canakkale and Thrace volcanic areas were
measured on fused discs and pressed powder pellets
respectively, using an automated Philips PW1400
XRF spectrometer with a rthodium anode tube at the
University of Durham. Loss on ignition (LOI) was
determined by heating a separate aliquot of rock
powder at 900 °C for >2 h. The same samples
were dissolved and analyzed by ICP-MS at the Uni-
versity of Durham (UK) for a total of 36 minor and
trace elements.

In addition, seventeen samples were analyzed at
the ACME analytical laboratories at Vancouver. Rock
powders were fused and then dissolved to prepare the
solutions from which the major and trace element
abundances were determined using ICP—AES and
ICP-MS respectively. Whole rock major and trace
element data for alkaline volcanic rocks are given in
Table 1.

Radiogenic isotope ratios for Sr and Nd were
determined at the University of Clermont-Ferrand
(France). The analytical techniques used for the sep-
aration of Sr and Nd have been reported by Pin et al.
(1994). Sr was loaded onto a single Ta filament
whereas Nd was loaded onto a triple Ta—Re—Ta as-
sembly. Metal ions were used for the analyses. Both
Sr and Nd were measured using a Micromass VG 54E

mass spectrometer, in the double and triple collection
modes respectively. Mass fractionation for Sr and Nd
was corrected by normalizing to *°Sr/®*Sr=0.1194
and '**Nd/'"**Nd=0.7219. The Sr and Nd isotope
ratios are given relative to an *’Sr/*Sr of 0.710237
and a 'Nd/'**Nd of 0.511975 for the NBS 987 and
AMES standards, respectively.

Mineral analyses from the volcanic rocks were
performed using a Cameca CAMEBAX electron mi-
croprobe at the Université Blaise Pascal (France) with
operating conditions of 15 kV accelerating voltage,
10-12 nA beam current and 10 s counting time per
element.

4. Major and trace element chemistry

The lavas from both Canakkale and the Thrace
volcanic field are a strongly alkaline series of volcanic
rocks, with almost all samples plotting in the basanite,
alkali basalt and trachybasalt fields on a total alkalis
(K,O+Na,0) vs. silica (SiO,) classification diagram
of Le Bas et al. (1986) (Fig. 2). The rocks are silica-
undersaturated (nepheline-normative), sodic (Na,O/
K,0=1.45-3.88) and possess high Mg# [cation pro-
portion of Mg/(Mg+Fe )] and high MgO (6.11—
13.48 wt.%) over a range of SiO, content from 42.6 to
50.3 wt.%. The more magnesian samples have
Mg#>0.70, are saturated with olivine in the range
of Fogg to Fog,, and could be assessed as being in
equilibrium with mantle olivine. The analyzed sam-

16

@ Canakkale
< Thrace

14

12

Na,O +K,0 (Wt.%)

Subalkaline

B ‘ BA
s

40 45 50 55 60 65
SiO, wt.%
Fig. 2. Classification of the alkaline volcanic rocks from western

Anatolia on a TAS diagram of Le Bas et al. (1986). Key to
abbreviations: B — basalt; TB — trachybasalt; BS — basanite.
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ples have moderate Ca (8.74—-11.79 wt.% CaO) and
high Al (11.62-14.67 wt.% Al,O5) contents and their
Cr and Ni concentrations range variably from 116.3 to
622.6 ppm and from 59.1 to 363.6 ppm, respectively.
Although rock types and whole-rock chemical com-
positions show that the samples from the two suites
are remarkably similar to one another, the lavas from
the Thrace alkaline field are marked by their greater
Mg# and Cr-Ni contents relative to those from
Canakkale, indicating that they are closer to primary
melt compositions.

The alkaline rocks have almost straight and sub-
parallel chondrite (CI)-normalized REE pattern with
near-constant concentration ratios. The absolute REE
abundances decrease with increasing SiO, content
both within each phase, and through the overall erup-
tive sequences (Fig. 3a). All samples have LREE
enriched patterns on chondrite-normalized REE
plots. The lavas also have all the classic enrichments
in LILE, HFSE and L-MREE and slight depletion in
HREE (e.g., relative to the average N-MORB nor-
malizing values) that characterize basalts from intra-
plate continental and oceanic settings (Fig. 3b). The
rocks also display prominent negative Rb, K and Ti
anomalies.

There are no significant differences in trace ele-
ment ratios between the primary lavas and the slight-
ly evolved ones, indicating that differentiation has
played only a minor role throughout the lava
sequences. Incompatible element concentrations cor-
relate with both silica and age; in the individual
eruptive sequences almost all incompatible element
concentrations increase with decreasing SiO, con-
tents toward the top of the sequences. This chemical
trend cannot be explained by fractional crystalliza-
tion, as concentrations of compatible major elements
such as Mg do not vary systematically with respect
to stratigraphic height of the lavas. The largely
primitive compositions of the alkaline magmas also
preclude a significant role of fractional crystalliza-
tion in generating the observed compositional trends.
Moreover, SiO, is negatively correlated with the
contents of incompatible elements in all sequences,
the opposite of what would be expected from frac-
tional crystallization of olivine and pyroxene. This
overall chemical trend is accompanied by a shift
from alkali basalts to basanites, suggesting a long-
term trend of progressively lower degrees of melting

through multiple eruptive episodes of the mafic al-
kaline suite. Thus, a large component of the varia-
tion within the lava stratigraphy has to be explained
by variation in the degree of melting instead of
fractional crystallization.

5. Neodymium and strontium isotope variations

Nd and Sr isotopic ratios for the volcanic rock
samples are plotted on an *’Sr/®®Sr vs. '**Nd/'**Nd
diagram in Fig. 4a. The volcanic rocks are young,
with insignificant radiogenic in-growth, indicating
that the isotopic compositions of the rocks represent
the composition of their source regions. The rocks are
characterized by low ¥’Sr/*Sr (0.70316-70353) and
high "*Nd/"Nd (0.51291-0.51297) ratios, typical
of what is usually seen in OIB-type rocks from both
oceanic and continental settings. The samples display
a restricted range of isotopic ratios throughout the lava
sequences, indicating that the mantle source of the
alkaline magmas remained isotopically homogeneous
during the formation of the entire suite. The NW
Turkish alkaline lavas can therefore be considered
cogenetic in a broad sense referring to their derivation
from a single, homogeneous mantle domain. The
rocks have near-constant *’Sr/*®Sr and '**Nd/'**Nd
ratios for a relatively large range in SiO, content from
42.6 to 50.3 wt.%. This could be explained by frac-
tional crystallization from isotopically homogeneous
parent magma. However, systematic change and rela-
tively large variation in ratios of certain trace ele-
ments, such as Zr/Nb, are not reflected by
variations in the isotopic ratios, reinforcing the sug-
gestion of melt generation by variable degrees of
partial melting of an isotopically homogeneous source
in the mantle. The *’Sr/®*Sr vs. '**Nd/'**Nd diagram
shows that the samples all plot within the depleted
quadrant of mantle array, and extend from MORB-like
compositions toward the bulk silicate Earth (BSE)
(Fig. 4a).

The samples are all LREE-enriched relative to av-
erage N-MORB and BSE values, with '*’Sm/'*Nd
values from 0.119 to 0.148, and thus plot to the left of a
4.55 Ga geochron on a '**Nd/'"**Nd vs. "¥’Sm/'*Nd
diagram (Fig. 4b). However, the samples have pres-
ent-day '**Nd/'**Nd values greater than BSE, reflect-
ing time-integrated mantle source history of
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Fig. 3. (a) Chondrite-normalized REE element patterns for the alkaline volcanic rocks from NW Turkey. Chondrite normalizing values are from
Boynton (1984). (b) N-MORB normalized multi-element patterns for the alkaline volcanic rocks from NW Turkey. N-MORB normalizing
values are from Sun and McDonough (1989). The inset diagram shows the variation of Th/Yb vs. Ta/Yb for the volcanic rocks.
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Fig. 4. (a) The Nd-Sr isotopic covariation shows that the Cenozoic alkaline volcanic rocks of NW Turkey plot in the mantle array extending
from MORB-like compositions toward bulk Earth. MORB composition is from Zindler and Hart (1986); BSE (bulk silicate Earth) composition
is from Hart et al. (1992). Also plotted for comparison are the samples from other Late Miocene to Quaternary mafic alkaline volcanic suites of
western Turkey, including the Biga peninsula (Aldanmaz et al., 2000) and Kula (shown as shaded field; Alic1 et al., 2002; Aldanmaz, 2002 and
references therein). The inset diagram shows the variation of "**Nd/'**Nd ratios with changing Zr/Nb ratios throughout the sequences. (b) Plot
of "Nd/"*Nd vs. "7Sm/'**Nd showing the isotopically depleted and LREE-enriched nature of the volcanic rocks from NW Turkey. The
heavy lines represent the mantle trends drawn for 4.5, 2.0 and 1.0 Ga from the hypothetical bulk silicate Earth which is often used as
representing Primitive Mantle (BSE; Hart et al., 1992). (c) Sr and Nd isotopic distributions representing the entire volume of the Late Miocene
to Quaternary mafic alkaline volcanic products from all over western Turkey, along with the statistical parameters derived from each
distribution. Solid lines denote the fitted normal distributions.

incompatible element depletion, i.e. significant peri- Fig. 4c shows the statistical distribution of *’Sr/°Sr
ods of evolution in LREE-depleted reservoirs (e.g. and "*Nd/"**Nd isotope ratios for the Late Miocene to
[Nd/Sm],oec <[Nd/Sm]gsg). Quaternary alkaline volcanic rocks from across western
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Turkey, along with the statistical parameters derived
from each distribution. The data mostly reveal normal
distributions for both isotope ratios suggesting a re-
stricted range of compositional variations in the source
mantle. The skewness of the datasets, a measure of the
asymmetry, is negligible for both Sr and Nd isotopic
ratios, confirming the high degree of symmetry and
central tendency for distribution of the isotopic ratios.
Relatively low values for the excess kurtosis, the mea-
sure of a relative ‘peakedness’ or ‘flatness’ of a distri-
bution, also reveal near-Gaussian distributions with
high peakedness for both sets of isotopic ratios, leading
to the suggestion that the source mantle from which the
alkaline magmas were formed was not chemically
heterogeneous and that the contribution from outliers
(e.g. any possible sub-reservoir) was insignificant.

6. Petrogenetic implications

The alkaline rocks from NW Turkey offer an ex-
ceptional opportunity for using rock compositions to
evaluate the mantle source characteristics and the
processes of melt generation because the individual
lava piles of cogenetic eruptions are spaced in time,
providing a detailed geochemical dataset on tempo-
rally-controlled sequences of intra-plate magmas. It is
evident from the restricted range of radiogenic isoto-
pic ratios and near-constant concentration ratios of
highly incompatible elements throughout the volcanic
sequences that the lavas are cogenetic. Moreover, the
magmas are relatively primitive, i.e. liquids generated
by partial melting of a mantle source with little or no
subsequent compositional modification, or their com-
positions can be confidently corrected for the effects
of fractional crystallization. Specifically, well-devel-
oped correlations of highly incompatible elements
enable us to use the rock compositions (or fraction-
ation-corrected compositions) for modeling the source
region characteristics and melting processes.

However, examining the type and extent of melting
and the characteristics of the source mantle using the
rock compositions strictly requires identification of
shallow-level petrogenetic processes in low pressure
magma storage areas (i.e., contamination and differen-
tiation), as the geochemical signatures of primary melts
are likely to have been modified by these processes. In
the following sections we evaluate the possible effects

of shallow-level processes in an attempt to remove any
such effects from the primary melt compositions before
considering any qualitative or quantitative modeling.

6.1. Crustal contamination

Several factors make crustal contamination an un-
likely process for the eruptive sequences of mafic
alkaline suite of NW Turkey. Specifically, no samples
show negative Ta or Nb anomalies on MORB-normal-
ized plots indicating an ascent of primary melt(s) with
no significant crustal contamination. A Th/YDb vs. Ta/
Yb plot (shown as inset in Fig. 3b) also indicates that
the alkaline magmas have not been affected by any
significant contamination for which a marked shift
toward high Th/Yb ratios and displacement from the
mantle array would be required. In general, the addi-
tion of crustal material to basaltic magmas or their
source region is expected to produce a positive covari-
ance of ®’Sr/®¢Sr with parameters such as SiO,, Rb/
Sr, K,0/P,05 and Zr/Nb. This is, however, not ob-
served throughout the lava sequences of NW Turkey,
i.e. no correlation is observed between Zr/Nb ratios
and isotopic ratios of the rocks (see the inset diagram
in Fig. 4a) and *’Sr/*°Sr change only slightly over a
significant range of SiO, content from 42.6 to 50.3
wt.% (Table 2). The majority of the samples also have
>6 wt.% MgO and Mg#>0.62, reflecting near primary
melt composition for the alkaline suites. Furthermore,
many of the lavas contain abundant ultramafic mantle
xenoliths, indicating a rapid transit through the litho-
sphere and travel of magmas from their mantle sources
to the surface without significant contamination.

6.2. Fractionation correction and primary melt
composition

Basaltic magmas erupted within plate extensional
settings are likely to have undergone variable degrees
of low-pressure fractional crystallization that may
affect the composition of the primary melts. In partic-
ular, the potential of olivine and clinopyroxene crys-
tallization during mantle differentiation is a process
that has some significance for the interpretation of
intra-plate basalt compositions. Two criteria can be
potentially used to identify ‘primary’ melts: (1) high
concentrations of compatible trace elements (Ni, Cr,
V, Sc) that are in equilibrium with mantle olivine (e.g.
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Table 2

Nd-Sr isotope analyses for the representative samples from NW Turkey

Sample Locality =~ Rock type  SiO, (wt.%) Rb (ppm) Sr (ppm) *7Sr/%Sr Nd (ppm) Sm (ppm) 'BNd/"Nd  eng
EA509  Thrace Alk. Basalt 45.12 224 734.5 0.703241 £14 35.43 7.58 0.512970+10 6.30
EA519  Thrace Basanite 43.27 11.0 837.1 0.703536 £ 19 34.21 7.46 0.512945+9  5.81
EAS508  Thrace Basanite 44.82 20.2 7253 0.703295+13 32.01 6.98 0.512964+ 11 6.18
EA515  Thrace Basanite 43.99 19.9 759.6 0.703209 + 14 28.35 6.42 0.512931+8 553
EA511  Thrace Alk. Basalt 47.83 13.3 711.6 0.703492 + 13 27.11 6.37 0.512908+6  5.08
EA531  Canakkale Basanite 42.66 42.3 1056.2 0.703166 £ 14 59.93 11.35 0.512970+8  6.32
EA527 Canakkale Basanite 44.69 13.5 882.7 0.703352 + 14 42.31 8.44 0.512969+6  6.30
EA526 Canakkale Alk. Basalt 45.79 18.4 1126.8 0.703409 + 14  37.56 7.82 0.512964+8  6.19
EA523  Canakkale Alk. Basalt 46.68 214 619.7 0.703376 £ 19  32.86 7.35 0.512931+8 554

&ng 18 reported relative to CHUR value of 0.512638. Errors quoted are the internal precision at 2SD.

Ni contents of 300-400 ppm); and (2) Mg# e in the
range 0.68-0.76 (e.g. Frey et al., 1978) or Fe/Mg
ratios within a range that is in exchange equilibrium
with mantle olivine (e.g. Fog;; Albaréde, 1992). The
basaltic primary melts should also be expected to
precipitate olivine with Fogg o1 (~90 Fo% where melt-
ing approaches the diopside-out curve).

The variation in major and trace elements in the
alkaline rocks and in Fo contents of the olivine phe-
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nocrysts shows that none of the alkaline rocks from
Canakkale truly represent the primary melt, as their Ni
and Cr contents are too low and Fe/Mg ratios are too
high to be in equilibrium with mantle olivine, whereas
most of the Thrace samples, with their Mg# of be-
tween 0.67 and 0.73, fulfill the criteria for being a
representative of primary melt (Table 1; Fig. 5a).
Existence of olivine phenocrysts in almost all alkaline
samples from Canakkale and some Thrace samples
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Fig. 5. (a) Ni vs. MgO relationships are compared with lines (or curves) for primary melts and the effects of olivine fractionation (Roeder and
Emslie, 1970). Also plotted is a curve produced by high pressure (0.5 GPa), isobaric fractional crystallization of the most primitive sample
from Canakkale (EAS531; Table 1) using the MELTS program. Thick marks on the curve correspond to decreasing temperature steps
(liquidus; °C) as MgO decreases. Curves were calculated for an anhydrous system at the QFM buffer. Labels oly;=2500-3500 indicate melts
with equilibrium olivine containing 2500-3500 ppm Ni. (b) Plot of Fe,O; vs. MgO showing the effects of olivine fractionation on primary
melt compositions. Assuming a Kp [(Fe/Mg),1/(Fe/Mg)mer] of 0.3, a Fe,O3/MgO ratio of 0.9 can be inferred for the melt that is in
equilibrium with the mantle olivine (Fog;) and the Fe,O3 and MgO concentrations of the unfractionated (and noncumulated) liquid can be
estimated. None of the samples from the alkaline volcanic suite of NW Turkey provide evidence for olivine accumulation, which would be
expected to form linear trends of data points between the composition of the accumulated olivine (e.g. olg;) and the line for melts in

equilibrium with that olivine composition (e.g. Fog;).
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may further imply that their trace element abundances
are likely to have been modified by varying degrees of
low-pressure fractional crystallization, for which a
correction is needed.

We therefore attempted here to invert the fraction-
ation signature by adding liquidus phases, which are
presumed to have fractionated during magma ascent,
back into the magma to attain the primary melt com-
position(s). For the case of NW Turkish alkaline suite
olivine fractionation appears to be the only significant
compositional modification of the primary magma.
We, therefore, used the olivine control lines (Fig.
5b) and the composition of the corresponding melts
obtained by redissolving olivine until the melt is in
equilibrium with olivine Fog; (e.g. Albarede, 1992).
Having estimated the amounts of the olivine that have
been removed from the primary melt(s) to produce the
observed melt (taken here as the measured composi-
tions), trace element concentrations of each primary
melt have been estimated from the observed melt
using the Rayleigh fractionation law. The F value
(mass fraction of liquid) for each sample has been
calculated using Fe/Mg ratios of the samples and the
olivine control line. The fractionation-corrected data-
set for element concentrations used for the melt mod-
eling is given in Table 1.

6.3. Trace element-based partial melting model: man-
tle compositions and extent of melting

The dynamic melting inversion (DMI) method pro-
posed by Zou (1998) has been applied to the Late

Miocene alkaline volcanic rocks of NW Turkey to
estimate the source compositions and the degrees of
partial melting independently. Several parameters
should, however, be considered in producing the pro-
posed model numerically; the densities of the melt (py)
and the solid matrix (p,) are assumed here to be 2800
and 3240 kg m >, respectively, and a value of 1% is
selected as the critical melt fraction (or the porosity of
the solid, in which some fraction of melt is retained in
the form of a residual porosity; ¢). For the modeling,
aphyric or <10% phyric samples were selected to avoid
any possible effect of mineral accumulation. The pri-
mary compositions used for the modeling, range from
alkaline basalt to basanite and cover the whole compo-
sitional range of the mafic alkaline suite of NW Turkey.

For the calculations, Th was selected as a highly
incompatible element (D1,<0.001) to minimize the
effect of the variations in the source mineralogy and
the distribution coefficients. Lanthanum was selected
as the second (less incompatible) component in order
to achieve different enrichment ratios ( Q;) in magmas
formed by different degrees of partial melting from a
common source (Table 3). The bulk distribution coef-
ficients for both the source mantle (D;) and the
extracted melt (P;) were estimated using the mineral
proportions and mineral/melt partition coefficients
listed in Table 3. Using the enrichment ratios of
(QO1n) 2.69 and ( Q1) 2.90 between two end-member
products of mantle melting (e.g. basanite; EA531 and
an alkaline basalt; EA530), degrees of partial melting
of 2.6% and 9.1% have been obtained by solving the
equations proposed by Zou (1998).

Table 3

Estimation of partial melting degrees and mantle source composition for alkali basalts and basanites from NW Turkey

Element D; P; Basanite Alkali Bas. 0; DMI IBM Co
(ppm) (ppm) Fl(%) F2(%) Fl(%) F2(%) (PP

Th 0.00011 0.00021 5.71 2.12 2.70

La 0.00559 0.03728 44.66 15.41 2.90 2.63 9.15 2.19 8.15 1.87

Ce 0.00916 0.06736 85.42 32.13 2.66 2.74 10.10 2.36 8.21 3.91

Nd 0.01942 0.05781 43.15 18.01 2.40 2.26 8.79 1.95 7.80 2.49

Ta 0.00722 0.0153 4.38 1.88 3.16 1.98 7.70 1.81 6.80 0.18

Nb 0.00782 0.01532 69.36 29.08 2.39 2.16 8.41 1.87 7.33 2.85

Average 2.35 8.83 2.04 7.66

Partial melting degrees have been calculated using Concentration Ratio (CR) method with equations deduced from Zou (1998) and Maalee
(1994) for Dynamic Melting Inversion (DMI) and Incongruent Batch Melting (IBM) respectively. Source compositions were calculated using
the mode and melt mode given in Kinzler (1997) and mineral melt partition coefficients given in McKenzie and O’Nions (1991, 1995) and
Green (1994). D=bulk distribution coefficients for the solid source; P;=bulk distribution coefficients for the extracted liquid; Q;=enrichment
concentration ratio; Co=source concentration; F=degree of partial melting.



E. Aldanmaz et al.

For comparison, using the concentration ratio
method for incongruent batch melting (IBM; Maalge,
1994), degrees of partial melting have been calculat-
ed as 2.1% and 8.1% for the basanite and the
alkaline basalt respectively. The difference between
two methods is probably due to the (¢) value, which
is not considered in the batch melt modeling. It
should be noted that the estimated values of degree
of melting are strongly dependent on the bulk dis-
tribution coefficients (D;); uncertainties in the ap-
plied bulk distribution coefficients are likely to
have caused significant variations in the estimated
values of degree of melting. Thus, an average esti-
mate based on several incompatible elements would
be comparable and more useful. The calculations of
the degree of melting have therefore been attempted
with five different incompatible elements using both
the DMI and IBM methods. The average estimates
by the DMI method have been obtained as 2.3%
(£0.4) and 8.8% (£1.3) for the basanite and the
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alkaline basalt end-member products respectively
(Table 3).

The results are plotted on a chondrite-normalized
REE diagram together with the whole compositional
range of the alkaline rocks from NW Turkey and the
DMM and PM values (Fig. 6). The estimated source
concentrations range from 8.9 to 6.1 X CI for the
LREEs, to 1.4 to 1.7 X CI for the HREEs when the
source composition is taken as spinel-lherzolite. It
should be noted that two different calculations based
on two different X (the mass fraction of liquid
extracted) values yield similar source concentrations
for all the REEs. The calculations with the garnet-
lherzolite composition, however, yield two different
ranges of source concentrations for the HREE: 3.0 to
4.1 and 3.3 to 5.0 X CI respectively. An important
point from these plots is that the estimated LREE
concentrations of the source are invariably greater
than those of the DMM (from 8.3 (La) to 3.6
(Nd) x DMM).
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Fig. 6. Chondrite (CI) normalized REE patterns showing the model mantle source compositions (prior to melting) calculated by dynamic
melting inversion (DMI) method (Zou, 1998) using the data from the mafic alkaline volcanic rocks from NW Turkey. The modeling uses the
enrichment ratios of two different incompatible elements between two different but cogenetic primary magmas and the parameters described in

Zou (1998). Source compositions were calculated for spinel-lherzo

lite (with mode and melt mode of oly 530+ 0pXo.270+CPXo.170+SPo.030 and

0lp 0601 0PXo.280 1 CPXo.670 T SPo.110 Tespectively; Kinzler, 1997) and for garnet-lherzolite (with mode and melt mode of ol 00+ 0pXg 200+

€pXo.100 T &to.100 and 0l 930 +0PXo.160 + CPXo.880 + &lo.000 TESPECtively;

Walter, 1998). Normalizing values (CI) are from Boynton (1984); mineral/

matrix partition coefficients are from the compilation of McKenzie and O’Nions (1991, 1995); PM and DMM compositions are from
McDonough and Sun (1995). See Table 3 for the calculated source concentrations, the mass fraction of liquid extracted (X) and the bulk
distribution coefficients used in the modeling. Also plotted for comparison is the model residual mantle composition calculated assuming an
average of 6% melt segregation within the spinel stability field from a mantle source with incompatible trace element composition representative

of the model mantle composition.



66 E. Aldanmaz et al. / Lithos 86 (2006) 50-76

10"
1 La/Sm
oo o] - sp-lherzolite
.-t\i.ll 0 1%
S 5%\3%
100 4 - B gt-lherzolite
] sp-lherzolite
b M
7 @ Canakkale (Alkaline lavas)
E < Thrace (Alkaline lavas)
La ppm
10" — ——
107 10° 10" 10°
(b)
10% 5
1 La/Yb
N 0.1%
10" 1
10° 5
10" — —
10° 10’ 107

Fig. 7. (a)—(b) Plots of La/Yb vs. Zr/Nb and La vs. La/Sm showing melt curves (or lines) obtained using the non-modal batch melting. Melt
curves are drawn for both spinel-lherzolite and for garnet-lherzolite (with mode and melt mode described in Fig. 6). Mineral/matrix partition
coefficients and PM and DMM compositions are as described in Fig. 6; N-MORB and E-MORB compositions are from Sun and McDonough
(1989); MORB data are from Niu et al. (2001). WAM represents the Western Anatolian Mantle (Aldanmaz et al., 2000) defined by dynamic melt
inversion method of Zou (1998). The mantle array defined using melt-residual compositional trends from DMM and PM compositions. Mantle
depletion and enrichment trends are defined by melt extraction from the mantle (towards the residues) and melt addition to the mantle (or influx
of material from outside the mantle prior to solid-state mixing and homogenization) respectively. The melting trends from DMM and WAM
compositions are shown by solid curves (or lines) while the dashed curves (or lines) represent the melting trends from PM. Thick marks on each
curve (or line) correspond to degrees of partial melting.
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The calculated parameters can also be used to
reproduce the patterns displayed by the trace elements
on any binary diagram such as La/Sm vs. La diagram
(e.g. Aldanmaz et al., 2000) (Fig. 7a). The results
show that partial melting trajectories drawn from the
calculated model mantle source (shown as WAM)
reproduce the alkaline rocks from NW Turkey by
degrees of partial melting between ~2% and ~8%.

A more useful approach to melt modeling is the
use of plots of highly incompatible to not so-highly
incompatible element ratios (e.g. La/Yb vs. Zr/Nb).
These plots are particularly useful, as their sensitivity
to variations in the melting processes can distinguish
(1) the effects of partial melting from those of frac-
tional crystallization on a mantle-derived primary
melt; (2) between melting of enriched and depleted
(e.g. relative to PM) sources; and (3) between melt-
ing of garnet-and spinel-lherzolite sources (e.g.
Aldanmaz, 2002).

Fig. 7b shows that the ratios of La/Yb and Zr/Nb
vary widely in the NW Turkish alkaline samples and
increasing Zr/Nb ratios are accompanied by decreas-
ing La/Yb. The significantly large range of Zr/Nb
ratios throughout the sequences cannot possibly be
explained by fractional crystallization because the
ratio of Zr/Nb is not affected significantly by fractio-
nation of mantle phases. Given that the rocks are
cogenetic, possible long-lived mantle heterogeneity
also cannot explain the observed Zr/Nb ratios. Vari-
able degree of partial melting is thus clearly the
simplest, and perhaps the only, explanation to account
for the variation in highly incompatible to not so-
highly incompatible element ratios that are not asso-
ciated with isotopic variability, as samples represent-
ing smaller degree of partial melting are expected to
show higher incompatible element concentrations and
highly incompatible to not so-highly incompatible
element ratios (e.g. Nb/Zr and La/YD).

The modeling in Fig. 7ab also shows that the NW
Turkish alkaline volcanic rocks have La/Yb ratios
greater and Zr/Nb ratios smaller than those could be
generated by a single-stage melting of DMM (or even
PM), even when the degree of partial melting is
unrealistically small (0.1%). Thus, it can be argued
that the one-stage melting of DMM or PM cannot
produce magma with incompatible element ratios sim-
ilar to those of the alkaline rocks from NW Turkey.
Clearly, an enrichment event (either source- or pro-

cess-related) is required to produce the composition of
the alkaline rocks.

7. Inferences about the nature of mantle source

The quantitative modeling of melt compositions
shows that, using conventional melting equations, it
is possible to reproduce trace element compositions of
the alkaline magmas of NW Turkey by 2% to 8%
melting of a peridotite source, with minor and trace
element abundances slightly different from those of
Primitive Mantle. The average source inferred for the
alkaline rocks, has La concentrations and La/Sm (and
Nb/Zr) ratios greater than that of Primitive Mantle.
The relative source concentrations, calculated using
an inverse numerical method presented above, also
show that the modelled mantle source for the alkaline
magmas was enriched in all highly (and moderately)
incompatible elements relative to the hypothetical
DMM and PM values. The degree of enrichment, as
observed in many OIB settings, increases systemati-
cally in order of increasing incompatibility, resulting
in enrichments of light over heavy REE and highly-
incompatible over less-incompatible elements com-
pared to the DMM and/or PM compositions. The
isotopic results, however, reveal an isotopically de-
pleted (e.g. relative to BSE) mantle source for the
alkaline lavas of NW Turkey, emphasizing that the
postulated enrichment of the lavas is a recent (possi-
bly a process-related) event and not a long-term
source characteristic.

Recent enrichment, which refers to enrichment in
more incompatible relative to less incompatible ele-
ments during or after melt segregation from the man-
tle, is essentially observed in the vast majority of OIB
settings and could simply be attributed to two poten-
tial processes: (1) mixing of melts from two or more
chemically distinct end-members; and (2) melt (or
fluid)—rock reactions associated with extensive porous
flow.

7.1. Multi-component mantle interaction and potential
end-members

Systematically changing proportions of mixing be-
tween melts produced by variable degrees of partial
melting of at least two compositionally distinct
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sources in the mantle is generally invoked to explain
both isotopically depleted (e.g. relative to BSE), but
LREE-enriched nature of many OIB-type alkaline
suites and the quasi-linear patterns between highly
incompatible elements observed in OIB-type rocks.
Several recent studies regarding trace element and
isotope compositional variations on relatively short
time scales and length scales have suggested binary
mixing as a dominant source of chemical variation in
alkali primary suites (e.g. Class and Goldstein, 1997;
Kamber and Collerson, 2000). In this context, the
most likely hypothetical end-member reservoirs are
presumed to be located in a number of rheologically
distinct (and accessible?) parts of the mantle, includ-
ing plume components (e.g. originating below the
convectively stirred upper mantle), and convective
and conductive mantle sources. The processes of mix-
ing melts from two or more compositionally distinct
end-member sources generally involve either the ad-
dition of incompatible element-enriched plume-de-
rived melts or fluids to a depleted (e.g. DMM-like)
mantle source prior to melt generation or, alternative-
ly, addition of incompatible element-depleted mantle-
derived melts to an enriched conductive mantle source
(e.g. Lassiter et al., 2000). Thus, several recent studies
regarding OIB-type magma genesis assume that the
resulting lavas in these environments are pooled and
mixed melts and that the magma generation is inevi-
tably related to either a plume origin or involvement
of melts from conductive mantle, or both (e.g. Lund-
strom et al., 2003).

The plume hypothesis, i.e. in the sense of deep-
seated thermal anomalies, assumes (perhaps unrealis-
tically) the convecting upper mantle to be cold, dry
and significantly subsolidus, and generally attributes
magma generation to temperatures of approximately
250-300 °C above the ambient temperature to achieve
sufficient melt for intra-plate basalt provinces (despite
the volatile-rich nature of most intra-plate sources).
There are, however, numerous problems reconciling
the observations with a plume model in NW Turkey.
Extensional stress associated with the lithospheric
uplift, for instance, should be the maximum above a
plume apex, which in turn would be expected to create
an uplift and doming structure as a surface manifes-
tation of such thermal anomaly. This is, however, not
observed in the alkaline field of NW Turkey, nor is
there any evidence for locally elevated temperatures.

In fact, the evidence from surface heat flow measure-
ments and mineral equilibrium constraints (Pfister et
al., 1998; Aldanmaz et al., 2005) suggest that the
thermal gradient in NW Turkey is not anomalously
high. In addition, pinpoint thermal and stress pertur-
bation expected by adiabatically upwelling mantle
plume is inconsistent with linearly distributed patterns
of the volcanic centers as well as planar geometry of
normal or even strike-slip faulting of NW Turkey,
where the small volume and discontinuous (or episod-
ic) generation of alkaline magma is related mostly to
strike-slip (or transcurrent) deformation.

Furthermore, for the case of NW Turkish alkaline
volcanic suite, there is no clear indication of a change
in depth, i.e. from garnet-to spinel-facies mantle, as
might be expected for an actively upwelling mantle
plume, nor is there any dramatic change in the degree
of partial melting, as might be expected for a dynamic
mantle plume, potentially increasing to very large
degrees of partial melting. The alkaline lavas from
NW Turkey display a trend of significant enrichments
in incompatible trace elements and a gradual decrease
in silica content with decreasing eruption age. Such a
compositional trend can be interpreted in terms of
progressively increasing depth of melting coupled
with decreasing degree of melting of a composition-
ally uniform source, which is inconsistent with a
possible plume hypothesis.

Involvement of melts from conductive mantle in
the genesis of OIB-type magmas is usually consid-
ered as a common process owing partly to the ability
of the conductive mantle to remain isolated from
mantle convection for a geologically reasonable pe-
riod of time to create anomalous isotopic signatures
of most OIB magmas compared to MORB. Exis-
tence of residual hydrous minerals such as amphi-
bole or phlogopite (evident from the classic negative
K and Rb anomalies in most OIBs) is another reason
why many researchers believe that involvement of
conductive mantle-derived melt in the OIB genesis is
inevitable (e.g. Class and Godstein, 1997). Melt
derivation from conductive mantle in the genesis of
the alkaline magmas of NW Turkey is unlikely
however; as noted by Aldanmaz et al. (2000), the
mantle lithosphere beneath western Turkey is sub-
duction-modified, and any model involving melts
from such a source would produce magmas with
significant arc signatures.
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Melt contribution from the conductive mantle is
also inconsistent with the temporal compositional
trends observed in the alkaline basaltic sequences of
NW Turkey. During melt migration and ascent, hy-
drous phases and other fusible components in litho-
spheric channels would be expected to have been
progressively exhausted as melting proceeds. This
depletion would generate initial batches of melt hav-
ing the strongest signature of residual hydrous phases
and a temporal compositional trend reflecting the
exhaustive capacity of such phases in sequentially
erupted batches of melt. The resultant magmas
would therefore be expected to show the strongest
negative K and Rb anomalies in the leading batch of
melt with a time-dependent decrease, which is oppo-
site the trend we observe throughout the lava
sequences of NW Turkey.

Isotopic constraints provide another strong line of
evidence against melt generation by mixing melts
from multiple sources. The alkaline rocks that formed
over a significant period of time have near-constant Sr
and Nd isotopic ratios, and incompatible element
concentration ratios for the entire suite, indicating
that melt generation is likely to have taken place
under conditions of significant chemical homogeneity,
probably within a single mantle domain. Therefore,
any model proposed to account for the chemical
composition of the alkaline magmas from NW Turkey
should be able to describe melt generation within a
well-homogenized system with no contribution from a
source selectively enriched in mobile incompatible
elements. The best site for this apparent chemical
homogenization, which might possibly require pre-
melting, solid-state mixing of discrete mantle litholo-
gies (created by plate recycling processes) would be a
sub-lithospheric convective (i.e. well-stirred, homoge-
neous) system (e.g. Hofmann, 1997; van Keken et al.,
2002; Kellogg et al., 2002).

If interpreted in a regional context, the NW Turkish
alkaline lavas exhibit strong similarities in terms of
trace element and isotopic compositions with coeval
widespread alkaline magmatism formed in very sim-
ilar geological setting throughout western, central and
eastern Europe (the so-called “European Volcanic
Province” = EVP; Wilson et al., 1995). In particular,
geochemical characteristics of the NW Turkish alka-
line rocks are almost identical to the HIMU end-
member of the EVP volcanism, which is referred in

the literature as to the Lower-Velocity-Component
(Hoernle et al., 1995) or the European Asthenospheric
Reservoir (Wilson et al.,, 1995). This component
seems to be a hallmark of mid-plate basalts that
characterize a tectonic regime dominated by plate
convergence and collision followed by later-stage
extension and is likely to represent compositional,
rather than thermal, anomaly zones within the shallow
convective mantle (i.e. partially molten, shallow fer-
tility anomaly zones).

7.2. Chemical exchange reactions during melting and
melt transport

The chemical reaction between segregated melt
and the surrounding solid residue during melt trans-
port is considered as an important mechanism to
modify the composition and volume of melt (e.g.
Hauri, 1997). This type of reaction may particularly
be important in cases when local equilibrium be-
tween migrating melt and solid mantle is achieved.
In other words, a chemical reaction between melt
and solid mantle is possible only if the time to reach
equilibrium between melt and solid is sufficiently
shorter than the residence time of melt in the mantle.
Experimental studies have shown that equilibrium
between melt and the surface of solid grains is
attained within relatively short periods (i.e., 24 h)
at temperatures higher than 1200 °C, and even the
surface equilibration can change the melt composi-
tions significantly (e.g., Hirose and Kushiro, 1998;
Kogiso et al., 1998). In this context, some argue that
chromatographic migration of highly incompatible
element depleted melts through residual mantle peri-
dotites may be an efficient mechanism to produce
highly incompatible element enriched melts (e.g.
Takazawa et al., 1992).

In this type of metasomatic scheme, elements move
through porous peridotites with diffusive velocity in-
versely proportional to their solid/melt partition coef-
ficients. Under certain conditions, infiltrating melts
can be equilibrated with incompatible elements in
mantle peridotites during melt migration and ascent,
preferentially leaching incompatible elements from the
mantle peridotites. This type of melt-rock interaction
produces magma batches with high ratios of highly
incompatible to less incompatible elements relative to
the original parental melt composition.
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Trace element characteristics of the alkaline lavas
from NW Turkey strongly suggest that melt/solid
interaction may have played a significant role in
generating the compositional variations of the alka-
line melts. The process of melt metasomatism in the
source region of the alkaline magma(s) from NW
Turkey can be considered as an autometasomatic
event, a process related to the reaction between
solid source and LREE-enriched reactive agent
which was presumably derived from the same source
as the alkaline magma. This agent (or small melt
fractions) is likely to be hydrous in character, judging
from significant Rb, K and Ti depletion relative to
neighboring incompatible elements on multi-element
patterns (e.g. Fig. 3a). Such depletions, observed
even in the freshest samples, do not seem to be
associated with a similar behavior of other highly
mobile elements (e.g. Ba in particular) implying
that atmospheric processes are unlikely to be the
main cause of these negative anomalies. Likewise,
the lack of correlation between behavior of K and
those of other fluid-soluble large cations preclude the
possibility of explaining these negative anomalies
solely by the presence of dehydrated oceanic crust
in the source of the alkaline melts.

Partition coefficients for highly incompatible trace
elements are well established for common mantle
minerals and do not allow significant fractionation
between adjacent elements on an N-MORB normal-
ized diagram such as illustrated in Fig. 3b. Given the
similar bulk partition coefficients for these highly
incompatible elements in either spinel-or garnet-lher-
zolite, K will not be fractionated from either Th or Nb
during partial melting and, on a plot of K/K* vs. La,
melting trajectories drawn for conditions of dry melt-
ing will be horizontal (Fig. 8a). Therefore, the nega-
tive correlations shown by the alkaline volcanic rocks
from NW Turkey in Fig. 8a can be explained only if K
behaved as a considerably more compatible element
than either Th or Nb. To effect the necessary fraction-
ation of K from Th and Nb requires either crystalli-
zation of K-bearing phase or buffering against a K-
bearing phase during melting in the mantle. The first
option seems unlikely for the case of NW Turkish
alkaline suite, as there is no evidence of amphibole or
phlogopite having crystallized from any of these al-
kaline magmas. The most likely explanation for such
a systematic depletion is thus the presence of a resid-

ual K (Rb, and Ti) retaining phase in the source region
(e.g. phlogopite or amphibole) as the melting trajec-
tories drawn using a compilation of partition coeffi-
cients between phlogopite-and amphibole-silicate
melts show that residues of either mineral in the
source mantle would create roughly similar-sized neg-
ative anomalies for these elements (Fig. 8ab).

However, one might question the possibility of
long-term stability of the inferred hydrous minerals
in a steady-state convecting system, as these phases
are not particularly common primary mantle miner-
als. Although the maximum temperature of stability
for amphibole is dependent on the source composi-
tion, especially total alkali content (e.g., Niida and
Green, 1999), no experimental studies have demon-
strated amphibole stability at mantle potential tem-
peratures greater than 1300 °C even in alkali-rich
peridotites. Likewise, primary phlogopite is unlikely
to be stable at depths shallower than ~160 km (Sato
et al., 1997) unless the mantle potential temperature
is significantly low. Presence of the inferred hydrous
phases in the original, pre-melting, solid mantle also
is inconsistent with the temporal compositional trend
of the lavas; irrespective of the nature of mantle
origin, either convective or conductive, the time-
integrated fusion of these phases would be expected
to result in a decrease in the hydrous character of the
magmas as melting proceeds. The inferred hydrous
minerals are notably not primary phases in the
source mantle, but might be the short-lived products
of metasomatic reaction which presumably took
place during melting and melt migration through
intergranular channels.

A complementary evidence for the process of
source metasomatism by migrating melt may be
that the depletion in Rb, K and Ti correlates with
both time and the degree of partial melting (but not
with the isotopic ratios) and, as shown in the K/K*
vs. La plots (Fig. 8a), the degree of depletion
increases gradually in time toward the most primi-
tive sample (the product of the smallest degree of
melting with the greatest liquidus temperature) im-
plying a time-integrated increase in the extent of
source metasomatism. Such correlation is also con-
sistent with the recent quantitative model of Asimow
and Langmuir (2003) and suggests that in upper
mantle melting regimes with increasing the water
content of the source, the mean extent of melting
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Fig. 8. (a)—(b) Covariation of K/K* and Ti/Ti* (taken as K and Ti negative anomalies) with changing La contents of the rocks. K* and Ti* have
been taken as extrapolated K and Ti calculated using normalized concentrations of Th, K, Nb, and Sm, Ti, Gd respectively. Melt trajectories are
drawn for (1) dry lherzolite (0ly 530+ 0pXo.270+ CPXo.170 T SPo.03o; Kinzler, 1997); (2) amphibole-bearing lherzolite (oly ssg+0pXo.201+CPXo.076 T
SPo.115Tampg os0); and (3) phlogopite-bearing lherzolite (0ly 555+ 0pXo.2011+CPX0.076 1 SPo.115+ Phlo.ose) sources using the non-modal batch
partial melting of Shaw (1970). Melting of amphibole- and phlogopite-bearing lherzolites is assumed to initiate in dry condition but continues
with addition of the inferred hydrous phases by up to 5%. Partition coefficients used are from the compilation of McKenzie and O’Nions (1991,

1995), Green (1994) and LaTourette et al. (1995).

decreases and incompatible element enrichments in-
crease substantially.
8. Nature of the mantle melting

Fig. 9a shows model partial melting trends for
typical mantle conditions together with the plots of

the alkaline basaltic compositions from NW Turkey.
The model liquid compositions produced using con-
tinuous fractional or dynamic melting models from a
single source of either garnet-or spinel-peridotite com-
positions with any reasonable range of modes, initial
trace element composition, and bulk distribution coef-
ficients are expected to form curvilinear trends on a
plot of Nd against La (La and Nd represent concen-
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Fig. 9. (a)—(b) Plots of highly- vs. moderately incompatible elements and element ratios (La vs. Nd and Sm/Th vs. 1/Th) for the fractionation-
corrected (primary) melt compositions calculated using the data from the alkaline lava sequences of NW Turkey. Also plotted the model partial
melting curves (or lines) for both pyroxenite and peridotite (the solid curved lines) obtained using the non-modal batch melting equations of
Shaw (1970). Source compositions and mode and melt mode for peridotite are as described in Fig. 6. Pyroxenite mode is assumed to be
CPXo.750 T &to.250 With composition of average mantle pyroxenite from the dataset of Hirschman and Stolper (1996). Continuous partial melting
of any single source predicts curved trends for moderately vs. highly incompatible elements. In contrast, highly and moderately incompatible
trace elements from the lava sequences of NW Turkey generally exhibit quasi-linear trends suggesting a mixing between increments of melt
derived from the same source but probably at different depths. The curves represent melting trajectories derived from a sequence of melting
processes using the open system mass conservation equation of Ozawa (2001). Melting is assumed to initiate from a composition similar to that
of DMM, but in each step of melting episode the source is modified by influx of melt from previous melting step until the composition of the
source mantle modeled for western Turkey was attained. The strait dashed line represents a mixing line between small-degree melt increments
produced during the sequential melting episodes. The numbers correspond to the rate of melt influx to the solid source following each step of
melting. MORB data are from Niu et al. (2001).
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trations of highly incompatible and less incompatible
elements respectively) especially at less than 10%
partial melting. The rate of depletion of the highly
incompatible element with progressive melting is sig-
nificantly higher than that of less incompatible ele-
ment. Trace element variations in the alkaline lavas,
however, are characterized by quasi-linear patterns
with significantly high correlation coefficient values
rather than curvilinear trends (Fig. 9a). In order for
single-source partial melting to be a viable mechanism
to produce the alkaline magmas by single-stage in-
stantaneous melting and melt extraction, the source
mantle would have to be extremely enriched in in-
compatible elements (e.g. >10 X CI for the LREE),
which is not consistent with the results of inverse
modeling presented above. Magma generation by
continuous melting from a single mantle source (e.g.
a system from which melts are continuously removed
and chemically isolated from residues with a probable
small proportion of residual porosity left behind)
seems therefore difficult to reconcile with incompati-
ble trace element relationships of the eruptive
sequences of the alkaline lavas of NW Turkey.
Quasi-linear variations between incompatible trace
elements are very common in intra-plate alkaline
basaltic suites, and are, in most cases, attributed to
the mixing of melts from heterogeneous lithological
domains within the mantle. In this context, many
suggest a binary mixing of melts to account for linear
incompatible trace element trends as well as incom-
patible element-enriched patterns observed in many
intra-plate alkaline suites. The origins of the suggested
end-member components vary widely, but are gener-
ally restricted to erupted melt compositions with con-
trasting incompatible trace element concentrations. A
widely accepted view is that the mixing of melts from
depleted lherzolite and chemically enriched mafic
veins (e.g. garnet pyroxenites) embedded in a perido-
tite matrix can account for both the quasi-linear pat-
terns of incompatible elements and incompatible
element enrichment observed in OIB-type magmas
(e.g, Lassiter et al., 2000). This view is partly based
on the common assumption that the preferential melt-
ing of lower-solidus-temperature pyroxenite veins will
produce melts significantly enriched in incompatible
elements relative to peridotite-derived melts and that
variable proportions of mixing between pyroxenite-
and peridotite-derived melts can account for the large

range of isotopic variations observed throughout most
OIB settings (e.g. Phipps Morgan, 1999; Kogiso et al.,
2004). However, modeling in Fig. 9a shows that the
first prediction is not necessarily true, as for a given
source composition and with a set of chosen para-
meters, sources with higher abundances of clinopyr-
oxene (e.g. pyroxenite) produce low degree melts with
significantly lower concentrations of incompatible
elements than either peridotite-derived melts or that
would account for the compositions of the alkaline
lavas of NW Turkey. Clinopyroxene (and garnet) have
relatively high solid/melt partition coefficient for
highly and moderately incompatible elements com-
pared to other common mantle minerals. Mixing be-
tween pyroxenite- and peridotite-derived melts to
create the quasi-linear variations of incompatible ele-
ments observed in the alkaline lavas of NW Turkey
would therefore still require the peridotite end-mem-
ber to be extremely enriched in incompatible ele-
ments, in which case there would be no need for
contribution from a pyroxenite source.

Almost complete absence of silica-saturated com-
positions (e.g. tholeiites) throughout the lava
sequences may further argue against significant role
of pyroxenite melting in the genesis of alkaline lavas
from NW Turkey, because melts of pyroxenite would
be expected to be dominated by incongruent melting
of orthopyroxene and hence have relatively high silica
contents. In addition, although the wide variety of
radiogenic isotope ratios in OIB global distribution
is, in most cases, attributed to contribution from di-
verse components and large-scale mantle heterogene-
ities, eruption sequences of the alkaline lavas from
NW Turkey show significantly restricted range of
radiogenic isotope ratios, which is the opposite of
what would be required in support of an origin in-
volving mixing melts from lithologically (and isoto-
pically) heterogeneous sources. Furthermore, note that
the composition of resulting magmas that have been
produced by processes of mixing of variable batches
of magma from two (or more) lithologically distinct
sources will deviate from any quasi-linear or curvilin-
ear array on a plot of highly incompatible/moderately
incompatible element against highly incompatible el-
ement (e.g. Th/Sm vs. Th), as mixing between com-
positionally contrasting sources will cause scatter.

A proposal that the alkaline magmas are the pro-
ducts of dynamic melting processes involving mixing
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between the increments of melt derived from the same
source but probably at different depths (e.g. Langmuir
et al., 1992) would provide a much more satisfactory
explanation. The extraction of melts that integrate over
different pressure intervals within the melting regime
and mixing between end-member components with
similar incompatible element concentration ratios
(but with different absolute concentrations of incom-
patible elements) will produce linear correlations be-
tween incompatible trace elements (with different
incompatibilities) without causing any scatter (Fig. 9a).

A more compelling line of evidence indicating that
the within-suite variations are due to mixing of melt
increments from a single source is demonstrated using
the plot of Sm/Th vs. 1/Th (Fig. 9b). The straight line
array on the diagram is not consistent with continuous
(e.g. fractional) melting using the commonly accepted
mineral/melt partition coefficients, nor can it be
explained by mixing of melts from discrete mantle
components. Instead the linear array strongly suggests
that the within suite variations can be interpreted in
terms of mixing of melts produced by variable degrees
of melting from a single mantle domain that was chem-
ically homogenized before the inception of melting
event. [t is, thus, more appropriate to envisage a mixing
between individual melt increments that are produced
by variable degrees of partial melting from a single and
isotopically homogeneous mantle source, perhaps
under conditions of which significant equilibration
was established between melts and the residual solid.
The process envisaged can be presented as sequences
of incremental (stepped) episodes of melting.

9. Concluding remarks

The Late Miocene mafic alkaline suite of NW
Turkey comprises a series of scattered outcrops of
lava flows formed along the localized extensional
zones. The alkaline rocks mostly classified as alkaline
basalts, basanites and trachybasalt with their low silica
contents ranging between 43 and 50 wt.%. In general,
they show OIB-like trace element patterns character-
ized by overall enrichment in LILE, HFSE, LREE and
MREE, and a slight depletion in HREE relative to the
N-type MORB composition.

The alkaline magmas have been shown to have
originated from variable degrees (~2% to ~8%) of

partial melting of an isotopically homogeneous, vola-
tile-bearing, single mantle domain which is enriched in
incompatible elements relative to DMM and PM com-
positions. Significant depletion in isotopic ratios of the
lavas (e.g. relative to BSE) indicates that the apparent
disagreement between isotopic and trace element sig-
natures can most likely be explained by a relatively
young (and process-related) event that enriched either
the source mantle or the melts produced or both during
the various stages of melting episodes.

There is no indication of a change in depth, i.e. from
garnet-to spinel-facies mantle, as might be expected
for an actively upwelling mantle as a plume, nor is
there any dramatic change in the degree of partial
melting, potentially increasing to very large degrees
of partial melting. Geochemical evidence indicates
that, on average, the alkaline lavas were generated
by small degrees of partial melting probably within
the spinel stability field and temporal compositional
trend of the lavas indicate a progressively increasing
depth of melting coupled with decreasing degree of
melting of a compositionally uniform source. This,
along with the other geochemical signatures of the
lavas (e.g. constraints against melt contribution from
the conductive mantle), suggests that melting is likely
to have occurred within the convecting system.

The alkaline lavas from all over NW Turkey have
near-constant Sr and Nd isotope ratios for the entire
suite and systematic change in incompatible trace
element compositions (and ratios) of the lavas is not
reflected in the isotopic ratios, leading to the sugges-
tion that the temporal compositional trends are not
caused by source variations. Instead, the observed
chemical trends can be interpreted as being a function
of pressure (P) and degree of melting (F'), implying
that parts of the isotopically homogeneous (and a
single) source are sampled systematically as a function
of pressure and degree of melting. Such an argument
can therefore preclude the possibility of variable pro-
portions of mixing between melts from discrete mantle
components in the genesis of the alkaline magmas.

Systematic variations in melt chemistry indicate
that the alkaline magma generation is consistent
with both the extraction of melts that integrate over
different pressure intervals within the melting regime
and mixing between end-member components with
similar isotopic and incompatible element ratios but
significantly different absolute concentrations of in-
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compatible elements. Trace element and isotopic char-
acteristics show that the simplest explanation is that
the alkaline lavas are the products of integrated melt-
ing episodes that produce small volume melts. Inter-
action of such melts with the residual mantle
metasomatises (and enriches) the local mantle regions
and causes precipitation of hydrous mineral phases
that were not initially present in the solid mantle (e.g.
amphibole or phlogopite). Systematic mixing between
melts produced in various stages of melting episodes
can also account for the trace element and isotopic
variations throughout the lava sequences.
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